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0 P4 A SRR AR N B K ™= SR8, R T 4% A AR i G 6 B oy 7™ i 1) 240 o 285 B Bl SR K R A Y
BB B —W, F RS R, K IR T B R A AN B 50% O B AE SR S RN S R
AR K — &R 53235k BR AR SR FE K A b, ol 45 % B KA e UM 55 £ 3 0T 3 B 8 DX Sl P 35 7K B g PR e
WA, — 7 AN W FR B G R A R LR, D — O, IR N AR K
W B 15 Gl Wy B pl e AR 0 A S IR R A ) B A DR R T AR G Y W TR R B TR R X i —
7ol B8 AT R K T

BT, TEWRL . s R Bk & 5 07 s B XK ™ FR 58 R K 1 ¥ AL A BRE A AN 58, (BATAF
TEBR A SGa 7 AR 8 . 15 Ut k5 G ™ 5 K HE 7K 7K B0 X DA FR 208 Bs 55 R 91 a) R B, N T8 b
(constructed wetlands, CWs) 1 T~ Ho it T . #8112 4 A hy a7 B0, RIS S A ) g o s 2 Jo ) et 1
B LA B2 22 95 TN B0 A= 00 180 A IS A 1 25 A T D 7 B 2 /K v A 2t 26 o R0 35 0 e 1) L B v
R o b, 2 B R WA A N T 0 M i R e A p R ()Y R, ARG AR A v B B R OK R R A
HMHE B K B9 NO,-N, NO,-N. NH,-N. TN, TP % $EfEJ5 e ¥ 41 ot M vk B, M9 7« B
(Pennisetum sinese) "= 2577 K ¥.J6-35 N#E (Canna indica L.) T B N T8 Ho 5.0 -INE B (Myriophyllum
verticillatum L.) UL7KFE P G BE AL W R o0 = O Rl R BB pOoT 4 G M E & N TR R 5%, 5
TSI T8 32 B B (8] R 1% 22 G0 XA AL 5 4 B it 2 K™ 2% B ANHE D 7K T U R 1 AL R S LA ) 8K
N, 3878 T FR G0N A [R] 288 B0 Hb LT AR ) A AR ANEDRL R W) TR G AR AE , O PR R X
ARG LR S REE KRR . MHOCIFIR S 5 T8 0 i 2% ki FE 7K 7= 3% FE K R i A 25 1k v
b PEEFREAE T L R KA B R 0 T A S v % B il B A SR ) il B AT Rk K ARt S
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Fig. 1 Schematic diagram of the experiment device of the composite constructed wetland system composed of three different
types of wetland units in series
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— It BEREEANTERAIC, A 100 L(FHEA: 40em, FEHA: 5S0em, Hif: 62 cm) YR
(AL AR ZE 1, HE rP EORE R A 40 em(JiE BB @ 25~50 mm 6% 10 cm, HEE A 30 cm A G HRE),
HRARBL60L, FidE 7 MBS R/D—BEE 20 60 cm A E H 5, —H Y ITIB R E T /KAH 30 cm
VIR BB, it PVC MRS T M T 1A ihil . Aot EAEEERA TBMPIT, HeoL
(UME: K=54cm, FE=42cm, {H=33 cm) WERAHLARL, A EUEE B 28 en(IKH @R 25~50 mm
K% 8 cm, W D10~30 mm S AL A% IR Ve (B & Hb=2:1)15 cm, [ h ®5~8 mm %4 5 em), F
M8 RIS K/N—Bk 2 30 em 1936 NFE . =490%o0 . IR B UK EYIEE Gt ot, |
S50 L(AME: =487 cm, Fi=34cm, [F=26 cm) MEEAHAI, FiE 16 HRIBSRD BRI 0 15 cm
IR #E; o EUR S E N 10 eI @4 2~4 mm 47 FERP 10 cm),
1.2 LI IKIK R

F T A 5 s A v 23 ol B 7K 7 % B A HE R K R ) R0 A S A RO L, i B S
Az e R R AR K B RTK AR R R A R AR K, RO SO 0 25 A A2 KRR E T Y
S T SRR, WORR R 22 Yk 0 BT v % ki RE K 7 % B ik R A b A HE TR K H NO,-NL NO, N,
NH,-N, TN, TP SEHEE5 Y W) 4 h b e B2 () il 1, 2R FR H OB IE 9 N TR AR R AL vy 2% 52 i 2
IKT=FRFHIE K o R TR AT R IR FE I K R K TRE s R B A8 2% SCT R K 7 SR A R S R e
JE Bl 7K ™ 35 4 i b 5 5 b A HE R K 2 A TN E I, AR K R RFIE TS Y44 NO, -N. NO, =N,
NH,-N, TN, TP i) & ¥ 7 514 6.65.-0.76, 4,61, 12.06. 6.01 mg-L™'. #KHE FiRFRIEIE K
HREAE T G ) 00 S T AR N ARSI K o R G4 O KNO;. NH,Cl, NaNO,, KH,PO,. #j
Zj B . NaHCO,. JR& ML X 0.1 ml'L" (0.5 gL' Ni€Cl,. 0.5 g'L™' MnSO,-4H,0. 0.1 g-L™' ZnSO,.
0.1 gL' Na,B,0,. 0.05 g'L™' CoClL-6H,0. 0.05 g-L"' CuSO,-5H,0. 0.04 g-L"' Na,MoO,. 7.34 g-L"
CaCl,-2H,0., 25.07 gL' MgCl,-6H,0), 5K pH K 7.6 Z£ 47 .
13 LBEHMEETHR

SR A NT IR RGP —% . 29 =R pon b T HE R 3, BRI ok,
] — 208 b BT oA 60 L AHULE K, 2 BB UM A= ) (effective microorganisms, EM) W (V1.75 X
EER) 5K N 1:1000 A8 RN EM Bk, 780 IR A 855 217 R BRI <, B KBS
12 h, %P 24 h 4 dsi s 45 1 50% LB W, FRARSEEOIN 1:1 000 EM IH WK 75 K AR 4L g <, Z &
SHTAERAE . B AT R 1 LIS M5 e (BN 4 S R T R s K A BTk e ) RO AR, N
BELT5 7K 28 5 N g B A SR L (30 L), #f B B V2 (AR S R se oy B i, S5 2 R (V& 24 h
J&) TR LK SR, ARSI EIR S 24 h, HEA =908, # & 24 h J5HEE . B HEK 14d
ERGHEBRI G, FORISHAEY), B Td)E, PR REED MM EE ., E6 AT IR RS
Ktk R 30 L-d BARIE AT AL 1.
1.4 KRR ARNE

SCES A E, AN TR R G b A R B T A 2 d UK AR 250 mL #EAT A AT e . Ho,
NO, N, NO, -N, NH, N, TN. TP %% & [ 5 IR 55 55 G & 10 R R K Wa ol 4 B i ) (6
s ) A I U
1.5 FE A K S 4 B

D) HE A BRI . R B S AOR AL R EE R G B A AN TR R 4 h & KTl
It i AR Z L 430 R A B K 8 FE (595 A1 TTC 35 %5 1 A POD il % M AR & 3% Sy kA7 e ), Jf
D72 25 PR ICAE MR R R, DAOWER AR A 35

2) A B A . T B AR S R E o A AE B B B A ORI B AL R AR A N T L R
Gh AR TTAEY) M L (B 2 NEEAS LBk, IR 3 0K), FHUEARM oK 4, 0 L



520 ok L B ¥ W EEAVE S

*1 LRETAHAR
Table 1 Operation mode of experiment

K B AL FHETT
(BFTIE]) — T 3 =T
TARHFEI L8 h:16 h TARHSAIEE16 h:8 h
BrE: 1 250~8 hiZ K AI30 ecm, RIS IBERFIEK ZKA750 emfE B 255 550~16 hiEzs/KE, SRS BRI dEK (558 2456 W d
(40 d) 24 h, WEHFHIKZEKAI30 emfE B E 32 h, BRAFUEAKZEKAE 24 h, BREFH KIS EE 255400, BRRIEK (SR
50 emfS-FA EEE48 h, BT K 2 KN30 e(UNILAEERIE I ZK) 5548 h, BRI K CANILAERRHE i AK)
TARAFE L 16 hi8 h TARRE 8 h:16 h
Bl 550~16 hiwhilk (730 cm, SRJEBRATHEK ZK0750 cmfE R 255 550~8 hikas /K ik, SRS RIS K 15580 5520 o~
(40d)  24h, BENHHIKEKNLZ0 emfEE E540 h, BERTHEKZKAL 24 h, BERHKIEE ES32 h, B KR
50 cmf5FA £ 4548 h, BRATHIK ZKA730 en(UNILAEIAFEZK) 5548 hy BRES K AL A st k)
FABRE 12 h:12 h FARAEFAEE12 h:12 h
FrExl  550~12 h%EHlk 30 cm, SRJEBRAS K ZKA750 emfE B 258 550~12 hilEas K, SRS BRI E /K (5 B0 250 o~
(40d) 24 h, WEATHIKEIKNAI30 cmfS FE 25536 h, WERSTHEK ZKAL 24 h, WA K (SR 2256536 b, RAS HE/K A5 RE
50 emfS-FA E5E48 h, WA K K730 e (UNIKAEERFE I ZK) 5548 h, BRI H K CANUL AR k)
%f‘;)v R BT ElEA ClE

i, T70C Mt REEFRL TG, MEWELD 100 Hif, &H H,S0,-H,0, Hf#)5 %ﬂmm
ORI etk . BB ke A 2 A 2B, #ﬁﬁﬁ%$ﬁ%@%%ﬁ%mo
YRR BB FRER R R BRI (grm ) AR50 (1) TR
0,= (C\M, — C;M,)/A (1)

K. QOWAEHYI R A . B SRR A J R A, gm,cﬁqﬁﬁ%#mfiﬁm%ﬁiﬁwﬁ\
W, mgg's MFIM HEYFESESTT VMR TR, g 4 WRNAFREH, m
1.6 ERFERDT

WA 2R . S SR Bois 1745 a0 i 18 1B UE AT H AR T TS R L M A
(100 H) # M, JH H,SO,-HCIO i f# )5, 73 B E Ak . SHBR DT e Akl R 2 &L 20
I BRI R BEE SRR B ﬁﬁﬁf@nﬂ$w

0, =pV(C=Cy)/A @)

K. QWEEXTA . BEE RN EBRAA, gm™; pURER M%E,ym,Vﬁ%ﬁ ) 44
B, oem’s CRICARRBITHIIN AR IR Al . B i, mgg's AMREBRRNAARBH, m
1.7 MEYEES

D) MR R BB D RE R R EE . TRYBEIV AR AR E 10 g B S AN TR RS 4
Y0 M POT A AR R FUECRLRE D, KRR AIR AT, BT R S AR, in A G TR B R 2% vh R
Wi (PBS), 3% i #EA . 180 rmin', W% FH 20 min; 8] 1 PBSIA W . H K N A JC B PBS A K,
180 rmin™', MFFH 20 min; PRI PBS AW, M ATCH PBS W, 875 PE 10 min, ¥ 3 RV
WALS, 12000 rmin' #5000 10 min, WCETERAF T-80 C WvkAi, k2 BgSEH A YRHHCA IR
O3 E AT A )

2) il I . M HE E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, 3&[&E) i 45 #E 17
Y TR A 7% G DNA 4R, () 1% 09 B0 0 B e fe Uk &z U DNA 132 BB &, FH NanoDrop2000 il
& DNA ¥ B 4l i, ) ABI GeneAmp® 9700 %! PCR §" 11 , & Ji] 338F (5’-ACTCCTACGG
GAGGCAGCAG-3") #1 806R (5’-GGACTACHVGGGTWTCTAAT-3") /E N 51 ¥ %} 16S rRNA % [K
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V3~V4 7] A5 X 4T PCR Y™ 1S, SR J5 FH 3 B 68 5 L Uk (2%) Kz PCR 7™ % . {fi il NEXTflexTM
Rapid DNA-Seq Kit(Bioo Scientific, 3¢ [®) # 17 & &, F| H Illumina 2~ 7] # Miseq PE300 F-& il /¥ 43
Bt o

1.8 HBAES S

¥ JH Microsoft Office Excel 2010 F1 IBM SPSS 19.0 %% 4 X & ML 15 4 4 B #e 47 4> Hr f b B, IF
HEAT B 25 25 40 UAS B0 40 08 18] 19 22 Sk, HL p<0.05 BAT W EE 25 5, SR FH Origin 2021 %K {4
TYE W . f#i H Fastp(version 0.20.0) K {4 X 3 A& ¥ I 4 0 )37 7y %) i 45 )53 4% . i . FLASH(version
1.2.7) 5 345 PR, 1 3E reads BB B & (E7E 20 UL T AYBH L . fd FH UPARSE % {4 (version 7.1), R
P& 97% 19 AH AL BE XT3 0 i A7 24 73 25 B JT (operational taxonomic units, OTUSs) 3R 25 3 5l B fix & 14
F] H RDP classifier(version 2.2) % & 55 )5 91 i A7 Wy Fl 43 28 RS, XS Silva 16S rRNA $4 4 & (version
138), % B Xt {6 N 70%. {# Ji Origin 2021 £ il Bar &, #| [l RiE T 1 4 # FAPROTAX
(functional annotation of prokaryotic taxa, FAPROTAX) e &, FH T 40 i B 75 i Th ik .

2 #BR512
2.1 AN[EZEGT 8 TR E K PSS RN E TR LR

1) A [A] 26 2800 b BR T X B 7K H NOL-N B i b AR Tl o &8 G N T Ml 3R 8 45 G SR T XA %
K NO,™-N B BOER W5 2(a) i, R G K NOS-N I B Wk R 6.65 mg L™, ¥ K i
TR E N 0.04~0.06 mg- L™, 1 B2 3 .99.049%~99.43%, 4% Wy B A -1 K e B 2 N B
Uk B B 5 SR B ] A B8 0, AEAS TR IR A8 B B () R R 4% NOy-N BT B KB i . o, By
BT — . R Hb B IT NO, -N V-3 Hi KWk i B I i 128 = ZL BT (P<0.05). I BE 2 S sl A AR A
NS i PR £ R S A, TR S AR AR 2R A I AR R o S AR AE AT — s B BRI VE i S G 4
NO,-N BRI, B Be IV 5 8 H K vk B2 B0/ T, o] e 5 M 9 26 1 AR v ne B i 9 o Ak ™ £k ik
T2 A B B AL A U8, A G 8ATX NO, -N AU LR KH, NO, -N LB FE R4
— TG, KBREEIEE] 89.87% Ui b, X W fgfE —H TR IR BRI E, K e B A A
AR/, T8 7K 58 B BEAS BN 75 N 0 5 i St — 20 R AIK, AR T RO AR AR g e A7 00,

2) N[ 2 B b BT X RS LE K P NO, -N Wb VE A . B A& N TIRHL R G4 ZL R JT X4 NO, -N
H AL R Al 2(b) T, RGEHEIK NO, -N B B 0.76 mg- L', & RGAHE S K K
JLF AR A NO,-N, A8 EBRER N 98.72%~100%. 156 B A BF 75 b Al Ak 40 B A1 S Al 4L 40 B X4 NO, -
N M HEARROCR I &S, WEBRFRE, — R ITH B B NO, -N B 734 L B 2 4301l 8 87.99% .
98.56% . 99.12% . 83.65%, W Jr 22t KAl Fp B Il . M LBRFEEEm THE 1 . IV(P<0.05),
HAE—%¥oe, NO, -N 76 K Bt T A0 & M BEIV 5 B394 — E AL R, 5 NO, -N (28 1k $ k
L, X ATHE SR A KRB 6. A, NO,-N 7] fz it 2 45 rf [ il Ak 2 b 2 B 52 2 64T, RS
HIK LA NO, =N, U BTG Yook R sf B 4 TN A5 21 850 25 BRPY,

3) ASJml 2 AU b B T X B K NH,-N ¥ b E T . B A N TR R 404 9L T4 NH,-N
PIFAERCR G 2(c) B, RGE#EK NH, -N P BTk B 4.61 mg' L, 4 RGN 2 BB %
MR, & B BT 249 K Bt &k Bl 0.22~0.28 mgeL ™' [RIA, 4% [ BT 1 25 [ R 43 1y
93.89% . 95.26%. 94.40%. 94.92%, J7 2553 Hr N 45 O BT 34 B A B R 25 RN (P>0.05).
WA, RGERET, AT WA ) 24 B 654 24 K0 70 9 NH,-N k. WEBRFRE, —H
PO EBAUR R, H 4 DB BOEE LR RN 79.019%~85.06%, A AE & A 25 0F R 45 H A ) TR W) 8
AR R B, IR L 20 JEOR A R 8 IR BT — B 4 NH,-N A i Ak 4t 1R B2 AL 2 K A A5 ]
TR BEGA: B O RS AL B R o TTAE — . = 2R BACXT NH,-N i 2B R HARIT , W] figje & Ak K
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Fig. 2 Variations of NO;-N, NO,-N, NH,"-N, TN, TP concentration and their removal rates at different stages of drainage in
combined constructed wetland
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B AR A P A, B S HOTAE S R I NH, N B L BRI B, BEBRMCRRMA T
B, 3K AT AR5 IO 38 43 A ik J5t v 1 468 25 B AR FH /IS T R T/ AR OGP,

4) N [) 2 B3 My B T XA K i TN bR . 5 & N TR 3R GE 45 ST X TN A4k
BCRMWE 2(d) i, REEHEK TN P B v B0 12.06 mg-L™'o 45 By B35 1 K B s vk 5 73 331 ok
0.56. 0.38, 0.48. 0.62mg-L™', & ZEERFRNALE 92.239%~98.60% 7L Ak, 13 H F 45 %5 /K H TN A A 4
M EBRFCR . WEBRFRE, R TN LBk TR 20008 — 9 55T (85.90%~91.02%) . 2 .t
(45.16%~59.07%) . —HITC (10.16%~31.82%), T ENTEEREH, —H P oL RFRE ST .
=900, 5 Fidksr e NO, N, NO, -N Al NH,-N 8 & A= 78 — S Hoc—8 . BP9 R, KIK
HNO, -N | NH,"-N Z AW i . SEURE I BFF A SECREFIRE 90 4R B BF 25 A 9 (RS AL . RS AL A ) 1
FHAE A A {2 0F TN A9 L BRP. UL TN 76 280 3 903 b B 0 ) M I WSO e SR IRz B 19 45 B o A
Wy e ik 2 A0 A5 S A W S i) S BRAICR ¢

5) A7) 24 U0 iy B 5T X RS R K i TP AR AE o 26 A TN 3R 48 45 S0 1l . 5T 6 TP Y
FALRCR A E 2(e) iR, RGUEIK TP FHI W E R 6.04 mg L™, 2 RGN B 45 By B3 1K
ol 1.85~2.19 mg' L', M EBRRTE 56.85%~77.50% 54k, NEBRFEKE, TPHEREELR
AETE TG, VX BRFR 43.129%~49.95%, X 0] HE5 I Y RN I i AN R U b S kL
OSSR TAKX, BAEBESS G R80T UE A e 5 BRRCR S i AR NS, BEIRAR A 5
BRLOAR . BAEE T AS A Y R R AR B B ER R o BERR AN MOV MR BERR A DTE ,  ELRUAE W A A
Yy (A AE v] DAGE HE Gt B2 P AR — e T I R R ARCR AN, WIRB S K TP IR ER S, A
OB K LR TP 1Y R BRACR A PR 56 o 28 = o Al BE /& NO, -N . NH,"-N 2 ¥k & 40 I TP ¥
ERE, ARFMEENAER, W T Y XK R g molk, thabh, BRI i 58 &
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Fig. 3 Variations of plant biomass and plant N and P content in different wetland units of
the combined constructed wetland system
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Fig. 5 Relative proportion of nitrogen and phosphorus removal pathways in the composite constructed wetland system
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Fig. 6 Bacterial community structure at phylum level in the combined constructed wetland system
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Fig. 7 Bacterial community structure at genus level in the combined constructed wetland system



528 ok L B ¥ W CRVE

D EGNTIRMARGHAE IR RE. BnE 6 N TR REMEREEESRE, AT
TRAE T8 b b B 55 58 % 7K Hp A o A % A AL AR I . FAPROTAX Ui 42 J2 35 1 7] 1% % B A9 S
R TAF 15 5 B ) A% 2 W D) e VR R R B, K SRR AR W 4 2 (s Ry e S 30 AR i A A S A
KIjfe Canmsfl . AsAk), HAE T 4600 24 FEAZ A DI 80 ZANTIHE 4L 7 600 £ 55T RETE R
TR, TR b T IR BT AR AR o B A ) 1 A AR 2R R L R P

L F FAPROTAX 4l FE DI REVE R, ARF 5T 78 A [5) 2 78 18 b PR T 1) 200 BAARE V% b LA DU 381 54 4>
DIfefedl, by 30 Fhojae A B sl 8 fron . 455K, fLRE S IR (12.43%~27.19%) FIifE 1L g
SRR (10.11%~26.46%) 4 TH DI BE 7 b, w] I Ao g 3R 58 1 K A ALYIBY . 5 U6 20 A0 G /Y
hRen. fRRERA R . FRMEH . MR . AN RRER T . Al AR SR ANk . AT I AU A
A TR R 3 2 Al A ) R 45 S AF R 32 B 95 18 (0.099%~29.04%), e WATEIZ 4 N T3 b i5 7K 4b B 2R 45 v
RGN H 2 BES 5 T NO, -N, NO,-N, NH,-N, TN [ZFx, il — H o 5 2 MG 2R
AR T BE 32 B 5 AR (G4-1:29.04% . TZ4-1:23.06% . TQ4-1:16.66%). % 5 1 iR — 2% B0 2 15 Y4
YR EETTIRE — 8. A, TR EIE B A - A B A R T S AR VE T AT, A R
RO AR ER R AN Ak . AR SR AR RN i R R B AL S DI RE N AEAE . ST RO AL R R
BEER -3,

[ SR A

< St
D ey
AIETE
TR
R A
R L
AR
AN 10000
SO Aot 3000
L B
L VN L IFIY -700
| B 7 2 BALHIREIA
A -200

A 4 RS I 40

BRI
[ RO AL
y [ FAOLHE L 5
[Z N 77—/ (s
P Josemalspntse
1 AR
| I
/ v e
/ / B s s i
N/ [ [ ] S
[y 1 [ ] FaTx”

10

= ——
A y e S
e I e e
N N S B -
G4-1 G4-2  G4-3 T4-2 T4-3 TQ4-1 TZzZ4-1
f 2 5

E: HAEFRATIRERRR, I EEF S ER ER AR P AR F D) R AR L, B A R AR B .
8 EA4 ALEH RS AN MEEE FAPROTAX Ih B 7

Fig. 8 ' FAPROTAX function predictions of the bacterial communities in the combined constructed wetland system
3 g

1) 1 % ki L 7K P2 7 il ANE R K PR R 75 Je W 20 B NO,-N, NO,-N, NH,-N, TN, TP, H:
Jo M RE 3 R 6.65. 076, 4.61. 12.06. 6.0l mg'L', A AN TR HL R G 75 [/ T 1% 28 5 i (4]
T O [ 2 B B 5T X AR g R B i K SR GRS HE IR K B S G ) AT AL R AR, A
TRFR S ESE . RS T NO,-N, NO,-N. NH,“N, TN. TP Y & 2= [ K53 51 K



%2 (VS 2 N TTRR MBS i 5K 7 FR AR K Hh U ) A S HARUA M RV R 529

99.04%~99.43% . 98.72%~100% . 93.89%~95.26% . 92.23%~98.60% . 56.85%~77.50%. H:™ & 0% k&
FEEEABEWEEARFIREIC, BEM LR E2 kA 788 N A 1 B i BR e .

2) S5 N TR 2R G0 h A R 28 BR M FROC AR R IE R I B R 25 5 0 Hih, BRI L (AR 2507
PREATT) RIMR ARG ) . POD Bl PE . AR i S B B 0 36 A48 (2 B IR b 5 oT) AR 3 (DL/K 1l
Yrsaor), HAMY PN, PEEYZERND, 5 RGEAHAITTHAK BTG Y Pk B 28 A R —
. EAANTRH ARG DA ZR EE AR TT, MEEWEN (74.42%) A LBk BER A
IR BEA LR FE R AT — M g HoT, BUBHH (13.05%, 38.70%) 2 W L BRI EEIHE
.

3) S A N N0 M 2R 458 rh 45 0 b FR T AR W) A 2R B IR WA 3 TR T T A5 A AR L, (E AR X = B2 A
EES, LFEPEHE R ITA Proteobacteria. Chloroflexi. Actinobacteria. Bacteroidetes., & /K- 144
porh FEMBWRAEZES, HAEAST KRBT TN FEE B . 3 Z A unclassified {
Chloroflexaceae. Chloronema. unclassified p _Chloroflexi. Candidatus Competibacter 55 . WA, &
ARG I BEE Micropruina. Rhodobacter . Exiguobacterium %5 WM EINERT , X R K P RR1E 15 44 ¥
A BF B A S EALRCR . FAPROTAX B4 2 D) e 78 B B FEAS b fk e 5 % AU RN 4 48 1k e 5 77 2
M TIRE R, RIBHETE K& 5 BG PR AR G DI REZSBE . i T2 & N\ TR b R 48 X 45
NO,-N. NO,-N. NH,"-N }& TN [#)°F-35 L:Br — E4E AL 5 m O i R A

2 % X H

[1] AGUILAR-ALARCON P, GONZALEZ S V, SIMONSEN M A, et al. Engineering, 2022, 46: 102553.

Characterizing changes of dissolved organic matter composition with the [9] GOMES J M, SILVA ] M, DUARRTE J L S, et al. Ecotoxicological

use of distinct feeds in recirculating aquaculture systems via high- evaluation of a fish farming effluent treated by Fenton oxidation and
resolution mass spectrometry[J]. Science of the Total Environment, coagulation process[J]. Separation Science and Technology, 2020,
2020, 749: 142326. 55(16): 2967-2976.
(2] SR RRE SR SR AR ], 40l 53 AR, 2012, 32(6): 105. [10] LOPARDO C R, ZHANG L, WILIAM J, et al. Comparison of nutrient
[3] Bk, FESEEAGER K R A AP I]. 241007, 2022, 47(1): 80- retention efficiency between vertical-flow and floating treatment
81. wetland mesocosms with and without biodegradable Plastic[J].
[4] WANG X X, OLSEN L M, REITAN K I, et al. Discharge of nutrient Ecological Engineering, 2019, 131: 120-130.

wastes from salmon farms: environmental effects, and potential for [11] BAKHSHOODEH R, ALAVI N, OLDHAM C, et al. Constructed
integrated multi-trophic aquaculture[J]. Aquaculture Environment wetlands for landfill leachate treatment: A review[J]. Ecological
Interaction, 2012, 2(3): 267-283. Engineering, 2020, 146: 105725.

[5] DAUDA A B, AJAD'A, TOLA-FABUNMI A S, et al. Waste production  [12]  FEZEREEARP B, KRB AWM T (M), 540, Jbst: shEER

in aquaculture: Sources, components and managements in different Be i A, 2002.
culture systems[J]. Aquaculture and Fisheries, 2019, 4(3): 81-88. [13]  Zefd. At e MR STue IO R [M. b AT @S5 30R HRAL,
[6] YANG P, ZHAO G H, TONG C, et al. Assessing nutrient budgets and 2000.

environmental impacts of coastal land-based aquaculture system in  [14] fifi--H. +3Ef b/ M. JbaT: FE L RRE, 2000.
southeastern China[J]. Agriculture, Ecosystems & Environment, 2021, [15] =77, Bas &, AR, 25 W% i -VE i N T3 X 0 Tl 95 e /K Ak
322:107662. PR ZBRII]. BREEL2E, 2021, 40(12): 3887-3897.

[7]  NIMPTSCH J, WOELFL S, OSORIO S, et al. Tracing dissolved organic ~ [16]  8kIbs—. Feifiif A T HL 55 4 8 A 25 07 R 0K 5 YK AR R i 25

matter (DOM) from land-based aquaculture systems in North Patagonian BREFEIFFE[D]. B FIEACE R, 2019,

streams[J]. Science of the Total Environment, 2015, 537: 129-138. [17] GU X S, CHEN D Y, WU F, et al. Function of aquatic plants on
[8] ABDUL L A, JING Y C, MOHD H Z M H, et al. Environmental nitrogen removal and greenhouse gas emission in enhanced

impacts and imperative technologies towards sustainable treatment of denitrification constructed wetlands: Iris pseudacorus for example[J].

aquaculture wastewater: A review[J]. Journal of Water Process Journal of Cleaner Production, 2022, 330: 129842.


http://dx.doi.org/10.1016/j.scitotenv.2020.142326
http://dx.doi.org/10.3969/j.issn.1671-962X.2012.06.079
http://dx.doi.org/10.3969/j.issn.1674-9049.2022.01.024
http://dx.doi.org/10.3354/aei00044
http://dx.doi.org/10.3354/aei00044
http://dx.doi.org/10.1016/j.aaf.2018.10.002
http://dx.doi.org/10.1016/j.scitotenv.2015.07.160
http://dx.doi.org/10.1016/j.jwpe.2021.102553
http://dx.doi.org/10.1016/j.jwpe.2021.102553
http://dx.doi.org/10.1080/01496395.2019.1662808
http://dx.doi.org/10.1016/j.ecoleng.2019.01.024
http://dx.doi.org/10.1016/j.ecoleng.2020.105725
http://dx.doi.org/10.1016/j.ecoleng.2020.105725
http://dx.doi.org/10.7524/j.issn.0254-6108.2021053002
http://dx.doi.org/10.1016/j.jclepro.2021.129842
http://dx.doi.org/10.1016/j.scitotenv.2020.142326
http://dx.doi.org/10.3969/j.issn.1671-962X.2012.06.079
http://dx.doi.org/10.3969/j.issn.1674-9049.2022.01.024
http://dx.doi.org/10.3354/aei00044
http://dx.doi.org/10.3354/aei00044
http://dx.doi.org/10.1016/j.aaf.2018.10.002
http://dx.doi.org/10.1016/j.scitotenv.2015.07.160
http://dx.doi.org/10.1016/j.jwpe.2021.102553
http://dx.doi.org/10.1016/j.jwpe.2021.102553
http://dx.doi.org/10.1080/01496395.2019.1662808
http://dx.doi.org/10.1016/j.ecoleng.2019.01.024
http://dx.doi.org/10.1016/j.ecoleng.2020.105725
http://dx.doi.org/10.1016/j.ecoleng.2020.105725
http://dx.doi.org/10.7524/j.issn.0254-6108.2021053002
http://dx.doi.org/10.1016/j.jclepro.2021.129842

530 W TR %174
(18] BT, XIART, BIGHT, . SR A TIMRE LSO RIS [36] DIk, XU, 5, 5. =R SR R T IR JRAT K A 38
AEE R, FREERE2EH], 2021, 41(10): 4039-4048. RANIHFFE[T]. HhBR S5 FREE, 2018, 46(5): 475-481.
(191 BADLRE, BAEHE, BARELT, 45, SRt A SRR A A LW [37] bfh, SR, Mk, AP TR & 8 FR A K TR fE
N TIBHL]. FPEZAKHEK, 2015, 31(15): 127-132. YR FERR1]. FRERLE, 2021, 42(12): 5865-5875.
[20] LIU W R, CHEN W J, YANG D H, et al. Functional and compositional [38] ks, HSTH, EEE, &5 AR BEVE TR N5 Y] K 64k
characteristics of nitrifiers reveal the failure of achieving mainstream B[], BRI T2, 2018, 12(6): 1667-1675.
nitritation under limited oxygen or ammonia conditions[J]. Bioresource [39] ¥Fpte, A, BEIT, 45 3 B0 TR 2R G005 /K 1 bk
Technology, 2019, 275: 272-279. 7&'%[_[] %‘Pﬁ(’?%j@(ﬁfﬂ&ﬁQ Lﬁ%, 2002, 3(7): 13-17.
(211 e, peifg, S, . KA GRS AEYRAR BT [40] 2w, BB B, S5 A TR Mk R R K P B
NOREIHI L], FEET5He SBIA, 2015, 37(7): 18-22. PRSI, 425 5 R RS 2022, 38(7): 925-932.
W - . - B e ) N, | . .
[22]  Hkizim, 4R B4R, JEREAT, 45, SRS HL T /K AR Y XS K K Y (41]  JHEEE, TEUE, A, 400, 200 Hh I T T T M o T 8 52 2
IRIEALIR(). BT R4, 2016, 10(12): 6914-6922. AR [T, SR, 2017, 15(6): 774-780.
[23] PAVLINERI N, SKOULIKIDIS N T, TSIHRINTZIS V A, et al. [42] YOUNGGY K, BRUCE E L. Simultancous removal of organic
Constructed floating wetlands: A review of research, design, operation matterand salt ions from saline wastewater in bioelectrochemical
and management aspects, and data meta-analysis[J]. Chemical systéms[J]. Desalination, 2013, 308(21): 115-121.
Engineering J 1,2017, 308: 1120-1132.
ngmeering Journal, <8 (431 'MA Q. QU.Y Y, ZHANG X W, et al. Identification of the microbial
24 5, J Z 3t A B 7]
[24] 29, BB, AL, 5. 1 BRARANA LI T K0 community -« composition and structure of coal-mine wastewater
1. Bk $EAR, 2020, 39(8): 72-79.
], fksiR ® treatmentplants[J]. Microbiological Research, 2015, 175: 1-5.
[25] KUNDAN S, SOHAM K, SHIVANSHI T, et al. Ecological floating bed
[44] MENG P P, PEl H Y, HU W R, et al. How to increasemicrobial
(EFB) for decontamination of polluted water bodies: Design, mechanism
degradation in constructed wetlands: influencing factorsand
and performance[J]. Journal of Environmental Management, 2019, 251:
improvement measures[J]. Bioresource Technology, 2014, 157: 316-
109550.
326.
(26] EMRS, (T4, FRLLE, 5. RZE I 25050 H g ) o e R K
T ——— [45] CHI Z F, HOU L N, LI H. Effects of pollution load and salinity shock
Ir 1 SR [J]. SREERMEREST, 2021, 34(8): 1909-1917.
[27] ok, S, (6. 26 T S A B 2 e e 0 on nitrogen removal and bacterial community in two-stage vertical flow
Vi , RIER, 5 5F. RUTA R Y KL=
W P, 2 524, 2009, 29(11): 60516057 constructed wetlands[J]. Bioresource Technology, 2021, 342: 126031.
DLy AR, s : E .
) ] i [46] whWisk, TARW:, T B, % HSBBRIZ 1R 5 45 A i fb 5 it £k
[28] ZHU L D, LI Z H, KETOLA T. Biomass accumulations and nutrient
Sedwd: AR SEIAT]. PR TR, 2021, 9(1): 51-57.
uptake of plants cultivated on artificial floating beds in China's rural R R YRR A L. L )
471 XIZE (ERR, A, % RETEANK Fe,0,@C X SBR I &SR fiE & H:
area[J]. Ecological Engineering, 2011, 37(10); 14601466, (471 0%, f590K, JAA, %5, REVESNK Fe,0,@C XF SBR HEAUSRBEHRE K
T R BRI [T]. 35S 2FHz, 2021, 41(7): 2664-2672.
[29] DU L, TRINH X T, CHEN. Q R, et al. Enhancement of microbial PR RFELLRAB LY. SFEERLE2E4 2021, 41(7): 2664-267
R, KU, 45 54 A TR RS K R
nitrogen removal pathway by vegetation in Integrated Vertical-Flow (48] Aefiefl, BRAUR, XUV, 6. LA ARG RIS RO ARt
SRS T LS A G 2 K e S - 13-
Constructed Wetlands (IVCWs) for treating reclaimed water[J]. TRCR I RS E (). SREET R, 2022, 40(1): 13-20.
Bioresource Technoldgy, 2018, 249: 644-651 [49] FANG Y K, WANG H C, HAN J L, et al. Enhanced nitrogen removal of
(300  bifl5, FEMRA, AR, 25 ot AT 0 P S R A 75 K P T P P L constructed wetlands by coupling with the bioelectrochemical system
) 5 PRI, PR TR, 2021, 39(9): 14-22 under low temperature: Performance and mechanism[J]. Journal of
(317 WML 80, 7R 5 RPRURIRILYI 00 R VA TS AR R Cleaner Production, 2022, 350: 131365.
RS AT, BREE T RRAER, 2019, 13(8): 1918-1929. [50] WANG T, NI Z L, KUANG B, et al. Two-stage hybrid microalgal
[32]  skssc, ol e, . A TR R BT IR, MR, electroactive wetland-coupled anaerobic digestion for swine wastewater
2022, 20(3): 413-420. treatment in South China: Full-scale verification[J]. Science of the Total
[33] Rt R, . FT A T b RUBE 00 R HLIR ). 2 SR B Environment, 2022, 820: 153312,
2004(1): 98-101. [51] LOUCA S, PARFREY LW, DOEBELI M. Decoupling function and
[34] SEFWe, £ Ph, BRE 2, % A TR K P2 S50 K S 5 Ye i 22 taxonomy in the global ocean microbiome[J]. Science, 2016, 353(6305):
BR[J]. PR5E T R444R, 2016, 10(1): 12-20. 1272-1277.
[35] kR, T4, FUr. A TIRHO & & 3K i baor ). [52] NG W E= 00 PN RSB 2 SN

Ak TRE2EH], 2013(17): 160-168.

(FTAE % 552 W)

RS, B, TR, 4

AU HE R I RRIYSZ I [J]. SFEERHE, 2022, 43(4): 2007-2016.


http://dx.doi.org/10.13671/j.hjkxxb.2021.0115
http://dx.doi.org/10.19853/j.zgjsps.1000-4602.2015.15.032
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.15890/j.cnki.jsjs.2020.08.014
http://dx.doi.org/10.1016/j.jenvman.2019.109550
http://dx.doi.org/10.13198/j.issn.1001-6929.2021.02.10
http://dx.doi.org/10.3321/j.issn:1000-0933.2009.11.037
http://dx.doi.org/10.1016/j.ecoleng.2011.03.010
http://dx.doi.org/10.1016/j.biortech.2017.10.074
http://dx.doi.org/10.13205/j.hjgc.202109003
http://dx.doi.org/10.13248/j.cnki.wetlandsci.2022.03.015
http://dx.doi.org/10.1016/j.micres.2014.12.013
http://dx.doi.org/10.1016/j.biortech.2014.01.095
http://dx.doi.org/10.1016/j.biortech.2021.126031
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1126/science.aaf4507
http://dx.doi.org/10.13671/j.hjkxxb.2021.0115
http://dx.doi.org/10.19853/j.zgjsps.1000-4602.2015.15.032
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.15890/j.cnki.jsjs.2020.08.014
http://dx.doi.org/10.1016/j.jenvman.2019.109550
http://dx.doi.org/10.13198/j.issn.1001-6929.2021.02.10
http://dx.doi.org/10.3321/j.issn:1000-0933.2009.11.037
http://dx.doi.org/10.1016/j.ecoleng.2011.03.010
http://dx.doi.org/10.1016/j.biortech.2017.10.074
http://dx.doi.org/10.13205/j.hjgc.202109003
http://dx.doi.org/10.13248/j.cnki.wetlandsci.2022.03.015
http://dx.doi.org/10.1016/j.micres.2014.12.013
http://dx.doi.org/10.1016/j.biortech.2014.01.095
http://dx.doi.org/10.1016/j.biortech.2021.126031
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1126/science.aaf4507
http://dx.doi.org/10.13671/j.hjkxxb.2021.0115
http://dx.doi.org/10.19853/j.zgjsps.1000-4602.2015.15.032
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.15890/j.cnki.jsjs.2020.08.014
http://dx.doi.org/10.1016/j.jenvman.2019.109550
http://dx.doi.org/10.13198/j.issn.1001-6929.2021.02.10
http://dx.doi.org/10.3321/j.issn:1000-0933.2009.11.037
http://dx.doi.org/10.1016/j.ecoleng.2011.03.010
http://dx.doi.org/10.1016/j.biortech.2017.10.074
http://dx.doi.org/10.13205/j.hjgc.202109003
http://dx.doi.org/10.13248/j.cnki.wetlandsci.2022.03.015
http://dx.doi.org/10.13671/j.hjkxxb.2021.0115
http://dx.doi.org/10.19853/j.zgjsps.1000-4602.2015.15.032
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.biortech.2018.12.065
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.1016/j.cej.2016.09.140
http://dx.doi.org/10.15890/j.cnki.jsjs.2020.08.014
http://dx.doi.org/10.1016/j.jenvman.2019.109550
http://dx.doi.org/10.13198/j.issn.1001-6929.2021.02.10
http://dx.doi.org/10.3321/j.issn:1000-0933.2009.11.037
http://dx.doi.org/10.1016/j.ecoleng.2011.03.010
http://dx.doi.org/10.1016/j.biortech.2017.10.074
http://dx.doi.org/10.13205/j.hjgc.202109003
http://dx.doi.org/10.13248/j.cnki.wetlandsci.2022.03.015
http://dx.doi.org/10.1016/j.micres.2014.12.013
http://dx.doi.org/10.1016/j.biortech.2014.01.095
http://dx.doi.org/10.1016/j.biortech.2021.126031
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1126/science.aaf4507
http://dx.doi.org/10.1016/j.micres.2014.12.013
http://dx.doi.org/10.1016/j.biortech.2014.01.095
http://dx.doi.org/10.1016/j.biortech.2021.126031
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.jclepro.2022.131365
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1016/j.scitotenv.2022.153312
http://dx.doi.org/10.1126/science.aaf4507

%2 (VS 2 N TTRR MBS i 5K 7 FR AR K Hh U ) A S HARUA M RV R 531
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Abstract Compared with traditional pond aquaculture, the concentrations of nitrogen (N) and phosphorus (P)
in the effluent of high-density land-based aquaculture are higher, which brings serious challenges to the
surrounding environment. To explore the purification effect of N and P from land-based aquaculture wastewater
and microbial community characteristics of combined constructed wetland, which was composed of high-
efficient ecological floating bed unit - vertical flow constructed wetland unit - submerged plant pond unit, the
purification effect of N and P in simulated high-density land-based aquaculture effluent at different dry-wet
alternation times and the characteristics of microbial community structures in roots and fillers of each wetland
unit were revealed. The results showed that the average removal rates of NO; -N, NO, -N, NH,"-N, TN and TP
were 99.04%~99.43%, 98.72%~100%, 93.89%~95.26%, 92.23%~98.60% and 56.85%~77.50% by combined
constructed wetland system at different dry and wet alternation times, respecively. Through the analysis of
different types of plants in each wetland unit, the root activity, POD enzyme activity and biomass of Pennisetum
sinese in the high-efficient ecological floating bed unit were significantly better than those of Canna indica L. in
vertical flow constructed wetland and Myriophyllum verticillatum L. in submerged plants pond unit (p <0.05),
respectively. In addition, the contents of N and P in plants gradually decreased along the flow direction, which
was consistent with the law of pollutant concentrations in the drainage of each wetland unit. Through the
analysis of the N and P removal pathways of each wetland unit, the microbial action (74.42%) of the primary
unit was the main purification pathway of N, and the filler adsorption (13.05% and 38.70%) of the primary and
secondary unit was the main N and P removal pathways. Through the analysis of microbial communities in plant
roots and fillers of each wetland unit, the dominant bacterial at phylum level, such as Proteobacteria,
Chloroflexi, Actinobacteria and Bacteroidetes, were concurrently discovered in plants root and filler
microorganisms. However, the dominant bacteria at genus level in wetland units existed obvious differences,
among - them, the relative abundance of dominant bacteria genera (mainly Chloronema,
unclassified p__ Chloroflexi, Candidatus_Competibacter etc.) in ecological floating bed units was the highest.
Based on the FAPROTAX database function prediction, heterotrophic types (12.43%-27.19%) of chemical
energy in roots and fillers of each wetland unit plant and aerobic chemoheterotrophy (10.11%-26.46%) were
predominant, and the discovery of nitrogen cycle-related functions indicated that the bacteria played a key role
in the nitrogen removal process of the combined constructed wetland system. Above all, the results indicated
that under the synergistic interaction between the functional bacterial groups and wetland plants in different
wetland units, the system had a good ecological purification effect on the characteristic pollutants of N and P in
the external drainage of high-density land-based aquaculture.

Keywords combined constructed wetland system; high-density land-based aquaculture wastewater; plants;
dry wet alternation; nitrogen/phosphorus; microbial community
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