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Fig. 2 Profiles for integrated vertical flow constructed wetland system (arrows show water flow directions)

1%, 2%, 3%, 4% are sampling sites for water water quality amalysis. D;—D4 and PP, are sampling sites for microbial

detetion in the plant rhizosphere and different substrate layers, respectively.
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Tab.1 Concentration variations of NO3;-N, NO>-N,
NH;-N and TN in constructed wetland
mg/L

RAE AL
sampling
site

1" 2.172+0.034 0.025+0.001 0.488+0.005 2.940+0.024
2# 0.621+0.018 0.089+0.002 0.132+0.003 0.971+0.152
3" 0.422+0.030 0.106+0.003 0.097+0.004 0.793+0.020
4" 0.147+0.030 0.159+0.002 0.038+0.007 0.637+0.020
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Fig. 3 Variations of the proportion of NO3-N, NO>-N, NH;-N
to dissovled inorganic nitrogen in constructed wetland
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Tab.2 High-throughput sequencing results

REA IR wanse IR i
sampling %1%t  OTU  base average - o quence length

site raw read number Sﬁigﬁ;ﬁf ©  distribution
D1 66533 34398 27353642 411 206-456
D2 61016 34892 25058120 411 207-464
D3 67475 39496 27882200 413 219-504
D4 61470 35474 25337817 412 219-462
P1 63804 44994 26572721 416 215-502
P2 37023 34937 15524784 420 251-494
P3 42425 35585 17527386 413 298-528
P4 46702 44101 19347199 414 302-452
P5 42400 40359 17641196 416 364-462
P6 64865 50597 26987962 416 216479
P7 68705 51542 28511770 415 203-474
P8 62690 48643 26127385 417 216-458
P9 66461 41056 27621016 416 247-465
P10 43059 40665 17876105 415 237-432
P11 63233 54141 26367486 417 238-476
P12 56801 45449 23591081 415 227-477

P PP IS TSI S IS
® S @“’5@ TS S

& 3 B number of reads sampled
P 4 LT e e 0 20 2R A R
Fig. 4 Rarefaction curve for high-throughput sequencing
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Fig. 5 Alpha diversity analysis of microbial community at different sampling sites in constructed wetland
The sampling sites are shown in fig. 2.
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Fig. 6 Compositions of bacterial colonies at the classification levels of phylum and class in comstructed wetland
The sampling sites are shown in fig. 2.
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Fig. 7 The clustering heatmap of microbial communitiy in constructed wetland
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it 1 W2 14 J& (Nitrosospira), IV fils 2 £h 48 1k 40 14 £
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J& (Rhodanobacter) . & K14 J& (Thauera) . # 1
J& (Flavobacterium) . 41 Bk J& (Rhodococcus) . &

i 14 J& (Acidovorax) . /& & i J& (Hydrogenophaga) .
A 42 3% i T8 (Hyphomicrobium) F1 % #T % J& (Thio-
bacillus), A#F5E A T 9% Hb A 5 0 20 B 3 =
3P, Hod SOSAAN TR R B 5 (0.3745%),
FEYR R T AH R £ S Tb 40 TR (0.1551%) Fl & 2k 4
F(0.1519%) o TEALF T Hh i AL R T T8 = B o ey
(0.1551%), UL Al AL B0 1 8 (0.1484%) | 2F
FFF T & (0.1294%) . B M T )& (0.0823%) FIAS
BIAT 1 J& (0.0634%) o [A] B XiF HE 45 R A A A=
JFHNECRT 0, g A Ak At R R I A R R Ak At TR
B (TR (ST N 1= [ X o i
TR o AT ELRE AR R R R A R kAR
b 40 B B i e SR SRR A, F RO Ak 4 B > F
B

®3 ATEMABREBXGEAREEE

Tab.3 Abundance of nitrogen removal related functional bacteria in constructed wetland

R0 EREES JFHU%L sequence number W%
metabolize manner scientific classification D1 D2 D3 D4 P(1-3) P(4-6) P(7-9) P(10-12) total abundance
A5k WAH AL MO TR R Nitrosomonas 206 257 39 33 557 665 420 744 0.1484
ammoxidation IV fil fL W2 % J& Nitrosospira - - - - 2 6 2 58 0.0035
IR R Ak T L2 & Nitrospira 776 775 216 24 360 468 171 237 0.1551
nitrite oxidation
Sk AT JE Acinetobacter 1 - - 1 248 217 145 619 0.0634
denitrification g ¢4 ja 7% Ji§ Pseudomonas 100 8 15 37 172 211 150 926 0.0823

EHIFT & Bacillus 111 112 243 209 364 285 301 900 0.1294
% B /MTH# B Rhodococcus 59 128 2 6 6 11 7 165 0.0190
WL T JE Acidovorax - 1 - 1 37 64 92 241 0.0223
14 )& Hydrogenophaga 6 1 1 - - 12 122 354 0.0254
' 24 14 % J& Hyphomicrobium 2 2 - 2 18 54 16 106 0.0102
TRAT i @ Thiobacillus - - 1 - - 2 58 74 0.0069
H T B )& Flavobacterium 3 5 6 2 15 18 44 43 0.0070
KA E Thauera - - - - - - 1 32 0.0017
21 BRI J& Rhodanobacter - - 18 1 1 2 1 3 0.0069

2.6 MEYHERKBITNEES R

R T RS AR PR 5 BT A AR B A T
AeZ= 5, £ FE &b ] Y [ U5 2 1 7% (clusters of or-
thologous groups, COG)fCif D REL Wi B 45 SR %
B, TR Hb N BTG A YDAR BRAE A BURE L ) COG
IRELH L A AL (E] 8), FEE COG PIREFLE:
fem b S . R 50, TR
s 5. ok AW EE 500, Wiz S

. BB is 50 JoHLE 1%z 500
ext. SHIEMHASBE . AR/ BB Y &
A s . AR A A sk
o ARSE . I BT a R R, RS T N TR
R GERHCEY B DI REIE W F 5, XA TR
HihER . A A ICR G
2.7 P BHEMEST

PCA (principal component analysis)Z3#7 1] LA



55 6 3] AT A T ELUR N TR A 5 TR A R T R LB A 881

D1 lE e = T A: RNA i TH1&Hi RNA processing and modification
B B: e SREM A 2 chromatin structure and dynamics
D2 B . LN BN W C: fEREr 554, energy production and conversion
s [ B D: 40, Yetadhs3 cell cycle control, chromosome partitioning
D3 - - I E: SRR 033 3 F1/L3 amino acid transport and metabolism
D4 HE e (] [ s 0 F: BB A4 nucleotide transport and metabolism
G Bk Yz iR carbohydrate transport and metabolism
o Pl N N - . I H: ﬁ%@%ﬁﬁi&]‘ coenzyme transport and metabolism
= P2 e N BT W LRGSR lipid transport and metabolism
& - - m R, B RSSHAIL Y & 4 translation, ribosomal structure and biogenesis
é P3 R [ ] | I K: %35 transcription
. m L: B#l. BEHMEE eplication, recombination and repair
§ P4 - . - — M: 4MEE/ SIS A cell wall/ membrane/ envelope blogenesis
i PS Il S [N | N: iHiE S cell motility
I O: #IFEB4H, B A B posttranslational modification, protein turnover
% P6 Il N . LB L W P: THE FE#L inorganic lon transport and metabolism
P7 . EE = e L = Q RERETHA )R secondary metabolites biosynthesis
R: 8 FHEhRETRM general function prediction only
P8 Il . -I D I g S: YrfEsk function unknown
B T: 55% SH1H) signal transduction mechanisms
P9 N = - - I— B U: 4IPS BEHLE 4 intracelular traficking and vesicular transport
P10 H e [ ] | Nl | 1] V: Bf BHL# defense mechanisms
B W EBAIRA 4TSN extracellular structures
P11 I S BTN g v 2% nuclear structure
W Z: A kelet
PI2jmEN NN WM W R E— AR cyoskeleton
0 01 02 03 04 05 06 07 08 09 1.0
AEXt=EBE relative abundance

B8 T AR B [ 5 1A 7 (COG) M R Tt
Fig. 8 Prediction of microbial clusters of orthologous groups (COG) function in constructed wetland

WS ARFEREAR OTU R BLREA TR )22 S AEE ULBHAE AR EREE R A3 AR X e g A0 3 W0 e % 41 A
B, FEARABGEARL, RBTE PCA BIFP AN AR SRR, RIS —ZR MBI 5B 2

M0 BT 25 SRR (K] 9)— iR b T A Y PLS-DA (partial least squares discriminant
WERRES (D1, D2)MIIE, IR EHE(P1. P6)H] analysis) 1 7] DL 3 i %o 20 8] W 808 95 47 %% X
VT, M EREE (P2, PSHIT, WA ERER (P, 4%, TE S WAE AR (] 25 S B0 B9 0 [l s, WL 82 3] 4%
PAYVAEIE, VEWITEARIIRIE F A MR E e FEARIBT RS . — S0 ARy AR PR h (D1
IREE AR EF . AEPIERER(PL, PO SRR DML, JFS4-EBURMEMPL, P2, P3. P4,
FRFES (D1 . D2)MIBERE, Xl FRYHREES PS5, POMEEELL (K 10a), — 2R AR HRFRAE i
RS R, BRI, R B A (D3, DML, JE5&ILTEREM(PT7. P8 P9, P10,
WU D RETE AR AR . 78 g h AR BREE P11 PI2AHERAGE (A 10b), BiBAARIREE it
SAIEDZRE A (D3, D4, P7. PIMAIL, M2 WIRESLALNE SBR. [RIINXS LA 10a FIIE 10b ]
FESL(PS, PIDAIIT, WEATZREM PO PIOYAHIL, th  DAAB—Z0R T i B R K T 808 M

5000 2 ; 4000 b
4000 - 3000
3000 : 2000 -
~ 2000 & 1000
X - i
w 1000 - ? ) S ———— forrerereers e
S : 8 ¢ SRAEAS sampling site
N | T v N S 1000 [
N : O ® D3 A D4 ¢P7
£ -1000 | ] & 000 - P8 4 P9 vPI0
: ® Pil 4 PI2
2000 | SRHE M sampling site ~3000 1
—3000 eDIAD2¢ Pl P2| —4000r
- L ; P3 v P4 @ P5 4 P6 _ L i
4000 1 1 1 i 1 + 1 1 1 1 5000 1 1 1 1 i 1 1 1 1 1
Q \} \} QQ Q \) \} \} Q \] \] S & &M O QQ VO N I I DD DS
\ \) \) \) N \) \) \) \) O " N O S O NN\
S A S SN A N S
PC1 (35.31%) PC1 (35.31%)

B9 AT A W R 2R b

Fig. 9 PCA analyse of microbial community in constructed wetland



882 [ K R R A %29 4%
80 5 —— 70 - .
SRAFE S sampling site 60 LP SKHE S sampling site
60r eDIAD2¢ Pl P2 50 | e D3 A D4 ¢P7 :
o 4l ¥P3IVP4OP5 AP 40 L P8 4 P9 v PIO:
S S 30t e Pll1 4 P12
1=} (=] H
_ [=)) | :
S 20 S 20 5
< < 10} i
R — -
g 20 g -10f
© 20+ i
_40 _30 | H
60 —40 -
_50 L
~80 60 |

1 1 1 1 1 1 1 1 1 1 1
SOOI NS
/% /{\ 7 b /‘> 7 > /[5 /(» /\ N q’ ﬂ) »

COMP1 (18.04%)

1 1 1 1 1 1 1 1 1 1 1 1
POPF AN S R
COMPI (20.51%)

FL10 AT b ol A W R i e/ DN — 3R FH 0

Fig. 10 PLS-DA analyse of microbial community in constructed wetland

3 it

3.0 FREKEMEMBEZARRSEENT

7 Sz 3 AT AR BT S R AR R i LA
R R R R R, R i TN TR P
W38 ' AV FAE AR X 5 25 A B b i T AUk
AR B0, R X A X I R IR 4 X B R A
AR K A4 . et TR R R S AR T 45 1
LN A B, AR HE T AR B i A R R B,
[G] R TR0 2 R 5 R AR B i, A LA
2 A O A REVR R S R

ZEA— IR A PLS-DA 4%
N5 o R0 R R A R 2L B,
SRR DR AR 5 A3 D00 1 5 A U A £ 5
W DS BFRE O TR R . R . 401 R A 7R
SRS R T LA G TR
BB KT G0, X AT RE R SO0
RGN EE ST, — 0B A . B
TS Y R L R AR L BRSO R R R
AT A BER G, 5 I AR 1 A KBRS A
Pt e, PRI e VR A 2% S e A
T 8 3o — 2000 Hb 9 T AT R AT v A B i R
TR P& T TS Y 1 VR B A, A% R A
FU KT TT AL B BEB DN, A o A KB 7
Tt /N, A B B A K BREE R T AR, PRt
TN TR M W B R L B — SN T
H/

AR 5T AN N TR sl R G A AR Pk
i A JE B2 AR S DL SR T T3 AHE ], A7 A8 T
BT, BUFFRETT . B 55 . AR BT
PIFFIRTT . BT JEREE T IVE A A BT
T ABIF ST 45 A — 30 P08 ) AT B | THE 4% 2 AE
P EARKERE, WIFRSGRS2ZHA XA
TR BT 45 R — s, BRE I Ta& 2SS
B AR FH 1 2 4 A 200 8 0 0 A R 5 A Ak A0 1 DA S
R A3 19 SR AL 4 1, s e 4 B A A 0 AR
iR R AR AR T T AR
BETR [ ] 40 A BE 5 i Z A ALY 4L, X s Ak
VAT B R T R B AR LR R )2 (i
Az P3, P4, P9, P10)AY=FFE B KT HoAth L ot
2, X0 TR T AR 5 SR S T B
Ak, HEAEIFIBHFMHIEEFRYRDY, LHET
EAATEE IR Y R A )8, 5 il 28 B 1)
AR R, Hop S IE NS T
A2 FH T AR AN R i it o R AR R A 8 T LA
TRAEVE I, AR PR i R A% I 2 R S A
PIHPBIEAAF, 7 o-ZFIRHEN . y-EIEH N .
A T IR . £ 2FE I o- BT BN
Y- H SRR, X 5H0 AR5 25 A
AR 120 B T a8 B B I A
MRE, BEATEAR, ARASHE IR m AR, XF
PREE 038 N7 AE S dni, ] DL I 2 Fhadk a2 R S
F%, BIVETERE R T WAE A 7P, v
Y JE T 22 [RPAYETE, X5 YW i A= ) e fi fig



%5 6 3]

AT A T ELUR N TR A 5 TR A R T R LB A 883

FrggnRl > R Z A A D RS ARGE TR
AN TR K BRI RER R, HCT AT
P (8 DL A B AT A E S 1L, AN [R)  N IR HAE
A AR AR, X F R d TR
BATSH. WA | Ab PR EROK Y 2 S5 A 2
[SI

TEIR K F5 5 e /K N T kb 31 3R 48 P A 34 i
IMTFEAZICETT. EAW] . PREE T AR
WP RN TS oSN BB
2¥(Betaproteobacteria) . y-ZEIE N . e- A8 IE 4N
(Epsilonproteobacteria) . §-7% JE B 4 (Deltaproteo-
bacteria) . UL B A9 . LT 1R 40 1A Fb IR E 1A 4
(Nitrospirae)™, 3 5 AHIF 5T LA K Hofh it /K 325
IR T3 i 4 B2 G b L 34T 1 AT 3 T 20 B A
— 2, (EAH AL R TE B 49 7E IR VK 7R A8 K N AL 3
R R R, X AR R TIROKER BRI
AL
3.2 ATEMHMBRERIREHERIER

Z— . AT HICA IS, NOs-N,
NH;-N fl TN B HA R LA, NOs-N fl TN
AR ERRTREZE R T 9—11 A4 KT
&, AR AT LAGE R R A B AR R TS G, T
AR o0 A AR A R R AR 5, PR X o g7
RS o A AL R BEIE HOREAE 30 CAA, S
WA R A R TR A4 R AR K, NIl NH4-N
M EBRREE . NO-N ARERY, K IR
fE 0.16 mg/L 7247, R AT R i F R ik
FEH NO;-N 938 JFUE A T NO3-N A2 NO,-N
[, WAl AR i T AT N # DO & 4L
i, mALR AR 21T .

AR S5 v SR A 200 R R 2 SR 2 TR A v
FRE, il NHi-N. NO5-N Ml TN ] DL i i f
RS A E Ak £ bR o 25 R RE G R REA I
PR R, AR R & T A R Eh A A A
W, AR EA EEAER] . AR R Y F
5K pHAEBUEA DG, AWFFEH#K pH 2 8.1 244,
X ] BEEAZ R B A R G A R R BT e
ST AR TR i 7 — SR & B S0 & sy, H
Jir PR AT B 2 20l PN S I e S IR,
TRAR SR R HEAT o A AL TR R R T AL

AT, AE— SR T AT A — S0 ATt B A
PIRRPRAE TN ARAD 2 U R, X2 TR AL
R EAEA AT T AT, A AT Lot & 1R
FTERRBRALTE RS O, Rl 2= ol T
5 R AL R 5 2 At A ) i 2R
B PR R R JE T ORI AL A i, R A L
B, AMLBENS i BAH FREh M A IR, b REE 2]
AW AR, A KR B 8 JEHIL S A A AL
A, AR AEE IR, IR R R TR L
M, AR ECRYEIRA R, & A R TORL,
Al A A LTS G, BERSTEA A A T A 4F
FUR ARG T RS A AE . RS i s
FCRiAL TR, BERSHF NOs-N i i S fb ik JsAF ¥
1k NHL-N DU s 0] R0 v i 2 2
(102 S A A 0 B P B BEAT T R, BT T R REAE R
MR REE A AR 2 5 R R AR
BAEYr . KA R AP m ey, S A A TR
AP A I, S AL R kAT A
IF5E 2 Gt P BT B KT 202 T — 23 M g AR
HE, XRPPEE PR RS SRR
A, T S 2R G A I SRR,

a8 A2 T R A PR 3 4 A 2 1 T2 B A 7
— G, S A A T B A A TR,
DR — I M 9 i S e T R, NI
B RS R A, RS AN T 1 F
TCVE S A — ST 3 S — 0 R AR ELAT A
XA RESE: T A SR A IR K SR A R K Y R 4L,
FoRh BB, ROR AR T B BT ER v i BE D R T
T i >, BER $h I A T, A R Eh S AL
ez B, Bl & A AN 2 B, SO e
YERL S SR

4 #ig

(1) &— . A TR ITA IS, HkH
COD. NO;-N. NH;-N Fl TN A5k B 533l hy
4.00 mg/L, 0.15 mg/L,0.04 mg/L 1 0.64 mg/L, 2
R0 K 48.98% ., 92.10%. 94.49%7Fi1 78.36%,
NO;-N P-4k A8 AL Ju & 0.03~0.16 mg/L,
COD FITCHLA M BE 45 G g7k %58 7K HE s 22
3K ) (SC/T 9103-2007)H il —Za bRk .



884 K 7 R

%29 &

(2) AU PR C A w5 1T AR s K8
T, R ace. chao. sobs. Simpson $8%0%f
AN TR P A YIS 19 o R8T, ol
DIFSH: FEYIAR BREE S A0 248 O A0 1k W B
% FEE 2R

(3) AWFE N TR ik R 5 i I 5 B
IR, WFFETT . BERRTT . AR
FUEBERTT, A 3oh 53.7%. 11.5%. 11.9%.
6.4%.3.7%; RGP LA FENE ao-BILHEH | v-
I AN . Sk T AT R AN, B SR
30.1%. 20.9%. 11.9%. 10.3%. 7ERKF |, %
ARV 2 R4 I WA K4 32, L AEFEY)
HRBRFE S . ARRDZRE S | B Z A A A 2
i, XU B AN [R] 35 5T 2 22 (8] A9 T A RS A P
ARl Hrp R AR PR AR A 5 AN 2 R i R 2
FE S P E W RE TS AL C R IE B3, (H 5 A
R A, VLB A X TR R RS, AR PR
FE i 5 AR A i R A U W s A
FER AL AL AR

(4) Z ARG B A Y A D BE T L AR
TEAL RN TR s . AL MR T 2R AT o E . (R R
ML & AT E, e 02 5 s A
SRS AAE T o 22 S8 A 240 T R I i 1R kS T 4 i 32
PO A AE— G, RO Ak T 3B A A R
b T HJCISTE— R A SR, S E
A i ) - AR BAA L. COG HIRE T 7
ARG FTA RS D RR AL AL, HLRUAE AR T
feFw, AN TAEYMANIHETT.

(5) % PCA F11 PLS-DA %F A T3 1 i A=
YIRETR B ZREvESEAT 0, AT LS AR
PREEAS . AP EREA . B R FEAR TR A JZFEA
MAM R IE AN EA 2R, H&EHEAT AR
HSURE R T A R 7 2 25 R 38/, DRI AR B 3R
BRSBTS O R, —
ML AR S E DR M E R R EER T X
T i

S Hk:

[1] Thomas R, Gough R, Freeman C. Linear alkylbenzene sulfo-

nate (LAS) removal in constructed wetlands: The role of

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

plants in the treatment of a typical pharmaceutical and perso-
nal care product[J]. Ecological Engineering, 2017, 106: 415-
422.

Zhang X, Yan M C, Xiao G Q, et al. Analysis of microbial
community structure in mangrove constructed wetland-mari-
culture coupling system[J]. Acta Hydrobiologica Sinica, 2016,
40(3): 557-564. [3K#A, E&E, M EWR, 5 iF-Dl-LTm
ARG PR K IR I R G DA MR S BT (0], KAAE Y
2#4Rk, 2016, 40(3): 557-564.]

Lei X, Li B, Li X, et al. Rhizosphere microbial communities
of three plants in vertical-flow constructed wetland[J]. Chinese
Journal of Ecology, 2015, 34(5): 1373-1381. [{5/H, Z=iK,
e, % BAEERA TR RS PR FE YR PR
YRR EEMI)]. R4, 2015, 34(5): 1373-1381.]

Tao Y, Zhu J, Li B, et al. An evaluation of purification effect
of constructed wetland-pond recirculating aquiculture system
based on nitrogen and phosphorus budgets[J]. Periodical of
Ocean University of China, 2021, 51(2): 36-45. [Fiifi, A,
2K, 5. TR BRCCA TR SRR K SR R
GEpSCRITFAN(T]. PRS2 A REER), 2021,
51(2): 36-45.]

Wang N, Wang X C, Xiong J Q, et al. Engineering applica-
tion of constructed wetland for tertiary treatment of tail water
from wastewater treatment plants in industrial zone[J]. En-
vironmental Engineering, 2017, 35(12): 11-14, 44. [£4#, £
WeE, REZKNG, 4. A TIRMAE Tk e X 57K Rk Aab i
R TR S TR, 2017, 35(12): 11-14, 44.]
Tang X S, Zhang K K, Jia J, et al. Purification characteristics
of constructed wetland under different hydraulic loads after
treatment of marine aquaculture tailwater[J]. Progress in
Fishery Sciences, 2021, 42(5): 16-23. [FE/NX, sKalal, 5%
7, G KIS T TR K SR R K 15 e
P EARIEL]. ol B, 2021, 42(5): 16-23.]

Hayes M A, Jesse A, Tabet B, et al. The contrasting effects
of nutrient enrichment on growth, biomass allocation and
decomposition of plant tissue in coastal wetlands[J]. Plant
and Soil, 2017, 416(1-2): 193-204.

Ligi T, Oopkaup K, Truu M, et al. Characterization of
bacterial communities in soil and sediment of a created
riverine wetland complex using high-throughput 16S rRNA
amplicon sequencing[J]. Ecological Engineering, 2014, 72:
56-66.

Zhong F, Wu J, Dai Y R, et al. Bacterial community analysis
by PCR-DGGE and 454-pyrosequencing of horizontal sub-
surface flow constructed wetlands with front aeration[J].
Applied Microbiology and Biotechnology, 2015, 99(3): 1499-
1512.



%5 6 3]

AT A T ELUR N TR A 5 TR A R T R LB A

885

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Faulwetter J L, Gagnon V, Sundberg C, et al. Microbial
processes influencing performance of treatment wetlands: A
review[J]. Ecological Engineering, 2009, 35(6): 987-1004.
Fan H Q, Wang L W, Wang D, et al. High-throughput se-
quencing analysis of the bacterial communities in construc-
ted wetland[J]. Bulletin of Science and Technology, 2019,
35(2): 213-219. [JuiEd, T, £, % HFEm
TP BN TR A B RE I AT (0], BHEGE TR, 2019,
35(2): 213-219.]

Fang Y H, Peng J F, Song Y H, et al. High throughput
sequencing analysis of microbial communities in different
plant rhizosphere in subsurface-flow constructed wetland[J].
Acta Scientiae Circumstantiae, 2018, 38(3): 911-918. [
R, WOIE, Rokex, 55 e e R ARSI
PR R AR PRAN R RRIELT]. PRIRR A2, 2018,
38(3): 911-918.]

Ibekwe A M, Grieve C M, Lyon S R. Characterization of
microbial communities and composition in constructed dairy
wetland wastewater effluent[J]. Applied and Environmental
Microbiology, 2003, 69(9): 5060-5069.

de C Baptista J, Davenport R J, Donnelly T, et al. The
microbial diversity of laboratory-scale wetlands appears to
be randomly assembled[J]. Water Research, 2008, 42(12):
3182-3190.

Tal Y, Watts J] E M, Schreier H J. Anaerobic ammonium-
oxidizing (anammox) bacteria and associated activity in
fixed-film biofilters of a marine recirculating aquaculture
system[J]. Applied and Environmental Microbiology, 2006,
72(4): 2896-2904.

Zhang H G, Ma S S, Li Q F, et al. Analysis of the changes of
microbial community structure on bio-carrier of recirculating
aquaculture systems(RAS)[J]. Environmental Science, 2011,
32(1): 231-239. [BKIFHK, DHZITE, RRIF, 45 PEIRKTR
B R GLRAS) WA I E R 4B AT [T, B0
BERLE, 2011, 32(1): 231-239.]

Li Q F, Fu X J, Zhang Y, et al. PCR-DGGE analysis of
bacterial in  bio-filtors

communities of re-circulating

mariculture system[J]. Journal of Fisheries of China, 2011,
35(4): 579-586. [FHOF, L%, ki, % JEFOKIRAM
RG-S AN FE (Y PCR-DGGE 4MT[I]. /K7 241,
2011, 35(4): 579-586.]

Michaud L, Lo Giudice A, Troussellier M, et al. Phylo-
genetic characterization of the heterotrophic bacterial com-
munities inhabiting a marine recirculating aquaculture sys-
tem[J]. Journal of Applied Microbiology, 2009, 107(6):
1935-1946.

Jin H, Tian M, Zhao W Z, et al. Effect of chemical enhanced

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

phosphorus removal on biological phosphorus removal of
A2/0 process in wastewater treatment plant[J]. China Water
& Wastewater, 2019, 35(23): 1-5. [£:8, HIfL, #3041, 4.
TSR AL BRI TS KT A~200 T2 MR S R 0]
25K HEK, 2019, 35(23): 1-5.]

Zhang Y, Li Q F, Cheng Y, et al. Establishment and app-
lication of a real-time PCR method for Halomonas in wa-
ter[J]. Chinese Journal of Applied and Environmental Bio-
logy, 2016, 22(1): 140-145. [#kH, Z5RkI%, WAL, 2. K
et S T a5 (Hal omonas) 41 S 9 etk PCR AN
TrE S B[], RS PR EE AR, 2016, 22(1):
140-145.]

Margulies M, Egholm M, Altman W E, et al. Genome se-
quencing in microfabricated high-density picolitre reactors[J].
Nature, 2005, 437(7057): 376-380.

Wang L, Li B, Zhu J. Review of high-throughput sequencing
techniques on constructed wetland microbial diversity[J].
Chinese Agricultural Science Bulletin, 2016, 32(5): 10-15.
[EAK, R0k, R mo@wFHARTE N TR A2
FEMERT ST BB FERE SRR (0], P AR “7id 4z, 2016, 32(5):
10-15.]

Chen Y, Wen Y, Tang Z R, et al. Effects of plant biomass on
bacterial community structure in constructed wetlands used
for tertiary wastewater treatment[J]. Ecological Engineering,
2015, 84: 38-45.

Deng X Y, Zhang B, Tang H, et al. Analysis of microbial
diversity in shrimp (Litopenaeus vannamei) by MiSeq high-
throughput sequencing[J]. Food Science, 2018, 39(24):
149-155. [RRIGESE, SKE, W, &5, T e BT iomg
S FOM IR U R T[], BALRRE, 2018, 39(24):
149-155.]

Cao Q Q, Wang H, Chen X C, et al. Composition and dis-
tribution of microbial communities in natural river wetlands
and corresponding constructed wetlands[J]. Ecological Engi-
neering, 2017, 98: 40-48.

Lauber C L, Hamady M, Knight R, et al. Pyrosequen-
cing-based assessment of soil pH as a predictor of soil
bacterial community structure at the continental scale[J].
Applied and Environmental Microbiology, 2009, 75(15):
5111-5120.

Peralta R M, Ahn C, Gillevet P M. Characterization of soil
bacterial community structure and physicochemical proper-
ties in created and natural wetlands[J]. Science of the Total
Environment, 2013, 443: 725-732.

Ruiz-Rueda O, Hallin S, Baifieras L. Structure and function
of denitrifying and nitrifying bacterial communities in rela-

tion to the plant species in a constructed wetland[J]. FEMS



886

Hh K R

%29 &

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

Microbiology Ecology, 2009, 67(2): 308-319.

Zhang C B, Wang J, Liu W L, et al. Effects of plant diversity
on microbial biomass and community metabolic profiles in a
full-scale constructed wetland[J]. Ecological Engineering,
2010, 36(1): 62-68.

Tang X S. The effect of hydraulic loading and operation time
on the removal effect in the constructed wetlands for mari-
culture tail water treatment[D]. Shanghai: Shanghai Ocean
University, 2020. [JE/N0L. K6, &840 R A TR
Hh A BRI K IR A R K BCR ISZ M (D], b IR
2#,2020. ]

Zhang K K. Study on purification performance and microbial
community characteristics of constructed wetland for mari-
culture tail water treatment[D]. Shanghai: Shanghai Ocean
University, 2020. [k A, A TR XK IR5H K 134t
e e S A MRV RAAE TSR (D). B IR R
2#,2020. ]

Qiao F, Yang Q F, Hou R X, et al. Moderately decreasing
fertilizer in fields does not reduce populations of cereal
aphids but maximizes fitness of parasitoids[J]. Scientific Re-
ports, 2021, 11: 2517.

Li FP, Wei HY, Ma Z, et al. Research progress of selection
of plants for constructed wetlands and effect of plants’s
purification on sewage[J]. Wetland Science, 2017, 15(6):
849-854. [ZEWEF, BHLLPH, Dk, 4. AN TIRMAEY %
LAY AL TS KA DR SEHE R[], 1R AL, 2017,
15(6): 849-854.]

Li X X, Xie Q L, You S H. The functions and selection of
constructed wetland plants and media[J]. Industrial Safety
and Environmental Protection, 2008, 34(3): 54-56. [Z%/NVE5,
figt DOBR, UiE/ . N TR AR 4 AR 1R A SR ).
Tl 284 SR, 2008, 34(3): 54-56.]

Yuan R W, Liu L, Zhang R, et al. The interaction mechanism
between plant rhizosphere secretion and soil microbe: A
review[J]. Chinese Agricultural Science Bulletin, 2020,
36(2): 26-35. [RA-3C, XUHE, KE, & HYRER WY
5L EMAEYEERRMPLRIBT AR, hER 8
2, 2020, 36(2): 26-35.]

Wang F, Duan H L, Liu Y F, et al. Analysis of bacterial
community at the rhizosphere and non-rhizosphere of plants
in constructed wetland treating brackish eutrophic water[J].
Chinese Journal of Environmental Engineering, 2020, 14(7):
1844-1851. [£7F, BitAl], X €, 45 ATIRMbALHS
e EFRAKAEYARER 5AEARPR E R T )]. BT
FE2FAR, 2020, 14(7): 1844-1851.]

Xia Z G, Liu G C, She Z L, et al. Performance and bacterial

communities in unsaturated and saturated zones of a vertical-

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

flow constructed wetland with continuous-feed[J]. Biore-
source Technology, 2020, 315: 123859.

Gao F, Liu G C, She Z L, et al. Effects of salinity on pollu-
tant removal and bacterial community in a partially saturated
vertical flow constructed wetland[J]. Bioresource Techno-
logy, 2021, 329: 124890.

Dworkin M, Falkow S, Rosenberg E, et al. The prokaryotes:
proteobacteria: alpha and beta subclassesfM]. New York:
Springer, 2006: 3-37.

Ansola G, Arroyo P, Sdenz de Miera L E. Characterisation of
the soil bacterial community structure and composition of
natural and constructed wetlands[J]. Science of the Total
Environment, 2014, 473-474: 63-71.

Liu J, Yi N K, Wang S, et al. Impact of plant species on
spatial distribution of metabolic potential and functional
diversity of microbial communities in a constructed wetland
treating aquaculture wastewater[J]. Ecological Engineering,
2016, 94: 564-573.

Li Z L, Ding Y L, Bai S Y, et al. Correlations between
substrate structure and microbial community in subsurface
flow constructed wetlands[J]. Environmental Science, 2017,
38(9): 3713-3720. [ZHRRE, TEAL, AL, & EHRA
T B 3 45 4 5 B W R R AR IR AR DGR D). PR
2#,2017, 38(9): 3713-3720.]

Stottmeister U, Wiener A, Kuschk P, et al. Effects of plants
and microorganisms in constructed wetlands for wastewater
treatment[J]. Biotechnology Advances, 2003, 22(1-2): 93-
117.

Fan J F, Chen J Y, Chen L G, et al. Research on denitrifying
bacteria quantification and diversity in Liaohe Estuary
sediments[J]. Acta Oceanologica Sinica, 2011, 33(3): 94-102.
BEFR, BREERE, BRar)™, . 0w H TR S s A A s
Bt B R SE[T]. SRR (T SO, 2011, 33(3):
94-102.]

Hoefel D, Monis P T, Grooby W L, et al. Profiling bacterial
survival through a water treatment process and subsequent
distribution system[J]. Journal of Applied Microbiology,
2005, 99(1): 175-186.

van Niftrik L, Jetten M S M. Anaerobic ammonium-oxidi-
zing bacteria: Unique microorganisms with exceptional
properties[J]. Microbiology and Molecular Biology Reviews:
MMBR, 2012, 76(3): 585-596.

Miao Y, Liao R H, Zhang X X, et al. Metagenomic insights
into Cr(VI) effect on microbial communities and functional
genes of an expanded granular sludge bed reactor treating
high-nitrate wastewater[J]. Water Research, 2015, 76: 43-52.

Feng G. Estimating the actinobacterial diversity and activity



%5 6 3]

AT A T ELUR N TR A 5 TR A R T R LB A

887

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

potentiality in a coastal wetland of the Yellow River Del-
ta[D]. Qingdao: Ocean University of China, 2013. [/%4Y. #
T = A Y R K T 2 R R T 0 D PP A (D],
By RN, 2013, ]

Li K X, Wu'Y H, Wan L, et al. Variation of microbial com-
munity in constructed wetland substrate motivated by nano
titanium dioxide[J]. Chinese Journal of Ecology, 2020, 39(12):
4068-4077. [0y, SR, 9657, 55, GOK ZEALBRIK
N TR EE TR WIRE R 22 5 (0], AR A F4%AE, 2020,
39(12): 4068-4077.]

Ding H J, You J J, Wang D Q, et al. Synergistic effect of
hydraulic loading and organic loading on microbial com-
munity structure in constructed wetlands[J]. Environmental
Pollution and Control, 2020, 42(1): 61-65. [ T i, R,
FEHOR, . KIS AHUGR P AR XA TR
YIRS RS [T]. PRRTS g 5 BR, 2020, 42(1):
61-65.]

Wang B. Purification performance of odorous-black water
and it & apos; s microbial mechanisms in integrated cons-
tructed wetland[D]. Harbin: Harbin Institute of Technology,
2017. [E1E ZETIN TR0 R BOK AR L PERE K L
HEEYEHLRIBIFE[D]. PA/REE: MR TR, 2017. ]
Pan A, Zhang Z, Sun L, et al. Purification effects and
microbial community differences of the surface-flow cons-
tructed wetlands with different vegetation plantation[J].
Chinese Journal of Environmental Engineering, 2019, 13(8):
1918-1929. [¥ L, KA, MG, %5 MRLARIEY R
TN TR A RO A YR % 22 52 A T (7], B4R T
24, 2019, 13(8): 1918-1929.]

Ibekwe A M, Lyon S R, Leddy M, et al. Impact of plant
density and microbial composition on water quality from a
free water surface constructed wetland[J]. Journal of Applied
Microbiology, 2007, 102(4): 921-936.

Calheiros C S C, Duque A F, Moura A, et al. Changes in the
bacterial community structure in two-stage constructed wet-
lands with different plants for industrial wastewater treat-
ment[J]. Bioresource Technology, 2009, 100(13): 3228-3235.
Truu M, Juhanson J, Truu J. Microbial biomass, activity and
community composition in constructed wetlands[J]. Science
of the Total Environment, 2009, 407(13): 3958-3971.

Zhang X, Cheng M Q, Cheng M Y, et al. Study on the

[57]

[58]

[59]

[60]

[61]

[62]

[63]

treatment effect of plants in constructed wetland on low
salinity culture wastewater[J]. Journal of Shanghai Ocean
University, 2021, 30(6): 1024-1033. [5Kk4%, #2474y, FEAF,
S NTIRH R X IRER BE TR I KA BISCR D). 136
TP, 2021, 30(6): 1024-1033.]

Shu D T, He Y L, Yue H, et al. Microbial structures and
community functions of anaerobic sludge in six full-scale
wastewater treatment plants as revealed by 454 high-throu-
ghput pyrosequencing[J]. Bioresource Technology, 2015,
186: 163-172.

Wang H, Yi P, Zhang S J, et al. Functional microbial
community composition analysis in the laboratory-scale
stable partial nitrifying-rANAMMOX municipal wastewater
reactor[J]. Journal of Graduate University of Chinese Aca-
demy of Sciences, 2012, 29(1): 38-46. [F2, G, TKA %,
4. SR -ANAMMOX S i Ab U T 5 7K G A o
AP RERARATIN. o BB BT A Be i, 2012,
29(1): 38-46.]

Okada N, Nomura N, Nakajima-Kambe T, et al. Characteri-
zation of the aerobic denitrification in Mesorhizobium sp.
strain NH-14 in comparison with that in related rhizobia[J].
Microbes and Environments, 2005, 20(4): 208-215.

Ji G D, Wang R J, Zhi W, et al. Distribution patterns of deni-
trification functional genes and microbial floras in multi-
media constructed wetlands[J]. Ecological Engineering, 2012,
44:179-188.

Xiong J Q, Li S S, Ge Y, et al. Characterization of microbial
communities in vertical flow constructed wetland for highly
polluted river water treatment[J]. Chinese Journal of Envi-
ronmental Engineering, 2017, 11(3): 1959-1965. [REZ N,
I, B4R, 4. AbHEE S YR K 2 B TR A
YIRS RRIEL]. A0 TRE2AHR, 2017, 11(3): 1959-1965.]
Panswad T, Anan C. Impact of high chloride wastewater on
an anaerobic/anoxic/aerobic process with and without inocu-
lation of chloride acclimated seeds[J]. Water Research, 1999,
33(5): 1165-1172.

Liu Y F. Performance and denitrifier microbial analysis for
vertical flow constructed wetland treating eutrophic brackish
water[D]. Tianjin: Tianjin University, 2017. [XIT. &. TEH
TN TR A IR 3 & B TR SCR 5 A R 4047 [D].
K KAERAE, 2017, ]



888 [ K R 2 %295

Comparison of microbial community characteristics in plant rhizos-
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Abstract: A constructed wetland combines the functions of the substrate, plants, and microorganisms, such as
filtration, adsorption, ion exchange, plant absorption, and microbial degradation, to realize the efficient
purification of aquaculture tail water. Such a system has the advantages of simple processes, less investment costs,
low energy consumption, high anti-shock load capacity, effective water treatment, and remarkable ecological
benefits. However, due to the influence of salinity, such systems are rarely used to treat mariculture tail water.
High-throughput sequencing technology provides a rapid and affordable method for sequencing millions of DNA
molecules simultaneously and has become an important technique for studying the characteristics of a microbial
community. To determine the NO;-N, NO,-N, NH;-N, and TN removal efficiencies in a constructed wetland for
the treatment of mariculture tail water and to evaluate the microbial community characteristics in the plant
rhizosphere and different substrate layers, we conducted experiments with an integrated vertical flow constructed
wetland containing Spartina alterniflora, fine sand, coal cinder, and crushed stone. We determined the nitrogen
removal efficiency of a vertical flow composite constructed wetland using the tail water of grouper culture. The
characteristics of the microbial community in the plant rhizosphere and different substrate layers were determined
using high-throughput sequencing. In this experiment, water samples were collected at four locations every day
from September to November, and the concentrations of COD, NO3-N, NO,-N, NH;-N and TN were determined
using the national standard method. Subsequently, microbial samples were collected from 16 locations and
sequenced using high-throughput sequencing technology. The results of water quality analysis show that the
average concentrations of COD, NO3-N, NO,-N, NH;-N, and TN in the outlet water were 4.00 mg/L, 0.15 mg/L,
0.16 mg/L, 0.04 mg/L, and 0.64 mg/L, respectively, yielding removal rates of 48.98%, 92.10%, 94.49% and
78.36%, respectively. High-throughput sequencing revealed a highly abundant and diverse microbial community
in the plant rhizosphere and fine sand layer, in contrast to other substrates. This is because plants in a constructed
wetland form an oxidative microenvironment in the reducing medium of the root zone through photosynthesis. The
co-existence of aerobic and anaerobic zones provides suitable niches for aerobic, facultative anaerobic, and
anaerobic microorganisms in the root zone and promotes the growth and reproduction of microorganisms.
Additionally, the contact between the fine sand layer and the plant rhizosphere increases the community richness
and diversity of the fine sand layer compared to those in other substrate layers. The predominant microbes were in
the phyla Proteobacteria, Bacteroidetes, Actinobacteria, Chloroflexi, and Firmicutes with relative abundances of
53.7%, 11.5%, 11.9%, 6.4%, and 3.7%, respectively. The predominant microbes were of the classes
Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, and Bacterodia with relative abundance of 30.1%,
20.9%, 11.9%, and 10.3%, respectively. The predominant functional microbes related to nitrogen removal included
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those in the genera Nitrosomonas, Nitrospira, Bacillus, Pseudomonas, and Acinetobacter. Microbial metabolism
function was abundant in the constructed wetland, and all samples had a similar functional composition. Microbial
community composition showed little variation within the same substrate layer, indicating that microbial
composition remains relatively stable within a consistent environment. The degree of difference between microbial
communities in each substrate layer was smaller in the secondary wetland unit than in the primary wetland unit.
This is because the majority of tail water purification occurs in the primary wetland, where the change gradient in
the concentration of nitrogen, phosphorus, and other pollutants, dissolved oxygen, salinity, and other related
factors is greater along the flow direction, resulting in larger changes in the microbial growth environment.
Consequently, variation in the microbial community composition is more pronounced. However, the gradient of
various influencing factors along the flow direction is smaller in the secondary wetland, and the variation of the
microbial growth environment is also limited, resulting in less variation in the microbial community composition
in the secondary wetland than in the primary wetland. These results reveal the relationship between nitrogen
removal efficiency and microbial community structure. Moreover, they provide a theoretical basis for elucidating
the nitrogen removal mechanism of each substrate layer in a constructed wetland, to enable the construction of
wetland systems for the efficient treatment of tail water.
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