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Quantification of nitrogen reduction of each component in constructed wetland and functional gene analysis
GAO Jingtian"?, TANG Shike"?, LIU Zheming"?, ZHANG Peng"?, YU Fengping'?, LI Weiping"*’

(1.School of Energy and Environment, Inner Mongolia University of Science and Technology, Baotou 014010, China; 2. Autonomous Region
Collaborative Innovation Center for Ecological Protection and Comprehensive Utilization of Inner Mongolia Section of Yellow River Basin,
Baotou 014010, China)

Abstract: Six groups (three groups without plants) of constructed wetland systems with substrates of ceramic pellets + cinder, ceramic
pellets +zeolite, and zeolite +cinder were constructed to investigate the effect of nitrogen removal in Baotou Nanhai Lake and explore the
contribution of nitrogen reduction of each component in a constructed wetland and the mechanism of microbial nitrogen removal. Nitrogen
stable isotope tracing technology was used to quantify the contribution of plants, substrates, and microorganisms to nitrogen removal in a
constructed wetland. High—throughput sequencing technology was used to investigate the microbial community structure and nitrogen
metabolism functional genes in the system. The results showed that the constructed wetland with plants comprising ceramic+cinder was the
most effective in nitrogen removal, with removal rates of (41.18+2.61)%, (50.44+2.63)%, (40.93+2.32)%, and (74.34+1.97)% for TN, NH;~N,
NO;-N, and NO;—N, respectively. "N tracing revealed that the contribution rates of plants, substrates, and microorganisms to the NO;—N
removal in the constructed wetland system were 27.74%, 48.43%, and 23.83%, respectively. High—throughput sequencing and PICRUSt2
functional prediction results revealed that plants significantly impacted microbial composition and metabolic pathways. The dominant
phylum was Proteobacteria, most of whose genera are involved in the nitrogen cycle and are crucial in biological denitrification. The
abundance of nirS on the substrate and nirK in the plant roots of a planted constructed wetland system increased significantly. Plants
effectively promoted the denitrification of microorganisms in constructed wetland systems.
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Figure 4 NO;-N concentration and removal by six CWs
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Figure 5 NO>=N concentration and removal by six CWs

L] IR 2E  BRAR TR, S EUH K NO-N R 2 %
T Vi
2.5 "NEMIZEAT BN EN EERE

Fy it — g N TR 2R G2 A4 43 % NOs-N
)25 Bk BT R B, R P P A + s 2E N T 1 ]
LR bRICE LR, PR VE S RS, Bk
KRR, EEAEY RS VR AT
(AT% ) i) 3 2 5N R 4 ) =5 B 43 ) 50 F 3 1, H
W RS S R I TR A TR R OC R R AR T
W E . MR, EDRERA S EN

0.57% , b )2 FE RN 2 5L LR & i 40 51 0.18% il
0.13% , FEP AR PR A & i s T . et RO S A
B Fi 2o R A P 2B 28 TR R R R 5 v R
JLE AR H Y5 A, 3 A R i Bl
HR R A R T

x1 BRMEMFREE AT "N EIFE
Table 1 Absolute abundance of nitrogen content, AT% and "N in

substrates and plants

N e BAEPS =SS

B wak  wrEsk R

3 . . N absolute

Sample  Nitrogen content/% Atomic percent/% o

abundance/(mg-g™")

HH 0.57 0.97 55.29x10°
M 0.18 0.48 8.64x107
P 0.13 0.49 6.31x107

N RIS 2R 18 46 0] = B 4 — R ot b N TR
R i, e R o A AR i o Hedk g A
(). MR AT%EUE B NOS-N ¥ B, 1150 i 52 6 5
JKUEN B4t B, WL 6. LI IF AR, BFOK H G PN
0 266 5%F 42 P S 0.396 mg - L', 644 5 d AL BRI, N (9
o Xof R % 0.230 mg - L' 15 d J5 B3 0.134 mg -
L7, A A TR XS BN BRIk ] T 66.16% ,
PR B W A N T3 AT 1 S BRACR . i A
FEJF R N LN E RN | TR fE 2SR, B
ASE JTT R ) 0T v N IR R ey, L8 X S B T G 8.64%
107 mg- g™, B 5 B 0 1 R ot B oK 5 F 2 3
H NS RN A E O 6.31x107 mg- g, B
(14 W B B T S dse /NI o R R N A X S S
55.29 mg-g™", B S 2L T, 00 B AT R A 0 R
AR AL 5K
2.6 ALiBHb&HSS NO-N XA TR

N TR M4 443 "N KB B AR b an 2k 2 iR
FELS dJ , ALY . B)ARE T IR DL R i
A N R BR RE S BN 13.49.12.51.11.04,11.59
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Figure 6 Absolute abundance and removal of "N in water samples
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9.01.15.64 mgo MEEN LI FRE AP N KBRS
HAE 0~5.10~15 d B8/ MAE 5~10 d 224 8K,
RIXT N F W e R S B S R SR R e H . th
A0 303 2 A o i R A 3 N o B N B R AR
WA 2 25, 38 N e D023 0 386 NOS—N A I A o
TERI, 2R NOS=N Al W i & 4% 08 J A
BRI E I, BT TR RS R s, )
XN B AR 22 B D, (LIRS B A 4 ) 28 1 B
BB R VR R bt SN i, ik Ah 3t e
R AN G2 K R, A R b SN LB R
EF AL, X2 T I 4 NO--N A B PE
FH R B 00 S A=, i A AR A 2 AR ) R R A
NSRS 50 =N At | e el a1 i
TR NO=N BRG0P ; R AR R A WA
THg , — 5 B B ] 29 A e R RS AR, TG
TV P A I R AR T R A

[ Bk DA 2 43 N R 26 1) 22 B et S AR A, mT
PAAS A R N TR sk B | 3 o AN B3k W 41 o0 1
15 dJ5 % NOs-N L BR A BTAR A . AE P 04 W AC i 5 ot
R 52 o0 %o T M 2 8 NOS—N 22 45 19 B ik 43 51
27.74% F1 48.43% , (4= M1 % NOT-N (19 25 B o ik =% 5
23.83%, HNFR2 AT LA, L300 5 B 5 5%
JOT 6 ON R W A A 22 T AR A A D R T %
NO-N #2255 , B I7E N TR ke i 15175 1 Wi
2%t N T IR NOS-N 1 22 48 = SR .
2.7 EYMEY ST Mm

5 AUAE A B S ) 2 RE MR Boan 26 3 i il i
Wi ZREEFE 2L (Simpson ) 5 3 & 48 H(Chao \ Ace)
SR DL AT AL, S LA rh ) 2R I B I R
K25, AP £ & BB O Y a4 B 42
Fho FEPA AR A TR P A e Y RS R T

K2 BAHNERERETK

Table 2 Variation of °N total remove mass of each component

ORE PN it BN Total mass/mg

Sampling position 5d 10d 15d
itL7) 4.77 12.65 13.49
HHEMA B 5.59 9.87 1251
AAEYLL T 2R 1.14 6.63 11.04
TR b )2 4.87 9.16 11.76
T4 T RS 0.95 4.42 9.01
ALY 0.87 3.35 11.59
TR RE ) 2.47 6.89 15.64

P 1%) WHARTY

B, T TR R R RE . R RE
T s AU, dERR IR R A R T R 2 R
P s L ) A IR, U Y ) AR AR 3R 0 s ) 55
] DU AR M ) B AN R S B, 35 BT 1 Bk
APt A Z AR AL TN TR RS R AR
IRETT
R3 MEMSHEEY
Table 3 Microbial diversity index

Sample  Simpson  Shannon Ace Chao  Coverage
A 0.004 9 6.98 5177 5027 0.96
B 0.004 5 6.87 4865 4 688 0.97
C 0.022 4 5.70 3323 3128 0.98
A 0.021 1 5.50 2807 2760 0.98
B’ 0.020 8 5.45 2631 2589 0.98

2.8 YA E Y B R &R RN

FHN TR RGP RUEY) K- RETS 4 i 21
AN 7 (a) Iz o 2% 2H N TR 3R 4 vh 5L o M A )
AR E BRI % 53T T Herh AR S B
10 FPLHTA ], F EALHE Proteobacteria (2 JE T ])
Actinobacteriota (J{ZE ] ) .Bacteroidota (FUAFFEE ] )
Firmicutes (& BE [# [] ) | Patescibacteria (BB & []) .
Chloroflexi (Z£Z5 T# [] ) . Acidobacteriota ( B& FT 1% ] ) Al
Cyanobacteria (% %11 ) . Proteobacteria [ = i £z /7 ,
FSCBFFER], R W T2 5 A ® e, 78
A= Wy R R R BAT A O E A . X
H NN HL R SE, #H Y T Y Bacteroidota £ & B 2 &
T PIZHBL 5T, Bacteroidota 2 57 3 41 A , BEWE 73 fif /K
IR KAL S P, K NO-N, 2 5 Ui AR
Firmicutes +& F A7 JBi 0 2 RE A9 EL IR 40T, %oF FE 5 4
fi, A AL P Firmicutes FHXT = BE 7 FE I8 OA
N TR R G A RCR B A

B LN L R 8 v AR W B KT I A 21
BN 7 (b) 7R, 25 2R G0 Y HF T8 2H A AE — 2 10 22
5, FERAEA MY LR R G AR R 322
43 A 1E Pseudomonas (49.08%~62.69%) . Pseudarthro-
bacter (4.119%~4.93%) Fl Malikia (3.25%~10.78%) 1§
J&; KM Y & % F % K Limnobacter (40.32%~
51.58%) . Nevskia (9.23%~11.57%) 1 Rhodobacter
(3.04%~5.45%) W )& . WA, AR FAHEY) R 5, L
) 2% 458 P e ot 2 T ) A D e T 2H R B B I
A, Bk v Saccharimonadaceae . Rhodobacter . Azoar-
cus 5 @ B9 L) 8 & 3 5, Sulfuritalea . Rhodoferax F1
Sphingomonas 55 T J& 1. 2 WA o U WA Y 19 in A
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PIAN R 0T 0 TR ) 2R G W 24 oAk, ofF HB 7KK BT TR AR
o FEYIAR Z RN 5T N A B A Pt A B AN ]
TP AR 2R A DL 3 B s 2 B B KR, JE 2 Flavobacteri-
wm TR & o5 FEBH SR & FHAM L . Flavobacterium J&
UL AL TR 22—, AT LA A IR i AR
FBE HEMIAR ) B I AR & T 2R TR R 0 o L
S 3k e SR A A A B HO R R R ERAE T, AT
308 3 5 Wi 5 v R0 3R ) 0 A T 2 5 i) i T3 BT B A Gl
W ETE 25
29 WEMRRSINEER D

IR YR R C AP IESE A Bk B FJC
T AL A7 BERL B 56 ST i ) 2R 0 A R 3
PRI BE 1Y 25 55 43 #r , Ui H 5 I R S RE A P ik
K. BT, E RS C & B A A S Re 5 R A
A R34 S5 (NTR) B [K] nirS/nirK s fi§ BRI J5L G (NR)
S narG/napA; —FAL A (NO) I& 5 il J: ) norB 5 —
AL (N0 ) I JE L DA nosZ 5 BN (AMO) 4
aomA ; ¥ 1 EALHE (HAO ) 3 K hao ; WAH R £ A 1L
fits (NXR) B [H nor 55 o 7E45 R G0 Hh 480 5 /AR
KRN F 24 2 5 AL FE Y narG/narZ |
narH/narY . nirK . nirS #1255 [& & 1 F2 B9 nasA | nirA |

(a)["J7KF- Phylum level

nirB, WK 8 7 o ANBIETEE A SEAEII Y nasA 5
nirB i PR 1) ~F B2 R i 1 A P 3 5 BT ] St A
SRS N TR A M) A A R E AR A,
AN T30 2R S8 AN [R) R S 3% 1A 1) nirS BT
FEEUIR & T Y R4, Y R A e N T
M 2R 8 R P i A, R IR R b e AR
BT 5y — AN SR AR e AR Y nirK FE TR HAEAR IR
R B & T A P R . AT DU
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Figure 7 Microbial communities of each sample
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Figure 8 Abundance map of functional genes for

nitrogen metabolism
B, 38 3 e 38 R AR RA AN [l b B A AT U AR
4R ¥ 232 N B Br 5 KEGG (Kyoto Encyclopedia
of Genes and Genomes ) U 72 PN A CIHAH 56 i il 3 (K]
TR EAT HLX, FR AT UG R A AR A 56 D RE I Y
JE o AEAS S A S i A AR DG 2 E g 1 244
TIREMAFRUNZR 4 s o A AP FJCH P N T3 b
TR R M 2 e B AE [F, R A R 6 R (EC:
1.7.99.4) W fif§ R £5 318 )5 i (EC: 1.7.1.15) & & Wt
Aff(EC:1.4.1.2), ML FEEYRS, AHEYANT
T R T NADPARE AL (77 2 R A S8, EC
1.4.1.4) RARG I (BEARE M, EC: 1.4.7.1) [ E A
fit} (EC: 1.18.6.1) . — A b Bk )5 i (40 4 K ¢, EC:

1.7.2.5) &AL (EC: 4.2.1.104) | 2 Iz ifs )5 i (EC:
1.7.99.1) Al 640 5 (EC: 1.7.2.1) V2= 56 H R %
fiff (EC:2.7.2.2) — R AL EEF(EC: 1.7.2.4) Bk
FUATE - IRIA IR (EC: 1.7.7.2) VAl R ER 14 i il
(iR, 2B L EC: 1.7.2.2) F 8, KR 89 hn
A AR [ 2R A SR Ak DL R S A i R R A R Y
YER o [RIEs UL S S AR AR 22 A A 4 v ) SR A A G
Rens 3 B 5 WL T2 LT — 2k, vl D e R AE >
AR b A 2 5 B EACEHE AR A

3 #ie

(1) B AL RCR SRR 416 0 B+ s, AR L TG
Wi 255, 4 Y 25509 TN NH:-N .NO5=N F1 NO;-N
J5 5 K 4 B Ky (41,18 £2.61)% . (50.44 +2.63)% .
(40.93+2.32)% . (74.34+1.97)% , At 9 N\ 198 1 H
BRI R L RSO RS E R . 34l A A
MRS 35 WO Nt R30iY S UNAREE L7/ L ESR Y NE AR E S
HE e Ay W s + 40 > Pk + 30 A1 > b A+ . O
FR G0 0T B T T KA LTS G W ) e Ak SR AR R P
-+ A > P s+ >k A+

(2)FE 5T N 2% 3= B2 (AR A 4 T i, S o
YRR R g, PN RN E Rl T

R4 REMBEIEDREBFE

Table 4 Abundance of major functional enzymes in microbial communities

fifi Enzyme Jili L1 iE £ B, Enzyme function information A B C A B’
6.3.1.2 A AR A 71 384.40 73 714.47 70 684.66 73 639.52 68 233.07
1.4.1.13 BERE 55975.41 57333.84 57924.19 58 978.68 56 571.49
42.1.1 TR R I K filg 44 655.23 44 649.79 51 159.28 45 694.54 49 893.29
1.7.99.4 TR AL 5 35 142.07 34920.80 36 286.46 33 870.90 34 120.49
1.7.1.15 i 14 D i 30284.16 30 897.07 35113.52 33 056.94 34029.65
1.4.12 A TR S 12 269.75 11 560.94 14 584.99 14 946.78 14 479.53
1.4.1.4 AR A B NADP (+)] 11 055.42 10 808.44 16 788.60 7 243.94 7 095.74
1.4.7.1 B AR W 7341.88 8 656.25 8 674.93 8916.33 5522.85
1.18.6.1 Il ity 8 577.49 10 734.22 9 608.33 1338.76 1050.62
1.7.2.5 — LR IE 5 5322.36 6157.35 8 570.39 3 694.08 3131.65
3.5.1.49 KPR T I e 2335.90 2 844.39 1435.59 2190.01 2789.05
1.7.2.4 — b = AR E 2876.45 3266.61 2 662.05 1190.74 1334.12
1.7.7.1 BRAUL R - RS R 1A i 1434.44 1351.52 932.93 1752.87 131531

4.2.1.104 AL 3 666.08 4559.36 2821.08 6510.44 7 562.89
1.7.99.1 PR30 I ity 5566.87 6520.93 7018.58 2038.89 1708.15
1.7.2.1 IV T i D5 it 4709.11 4899.16 5052.64 2284.32 2764.41
1.7.7.2 R AU T 11 - R 5 il 1162.21 1002.84 1 608.50 1250.62 850.62
17.2.2 VA 2 0 3 it 1237.42 1232.81 1670.66 551.52 899.00
1.7.2.6 P2 ot il 61.42 49.75 8.00 69.00 71.00
2722 K R 4308.99 4369.97 5064.42 2110.47 2256.99

P 1%) WHARTY
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