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Fig. 1 Schematic diagram of the vertical flow constructed wetland system with multi-aerobic and
anerobic zones and sampling sites
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PE300 &l il 5 - ST . BAEFRIhBERL & i PCR MWk SEALEI 0 =1 (AOA, AOB HIK4
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1 48 h B}, RGEXTG Y0 2 bR Wi s I fik constructed wetland system with multi-aerobic and anerobic
B ARIRE, X COD Hi NH4+-N PRSIl zones at different HRT
90% LA I, AU, HRT fASfE Al B & sema N TIBHb A5 Y bR o 20 i35 HRT & 24 h Fl 48 h B
PA IFRER AT LB 15, 24 h I 8.22 g«(m?+d) ™!, 48 h Ik 5.11 g-(m>-d)™", WIRSALE 24 h B4
R EBRRRE AT, FINFAZTME 2%, sHC) HRT Alfess i R G EE J1iiR 2, IV RS HRT F%
H 24 h B, BEWT DAGRIETS YR e iR, e B R G BERE 1, DRG0 SE 47
HRT & 24 h &0 F (7.

2.2 ZENEHARGHIE
1) ZESEH ARG RAKIBAL . 76 HRT K 24 h 200 F, @ sosnl 4 U B HKEE, %

NH,-N

S
%%
60 +

LBREE%

40t

20

(=}
—
[\S]



1154 o T OB MR %518
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Fig. 3 Removal rates of COD and NH,"-N by vertical flow constructed wetland system with multi-aerobic and
anerobic zones at different water saturation ratios
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Fig. 4 Distribution characteristics of DO and ORP in vertical flow constructed wetland system with multi-aerobic and
anerobic zones and changes in pollutant mass concentrations at major locations
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FBEINE R, —49.10 mV(d &) F31-68.80 mV(c ). i FZERE, AW RHAKNMZEEHAT
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Ffi2elr, fii COD By ZRBRFER 70%, ZJGkEESNZAEMA X R AR E AVERMS K DO && I
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NH,"-N B iRk B AR S 2 RAREER R EH, (E7E /) NO, -N FER G H A E— i k. X rTRErm Tt
KT RGEHRANZIETB B K, SRR IR, Bk NH,-N BRSEVERTIR, 4G a 85 bl 17
NO, -N . {Hi FHE NO, -N BRI LB B

Bk, PRGBS, T4 RGN 00 NON
B ITEE Y 122 1, AR AR T — 5 H ol 1 ZR
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Fig. 5 Nitrogen transformations in wetland systems at

A 119201 . . .
different outer water saturation ratios
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PR W R G ANZ KA LA 122, K 400
C/N Jj 7:1(COD 4 350.23~381.46 mg-L ™' . NH,'- 380 %3 s Lo
N b 50.23~60.57 mg-L™"), Wi & %% COD _ 0T '
NH,-N (A HLARTTS K s, e 6 2 el .
B, SR RAAHT KT COD M H e
ik 91.92%, i NH,'-N EERFAL AT 90.53%. o Ao
LA S AT LTINS S, REs 3 = S0
BE i adIsgY), RN REm s Kis @5 ]
RO BERE ] i =
24 ARRDEERESSSBMRRNS ’ cop NHN
FHE 6 itk C/N %9 7:1 BEZixt COD &1 NH,-N M=

VAP ab O L N
Lf%‘XEIZJHK%gZCH/—\E [t 16S-RNA Jr BN Fig. 6 Removal rates of COD and NH,"-N by the system at an
S FhRic, RAIE R PCR(Real-time PCR) il e inlet C/N of 7:1
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Fig. 7 Abundance of functional nitrogen cycling genes in the inner and outer layers of the vertical flow constructed wetland
system with multi-aerobic and anerobic zones
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nirS W E G A RS 2 A0 P A AR R S 0 ST REFE T, ] 7(c) A1 (d) FIHH, narG.
nirK Fl nirS RGN . INZHEA 0, (HERZN)ZH SR LIINZThR/b, XaTae54NZ2H1 NO, -
N SEERTHNZAR, WRNRGEZESWIERN, LI ENTEANZ#TT, IR RG AR AE LR
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BEJ), XM SETHIMIIR SR (K 5) HfFE .
BIRE, NERGHEIE R ZEERE, TUERRHMESE AR TR R 50K R S 3
FIEIET, X EAT AR RITE R EAIGPAIRe A Py s B A SR, AL A E T (46
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m%gqj[ﬂ(@o]o

IIDRFA . Proteobacteria 1t 4 AT VAP RS IR %
A RS EILIRR. L5 ANSOLA S gy geaspinme ¢ MR BRMEMESEERE
EN TR RS R —3 . Proteobacteria J& (TKE)

T2 RN, HA R Rg e Z AR Y Fig. 8 Abundance map of microbial communities in four
&, /& COD LERFR A B Lok . At substrate samples from the vertical flow constructed wetland
FRLERFH | Proteobacteria TERGINZAT L system with multi-aerobic and anerobic zones (at phylum level)
1 (P 55.6%) HLNJZERY (T 25.8%) & (K] 8), BHNEH ARG L EERIMETT LML Proteobacteria Kiwk
ZHH, WMATRESETH R GRS A L BRBE I

WAb, 4 AEEAR Chloroflexi 1 Bacteroidetes WAIXT AR T Proteobacteria, 1B H1EZRGFENZRT
d ] (P34 21.9%) HEANZRT (P 6.6%) K (K 8), X5 Chloroflexi I Bacteroidetes 33 J& F et IR AR,
A, XHEERTEREBAA G, CAMR R PR EA R A VN 2R, el 2 24 A bl
YA, K, Chloroflexi A1l Bacteroidetes TEN)ZWI] IZAFAE, T Feor BAFHIT R G WIINIMfiRE S, A
TRGEXSAHIG RPN R Fn, 2R RGE D R KIIEA Caldiserica, Actinobacteria
Firmicutes , Acidobacteria 55, WA TTEANIIIT AR & 507 T AA4%FE EEAER,

2) JEIK A R 4R . LUE R B 22 8 AT R G M MRS S5 A T oA 2N 9. RGN
EHEFEEE N Caldisericum . Longilinea, Smithella, Leptolinea, Syntrophorhabdus S5RE R, 115
B[ AR ¢, HA, Longilinea Ml Leptolinea %f 2 M B A |41y [ i€ 7154, Caldisericum
Syntrophorhabdus J2& T MV JE /K AP R G i WIEF, A B TFAILYI RS, I H Syntrophorhabdus
SERAES RS I s 4R E R A
PR, AATHERE LA BE T & AT I 37.74% P40
(N2 20). 34.70%(N JZ 40). 1.09%((F+)Z 25).

0.14%(4Nz 55), HAENZINRERER FAESh o

i
. FILEN, REMGHIMRSRER R
GHIRE:. )
A ANE T B N Rhodanobacter . S22

Nitrospira & HAh, Rhodanobacter JEZZTE W) ) ) . .
AR R A BERIO % BRI 4 0 20 40 60 80
! Xﬁ/‘%éﬁ;@ﬁﬂﬁﬂ, Abu%ﬁﬁf%if BT BB A1 %
FLIDHIE, PRI, e S s
BRGNP, TR A LR T s
MIET . MSNZEI TS — IR Nirrospira ZWAHR oowmem
A S B IR . SRR AT Fig. 9 Abundance of microbial communities in four substrate
Tl FUHCEH LS AR A L samples from the vertical flow constructed wetland system with
AXEE, FEA 2.94%. VENHILRE P SCHETS multi-aerobic and anerobic zones at genus level




1158 ok L B ¥ W 18 %

J&, PR AT AR F AL BUSIR R, A RGANZ R AR, WARLFIORERE T ] 24583800
RGN ZEABERIIEILRE

3) ZENBHRGAE A LRV, 25 LNk, ARSI IrigEn) 288 ERA TI0H, nlEa ity
ANZKWAEL, FERRIERGA P RBRECRERT, @ ARG ARIRERCE, X 5 HERRN T EE5A 5%,
B, ZASEERA TR NNINNE, MINZ NS o i, HNES5EGMZESELRA TR
HARRL, KPR EELL NO, -N 3, NH,-N FINO, -N & Sk, FRIRICH 5% Zifi. Ti4ah
EAMEAEERT 0 i, REAINZEE R TRAX AEHER A, X S5NEEE AR T,
F) B — A BRI RIEREAR L, ANZ ISR TR DO Al ORP Y% L F, TR s RE A -
EIERIGERERS, X RGINE TS S AR FE A 040 Rhodanobacter 1 Nitrospira %51
BEEFEAK (B 9), REINZ A EIIRER LN Z 53R (& 7), Ml 2GR R LBREE 1S
FHEF (1 5)0

3 4

1) LT RGANZK A, ZARRARGNZ 2P, DO WK, J& THAEREAX; Fb
JZ EAERRAIXONAFARIX, AN DAV, BEAEIERLHHIR (k) A3 A id o0 X

2) ZHEARH R GAT NH, -N Fl COD ¥HKAF LRGSR, M4SN KIEAEE A 1:2, HRT iy 24 h
i, ZEH RSG5 I SR T

3) ZESNH R G ANEA R M AR INZ I i = T2, X RGERIRCRISs e DiRe A
fEHVER, T RS RSRA LBRACE.

4 ZEANBHERN . INZHEDREE S AN B B EES . 11K L Proteobacteria
Chloroflexi fil Bacteroidetes i) 1 X} 3= B 48 K, H. ' Proteobacteria ¥ Z 4t 4h )2 W) F B & K, 1M
Chloroflexi #1 Bacteroidetes TENZ K, J@AKF- I, RGHNZENENIHFEWLAR, SN
J&N Rhodanobacter, J&TIAHLE ; WIZMILEARIE N Caldisericum . Longilinea %R H, AT AL
YIRS

2 % x B

(1] O, 220, BAHE, 2 A TR AN A 1 5K AR TR (8 FH B Ji (). v Bl BB 412, 2020, 22(5): 129-136.

(2] JHT iR, W, . I G TR A RS K 17 R AR e (1] 26 & GERET#4E, 2022, 22(6): 3439-3447.

(3] ZRERvt, AEkms, T, 4. |ERA TiR R FARF A AIIZT (). BRERE 510K, 2019, 42(12): 137-143.

[4] ZHANG D, GERSBERG R M, KEAT T S. Constructed wetlands in China[J]. Ecological Engineering, 2009, 35(10): 1367-1378.

[5] FU G, YU T, NING K, et al. Effects of nitrogen removal microbes and partial nitrification-denitrification in the integrated vertical-flow constructed
wetland [J]. Ecological Engineering, 2016, 95: 83-89.

[6] ZHOU X, WANG X, ZHANG H, et al. Enhanced nitrogen removal of low C/N domestic wastewater using a biochar-amended aerated vertical flow
constructed wetland[J]. Bioresource Technology, 2017, 241: 269-275.

(7] X0, G5, M), . iR TIBHARG PR BB R Z iBFIE U], BRI, 2015, 43(15): 226-228.

(8]  wlabid, BHuks, M, . AAE N T IR G T5 KT =g K B TR EE AL FIHOR (7], SREERIEIIFST, 2018, 31(12): 2028-2036.

(9] B, RAE, g, % A8 N T A TS KB K RBEAN TR (7], shE 47K HEK, 2020, 36(6): 97-101.

(10]  bkte, SAEAL, ST, AR A 15K AL FRE AR IR SHT BATA (1] A5 S A FRBT242, 2018, 34(10): 865-870.

[11] SCHALK T, EFFENBERGER J, JEHMLICH A, et al. Methane oxidation in vertical flow constructed wetlands and its effect on denitrification and COD
removal [J]. Ecological Engineering, 2019, 128: 77-88.

[12] VON FELDE K, KUNST S. N- and COD-removal in vertical-flow systems[J]. Water Science and Technology, 1997, 35(5): 79-85.

[13] VYMAZAL J. Removal of nutrients in various types of constructed wetlands[J]. Science of the Total Environment, 2007, 380(1): 48-65.

(141 Fisn, B4, BRI, 45, A T RGUMCE ML Ms Je M ST b e (7). FREE TAR2A41, 2010, 4(4): 721-728.

(15] THa, deprils, P=gae. S it N LR 2 R 3 R s 12 (], SRBERIE SHOR, 2011, 34(S2): 103-106.

[16] gk, FEUP. I T R G A FBRAE 0 R BT (], LR LR, 2008(26): 11517-11519.

[17] YANG P, HOU R, LI D, et al. Nitrogen removal from rural domestic wastewater by subsurface wastewater infiltration system: A review[J]. Process Safety
and Environmental Protection, 2022, 159: 309-322.

[18] TANWAR P, NANDY T, UKEY P, et al. Correlating on-line monitoring parameters, pH, DO and ORP with nutrient removal in an intermittent cyclic process
bioreactor system [J]. Bioresource Technology, 2008, 99(16): 7630-7635.

[19] SGROI M, PELISSARI C, ROCCARO P, et al. Removal of organic carbon, nitrogen, emerging contaminants and fluorescing organic matter in different
constructed wetland configurations [J]. Chemical Engineering Journal, 2018, 332: 619-627.


https://doi.org/10.1016/j.ecoleng.2009.07.007
https://doi.org/10.1016/j.ecoleng.2016.06.054
https://doi.org/10.1016/j.biortech.2017.05.072
https://doi.org/10.1016/j.ecoleng.2018.12.029
https://doi.org/10.2166/wst.1997.0169
https://doi.org/10.1016/j.psep.2022.01.012
https://doi.org/10.1016/j.psep.2022.01.012
https://doi.org/10.1016/j.biortech.2008.02.004
https://doi.org/10.1016/j.cej.2017.09.122

4 3 HARIRA . 2T B TR RGO S S Qe B 1159

[20]

[21]

[22]

(23]

[24]
[25]

[26]
[27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

ZHANG L, LYU T, ZHANG Y, et al. Impacts of design configuration and plants on the functionality of the microbial community of mesocosm-scale
constructed wetlands treating ibuprofen[J]. Water Research, 2018, 131: 228-238.

GRUNTZIG V, NOLD S C, ZHOU J, et al. Pseudomonas stutzeri nitrite reductase gene abundance in environmental samples measured by real-time PCR[J].
Applied and Environmental Microbiology, 2001.

LIU H, YANG C, PU W, et al. Removal of nitrogen from wastewater for reusing to boiler feed-water by an anaerobic/aerobic/membrane bioreactor[J].
Chemical Engineering Journal, 2008, 140(1-3): 122-129.

DIONISIH M, LAYTON A C, HARMS G, et al. Quantification of nitrosomonas oligotropha -like ammonia-oxidizing bacteria and nitrospira spp. from full-
scale wastewater treatment plants by competitive PCR [J]. Applied and Environmental Microbiology, 2002, 68(1): 245-253.

TR, MR, ACRER. S TN P RS L FAL IR SR B DT HE e (1] S E 258 4, 2008(11): 1806-1810.

MULDER A, VAN DE GRAAF A A, ROBERTSON L A, et al. Anaerobic ammonium oxidation discovered in a denitrifying fluidized bed reactor[J]. FEMS
Microbiology Ecology, 1995, 16(3): 177-183.

HASSAN J, QU Z, BERGAUST L L, et al. Transient accumulation of NO,™ and N,O during denitrification explained by assuming cell diversification by
stochastic transcription of denitrification genes[J]. PLOS Computational Biology, 2016, 12(1): e1004621.

YUAN Y, YANG B, WANG H, et al. The simultaneous antibiotics and nitrogen removal in vertical flow constructed wetlands: Effects of substrates and
responses of microbial functions[J]. Bioresource Technology, 2020, 310: 123419.

LIU S, LI H, KANG J, et al. Improving simultaneous N, P, and C removal and microbial population dynamics in an anaerobic—aerobic—anoxic SBR (A-O-A-
SBR) treating municipal wastewater by altering organic loading rate (OLR)[J]. Environmental Technology & Innovation, 2021, 24: 102081.

ZHANG M, HUANG J C, SUN 8, et al. Dissimilatory nitrate reduction processes and corresponding nitrogen loss in tidal flow constructed wetlands[J].
Journal of Cleaner Production, 2021, 295: 126429.

TANG G, ZHENG X, LI X, et al. Variation of effluent organic matter (EfOM) during anaerobic/anoxic/oxic (A20) wastewater treatment processes[J]. Water
Research, 2020, 178: 115830.

ANSOLA G, ARROYO P, SAENZ 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.

WEIGR, Best, ok SE, 45, LT PRIP N TR WAV S5 B AR L] BRI T REER 2441, 2019, 9(3): 233-238.

DAS S, LYLA P S, KHAN S A. Marine microbial diversity and ecology: importance and future perspectives[J]. Current Science, 2006, 90(10): 1325-1335.
MCILROY S J, KIRKEGAARD R H, DUEHOLM M 8§, et al. Culture-independent analyses reveal novel anaerolineaceae as abundant primary fermenters in
anaerobic digesters treating waste activated sludge [J]. Frontiers in Microbiology, 2017, 8[2023-09-22].

QIU Y L, SATOSHI H, AKIYOSHI O, et al. Syntrophorhabdus aromaticivorans gen. nov. , sp. nov. , the first cultured anaerobe capable of degrading phenol
to acetate in obligate syntrophic associations with a hydrogenotrophic methanogen [J]. Applied and Environmental Microbiology, 2008, 74(7): 2051-2058.
KOSTKA J E, GREEN S J, RISHISHWAR L, et al. Genome sequences for six rhodanobacter strains, isolated from soils and the terrestrial subsurface, with
variable denitrification capabilities [J]. Journal of Bacteriology, 2012, 194(16): 4461-4462.

AN D S, LEE H G, LEE S T, et al. Rhodanobacter ginsenosidimutans sp nov. , isolated from soil of a ginseng field in South Korea[J]. International Journal
of Systematic and Evolutionary Microbiology, 2009, 59: 691-694.

THI P N B, KIM Y J, KIM H, et al. Rhodanobacter soli sp nov. , isolated from soil of a ginseng field[J]. International Journal of Systematic and
Evolutionary Microbiology, 2010, 60: 2935-2939.

MADHAIYAN M, POONGUZHALI S, SARAVANAN V §, et al. Rhodanobacter glycinis sp. nov., a yellow-pigmented gammaproteobacterium isolated
from the rhizoplane of field-grown soybean[J]. International Journal of Systematic and Evolutionary Microbiology, 2014, 64(Pt_6): 2023-2028.

PRAKASH O, GREEN S J, JASROTIA P, et al. Rhodanobacter denitrificans sp. nov., isolated from nitrate-rich zones of a contaminated aquifer[J].
International Journal of Systematic and Evolutionary Microbiology, 2012, 62(Pt_10): 2457-2462.

ZER, TRIINE, FEA6F-. B PCR R THIG FI%ESE Nitrosomonas JEAN [1]. £HEFHR, 2005(6): 1050-1052.

(TG4 )


https://doi.org/10.1016/j.watres.2017.12.050
https://doi.org/10.1016/j.cej.2007.09.048
https://doi.org/10.1128/AEM.68.1.245-253.2002
https://doi.org/10.1111/j.1574-6941.1995.tb00281.x
https://doi.org/10.1111/j.1574-6941.1995.tb00281.x
https://doi.org/10.1371/journal.pcbi.1004621
https://doi.org/10.1016/j.biortech.2020.123419
https://doi.org/10.1016/j.jclepro.2021.126429
https://doi.org/10.1016/j.watres.2020.115830
https://doi.org/10.1016/j.watres.2020.115830
https://doi.org/10.1016/j.scitotenv.2013.11.125
https://doi.org/10.1128/JB.00871-12

1160 ok L B ¥ W %18 %

Construction of vertical flow constructed wetland system with multi-aerobic
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Abstract  Aiming at the problem that the traditional vertical flow constructed wetland has weak nitrogen
removal ability due to the lack of anaerobic and anoxic environment, in this study, the structure of the traditional
vertical flow constructed wetland system was reconstructed, and a vertical flow constructed wetland system with
inner and outer double-layer construction and multi-aerobic and anerobic zones was built. The denitrification
ability of this wetland system was strengthened by increasing its anaerobic and anoxic volume, and its original
nitrification capacity did not change. At different water saturation ratio and hydraulic residence time, the
pollutant removal efficiency, matrix microbial community structure and the distribution characteristics of
nitrogen cycling functional genes in the matrix of wetland system the evolution were studied. The results
showed that the best removal rates of NH,"-N and COD occurred when the water saturation ratio of the outer
layer was 1:2 and the hydraulic residence time was 24 h; the abundance of nitrogen cycling functional
microorganisms in the outer layer of the system was higher than that in the inner layer, which could promote
both nitrification and denitrification functions of the system and raise the nitrogen removal rate of the system.
The results of this study can provide a reference and basis for the popularization and application of vertical flow
constructed wetland system with multi-aerobic and anerobic zones.

Keywords vertical flow constructed wetland system with multi-aerobic and anerobic zones; saturation ratio
of water; removal efficiency; functional bacteria; functional gene
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