545 B 2 W KEXZFRZE Vol.45, No.2
2024 4F 31 Journal of Hydroecology Mar. 2024

DOI:10.15928/j.1674-3075.202202010030

EAEFERALRERIELER
XF nirSF0 nirkK B4 IS4 T BRI 220
ﬂ /f‘l*’ 1’2,*93-1;51’2,?#,2']—:1’2, r% r,j:l,z’ﬂ ﬁ)(‘:s’i P

(LA R AR FESTHHETRFER, M M 550025;
2ERREGIEREH TR ETEE L LR E, M 5 550025;
3.9 A SUBH L B, M R 5500255
4B FEH R AEEHEFTFEN PO T A2 H  066000)

FEE RN 052 6 2 BN 0008 35 o 39T o % LS R O T 260 S A Sl 2 0 (R 52 i, B R Al N T M5 7K
A B R B v T G AR AR AR AR AR . 2020 4F 12 F SRAR BN W i Re b X 5 G T U N LI M 4 19 (— 2 2 B
T — R B AT S R B R AT AR B AT A SE BRE S, T lumina 78 04 R 3R
13 AT e HE R 51, 53 b FCFRRE 2E A 22 R VEARFAE , R TU AR 20 48 78 S i A4 B i 5 68 o3 BRAK P I 2 ]
MR M. 25 R, A B TR 4 Dt (0 2 5 BRALPE R AP 7R B3 22 57 s pH AR 4 DIt 3y 2t I8
R4 (DO) 22 TR 5 THmntadh , TAT I AL 5 i 5 R (BCO) B b EAT B i B CTND LA B (TP & B A L
TR MRS 2 B R A, R IR A NO-NFI NH, N 2 8 78 4030 B R AT Wb oK S f B 90k B e f
FEZREVE DM, nirSnirK B SRS AL 6 25 B Bl 5 N T IR s BE 2 2 26 BRAR S T ka2, 2 REPERE A 198 Hh 20 305
WS, R ATIbEE 2R E ST B, B nrS BRI E L5198 nirS BN 6 11 14 )8, B IEH 1]
S nirS nirK BSOS A B TER L EAR S B 1T, AT SR BN 55.36%~65.72%30.06%~45.66% . nirS~nirK 4 5 fg 4k 7
A OTUs 5 12 392245, 35 RAH AL B B OTUs 2 H a3 — 50, 2 # B3R W nirS Y A 4k e B 32 2 IR 6k v
Fnirk T, B34 OTUs 5 2 518 41.6% 1 41.7%, 3 W3 8 Gt o SRS Ak B AR ALL B 28 v o TU AR 0 BT 3R WA 86
o nirS M nirK RSAL B LA 2 5 352 pH NH,"-N DO TP TN § i , H. nirS B pH « nirK %5 NH,*-N (1) 0] &7 55

HNFRE

KR :nirSF nirK B s JAHAC TR s Tlumina &l &0  TUR T E &8 BERA LR

hESES.Q178.1  XHEMFEME:A

AN g b y5 /K Ab R 2R G0 A RS VIR DD #E
I HF A8 A0, B 245 232 B A (Chen et al,
201100 N g HbHb SOBH AL AR ) 22 A5 1 A2 1R
A5 KB — A B R 2R, v Ak R B2 R R A Tk
AR RN R o = 3 A LA RO B 22 BR TS B B R
CHIBEE,2015) . A EEBA LIRS 1 R0
AR LR R GFAE , AKIAE RS R 2 E PR
mah, B MR HIg AT AR B0 AL, XT3
SRAR FLAS 52 22715 520 340 g 52 0L v 2803 A0 80 R (B
£,2005) . PRI, B2 A T8 BN T b 35 o A P i

i HH:2022-02-01  {&[E HHB:2023-08-31

EETUE :2024 4E ST & LRI 7T CH SRR TR H (R
G HEA-ZK[2024]— K 490) s 25X H AR 34 (31560107 .

{EE B B, 1999 44, B, ALk 90 4, WF 9 5 [l A3 T
2. E-mail:1621570682@qq.com

BEESE RS, 5, #0%. E-mail:zhusixi2011@163.com

XEHS:1674-3075(2024)02-0132-09

T SR M B A B AR D IR N T 3 T T
A3 B TG K Ab B DL B o B Bk R
AAEEZE .

I LA, A e 18 P R ) PR R, S i
A TR BV B AT U IAR T AR 2 JE (Han et al, 2021 ;
Xue et al,2021) , 3= BEARIULE S A P I 0 18
it e 25 ERT R 0 R 2 A BV T T8 2 AR % K
SR & A A N TV b 2R Ak R R RIS 52 45,
2018; AT He 45,2019 SCHIEE, 2020045 J7 1 . BIF TR
% A nirS M nirk BUGRAR) , J 2 FEPESE M R B2 00
£ \NO, =N & R4 (DO Al pH 25520 , 3 5 v nirS
5 2 =T nirK iR BSIH2E,2017) , 111 H. nirS Al nirk £
Vo Tl B T R 4 A DR R R A 5 1) MO T AN R (L
et al,2019) . [AI, nirS Al nirk 59 7 A [E 194 A4
i, LBt 3 57 BRALE BT 24038 (Yuan et al,2012)
I, N T8 S T A4 BT A 22 A 1 AR I 0o it R e 1) 52
M) 2 T 58 O



2024 455 2 3]

RS, 6T A T8 M I A UM nirS A0 nirk B R R % B BB 133

FEHG SR TR E AL H L BE I e, B (Xu
et al,2021) .3 47 (Du et al,2020) ZE45 5k L S5 A4 K} 1] K
KA e B B R, U AR B (Wang et al,2021) B
Eh B 75 (Wang et a1,2020) %5 1] DL SE ) 25048 8 Hh A 1)
SR A TR B 3 e, 185 R N T 3 b o AR TR 2 7K 1 I
AR SR i A 38 . SR, N T Hb s i A TR
TEVR 25 P = T B S AR 90 S B T B — (1)K
P BN TR i e A 0 R A B
TR A F D, JUH R A RN L b b 7
15 7K R A TR B U AR A S L IR B L A AL R
BRI, A S35 T Mlumina w38 & 7 52 AR R 5 nirs
nirK JAEAG B RE , o i 3 Rs b X 82 2 BN LR
by 358 JoT B A BT % G S A A B 2 A R A AT
Ft, I 5 B E R TU AR 43 4 (RDAD 48 7 T BF 22 #F 1
H5IWERTFRRER, U N E S EERA T
R AR AR AR o

1 #R57FE

1.1 EREFRRE

AT T A 3 B TR AL T 51 00 v 4y
FEHb X Fr e B v B, o lan % < R AR i 15 KR
28 TRUAL B B T CRS M DR S L AR B Al R D 5
FRNGF AR UGN — T R N AT (AT . — R TEE
AT (B ) Ak /K B L — 20T B R AT (C )
TR ER B AT (DD ERR ESE (1D, 2020
12 AXE AT ERA TR 4 0 (B — 28 TR
B AT — R B B AT SRR B AT
M 2R B R AT 1SR AT R SR AR A
T REE 3APATHE, I P31 . 4 it A (1 28 5T
JR A B 3 A RD R D AR A 4, L BE B TS K
HEN VRV B UTRURI A ) 1 B AL v PR e K
R, BT KM B EE RS e N E .
A it TN A 485 UK AR v s ) 22 S B =5, F3h 2
B BTG AR5 B AN A S K e 2 mm R
FEANEEAE A A 240 1 I E-80°C R it /£ H T Tllu-
mina MiSeq I8 &0 7 5 10 554 B R KT, R
AR S BT ) (B BL2008) 1) 5 VEAE = 36 R 40 b %
JoR R A 5T , A5 FH 35 Jo IR O E T4 (DO
1.2 H4£EY DNA #2E5 lumina MiSeq Ul 5

K H E.Z.N.A soil DNA kit(Omega Bio—tek , Nor-
cross, GA, U.SO#R U it it A= ) v 11 DNA, I H 1%
B AR 4% T FRL K SR X fY) DNA JE 474600 5 9 B Na-
no Drop 2000 (U.S.) il 52 DNA ¥ & , {f 47 {E -207C K
GG

K A Tllumina MiSeq M 5 £ AR 43 #7152 & T B IR
N 7 S R A B R 2E S 22 RE IR RRAE B R
EE EEEEEYA BT EEENE .

KA

E1 E6EERALEHIRRE
Fig.1 Flow chart of the integrated vertical-flow

constructed wetland

1.3 SEitatn

Fe I P 5E RS A Fastp S5 SRS AL TR
BPR 06 7 AT s, BRI ET A 43RS 2
(AL 5 3 371 S i AL T 6 2 R J i QIIME i#E 4T /77 H1l K&
FES 38, A 938 5 1) 7 51 504 85 SRA (Sequence
Read Archive) £ 4 3t AT LL Xt o AR 7 Ry E R4 B
XPPIFRZE 5 2, £ bR RE/N T 0.001 BIEUE , £ 97%
FAALK SRR ERAE /3 280 (OTUS) . SR i
Mothur 3 {1 % 52 53 M 4 R BEAT #7515 3 nirs A1
nirK B A A0 B FRORE 22 BE MR FE A, AT YA 4
JRAN S5 ¥ 2 B o SR FH Excel 33847 $ i 4k 32, I8 i
SPSS # A B K 2 5 22 43 T CANOV A) X 3 Ji 7% 4
HEAT AT » % GraphPad Prism9.0 84 4T &2 i
543471, K FH Canoco5 X AF 1T TUAR 70 T (RDA) LL15
TN SRS R T S R R B MR o 22 8] AR S

2 ERESH

2.1 ERBUMR

B4 TEE RN LI M 4 1 i 58 5T B Ak 1 5
AERE 2 . FEIR $2 W DO Fifi & 1 4% (R — 2
WEE M HEER LT R EER T
T 23 B AT M) 2R FRR S TR R
A Ak, V6 [ 7E 26.54~34.08 mg/L, £ — ¢ 3 L 4T
DO &K, B R HIHREAIN R (R D . £R
pH 221k 5 B 7E 7.63~8.09, FE A & b . R AT
FR 3R (EC ¥ R AT M 2 &y, (B AR BA 2 2 [H]
BAREZER. RBETPERERE FHEH,TN
B BRARE T % . NO,—N FI NH, N 2%
THaE B AGE S, HAE Z R EE R 7 h s s
WEAE , R AR R RIS RER R 45
ERTIR, A O I A B R AR

e 8



134 5545 %55 2 1)

X O£ A

2024 43 H

¥ o

rORD

*1 SEEERATRMERELMER

Tab.1 Substrate physical and chemical properties of the integrated vertical-flow constructed wetland

HACIRbR —RE I M AT R B AT TR MTI T AT
pH 7.63+0.25% 8.09+0.21° 7.68+0.51% 7.820.17°
DO/mg L 34.08+3.80" 26.54+5.59* 29.50+6.09° 32.10+2.84
EC 191.47+6.77* 169.63+16.20° 197.87+30.46° 179.20+10.58¢
NH,*-N/mg kg 96.74+6.95 100.34+20.59* 117.21467.84 96.01+44.89°
NO,-N/mg kg’ 0.11+0.03 0.15+0.07" 0.18+0.11¢ 0.05+0.01
TP/g-kg'! 0.34+0.29° 0.21+0.01° 0.12+0.07° 0.17+0.07*
TN/gkg! 0.50+0.32° 0.47+0.30° 0.76+0.02° 0.86+0.52°

VE AN A B 22 S B 3 (P<0.05), T B AL B A 3N E .

Note: Different letters in a same row shows a significant difference (P<0.05), with analysis of variance (ANOVA) conducted and owning three

replicates with all treatment.
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Tab.2 Diversity indices of the nirS and nirK denitrifying bacteria in the

integrated vertical-flow constructed wetland

ZRPETREL FERI R — R IEE N T — AR LTI THEEER N T TR AREE R LA
OTU nirS 592.00+30.51# 540.00+19.672 590.33+78.85¢% 566.67+£57.732
s
nirk 334.67+26.27* 318.67+10.607 325.33+£57.40¢2 254.67+78.56*
_ . nirS 0.97+0.01¢ 0.96+£0.01° 0.93£0.07% 0.93+0.05°
simpson FF %
nirk 0.88+0.06% 0.89+0.022 0.76+0.13% 0.81+0.082
. nirS 6.73+0.31° 6.31+£0.13% 6.04+1.16° 6.01+0.90?
shannon F5%{
nirk 4.9240.42° 4.59+0.45° 4.11+0.84° 3.91+0.55°
. nirS 47.9946.05 39.06+2.19% 51.65+7.65% 57.25+7.122
faith_pd $5 %k
nirk 47.66+11.12° 49.68+16.222 53.83+18.722 40.51+7.77*
haol 5% nirS 737.76+£33.47* 690.79+17.56% 743.22+82.23¢2 703.93+£70.072
chao
: nirk 408.35+32.392 408.73+15.48 414.20+58.66% 346.04+£75.67¢
nirS 99.66 99.10 99.37 99.53
7 5 /%
nirk 99.08 99.17 99.26 99.39

T R [F) 52 BE 2 e L 35 (P<0.05) , T b B3 A 3N E .

Note: Different letters in a same row shows a significant difference (P<0.05), with analysis of variance (ANOVA) conducted and owning three

replicates with all treatment.
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Fig.2 Horizontal composition of the nirS (a) and nirK (b) denitrifying community at the phylum level

in the integrated vertical-flow constructed wetland
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A, B, C, and D are the first-level vertical flow descending tank, the first-level vertical flow ascending tank, the second-level vertical flow de-

scending tank, and the second-level vertical flow ascending tank.

Fig. 3 Phylogenetic tree based on denitrifying bacteria nirS (a) and nirK (b) and the heat map

of abundance distribution among groups
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A, B, C, and D represent the first-level vertical flow descending pool, the first-level vertical flow ascending pool, the second-level vertical flow
descending pool, and the second-level vertical flow ascending pool, respectively.

Fig.4 Wayne figure based on denitrification bacteria nirS (a) and nirK (b)
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Fig. 5 Redundancy analysis of denitrification bacteria nirS (a) and nirK (b) populations

in the integrated vertical-flow constructed wetland
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Fig. 6 Heat map showing the correlation between nirS (a) and nirK (b) denitrifying bacteria and the substrate

physical and chemical properties in the integrated vertical-flow constructed wetland
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Effects of Substrate Physical and Chemical Properties on the Diversity of nirS and
nirK Denitrifying Bacteria in an Integrated Vertical-Flow Constructed Wetland

ZHAO Wei 2, ZHU Si-xi!?, XIA Guo-dong'?, GAO Ning"?, ZHAO Bin?, WANG Zhong*

(1. College of Eco—environment Engineering, Guizhou Minzu University; Guiyang 550025, P. R. China;
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Abstract: In this study, we explored the effects of substrate physical and chemical properties on the
community diversity of nirS and nirK denitrifying bacteria in an integrated vertical-flow constructed wet-
land in the karst area of south China. In December 2020, substrate samples were collected in four pools
(the first—level vertical flow descending pool, the first—level vertical flow ascending pool, the second—lev-
el vertical flow descending pool, and the second—level vertical flow ascending pool) of the integrated ver-
tical-flow constructed wetland, and the sequences of the nirS and nirK denitrifying functional bacteria
were obtained by Illumina Qualcomm sequencing technique for species composition and community di-
versity analysis. The relationship between the denitrifying bacteria and the substrate physical and chemi-
cal properties was analyzed by redundancy analysis. Results show that there were significant differences
in substrate physical and chemical properties of the four pools. Among them, pH was neutral in all four
ponds, DO decreased initially and then increased, and substrate conductivity (EC) of the descending pool
was higher than that of the ascending pool. The contents of TN and TP decreased significantly while cas-
cading through the constructed wetlands, and there was no anaerobic activity. The contents of NO;—N
and NH,*—N accumulated and peaked in the secondary vertical flow descending pool. The abundance of
nirS and nirK denitrifying bacteria decreased initially and then increased in the four cascaded pools, while
community diversity of the denitrifying bacteria gradually decreased. Diversity in the descending pools
was significantly higher than in the ascending pools. The nirS and nirK denitrifying bacteria identified in
the substrate included, respectively, 9 genera and 5 phyla, and 14 genera and 6 phyla. Proteus was the
common dominant phylum of nirS and nirK denitrifying bacteria, with a relative abundance of 55.36%—
65.72%, 30.06%—45.66%, respectively. The dominant bacteria genera were Rhodobacter, Dechloromon-
as, Rhodopseudomonas, Bradyrhizobium and Bosea. The Wayne diagram shows that the common OTUs
of nirS and nirK denitrifying bacteria were 392 (41.6%) and 245 (41.7%), respectively, consistent with the
total OTU composition of the denitrifying bacteria, and the abundance of denitrifying bacteria of nirS was
significantly higher than nirK, indicating that the similarity of denitrifying bacteria in all levels of pools
was high. Redundancy analysis shows that the construction of nirS and nirK denitrifying bacteria in the
substrate was primarily affected by pH, DO, TP, TN, NH,*—N, and the responses of nirS to pH and nirK
to NH,*—N were stronger. Our study provides a theoretical basis for efficient nitrogen removal in integrat-
ed vertical flow constructed wetlands.

Key words: nirS and nirK types; denitrifying bacteria; Illumina high—throughput sequencing; redundan-

cy analysis; the integrated vertical-flow constructed wetland



