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Annual Nltrogen Removal Efﬁcwncy and Change in Abundance of Nltrogen Cyclmg

Mlc,roqrgamsms in Swine Wastewater Treated by Crop Straw Materials

LIU Ming-y -yuts” , XIA Meng- hua1 2 JIANG Lei'3;, PENG Jlan ’_ G'HEN Kun'-*, ZHAO Cong-fang'*, LI Xi'* | MENG Cen', ZENG Rui*,
WANG Dong , LI Yu-yuan' , WU Jin-shui'

(1. Key La'.boratory of Agro-ecological Processes in Subtropical Regions, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha 410125, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. College of Resources and Environmental Sciences, Hunan Normal University, Changsha 410006,
China; 4. Hunan Airbluer Environmental Technology Co., Lid., Changsha 410000, China)

Abstract; Based on previous research, using straw material to treat swine wastewater can effectively reduce the concentration of nitrogen (N) ; however, the annual N-removal
efficiency and change in the abundance of N-cycling functional genes remain unclear. In this study, four treatments ( wheat straw, rice straw, corn stalk, and CK) were set
up, with the aim of studying the annual N-removal efficiency and change in the abundance of functional genes. Our resulis showed that; (D) the total nitrogen (TN) removal
and NH," -N removal efficiency were the best in the first six months and were significantly reduced in the following six months. In addition, the TN removal and NH," -N
efficiency in straw and wheat straw were belter than those in corn straw. The TN-removal efficiency in straw and wheat straw were 32. 81% +11. 34% and 32.99% +9. 60%,
respectively. The NH," -N removal efficiency in straw and wheat straw were 35.3% +13.23% and 34.97% + 12.00%, respectively. @ The abundance of N-cycling
functional genes significantly increased by the addition of straw materials, compared with that of the CK (P <0.05). The average abundances of nirK, nirS, and hzsB were
6.45 x10° copies-L ™", 6. 18 x10° copies-L. ™", and 2. 31 x 10° copies+L. ™", respectively. The average abundances of ammonia-oxidizing archaea ( AOA) and ammonia-
oxidizing bacteria (AOB) were 6. 12 x 10'° copies+L.™" and 4.93 x 10° copies+L. ™", respectively. The average hzsB gene abundance was 2.31 x 10° copies+L™". The
average abundance of 163 rRNA in the treatment was 8. 90 x 10'® copies+L ™" The abundances of hzsB and nirS genes in the straw and wheat straw were higher than those in
the other treatment, indicating that the activities of anaerobic ammonia oxidation and denitrifying microorganisms were significantly increased by the addition of straw and wheat
straw (P <0.05). In addition, the abundance of AOA and AOB genes were increased in wheat straw, suggesting that wheat straw could promote nitrification. The results
provided data supporting the molecular mechanism of nitrogen removal in swine wastewater treatment with straw materials.

Key words: straw materials; nitrogen(N) ; removal efficiency; nitrogen cycling functional gene; swine wastewater
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(CF) BB R oA , 8 DU 1) i b [X 5 ek o
B R S5 ~6 A ARSCHES: Z Wi i) T AR, i
L a BRSNS, W SRS FE AR SR K K
U R AR R BRSO, I b 78 43 B A DG TR W T
BN = B B AR Ak, O T4 s RS AT A R A 53R
PSR GH P K AR AT F bR L
1 MPEFE
1.1 WS IXAR AL

RIS XA T R 2 KD B A M E A v
BEEBER VDAL PRSI 5% 3 | DX PN Shy 3270 7 4
R 2 KU, 2R RIR R 17.5°C, IR
MR —5.29C e R 40. 1°C.

1.2 AmixE

RIS/ NX 3 AR A5 /K 8 R B (1 x 58
x:100 cm x50 cm x50 cm) 4%, B RFE &
Fli L FORFEAIZS (0 B 4 S0 B BRG0PI T
12. 5 kg KNS RA BRI VEDIRSFT IR0 3 IR
T KGR 24 h BEEE AT M, K S
5B 7 d.

I E] Ry 2017 49 H ~2018 4E9 H. #E/k )5
2 A 3 A RE SR RN S s N TR e A 1
FiR.

ISR
E1 hMRnmmTE o 7 4

Fig,‘“.-"l ?chema'“tic diagram of the field expéri{nfnts
K | ’ 1 | ¢ F
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1.3 Ruepk &

ARG N (0D & RAEF R 2ot R A ab B
R RIE K, KB HA — 2 W sk | 45 R 5 4
A (TN, NH, -NHINO, -N ) 445 #e 55 A8 4k 7 6l 43
Wik 285.5 ~400.7 . 249.8 ~329.0 1 0.48 ~0. 82
mg-L~".

FEEL | FORFFE A h ERE B WAl FREE i
B2 Y, 2 RS0 F T R A8 BT, 3 R RS FFE R
BT R 1

1 BEREIEHEARBYER/g kg™

Table 1  Components of different straw materials/g-kg ™!

TiH R Bl FRAF
DM 863.3 834.8 810.5
TN 12.4 8.6 8.0

1.4 FESCRES T
1.4.1 JKFERRE S E

T JH SR AR — UK EE B UOKRE R AN K i 1 —
LTI K FURRE ) 3 42 S RE R 45 Ul T 200
mL REEH R T 5 em ZbAKRE, 7 B [ 5256
BB T - 20°C UKARRAE. ST FE bR f 4 -
pH, WREE(T) . FALILFE AL (Eh) | ##E(DO) |
NH, -N, NO; -NFl TN. H- it F545 (pH, T, Eh Al
DO) FIfEH#E DO 22 {306 43 R ik 7K R4 I 1 5
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if K FEAT I KRR NH, -N 5 NO, -Ng ¥ % &
BEHL 50 mLL 22 A7 RO KRB O B T AT AR RS
FHR TS (AA3 , FE [ SEAL 23w I | T4
JKARE (R ES O BYZKEE ) T TN B9 5E . TN SR IR
TL BRI A - 22 AN O BE TR A . P A i B SRR
[10] 505 .
1.4.2  BEEFUMRME L SR A S

PRI T 2017 4E 9 ~ 12 A4 A REMIK,
2018 4F 1 ~9 A& H R&E 1 k. BG4 i
b e R M AS TE YRR TR BHAS W, T
105°CHEAF P A7 30 min, K5 T 80°C FHLEfH & |
PR, I RBORC 2 0.2 g ¥ T 100 mL 4
TEHPT T E RS FE AR R TN 22, I 25 3]
U SR FOAE IR 11 B L VA IR, T vk Ry e A R
WA K (H,S0,-H,0, ) 14 f#, TN B L3 W ff H
AA3 FEh A TSR LR e Ak e
L.4.3  BUEYIFEGLEREE S IE ‘

B3 4R U U A R 4% 3 Bt
JEAIKRE 100 mlL, 37 B HEAT A8 (KCRE 7 B S
FEES L 5 win J5 (TG I G FH 6 e
Millipore 1R 44 4 2 1 I Bt ( AAW,-15047;0})’; A

0. 45 puan) . IR L. 1) <o s 0

£ (PowerWater DNA Isolation kit) PN #E4T DNA #H
PRAE. TFAIHT 19 3B W58 1 PR Uk R D 4t 42 7y 256 [
20 DNA B %F 3L K 4 DNA 1% 52 2 v 55 9k 2, 9
NanoDrop #% 2 £ 1l 72 4 ( ND- 1000 ) ill 2 DNA £
WeBEFNT &, SR 2R 2 Fros i ) A& & (Taq PCR
MasterMix KA, H1 &) | I FliF 5] Yy N S A
PCR ¥4 F A [H 2 51 DNA #4245 200 ng.
L R A o £, i oA S b SCRE SRS
PEREBAME se ke, AFP IR 10 pL BT 1 mL &2
THER LB BRI 37°CH KRR 10 h, 2 BGE
20 ORI TR B, E— D SR A B A FR 9 48 DL
B 10 AERE LR b v il 28 B AR, s vfie pth 42
IFEEITE 10° ~ 10° copies- L ™",
SFRREA T IR I IR0 Ak AT, B REAR 3
AN T — Ay PCR 7= 4R 4 I 2 % B
SR EE 2 HL VARG T AxyPrepDNA J5EMEE (I i
il (AXYGEN=4 7 ) Y1 18 i PCR 7% 4, Tris-
HCLYEIE 3 2005 NERE AL Wk K. 2 LA 3000 J
maE 8K PCR F':% H QuantiFluorTM-ST Eﬁﬁj’f
5 o R Bl A K i 2 e TR B
WP ik B R T AR L IR A, — 80°C RAT

J5 B " d
f A

3 CU U Er R v
/ . f i | v '“"Table"Z Plasmid, construction i
Wi | | g 5141751 A -z #F i3
XF = =l ATG GTC TGG CTW AGA™CG iz ik 55°C, 30 55 95C, 1 min 1
((iii)” T GCC ATC CAT CTG TAT GTC CA PCR ¥4 95°C, 5 s; 56°C, 20 s; 72°C, 20 s 40
T fre i 2k 95C, 5 s; 60C, 60 s; 95°C , FEAH 1
SlEY GGG GTT TCT ACT GGT GGT ik 55°C, 30 s; 95°C, 1 min 1
(friBB) TS CCC CTC KGS AAA GCC TTC TTC PCR ¥"3% 95°C, 5s; 56°C, 20 s; 72°C, 20 s 40
eIty 95°C, 5 s; 60°C, 60 s; 95°C , ZEfHi 1
ES Y CGG TGA ATA CGT TCY CGG AL 55°C, 30s; 95°C, 1 min 1
16S rRNA TS GGW TAC CTT GTT ACG ACT PCR 34 95°C, 5 s; 58°C, 20 s; 72°C, 20 s 40
Je it £ 95°C, 5 s; 60°C, 60 s; 95°C , FEAfi 1
LiEs 1Y ATY GGC GGV CAY GGC GA TiirEAL 55°C, 30 s; 95°C, 1 min 1
nirk TS GCY TCG ATC AGR TTR TGG TT PCR ¥ 1% 95°C, 5 s; 55°C, 20 s; 72°C, 20 s 40
Ja £ 95°C, 5 5; 60°C, 60 s; 95°C , FEAfi 1
LuEs1Y GTS AAC GTS AAG GAR ACS GG TiiFEiL 55°C, 30 s; 95°C, 1 min 1
nirS TS GAS TTC GGR TGS GTC TTG A PCR ¥ 1% 95°C, 5s; 55°C, 20 s; 72°C, 20 s 40
T i h 2k 95°C, 5 s; 60°C, 60 s; 95°C , FEfifi 1
ES 4 ARG GH TGG GGH AGY TGG AAG TiiEit 55°C, 30 s; 95°C, 1 min 1
hzsB TS 1Y GTY CCH ACR TCA TGV GTC TG PCR ¥4 95°C, 5s; 56°C, 20 s; 72°C, 20 s 40
i ith 2% 95C, 5 s; 60°C, 60 s; 95C , FEffI 1
1) % BARF IR M5 W BEN A BGRB8 50°C, 30 $[14-16]
1.5 FdRidbm 55t my, = ¢, XQ (2)
1.5.1 S RG0S Y Ea A m, =c¢, X Q (3)
%/%%?E‘iﬁ%ﬁ%%z(r)\ J‘ﬂ:ﬂ(ﬁlﬁ(mo)\ HJI7J( p =m, —m, (4)

U (m, ) BRI (p) SR AT AR5
r="(c —¢,) xe¢ ' x100% (1)

T, ¢ Mo, B HKEE (mg-L7"); Q
RFEE KRR (L-d ™).
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1.5.2  F&FF TN SripHE

A 2R S5 (o) WITEARS .

ey = ¢ xVxmy™! (5)

K, my AR (g) ;5 ¢y WRIIIAR TN HJE
(mg-L™") 5 VRIRMWAKREH (L), — 201 L;
ey FRE kg FEFFHR TN S (g-kg ™).
1.5.3 HEREFEIE

ook #% DL g T 9 A G

pe gy = 6-02 X];%A)%}ﬁg*i%é% x107 ¢
oA, $E DU (copies - wL™") Fon; ORIk BE
(ng - pL™") R, DNA K Ry o kE Bl 36 X %k
(bp) "7 T L HUBEAS R CT (8, PR
R SR CT (A5 20 38R A5 148 DU % 45
I A bR fEdh 2, & 57 CT H 5+ L
OB Y 1= 7 7

TR L K B8 DL copies- L") &

% .
LR = PEUR (L) x X Vd(lHZ? (7)

—

V,Hg X Cpclr i

it':F' s Cpe ﬂilﬁéu%--‘DNA (ZUE(ng HL_L); Vddﬂzo?‘j%-

ﬁﬁ%mm¢%wﬁ0¢mvﬁﬁﬁﬁm¢mfﬁ

) VST R CT (A AR 28 )5 T 75 3]
SRR DU XS, PR AL e SR AR i SR R Y
P ULEL.

DNA 4l D,/ Dy 75 1.6 ~2.0 Z 8] (%F 1.8
BAf), # < 1.6 B RIIA E A BTal s Yy, &
>2. O R I Al e S o R sk 7.

1.5.4 Sitoadr

K Microsoft Excel 2013 #4754 53477, Origin
YRR, I FH SPSS 19 HE4T one-way ANOVA AN E )5
LM TEREMKF P <0.05 FFRRZEFDE, P
<0. 01 F/R 22 il e 2. Bt 247 3 2 0 v BOF
PIE ShRiE2.

2 HBRENHR

2.1 EMERRSERARCE

SR BRI AS N S BEE SR 0], i
7K TN | NH, N FNO, N5 e 6457 43 3] ' 24. 83 ~
26.78 . 29.73 £2. 66 F110,05 ~0.06 g»d W L3
FEFEATH B R AR 465 U A7 25 ( 36,3 ) 3R
FEAIRSFF R KON FINHL -N4F 250
FHARIBITS 1 WAL, w6 A A AR

oy & N -, 4 4 Y B O -
U DNA FIr FHRER AR, — Bl 0.05 B3 e 0 LB X TN Y 2 B AUR Fedit ) I 1 35 40.'9%, F %t
‘ Six - B \ S ; 9 y J Do 4 B ki ’ J
FEJ5 | DNA #HE (- JB 2 f BF d DNAC 7’5% 100 «  NH, -NAJ LPRECR A, Femiik 43. 4% .
il - .|" ' J ' =
o | R3 EBERFRZGRAFHHKRERERE
“ | ! F -
| ‘ 7 Table 3 Annual influent/ efﬂuem“coneeﬁ't;ajdipngl and removal efficiency in straw material system
iR T K e S S i KA
™ 43 1+57.6 ZBRE/ % 9.44 £5.64c 32.99 +£9.60a  32.81 =11.34ab 25.82 £7.43b
HK e /mg-L-! 264.00 £37.9 227.90 +37.8 227.70 £40.2 253.20 +41.6
- [ 3% \ P P
NH; N 289 4 +39.6 LBRE/ % 10.86 +9.47¢ 34.97 +12.00a  35.30 £13.23a 30.03 +13.99b
HKH R /mg-1L-! 257.60 +43.4 177.70 £40.8 183.50 +£36.8 206.60 +38.6
NO; -N 0.65+0.17 EBRR/ % 11.45 +7.27b 31.95+13.60a 32.12 +14.88a 33.78 +15.37a
K /mg- 1! 0.57 £0.13 0.44 +0.13 0.43 £0.12 0.40 £0.12

D) BHEAFIME + PREZE (n =48) 5 RAT AR TR BA B2 R (P <0.05)

2.1.1 BAEBRECR A

ATt 4 7K TN W B 1) J 4 Bl 25 28 Ak 1
SyHT T WL 2. RIS T RIS AT 36 d AN 3R TR R X
TN (LB 2% ) R B 227 588 Sk
AL 2 BRAVE FHBE AT A, (H TR FFAR S T, 7E iR 0
AT 77 ~99 d 2247, FEFF ARG Gy BR300
TR, AP AR R R T B A 2. 1T 5 A
H RERATET TN (1) 2 BRAE FH R B OR AT 22 75
INFaRE , LBRRAEVSRE TE 40% 2247, Fie e ] 25 Bk
ik 45% VL B AHJE AT BEBON I R SRR 2 14%
LR HEZ T, ERFFH BT TN ZBRBUR K2,
ZREMBEXT TN EA7 Ao L bR ie ) i R g, &
BRFEE T 40% WS LAk 2 AN H A2 4 iF A& 2R

J& BRI RTE 30% , o3t 6 A H IR BES IR T
FlS A PR AT AR LS AT S R G S
p(TN) 1 285.5 ~400.7 mg-L~' T[] 187.5 ~
294.8 mg-L™", B FH KT X B AL R (226.1 ~301.9
mg-L7").
2.1.2 HAEBRBERNET

T AR REHT 59 % NH, -N 89 22 R ML S TN 48
o1, o3 B A AF 500 & BR3P RS FF AT RS NH, -NAY 2%
BRROR A R > 255 > EORFF. RENH, -N 25 5554
R H LA 3, v LA BT 3 8 Se i - T
& R SRR OBE 3 ~ 4 RS e R LBRECR i
B 4 ~ 8 5 AU R G R e n] AR
47% V4 _FIINH, -N. 2853 6 4> AR5 A, 5 A6k
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VRS FETRIECRE Xk i e JEE SR BRI K AL BASCR W i, 22

i

P(TN)/mg-L™!

p(TN)/mg-L™!
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p(NH4 -N)/mg-L™!
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Fig. 3 Dynamic analysis of NH, -N annual influent/effluent concentrations and removal efficiency in straw material system

FOAL AT B R AT XS NH, N B BRFEE 00 AFEECN 11.96% .

42.2% ., 43. 4% F 41. 7%, T %F BEZH X NH, -N 25 B
HABFRRE LG, £
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FEXTNH, -N 2 BRECR A 42 [0 F 4] Lo Ag B 5 22
FoEAT RS BRAGCR R T B AR E A5 )5 1,
F ot o KR B O T A ks, RBRRCR HAT
R, 3R 06 R W B, KR FF X NH, -N 22 830 R 1 &
7. 4% FE 5 M AETEA LR 10% 224 BINH, -N. A
W S B0 o] ot DA S S AR AT RAORE AT A3 8 X ¥
P LBRABCR.
2.1.3 WA LRSS

FEJT 3t E UK NO, -N e B B AR 40 8] 4, 9 K

BRI s AR LA R BB L Y DO 4811, Al Ak
S FEFEASRTE 7= A2NO, -N. X8R /4 5 & B,
FHE X NO; -N 25 B 2R & & Gk 53.3%, | Ik h
11. 3%, FEFEXTNO, -NZBRACETE FBIFE 12. 3% ~ 64%
Z[8], T EORFF B BRI (4. 5% ~ 12.0% ). Hi 6
ANA R | TR B RATXFNO, -N 2255 3R 34 {5 4>
Wk 38% . 40. 7% 1 31. 56% , Ab P ] 2% 57 i 35 4E
BB IEARIR N : FOKFF[ (33.78 £15.37)% | > %%
FH[(32.12+14.88)% | > FEH[ (31.95 +13.6) % |,

p(NO; -N)}0.08 ~1.63 mg-L~" FEFA BT LR B mE T2 AR 5% 20% L I
20 100
R —— L% /i
—A— ik
15 L —0— K 1 s
[
z 4 50 g
é
Q
25
L 1 L 1 U
70 140 210 280 350
100
3 1.5 + 1 75
-
Z 10 150 &
<
=% A4 by, b A
05 e &7 4 25
0 ' 1 L ' L ' 1 L ' L U
0 70 140 210 280 350 0 70 140 210 280 350
i )/d i r)/d

B4 EFRitEFENO; -NigtHKiREREBREHNEIF

Fig. 4 Dynamic analysis of NO; -N annual influent/effluent concentrations and removal efficiency in straw material system

2.2 FEEMHEE S

HFU RS T, pH, Eh #1 DO [ ZEALRFIE W
K5 A g b (] AFF- 3 SR8 18.5°C, e i Ul
7 40. 4°C ,DEARRIRAIR -3.2°C, BFEML L
AR T5% . 5L P R K B iR 26.8°C L B
TRIRE R 5. 7°C. /i 6 A~ H 7 58 JF 7K ik 48 55 BT i
A Eh f1 DO B LIERIA -37.4 ~ =29.3 mV
F10.04 ~0.17 mg-L~", P 3 35 2 B0 M B 6 0 114 34
INTASWT T ) 48 fh b . PR /K 3t 26 35 5 i AT DO
<0.2 mg-L_1 S AL T IR AR A, 28 5k Jo il b B
J& PR T AR B . R pH (AR AR EE
RN 7.05 ~7.74, 255880 25, BE & 35 00 B 2
I HE IR FRAR. S HILTTH Eh, pH J DO £ 57
F(P<0.05). J5 6 M HBEEE L F-, FEFTH N DO

RN R USRS AT BB 25 b BRI 25 52 ) 5
pH {32 B2 S I ()20 I sl A K J5 6 S A pH {E
TETZ R HE T[] 22 52 46 /0N, O AR TR Eh 32
PRIGE U 7 A AR Ak, SRS ik )5 i) B G A B 05
PRSI IS 0] Eh T ik PR s

3 AYMERERGHEBEABEDINEER

3.1 AR RUEY D RESE N R AR 1L
FIFSEHE A2 it PCR (Q-PCR) W& T = 43 i
RGEK D BIGIMEE Y I RERE D 218, 4045 hasB |
nirK . nirS, AOA, AOB F11 16S rRNA, VL& 6.
AW BT AR G AL BT BE R K G R v, A R B
TN AT 0 ) B i TR 2 BE A AE B 3 i e i 22 5
(P <0.05),% LJEKY hzsB . nirkK, nirS, AOA .
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AOB 165 rRNA %lifﬂjiﬂﬁﬁ*ﬁ” 7%
> =4 / 4
wnﬁ@mmmﬂﬁmav@ﬁﬁ%wﬁmo
d}:"" 1,L JZ‘JJ(EF‘ ntr&%.ﬁ’]i’%m @(E‘H I 94 X 106
coples Jh#E 180 X 10° copies ( % f& s i >,£
1), 647 3 ~ 6 A H i B EE nirk £
Eliﬁilﬁ 2.06 x 10”copies-L ™", #4179 ~ 12 4~ A B}
M 6. 45 x 10° copies-L ™' [ % 4. 45 x 10’ copies-L ™
HFERE AT 0 AR EE R  Hr AR ds I AT Y 3 4>
Ak FRZE 8] 2 54K T35 (P <0.01) 5 nirS B 1. 54
x 10°copies- L ™' F+ & 1. 58 x 10’ copies- L ™" ( ZF >
FARFF >R, H=F 7w 3 DA M EREER
(P<0.05), a1 22 5 B iH 2%, /ﬁ\ir“éa 6.18 x
10° copies+L ™' [ & 4. 18 x 10° copies-L™"; AOA Fll
AOB FEN FFEAE 3 4> H IR0 (2 Hh > FAKF
>AEE), Hod AOA 1 1.49 x 10° copies-L™"' J+ £
6. 85 x 10°copies+L™"; AOB f1 1. 62 x 10°copies-L ™"
T+ 1. 31 x 10° copies-L~". JAIAEA 15 3 FhAS T
TR AT 9 A F I, £ 5 Bt & /K AOA (P <
0.01) Fl AOB(P <0.05) 225t , 14 Jm ] 22 571k
FEAIK, AOA 1 AOB “F-¥ 3L R E i 6.12 x 10"
copies-L ™' fl14.93 x 10’ copies-L™" | FFEZE 4. 12 x 10"
copies+L ™" 1 3. 93 x 10’ copies-L™"; hzsB i 1.20 x
10°copies-L ™' F+ & 2. 31 x 10° copies-L ™" (FHH > &
K> R HeHh, 3 FIREAT P hasB DIRERE N L HE 5T

&W%%E?#ﬁﬁF%¥ﬁ$fﬁ1Wx&f
~3.55 x 10fcop1es B4, 165 rRNA JETH F g
1. 94 x 107c“op1esr_ "' T+ 8. 90 x 10" copies - L I(i

&> R S FORAF) | W AL BRI 5
zéj'%(P <0.01) , I H.2% 5 K 4= B 75 8 9L o
R, BRI E RS AL F S AOA | AOB ., nirK F11 16S
rRNA &R W 3304 W 800 e =, % hasB JFE A nirS
R A o BIERE R & f v i £, Hob K
ZH 4% HE IR 2 i 1 45 H At A T 2 7 A A 25 5 U 0
TSN 3 TR AT 0 A B AH [B) 22 5 M T AR AR S5 R 3R
WA, 556 BRZE A Ll VA RS FF A4 ek i) A B2 3 R 7 =
[ERSETE SN
3.2 AR DR N T B S A B I A ¢
PES BT
2 AE K BUAEE R (pH ., Eh, DO) FIE K i

MR ) D RE L K = BE #E 4T Pearson 43 Bt
(WFR4)  BEREX _FH D EMCHRENMAEY
% DO SR FEE AR, AOA Fl1 AOB ZhfEHE K 42 BF
HTREBEEME(P<0.05),5 D0 & % EH
X(P<0.05),H5 Eh, pH IEMH3E, hzsB HIHgFE K
FEEH DO BB ENRFAL(P<0.01),HE T, Eh
A1 pH 1EAHSE.

[l i, A 2 43 1 2% BH T R 3% I 2 8 5 8 K

NH, -N., TN FINO; -N¥ JE#H 3¢ AOA | AOB, nirk
FI hzsB FE R34 5 NH, -N AT TN ¥ B 52 0 AH 6 6 &R

HZE R
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1.2 101 1.0x 101"
Y 165 rRNA ADA
10X 10" 4 AaAb Db 55745 B 0% 10° F
S & 6.0X10° B
- : N ; ; 4 A
Lo60x10° 2 . 0 AaAb Be  BbpgaAc
é_ 40%10° é 40107
8 4 9 8 "
B 20X10° B 20X10
= Il i # ) |
= T 1 B T
2 4.0x10° 2% OR0X107 b
3.0%10° 6.0 107
2.0%10% | 40107
1.0X10% L 2.0 107
0 0
CK 2R L ERFT CK £ FAHE EXFF
8.0% 107 8.0 107
6.0%10° | 6.0%10° - hzsB "
Aapp AC Bb
T, 40%107 T, 40x10° Ba Be
é 20%10° L ;,;_ 20%10?
& T =4 & -
a #
= 3.0x10° = 30x10°0
w 2.0X10% L = 2.0x10°
1.0% 108 1.0% 10°
0 0
CK FRG T AL ERAT CK FH i TORFF
6.0% 107 6.0 107
40107 F nirk " 4.0 107
v Ab Aa € a Bb -1, Ca Cb v
7 20x10° [ BbBa Cb Ca 7 20X10°
£ H I | 3 -
k] #  paDe T S
2 o50x0¢ | Db &
o o40x100 #3.0x100 F
E 3.0 10° B oxioe
To20x100 | ks .
1L.0x100 L 1.0% 10
0 0
CK ARG A EAFF CK ARG fEL TOKFF
AP bl itk
AR KRG F B F 7R A P ) A 322 57 (P <0. 05) , ANRl/ING B R A [R) b 3 1] 22
El6 AREAIE hzsh,nirK ,nirS,AOA,AOB F116S rRNA ¥ EFEE ST
Fig. 6 Abundance of hzsb, nirK, nirS, AOA, AOB, and 16S rRNA genes under different treatments
x4 FHEEKGEDEEREESHERTFEBLESIFD
Table 4  Correlation analysis between abundance of microbial functional genes and environmental factors
BiH pH Eh DO T TN  NH;-N NO;j-N AOA  AOB  nirS nirK  hsB 16S rRNA
pH 1
#4  Eh 0974 1
(S DO -0.917* -0.838* 1
T -0.596 -0.678 0.433 1
TN 0.975 ™" 0.872" -0.825 0.372 1
?};E NH,; -N 0.657* 0.803 " -0.726 0.476  0.827*
NO; -N-0.392 0. 024 0.221 0.362 0.037 0.374 1
AOA  0.267 0.330 0.846"° 0.753* 0.784 0.738 -0.135 1
AOB  0.302 0.472 0.824* 0.765* 0.679 .742  -0.036 0.536 1
IhRE I nirS 0. 680 0.775 -0.664" 0.625%-0.679" 0.847* 0.873* 0.419 0.423 1
HEE  wik 0.678 0.780 -0.647  0.632* 0.643 0.743 -0.353 0.748* 0.537 0.231 1
hzsB  0.676 0.743  -0.942* 0.572 0.271 0.201 -0.072 0.366 0.305 0.362 0.184 1
16S rRNA 0. 694 0. 604 0.367 0.597 0.504 0. 446 0.379 0.569 0.591 0.347 0.316 0.231 1

1) * FRBEMFE(P<0.05),

RN E A (P <0.01)
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B 43 %

(P <0.05),5NO; -NERAAMIKLR, nirS FH 5K
JKHINH, -N R TN ok B2 52 i F A E R (P <
0.05) ,5N0; -NE B FIEMH KA.

4 itig

ABFFE TR [ 3 Fh 3 BN RERTAE R 2 4
FEFRORE 2 TR M IR FEAE Al B A
FE e, VAT 3k B A i TR Ak Al 0l L PR
RAFNE SRR FFRE AL 0 200 =X TR A FF
BHEME R F2B8 B K 036 V5 MORHE A &4 P ok
FE A FEFEGE UEAL R A b — 075 Yk 2855
WS IR BTG . AR I LG LI TR ) ] i
IS B S ) 244 28 450 Y A LA B T 5 0 74 ke U
FEG TG LA 5 T L Sk 0 52 1 3o R 8 0 e
A JEL £ R, 5 9 o 0 LA A AU T
SRR HLIX /5 10 7 8 SRR K B9 /N HL AR AR
FOA L, SRR LA G I e R 7T B
PRHI B 1. TORFF . FEEL RS S AR A5
i LR | RIREMLLF A E AT

R AN T RORF (R0 2 P 0 B R

e UL T A RIS BT
BBV, FEl R R 2 Al AR R A
AL R A, 3R 1 Y28 R A T4

HET R BRI RN i R gk

N A i HEE AT 2 T (R s

R S T ;
SR 7K S e ) RO AT R B, iR IR T 4R
BF FEFFAPRE T TN LR R 2108 -5 W sl N
(AR S A AT e S0 T I LARS FF i 0 A
F, JE I LARE Ve R R =B . FERSAFR T A9 3500 R
L REFEAL R NH, -N LK BRACR = T TN 5855 4
Ak 1] K AR B CA ML B AL R B Uy R AR A
0 BRI AT, 3 MRS AT A R . G S
TR FF AW BT W 4R Y 86.33% ., 83.48% I
81. 05% & % 20. 62% ~ 28.79% . 30.75% ~ 37. 55%
F138.78% ~ 47.07%, A LW 4y CFER/T 6 A~ %
' FEFEFATRHE IS 6 4~ H W5 Y 2 i R
R TG Y SR AR R BRI TE 25. 8% ~35. 3% . #EA
IR AR, 3 FhIE TR TN 09 K BRBCR % 2
10% Zctq, W3R TAROHBR N B AL R8OR | ZE Y
YE RS 22 1 B 52 . - EL&5 & RS P o ad A
Z 5k Bk SR A A A #E b g Rl R
RETR A BT AAIC, T I RV R s53 , 1 e ) 25 ik
G R, Hod s (o IRZE X NH, -N A L B R AE
10% ZiAy, HLAZ 0 B gk, iR Bl 97 451 R Ik
ININFEFFARL A X BRLH N A 18 & A B2 i TR

Ve W S 5 il A SRS A A Y BLAT AR R R 1 R
e Al 3 RRSAT R TN A R B Dk
TR S, 9 Hir Sl St (R > %
&> TR, 12 TR, 817 6 4
HJE TN & S HAFF. ZF % TN & & o) 45 i
8.60 g-kg '[&ZE 2.00 g-kg', NI 76.74%; FHHT
BTN WD HE & e 12.39 g-kg ' R E 3,19
grkg ™", I 74.25%; FRFFH TN & & iy ) 4
7.98 g-kg 'FEE 1. 63 g-kg ' FRERR NI 79.57% .

[N} , = 4 5 A A b B 5 K e A v
F ML R 52 21 0, A BT 7 18 PR 3o 2 0 i A
2 T A0 R 4 A Ao R e B R = 8 £ 2
i TR SEHL . L 0 30 T4 0 i X et 39
TERAE W R ] K Vb 20 A& 2 TR O e M 341 5%
TR A TR AR IR R A, R £ 1
L0 O 90 PR, LS 0 R 70 L M A
WCARAR R, Ik FE AT 1 S W P T I (1
T390 P T 7R RS R B e
ZFINA. [ A DO SN E Py E A T R 2R
TEBGE I BEHE P9, T w83 R T A i
P, 5 YL A S G o R )
Bt P B R DO ASE T 0.3 me- L B ER A
SO L b 2 0 KT S T ot e
1k, DO FHiE, hasB JEIN F E FR A, {945 90 3 5 it )
pH A5 Ak 9 PR i, 3438 B T 4 6, TH ik 4% T i
JEDRZ pH AL B3 A TFF W22 2 A
TR BTN DO <2 mg- L~ B, 4 FIT5K il s
RN FBR. Liu % 1R It % B DO REHE w5
RGN, -NAY L BRF T8 R 41 DO
S, T A L 0 1 o 3 94 38, T A 2
FINH, N, T R G D TN JiBR Bl 2 3 5
T 5 5 PR g DR S BR8 , TAS IR T A 4 i iy
AAL R 5Tk SRSk 0 4R B 25 007 058 J% fig
R N, T IE S TR P K A TR 4
SAALVER. B, RS L Y DO IR 0. 05 ~0. 21
mg- L™ ST H AT T AT A, T 2 W P
AT TR LT AN R G v TR A B K R
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BRGSO RAE , TR BL RS I 2R 4 A7 7E 4T
USRS R Ak B A [T il 1 i
T A A 1
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N AR W ) W s A 22 5, FLR R 9 M 37 5
PR3 T W S I 0 2R e P I E A T R 1R o
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ey TR, 68 T4 320 T ) (b 30 035 4 B
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