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Responses of soil nitrogen and phosphorus transformation functional genes

abundances to nitrogen and/or phosphorus additions in a meadow steppe
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Abstract: Nitrogen ( N) addition is a primary nutrient management practice to improve the productivity of degraded
grasslands. Excessive N input leads to soil acidification, the increase of nitrate leaching loss and greenhouse gas emissions.
This study aims to understand the response characteristics of the abundances of soil N and phosphorus (P) transformation
functional genes to nitrogen and phosphorus additions, and provide reference for directionally regulating the transformation
process of soil nitrogen and phosphorus, improving nutrient utilization efficiency, and reducing greenhouse gas N, O
emissions in grassland which is used mostly for haymaking. We conducted a spit-plot experiment of nutrient additions that
included five N levels (0, 1.55, 4.65, 13.95, 27.9 ¢ Nm ™~ a™") and three P levels (0, 5.24, 1048 g P m™ a™') and

their interactions in Hulunber meadow steppe for three years (2018—2020). The abundance of genes involved in soil
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ammonium oxidation (amoA-AOA and amoA-AOB) , denitrification ( narG, nirK, nirS and nosZ) and organophosphate
transformation (phoD) processes at different growth stages of plants were determined. The abundances of soil N-cycle genes
were regulated by N and P additions, while the abundances of soil organophosphate transformation gene maintained constant
in response to N and P additions. N addition increased the abundance of amoA-AOB and increased the relative importance of
ammonia oxidizing bacteria in regulating soil nitrification rate, resulting in increasing the potential of nitrate leaching loss. P
addition reduced the abundance of amoA-AOB under high N treatments, thereby decreased the potential of nitrate leaching
loss. The abundance of denitrification genes (nirK and nosZ) in response to N addition varied with plant growth seasons. N
addition significantly promoted the abundance of nirK and nosZ in August, thereby increasing gaseous N loss potential.
Excessive N input might promote the process of soil ammonia oxidation and denitrification, and increase the potential of
nitrate leaching loss and gaseous N loss. P addition may reduce the potential of nitrate leaching loss and play a potential role

in improving N utilization efficiency.
Key Words: nitrogen addition; phosphorus addition; ammonia oxidation; denitrification; functional genes

R(N) R (P VER F B R E SR 0RO I i A= 28 R G A= 7™ 01 8 W ) g B AT 24k
FIY . BB IE RN 2 2o TG R Tt A 7 S RO T 1) 2 R A B bt 2 — 2 SR, a0 U
NS IR AL HE A FR AR A I R 2 SAHERSE ™ Hh 3R A 3K s i -+ S AL R S g Aot
P S RYRRER IR A N, O SARHER A Ik, TR R AE S RS S 5 2GR0 2 + 5k v
REFXT IR 73V I [ A LBEAT Bl e b VR ik 9 40 A5 RS 1) R A R = SR

IR AAE T (NHS 17 NOS iYFEAk) J2& th & S AL 4N 7 ( AOB) FZ AL T ( AOA ) J3 I 1) 2 5 o e T e
TEiy , AT e A/ F A AR TR amoA JEN A% Z BANN A A A T3E | 2 AL AN T amoA JE
(amoA-AOB ) R SAAL T B amoA FEH (amoA-AOA ) H RTBLHAE N LIRS AL AE A R A AR iDL f- 4
SAEAEAE ] (NO;—NO, —NO—-N, 0—N, By AL i 72 ) it i — 28 91 S i A0 20 B D) B 7= 22 1 34 B AR AL 1)
FCRHAE Y — 2 (NO3—NO; ) JE 1 narG Fl napA FEIH 2 5 R R 8 18 IR BEHE AL Y, 1T NO;, 3 J5U NO By &
& M nirK 5 nirS Zii% 0 WA PR EhIE JE R IL Y , 5 — 20 N, O B4 N, B FRJE BT nosZ St i AL T & D
JEREEHEAL T, L, amoA-AOB .amoA-AOA narG nirK nirS Fl nosZ J& HHTHF I £ 1 1 AU (L D ik A
3 FH Ik B PR 1 4 DLRIOR FAE H 3 U LR RO AR S B R E B A SRR I 3 U Ak T
REJE N E EE L B B 2 (H M R GE— S5 IE . BN, A BFFE KRB BB AT N amoA-AOB (14 =F JE | i X
amoA-AOA JEA I 2 SR, Carey %57 il 1 meta 2015, Z IR INXT amoA-AOB Fl amoA-AOA = 1
AAEHAE . Tang % FEARMRAEZS R G0 M T 53 22 S0 005 [ B A8 0 T S 25 3 T amoA-AOA W 4 B2, T PR AIK T
amoA-AOB WIEFE . AN, EEAL TN REEL A (narG (nirK nirS F nosZ ) 225 %20 R 7% 0 B8 me) 3 A2 7 A — 30
BB 1 (10 R — 0 2 B S SRR R A B 8] 2 8 6 3 40 S 0 i £ B B S R
RUFNREAE RN A= AR Ak R 2SR AN SR A D RESE R 3 B R T e A Ak P R I s Rk
FIRAE AL S REFE PR 3 B P BB S 3R IR 7 IR AN ) A bl oe =

AHXS T2 Ak T BE ik DX Wl 7 A T B 5 PR A BF 58 55 /0 o Wl e T e P 5 TR Tl ( AP ) M1 M Wl TR
(ACP) 40, AL BERR MR (B 1 WIBSERERR NS , 0] A LBE /S MR SR ) 7K At B ) MR O . AT AT IR R
ALP 3 [ - HERUEY) 10 ACP LR AR & R8T  phoA phoX Fl phoD J2 JF A% E W) Gfh ALP JE[H
X =ANEVE LN B A BEAE S R A AR AL, phoA phoD Fl phoX | IZ A A FE /K A A 25 R 45, i fili b AR 25
FRGiH phoD FEH [ 53 i B 5 T pho A Fl phoX'™' TR, phoD 3 R AT 1 A + 3964 HLBE 54 AL A BRIC 6 R 2
Hu 55OV RIF58 B0, IR i 390 A AILAE R R A 38 ) T S 25 100 o e el 1 5k K1 140 40 T TV 22
M, phoD TRV 458 22232 H AT WL I T TIAS S RIS & R, Chen 8812 WIFSX 3, KA VR Il A 384 fin 17
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phoD B ZHEIE  phoD BN 72 B 5 1 387 00l &5t 67AH O, T G A i 4 98 TR 66 R) 190 400 o 9 44 5 -
S pH A W& A K, HATSCT phoD FEMAIEGE EEAE PR HA SRS, H AL SCRBEAL [A] i 4
Jxt phoD PR =F BE RN ZAEAE 152 M A X820 pho D 5 BRS80S 0T A% Wi [ BT L3 1 AT A

ABFFEXS R BN A D1 R 5 Aa) B JEUAS [ AR < I 1 - S 22 4 4K (amoA-AOA il amoA-AOB) | SR AL
(narG .nirK .nirS Fl nosZ ) LA (phoD) FEH F AT 087, B8 9% L IEHALPE 5 & B L D Re SE R =
AOOCER , WG o WA A Dl R TR~ 8 R A0 R X 80l T4 Tty ey 1o M A, S 1] R 42 - S0 AR A Al
T, e IR A IO i 2 U N, O HEBCR HERR A Hk

1 #eERE

1.1 5 H AR

WFFE M A T RAE DR 17 V7 2K R JE T 9 BA (49°20'—49°26' N, 119°55'—120°9'E, i1k 628—649
m) |, FE RS VG Fr 5 1) PN 52 o e R A A X, T2 X TR G i vk 2 IR A, AE T - 1.2 L1 HBRd
HY4508-25.9 °C,7 AR SR 20.0°C,>10 °C FHIE 1780—1820°C , TLFE A 90—115 d, 4E Y[k &
354 mm, 2AEFEIK ) 75% 5 HAE 6—9 H ), 2018—2020 4F [ /K 43 %14 289.0 mm .279.0 mm 357.0 mm,
FAR) R LA E L (Leymus chinensis ) FUUIN/REN 3 ( Stipa baicalensis ) BERFE , 438 0 FA4S + ol 5 5E45 + | +3% pH
4 6.50, 12 30—40 cm, 2 HIE(0—10 em) HHLIRKF & 51.0 g/kg, &H 3.7 g/kg, 285 0.5 g/ke,

1.2 5Tt

2018 4 5 H £ IR0 X 3k U S4T30 4 43 A 3550 A0 o b b 47 R0 T ik 6, XU 7 24 R e, =
X ARG, B X g, % 5 NEKFE(NO A N;NI:1.55 g Nm™2a ' ;N2:4.65g Nm™>a ' ;N3:13.95 g
Nm?a';N4:27.9 g Nm™a™"),3 PME/KFE (PO AJiE P;P1:5.24 gPm™>a';P2:1048 g Pm™a™") M 154
AEFE 4 AKX A 60 D/NX . EAY/NX T 2 mx3 m, FIXFEE 2 m, @XM 1 m, AERNESZEA
TEN S B TR R IEREE (0—30 g Nm 2 a™) ') [ 1.55 ¢ N m™? a BRI L8145 T 2000—2010 4E
FEAESF R IR 13,95 ¢ N m ™ ™' RO ] 25 31 P9 S0t s ik A K A R AN B (5> i RO o i
W BT AN S BT OB INABREE (0—13.9 g P m™> a™") 1) ASHFSEBETR I BE MR 15 PN 52 0t B M
Py KRR ) RUARGE RS RR £ (NH,NO, , Ze A4l ) | i AR FH Ak — Bl (P, O, , 2 Al ) . B SInest i) oy
2018—2020 4F, BH4F 6 H 6 HHH T ARSI, HHERHAMAE 24 LK (MY T 4 mm BYFEK) H, UK AIIE
S 24 ST T30 /N X, ASHEAE A9 /N DX 45 1t (4 7K, e HE S T R 3 0 A O =X, 41 8 IS X Ak
FH/NX AT R B A H | B A 8 em,

1.3 RS RS

2020 4F 5 A MR AERT,S A 28 H) 7 AR 8 Arha)(7 A 15 H,8 20 H) JHEFE 5 em 1 L85 TERS:
AN A BEHLE 0—10 em H4F 4 A JRA B 1 AN BIERES 3 2 mm 035 20 = A0, — 0 T R HES K
i, 5 — I AT 80 CvkAf T 158 DNA FRI, Fel A i 438 [ AR XTI T -3 fk 2 1 o
1.4 3ErAp s e

T3 (TC) AR (TN) FHITE 4 M ( Vario MAX CN; Elementar, Hanau, Germany) il %E .

+HE 4B (TP ) FIEEAHE ( Olsen-P ) SR FHARSAHL o ki 2 07

+ 3% pH HFREE 1T ( FE20-FiveEasyTM, Mettler Toledo, Germany)M*E ,

TR S B IE 2020 47 5—8 H Il E A A F/NK 3 AR & &, SRBRAL AEBEIR 1 25 1
AHLE (Tonics, Ringwood, NJ, USA) HEATBUORE SR AA3 TR 8h A B A ( AutoAnalyser 3; Seal Analytical,
Norderstedt, Germany ) M%E NH;-N F1 NO;-N i, NH;-N Hl NO;-N & T E AR T [ (R E RN A
pg N/mL) x(70 mL KC1) ]/ (50 cm? BRI & KA .

1.5 1% DNA $EICR SER 5t 1 2R A i =X B 74T (qRT-PCR)
+ 32 DNA $2HCR ) KL K 4 DNA $2BGR 57 & (DP336, KAR, 1 E) . R P K LightCycle 96 F4 52}
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FE i BAEHE S (PCR) KT 16S rRNA phoD .amoA-AOB .amoA-AOA  narG .nirK .nirS Fl nosZ &K +% D1 HE
17501, qRT-PCR 43R 26 ik ] & SuperReal PreMix Plus (SYBR Green) , &l WK 2 A 20 wL, £,
5 :10 wL 1) 2xSuperReal SYBR Green PreMix Plus,0.5 pL FJ#5147 (10 pM) ,0.5 pL F#E5147(10 pM) ,5 pl
() DNA &4l FI 4wl (9 ddH, O, BT A B 51916 1y 9045 S FAH B Y PCR 3731 #2772 B8 22 i i SCHk
it
1.6 Bt

FHZREIT 2 0 s 5 2 G (N) S BEES (P ) S5 A [R]BURE IR 8] (D) 7Y 3= 2800 S H A2 HAE FA 4 33 3
PR SR G AT RE B DR 48 DU 52 . SR FH 2R DX 7 2 43 B A 4 4~ BRURE IRF ) 1 &0 WS I S A2 ELAR
FHXS PR AL 48 bR S A B AL D RE AL R 48 DB 520l , He b EKSF FT K AR Sy s PR 7, XA D BEAIL A
T, R (Duncan) 27 HHE(P<0.05) 8 RSB U K 16922 5, J7 240 7 40 {8 I SPSS ( version
19.0; IBM, Armonk, New York, USA)#EAT . SRATCARIIMT (RDA) PPAG A ) BORE i) T 520 Wl e £ D B JE TA
P05 b FedR A O e R, B VEEI R GraphPad (version 8.0.1, GraphPad Software Inc, San Diego,
CA, USA) #17,

2 HRESH

2.1 GBI - R 5 Y R

BB I HRURE B[R] R H: = 2858 B B 255 e 38 NH; -N FI NOS-N &4 (38 1,P<0.001) , A&7 i
EHIN 5—8 A 148 NOS-N & (3£ 2,P<0.01) , MiBEA I ZFEAR T NOS-N & (58 2,P<0.001) ,7
NO;-N Fratefi, & BRI BAEH B 3% 5 A 8 A Y NH-N (3 2,P<0.01) , E AN & 14 + 158
NH;-N i (3£ 2,P<0.001) , = ZUKE T3kl &340 NH;-N 098 & (58 2,P<0.05) . A 34 hn 7
A4y NH-N it (£ 2,P<0.001) , MIBFAS AT NH;-N & 580 &5 0 (3 2, P>0.05) , BRAS N & 380 1 1 4%
Olsen-P F it (3£ 2,P<0.001) , = &AL (N3 F1 N4) S E RN T 5 1 8 A 11 Olsen-P 71 (3 2,P<0.05) .

F1 ZAFRFESHEFMN) BEFM(P) IERE (D) REZEEAX T EELERIZM

Table 1 Results of multi-factor ANOVA analysis showing the effects of nitrogen addition, phosphorus addition, sampling dates and their

interactions on soil properties

R iy N p D NxP NxD PxD NxPxD
Soil properties P P P P P P P
NO, N
Olsen P 0.07 0.57 0.94
TC 0.55 0.06 0.45 0.69 0.98 0.88 1.00
TN 0.06 0.24 0.76 0.99 0.89 1.00
TP 0.28 0.97 0.72 0.93
TC: TN 0.07 0.07 w 0.86 0.94 0.90 0.96
TC.TP o 0.44 0.67 0.80 0.73
TN TP 0.29 0.70 0.75 0.78
ol 0.20 012
SWC . 0.33 0.60 i

NH}-N; + 345 %( soil ammonium nitrogen ; NO3-N; 34 A5 & soil nitrate ; Olsen-P ; +-3E# &4 W soil available phosphorus; TC ; 43 8% soil
total carbon; TN ; 335 soil total nitrogen; TP ; T84 soil total phosphorus; TC: TN ; 1348 54 & #Y FL 1 the ratio of soil total carbon to soil
total nitrogen ; TC : TP ; T2k 5 4B FAE the ratio of soil total carbon to soil total phosphorus; TN ; TP ; T34 52 B LY the ratio of soil total
nitrogen to soil total phosphorus;SWC: +3E5 7K it soil water content; * | # % | **x 3L F P<0.05,P<0.01,P<0.001
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ROBREI I 3 TC TN S8R0 TC. TN HAYR2 A B35 (32 1,P>0.05) , W3 5% 0 -4 TP & & TC. TP
FITN.TP(FE 1,P<0.01) ., BEUINEZERAN T TP &8 (3£ 2,P<0.001) ,FML T 45 TC. TP LFI TN.TP [t
(3£2,P<0.001) , BASINFEAE TP & & (3£ 2,P<0.05) 3% TC. TP A TN, TP (55 2,P<0.05) .

+3% pH Z A& WA A BAE R WE T (£ 1,P<0.01) , & BB s i d8 nl A% -4 pH (3£ 2, P<
0.01) , B ZUKF T U Nt +18 pH (R ., 3K & (SWC) 3240 B IS IR BURE A 7] 28 B4 T
LB (£ 1,P<0.05) , BIINAT AR 5 A SWC, mAUKE T, Bl A% SWC (£ 2,P<0.01), 7
Ay SWCALT S Af 8 A,

2.2 GBS IIOGT A 19 20 P RNl R L PR S R A s )

R BRI K S T AR P X 4 HE 40 B 2 B (168 rRNA) AYSZ IR A 35 (£ 3, P>0.05) , {H A [ BURE i ]
16S rRNAZE[H FJi 25 7 38 (£ 3,P<0.05) ,5 J1 3 168 rRNA JEH EERIKES T 7 .8 A (K 1), TIEwkm
FEHE ] (phoD) ANAZ A, A I SBURE IR TRI Y 5208 (3 3, P>0.05)

F3 ZEERFESHRFM(N) BEFM(P) BERE(D) REZXEEAMN T ER BIEAUIRERRIEEENZIN
Table 3 Results of multi-factor ANOVA analysis showing the effects of nitrogen addition, phosphorus addition, sampling dates and their

interactions on the abundance of functional genes involved in soil N and P cycling

TRE R A N P D NxP NxD PxD NxPxD
Functional genes P P P P P P P
16S rRNA 0.92 0.81 0.90 0.52 0.84 0.99
phoD 0.88 0.76 0.07 0.92 0.47 0.99 1.00
amoA-AOA 0.29 0.06 0.34 0.17 0.68 0.95
amoA-AOB e - 0.96 e 0.11 0.20
narG * 0.92 e 0.37 0.89 0.91 0.82
nirS 0.05 0.79 0.06 0.11 0.20 0.53 0.40
nirk 0.22 0.68 e 0.85 0.49 0.72 0.99
nosZ 0.85 0.94 0.74 0.25 0.08 0.95 0.94
AOA:AOB B 0.79 0.11 e 0.20

amoA ; narG e e e e 0.14 0.07

nirK : nirS i 0.70 B * * 0.72 0.07
nirK+nirS 0.22 0.67 e 0.85 0.49 0.72 0.99

2.3 EBEIR IO 3 S A D) BRI P 5

T3 amoA-AOA Tl amoA-AOB & K| 3R 35 =F B X5 &0 | B8 48 i B BUAE Bk () 7 g iy AN [m] A ] BOAE: B ] T
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