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soil nitrogen availability. As a result, it will lead to ecological and environmental issues such as eutrophication, and
greenhouse gas (nitrous oxide) emissions. The objective of this study was to explore the effect of Chinese milk
vetch incorporation on the gene abundance of ammonia-oxidizing microorganisms in red paddy soil under a
rice-Chinese milk vetch planting system. [Method] In a field experiment, five fertilization treatments were
applied, including Chinese milk vetch incorporation (G), 100% chemical fertilizer (C), Chinese milk vetch
incorporation + 100% chemical fertilizer (GC), and Chinese milk vetch incorporation + 20% chemical fertilizer
reduction (GCT20), with a no fertilization treatment serving as the control (CK). Real-time quantitative PCR was
used to determine the abundance of ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB), and
comammox Nitrospira Clade A and Clade B in each treatment. [Result] The results showed that Chinese milk
vetch incorporation increased soil organic carbon and total nitrogen content compared with CK, while the 100%
chemical fertilizer treatment showed no significant effect. There was no significant difference in AOA and Clade B
abundance among all the treatments, indicating a weak response to nitrogen inputs from both chemical fertilizers
and green manure. However, both the sole application of chemical fertilizer and its combination with Chinese milk
vetch incorporation significantly increased the abundance of AOB and Clade A. Additionally, Chinese milk vetch
incorporation alone had no significant effect on AOB and Clade A, suggesting their sensitivity to chemical
fertilizer, but resistance to green manure nitrogen input. Furthermore, gene abundance of all ammonia-oxidizing
microorganisms showed a similar trend across growth stages, with higher abundance observed during the mature
stage followed by the booting stage and then the tillering stage. This suggests that growth stage and oxygen
concentration are key factors influencing the growth of these microorganisms in paddy soils. [Conclusion]

Growth stage is a key factor affecting the abundance of ammonia-oxidizing microorganisms in paddy soils.
Additionally, Chinese milk vetch incorporation had a weaker promotion effect on AOB and Clade A abundance
compared to chemical fertilizer, potentially contributing to nitrogen retention and stability in paddy soils.

Key words: Red paddy soil; Green manure; Ammonia-oxidizing archaea; Ammonia-oxidizing bacteria;

Comammox Nitrospira
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VLPEA KRG X 22 DAL SR R O 3, L 3k 200, /KFa= B dmm Bk, g
FEAZARDL, TLTEE RN R BT 2 3 S T K ARE- R = e MR A AR B AN AR
WFE (CK) TENXTIE, Rl E Lm0 (G). Hif] 100%LIE (C). % =ik H+100%1k
JE (GC) F4EZ9Eif H+HLEEE 20% (GCT20) 4bH., ABFFEMKIE TiZ B FEH, it semf
Wt R PCR M1k, WA IR BN T IRE AN EY D) Re R R F R sgm,  DUIER I 40
/KRS = & B AT 0 £ B S AT A A S Fy o 152 R0 A8, 308 1T R g FH 57 40 BRAR AL BE V8 S #R
SRt .

1 MESETHA

1.1 TG

RIGT 2016 FEAEVLIHE B 2 TR FE M (28°15'22.03"N, 115°07'36.83"E)#H1T, % NiE
PO Z RS, FEWAR 17.5°C, FEHREKE 1530 mm. REGH B INL A HRAE
ML sEde . WREAT, 0~20 cm 2 MFRLYE v: pH 5.82. HHLIR 23.49 g-kg™. 4% 0.99 g-kg™.
R 0.143 g-kgt. 481 19.71 g-kg?t. BHAEA 71.88 mg-kgt. A RLEE 12.51 mg-kgt. AT 49.78
mg-kg—
1.2 gﬁ%ﬁiﬁﬁ

KA HENX RS, SN RN 21 m?, /NX 2 ) F I R B, B K S
FEHEK O . PRI BN E 2 08-RRE-hE, Mg sl “858 1 57, RRaFch “H3E
F177, MREs Ay “ UL T0257, iRER i E 5 MabHE, #aB 3 HE: 1D AL (CK); 2)
KRUEH (G); 3) i 100% AR (C); 4) H ATk H+100% AR (GC); 5) K= diik H+
TEREIE 20% (GCT20). LHbFFE N. P,0s. K,O it &4 %9 150, 75. 120 kg-hm?,
WeRE N. P05 KoO i HUMEF 54331 49 180, 75. 150 kg-hm™®, 4%z Jefll & 22 500 kg-hm2.
Horbr, 100%AIE g 24 1b & FUiE N &, 9ok TS Ak BER 205 - e 5 Rt S k2> 20% (GCT 200, MFE %
M Hh A SRR . AR . BPAE AR AR — R, BB S BEAE = 6:4 43 IRt
o & B BFAE R (B N 40%). F5EEREAE (5% P,Os 12%) FIEALER (5 K,0 60%).
1.3 TEMHMRE

3T 202345 H 19 H. 6 A 30 H. 7 A 18 H REF G BEN] . Z2REUA s 2 1 1 + 45
FEfL, HOBHZ (0~20 cm) Af, $%H RS IUREIATE R /N X BEALI AR &8 LA E & L, TR
S 2 mm i, I EBRAPRIR IS A R I, — 00 AT T SRR Al A S
E, I RAET- 80°C AT 133 DNA $2HL.
1.4 HJERIBAMBONE

- A A T S IR SO R (18] 1 AT . B3 pH WE: 5 g KR, BUKEL
5:1 IIANZE /K, #&% 30 min j5H pH tHlE . ALK (SOC). &% (TN M. Bkt
AT LB, HS AL IR E, BEJS R HRE TR 9T (Various MAX, Elementar, f%[% )
ME . HIEAAEEANLEE (DOC) WIE: B 10 g ff+, LIK+H 51 MAEETK, K%, o
P85 H B AR A 2 BT (TOC Veph, Shimadzu, HAD e . HHEHAZR (NO3) Al AR (NH,D
MWE: BAHYST 5 g F M8+, LUKt 251 A0 2 mol-L ™ fEALAR (KCD BRiRR, i
VS5 SR sh /M4 (San™ System, Skalar, fif>2) W, T3EA %0 (AP) S ENE: H5
g AT+, S 50 mL 0.05 mol-L™* HCI 1 0.025 mol-L™* H,SO, IR &R 30 min &, A
bl il 5
1.5 $3%5 DNA IRENANSCRATR YL E & PCR

fii | FastDNA® SPIN Kit for soil i®77) & M 0.5g H7ef - 1 HH HEEUE DNA, $2HUR ) DNA £
7 1-80°C &M T3 A R F i CFX96 SEmf ARl RGukE . 514751
R E R 1o AR H & 0B T, 1O §1Fvake BFREER, SRECS %I 1R
Kis 2) kLR AR, fEiRRE IR IEFIUI KL DNA; 3) A NanoDrop ND-200 i illl DNA
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WRE, TFEFURLAIE NP DU, 4) WHFURIEAT 10 kR BERRE, S48 brutk i, IR b2 Hil b vt
LR DHER T FRE AR P 3 R 45 DUEL . 8 & PCR MR 20 pL iR Bifk &, 446 10 uL SYBR
Premix, 0.2 uL AT51%7, 0.2 uL JF 5190, 8.6 uL /KA 1 nLDNA B, <56 # KL
RIS 2, 3R Ry 85% % 100%, R? 4 0.992~0.999.
<1 E= PCR 5|4IFMIMBIAEM

Table 1 PCR primers and thermal cycling conditions

A TR 51975 F B PG A Sk
amoA gene Primer sequences Amplicon length Thermal conditions Reference
» Arch-amoAF: 95°C Fi4814: 5 min; 95°C A5 30 s, 55°C
AT k ) o
STAATGGTCTGGCTTAGACG 1Bk 30s, 72°C ZEfH 1 min, 40 MEH;
Ammonia-oxidizing 635 bp [20]
) Arch-amoAR: IR M 65°C LFH= 95°C,
archaea
GCGGCCATCCATCTGTATGT 5s )0 0.5°C
i amoA-1F: 95°C Fi48 14 5 min; 95°C A5 1% 30 s, 55°C
A i ) B
GGGGTTTCTACTGGTGGT 1Bk 30s, 72°C ZEfH 1 min, 40 MEH;
Ammonia-oxidizing 491 bp [20]
bacteri amoA-2R: ISR ZR: REM 65°C L% 95°C,
acteria
CCCCTCKGSAAAGCCTTCTTC 5s 30 0.5°C
. 95°C Fi2& 1 3 min; 95°C 28k 30 s, 55°C
SEATEME L A i B
CA377f: GTGGTGGTGGTCBAAYTA 1Bk 20s, 72°C ZEff 15, 39 MG,
Comammox 199 bp ) [21]
) ) C576r: GAAGCCCATRTARTCNGCC I 2. WM 65°C LA 95°C,
Nitrospira Clade A
5s 10 0.5°C
. 95°C Fi2Z 1 3 min; 95°C 28k 30 s, 55°C
TR ENE X B i )
CB377f: GTACTGGTGGGCBAAYTT 1Bk 20, 72°C ZEfH 15, 39 MG,
Comammox 199 bp ) [21]
C576r: GAAGCCCATRTARTCNGCC YaffihZk: HIEM 65°C EFF#E 95°C,

Nitrospira Clade B
% 55 3jn 0.5°C

1.6 HIESHT

BT R 56 HidE F Excel 2010 #E4T 403 . i SPSS 20.0 Bt ittt A7 05 22 0 My, A2 7 31 R Ak
T R) ) 22 e e EVERI B E (Duncan) £ LEACHEATAG SR, SR FOWUR 3007 Z2 0 Bk 3 4 5 300 5 4
P78 AR R S At 2 A 5 110 5 ) DA B A B 5 AR (0 52 AR PR X S e R R = 82 [ 5o
FIF B FEA t K256 (Paired samples t-test) HfF FuAN [R] F H 2 [0) S A Bl A P 6k TR = B 1 22 7 6
F1E. MM R 1EF “vegan” A1 “dplyr” EEAT K2 /R # (Pearson) AL #r, 1 “randomForest”
H“rfPermute” FEAT BEATLARMR 3T, BIF 7 B9 Sk 2 1 4 Jof R G SR P A A A e DR = ) PO A DR
FIF Origin 2021 1.

2 45 H

21 EEREHEMAEEBHHEEMBEAMRAFME

e 2 AT%, KAES> BRI & A B b pH & CK ¥R 4R TF (P <0.05), Hth, GC 43 pH #
N 6.57; &ALHE T SOC M NOg & & L) GCT20 AbH &, 4 7~ 13.88 g-kg™ #1 0.55 mg-kg™.
5 CK ALFEAEL, G ARFEH TN S B E 1N, 1 NOs & & 25 F41K; C Ak NH, 1 AP & &
SEWN; GC 43t DOC. NH,Hl AP & &35 i, 4790 26.48 mg-kg™. 31.77 mg-kg™ il
20.60 mg-kg?, BEET CK; 5 CALFAMLL, GC A GCT20 Ab#rh & I PR TC B E AR
IKFEZAFER, S AbEE R pH 5 CK oM B8 1k; 5 CK ALBEAHLL, G AbEEH SOC. TN Al NH, %
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BREMN, B 5N 37.92%. 110.57%#1 61.12%; C F1 GC 4¥ SOC. TN I AP & & &
FHn, NH, G EEFMIK: CAFd NOs &84 0.52 mg-kgt, # CK ZEWIN T 160.84%:;
5 C AL, GC A3 TN & EEE N, GCT20 /¥ SOC Al TN & &R EHIn. K
TR, BALHA pH LRFEER, 5 CK ML, G 4bFrh SOC. NO;#l AP &84 7
FHINT 19.21%.45.26%F11 91.43%; C AL 1 NOy I AP & 843 il 5 2 80 1 77.47%1 257.71%:;
GC k¥ SOC. NOyH1 AP & EHINRH, 40518 13.79 g-kg™ 7.19 mg-kg™ #1 17.33 mg-kg ™,
BERT CK; 5 C ML, GC4bHid SOC &= B FEH N, M GCT20 AbH %% +IEH b iR
PTG i 2 AR A

BeAh, ANEAE WX 3 DOC. NH," . NOg & & RIFEIIA S 1 # 2 2K F (P<0.001), H
i, X BRI DOC 5 &t i 25 = T 2R AN BT s G ITIG NH, 5 5 35K T 7 BE S AN 2 a0,
{H NO; & B EE S T 0B A28, AFE4LHE SOC. TN. NOs. AP SERZERIEF T
BEKF (P < 0.001), MAFRLHE pH, NHS S EBA R EZER. FN, NEAE ML
FIAZ HAF 2 5mi 1+-3% TN, DOC. NH,". NO; & &.

2 KIETEE BT IEERMIBLER
Table 2 Soil physiochemical properties at different rice growth stages

EH W pisi
pH SOC/(g-kg™) TN/(g-kg™) DOC/(mg-kg™) NH,/(mg-kg)  NOs/(mg-kg™) AP/(mg-kg™)
Growth stage  Treatment
Sy BEM CK 6.02+0.14Ab 11.34+0.31Ab 1.05+0.08Ab 12.94+1.43Ab 6.45+0.90Ac 0.54+0.19Ba 5.65+0.74Ab
Tillering G 6.38+0.05Aa 13.39+0.31Aab 1.50+0.12Aa 17.02+2.03Aab 15.82+1.66Abc 0.10+0.03Bb 8.88+1.38Ab
6.39+0.06Aa 12.40+0.63Aab 1.34+0.08Aab 16.86+3.39Aab 25.37+7.23Aab 0.35+0.11Bab 18.03+2.17Aa
GC 6.57+0.03Aa 13.05+0.61Aab 1.32+0.05Aab 26.48+4.49Aa 31.77+3.20Aa 0.37£0.15Bab 20.60+1.59Aa
GCT20 6.54+0.04Aa 13.88+0.99Aa 1.30+0.11Aab 19.16 +2.24Aab 29.39+5.67Aab 0.55+0.03Ba 16.91+1.63Aa
Za s CK 6.38+0.11Aab 10.70+0.31Ac 0.77+0.08Ac 13.51+3.22Ba 8.49+1.72Bb 0.20+0.06Bc 5.68+0.91Ac
Booting G 6.24+0.03Ab 14.76+£0.35Aa 1.62+0.08Aa 11.824+0.33Ba 13.68+1.64Ba 0.21+0.01Bc 9.72+1.26Abc
6.55+0.03Aa 11.3040.51Abc 1.114+0.07Ab 11.99+1.16Ba 3.36+0.39Bc 0.52+0.14Bab 14.24+3.55Aab
GC 6.47+0.10Aab 13.03+0.86Aab 1.40+0.11Aa 10.31+1.13Ba 3.75+0.32Bc 0.30+0.09Bbc 16.54+3.57Aab
GCT20 6.37+0.11Aab 13.27+0.68Aa 1.43+0.06Aa 12.28+0.63Ba 3.27+1.45Bc 0.61+0.02Ba 18.10+1.23Aa
AR CK 6.32+0.22Aa 10.94+0.67Ac 1.21+0.10Aa 6.50+0.49Ba 1.50+0.45Ca 3.741+0.24Ac 4.16+0.28Ac
Mature G 6.21+0.06Aa 13.05+0.16Aab 1.42+0.09Aa 9.24+1.69Ba 1.23+0.03Ca 5.44+0.37Ab 7.96+1.45Ab
6.35+0.12Aa 12.23+0.25Abc 1.37+0.07Aa 10.30+-2.87Ba 1.50+0.18Ca 6.64+0.53Aa 14.87+1.24Aa
GC 6.38+0.04Aa 13.79+0.35Aa 1.45+0.06Aa 7.64+0.25Ba 1.39+0.17Ca 7.19+0.25Aa 17.33+1.22Aa
GCT20 6.29+0.03Aa 13.55+0.56Aab 145+0.11Aa 14.83+4.41Ba 1.63+0.19Ca 6.27+0.17Aab 13.71+1.11Aa
AE n.s. ns. ns. il il ek n.s.
St * bl ok n.s. * ok ke
A WX A E n.s. ns. * * il ek ns.

H: CK: Aitifl; G: BRIGEH; C: Hiff 100%AE; GC: R IEH+100%AE; GCT20: %93k H+{b AL &
20%. SOC: HIEAMM: TN: 4% DOC: IEVEAHLEG NH.: BEE: NOs: &K AP AR, RhEds
NPBEEARER (0 =3). FFIARKRE FRER AR AL B A R AL & 9110 22 573 3 (P < 0.05), RIFIAE/NG SRR AH
[E A B WIS A B R 22 3 (P < 0.05) . n.s.: LR %R, TH. Note :CK: no fertilizer; G: Chinese milk vetch incorporation;
C: 100% chemical fertilizer; GC: Chinese milk vetch incorporation + 100% chemical fertilizer; GCT20: Chinese milk vetch
incorporation + 20% chemical fertilizer reduction. SOC: soil organic carbon; TN: total nitrogen; DOC: dissolved organic carbon;
NH,*: ammonium nitrogen; NOs nitrate nitrogen; AP: available phosphorus. Mean + standard error (n=3). Different capital
letters in the same column represent significant differences between the same treatments in the different growth stages at 0.05

level. Different lowercase letters in the same column represent significant differences between different treatments in the same
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growth stages at 0.05 level. n.s.: no significance. The same as below. @Growth stage; @Treatment; G)Growth stage x Treatment.

22 ERBREBAMAREBHLESEUHMEMINEEREEENRN
M 1B, KAE 2 BE & A2 A] 4% ACA. e & & A LT Clade A #11 Clade B /%5
wEER. 5 CK AL, G A+ AOB FEELREZM, 1M CF GC &b AOB FJE5
BN T 160.26%M1 117.25%. 5 C Ab#AHLL, GC fil GCT20 4bHEH AOB £ JE T8 % 1k
(E 1. XA FE G 2R, (WIEZERm AOB I Clade A =¥, i = Jeid HXH AR
ZRm, ARRERIER =B A8 EAR AR E R AOB %, {HX Clade A FE LB E M (K 1b,
A 1c).

2lr a) 4B Green manure:n.s. 127 b) £&/E! Green manure:n.s.
18 AP Chemical fertilizer:n.s. {EHE Chemical fertilizer: ***
I ZIEx{LAE Green manurexChemical fertilizer:n.s. 10F S ALAP Green manurexChemical fertilizer: *
15F a
W 12} i I a [
P : [ 6 b
X 4 T
S 6} l?
X
E 2|
°
g
Z 0 0
§ C%' G < OCJ é{@ C%' (] < 6(/ C{\?
S 15p C 307 ©
2 €) %%l Green manure: n.s. d) %) Green manure: n.s.
] {LAE Chemical fertilizer: * 25 {J:C.LHE Chemical fertilizer:n.s. ’ 3
B 12} SHEALHE Green manurexChemical fertilizer:ns. <= [ ZRIEX{UHE Green manurexChemical fertilizer:n.s.
=4 a a
® a . 2.0t a I
’r I I a |
H . T
a a s 1.5 a
6 | I
1.0}
3 0.5F
0 0.0
& © ¢ & o & °© O &
& &

Kb FE Treatment

. ACA: &EALE: AOB: RAMNANE: Clade A: TEAREMNNE S A; Clade B: FEARAMN L H 43 B.
R EMNRRR T EDNER. RRANGTFREREREZEP<0.05). K. Note: AOA: ammonia-oxidizing archaea;
AOB: ammonia-oxidizing bacteria; Clade A: Comammox Nitrospira Clade A; Clade B: Comammox Nitrospira Clade B. The top
left of the figures are two-way ANOVA results. Different lowercase letters represent significant differences at 0.05 level. The
same as below.
Bl 1 /K FE S BEMIA [F) AL B 3 S A UE W T REFE R £ 2 (a. AOA; b. AOB; c. Clade A; d. Clade B)
Fig.1 Soil amoA gene abundance of ammonia-oxidizers under different treatments during the rice tillering stage (a.
AOA,; b. AOB; c. Clade A; d. Clade B)

IKFEZAFE IR % A B ) 2 A AR Y D BRI R E FE U 1] 2 B o %% AR B TA) 3% AOA FISE &%
4L Clade B FEHMLEEXR (4 2a, K 2d). CK 43 AOB “FJ¥ 4 0.43 x 10° copies g,
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5 CK AL, G Ab¥d AOB FEJ W EA L, T CFl GC AL G2 3hn, B4R 53714 133.6%
1 141.52%. 5 C AbFEAHLL, GC Ab¥EH AOB FEJCB AL, T GCT20 1 AOB F L% T
P 7 46.88% (1€ 2b). 5 CK AREIAHLL, G AbFEH 58 AZ ALK Clade A FELH A, {HC
A GC AbFEA 4> FIIE N T 66.57%F1 36.59%. L C 4bFEAHLL, GC kb3 5E &% AL Clade A =F
FETCHA ARk, (H GCT20 Ab3H E 3 T P4 37.49% (& 2¢). MK E T ZENr R, FLHE 5350
AOB I Clade A i, T vt H R H SRR BAERM LR Z#Zm (B 2b, B 20,

6.0¢ 20¢
a) £ Green manure:n.s. b) %Al Green manure:n.s.
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Fig.2 Soil amoA gene abundance of ammonia-oxidizers under different treatments during the rice booting stage (a.
AOA,; b. AOB; c. Clade A; d. Clade B)

N 3 iR, KRR A AL HE ] + 38 AOA FI5E & H A AL H Clade B EE LR EZE R
5 CK 4b#AHLL, G Ab¥EH AOB FFETLRZELM, 1fi C. GC Ml GCT20 43+ AOB 577
BEWINT 138.7%. 164.7%7H1 49.78%. 5 C 4b¥AHLL, GC 4b# T AOB £ LI B4k, H
GCT20 1 AOB FJEE% T % 1 37.26% (/& 3b). CK AbFH 58 45 S AL Clade A F2J¥ 9 0.87 x
10° copies g, 5 CK #f{tk, G 4bFEr Clade A EEE &3 354k, 1 C Al GC AT & 244,
B4 454 110.6%A1 105.8%. 5 C AbFEMILL, GC 4bFEH Clade A F I B4R L, {H GCT20
Hi Clade A £ 3% FF% T 45.84% (K 3c). KR Z 7 Z TR, 1LALE 2 5m] AOB I Clade
AFE, MR IEH LSRR BRSNS LR ERm (B 3b, K 3.

http://pedologica.issas.ac.cn



+ 8 R
Acta Pedologica Sinica

80r a) #HE Green manure:n.s. 20r b) ZtAE Green manure:n.s.
{EHE Chemical fertilizer:n.s. fEAE Chemical fertilizer: ***
EHEx{LHE Green manurexChemical fertilizer: n.s. £EAExALE Green manurexChemical fertilizer: n.s.
6.0F 1.5F a
a
a a a
K | I
% 4.0F a 1.0}
‘2 a be b
3 a T | i 1
o T
E C
~ 2.0f 05F —t
=
2
g
Z 00 0.0
g Ckv G < OCJ &,»Q C%' G < 0@ &%Q
S o X
% 361 ¢ % Green manure: n.s. 08r d) 4/ Green manure:n.s.
~ {LAE Chemical fertilizer: ¥* LB Chemical fertilizer: n.s.
ﬁ; 3.0+ SERE <AL P Green manurexChemical fertilizer: n.s. ZXAEX1E B Green manurexChemical fertilizer:n.s.
= 0.6}
®
24y 4 a a a
a a
1.8} 04F a
T
L2r b ab
T T 021
0.6
0.0 0.0
G& & < OG 6{\9 G&v & < OQ C@?
(€ G

AbTE Treatment
K 3 JKAE RIS R AL PR A 3 S E A T E Y DhRERE A £ FE (a. AOA; b. AOB; c. Clade A; d. Clade B)
Fig.3 Soil amoA gene abundance of ammonia-oxidizers under different treatments during the rice mature stage (a.
AOA,; b. AOB; c. Clade A; d. Clade B)
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Fig.4 Soil amoA gene abundance of ammonia-oxidizers under different rice growth stages (a. AOA; b. AOB; c.
Clade A; d. Clade B)
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Fig.5 Correlation analysis between soil amoA gene abundance of ammonia-oxidizers and soil physiochemical
properties at different rice growth stages
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1 MSERRF TR 7Z, MO ERARER A RE M, KA BRI 2.2 1 - Note: MSE represents mean square error. The black
column represents a significant correlation, and the grey column represents no significant correlation.
K6 A EY D RERE D R 5 IR AL B AOBEHLAR MR 73T (a. AOA; b. AOB; c. Clade A; d. Clade B)
Fig.6 Random forest analysis between soil amoA gene abundance of ammonia-oxidizers and soil physiochemical
properties (a. AOA; b. AOB; c. Clade A; d. Clade B)
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