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Abstract: [ Objective ] Nitrification, an important component of nitrogen cycling, has the potential to influence 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

AR R - AR DAY, 25 i
IR AN R R AR M R e . B e, &
AL (AOA ) ELEEL4TE (AOB) il 2 A
Rl 2 (NH;) S WAERREY (NO,); K,
WAHTR EE F AL (NOB) # WAL (NO,) %41k
RIREE (NOy) Mo K17, IEAFR B & B 56 2 &
AL ( Comammox Nitrospira ) [a] i B4 & AL Al
WAERRER AR IhEE, AT E R R A R AR R
2R IR WIS A AE R AT A 20 R S8 A, AT
PR R R AL SR A T B B P . Comammox
Nitrospira J& T W AS LIRS R 1T, W4 amod
( ammonia monooxygenase ) 3&[H 1 R% LK F 0T,
HAT A5 32 A (Clade A) F1433% B (Clade B) 1,
AR R B, X2 A & = R M1 AOA T 35 %
FOEFRIAEE, 1M AOB X2 (1Y) 35 Ay A, S =4
BHERAEC M2 T, REAHRIELEER
KA AT [ S AR T 35 43 0 R BT 1 - e ep )
B4 KH 43 Clade A Fl Clade B 76 HHEA S R4
o o AR B A R AR v AN VSR, R — 2

AR

IKFE—8 YA VE AR B )z N FH T A HH A R
e, BUKR S8R9 KR, R e A
RO R B R R FOK LT,
( Astragalus sinicus L.) YEN GRIERAE, HARR 0T
Ik [ A R 2R 4300 1 7 X n - 4857 4y, {2
WY S MAEY AR KR, FEMGRAR H A > n]
FREetE®, KRR -5 = DA 1 v 25 5 i R 1 e
ALY, I A Y —AE A B EAE XS 1
SRR YRR AT RO ey R
5 Ui W 3 SR A AR e R, 27
P RFLE MR R, SRR R R R
AR H DA e B A A PR Eh sl e b 3, S
Gy IR R R R4, PR ] Y 4 3 R
FALA A BRI AL th R R BERDIR LAY 22 57
A Y Xt 2 R A A TR, Gao 45
RKILGE R HEE H 5K S+ AOA Fil AOB 2 i 4
i Xiang ZEUEsE AR Rt , 13 AOA +
JERFE, {2 AOB FFERLEHET; 1M Zhang %
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WIRZE MG, Clade A EE B EWENN, Clade B F
JEWE TR R, MHTKRE-—2E = SR ERLUT +
B S S AL A W Dy RE 3 R 2 B B SR AT AR G 20
AR A4, =S w2 m 21 8K Ag 2 A
A o Re L R F 5, o e A AL e
FERFEEAFRE.

VLT KR AR X 2 AT e o 3,
TIERALTTRS , KRR R AU NI
RO, TEVEAE A B2 B T 5 & S i i 57 T K RS-
LR TAAERAER IR L, DUAHEAE AL HE( CK)
ERXTIR, Al EE R JeiaH (G). JiA 100%
EHE (C), E= TR H+100%LAE ( GC ) FIE =L
i HIHE AR 20% ( GCT20 ) A3, AWFFEMKIET
IR b, 3 2 SR Ot i PCR L, RS
58 2 A H0E - 5 U AU AR Y Dy R R DR = B
M, DA PR B 218K RS + 2 A A i A P v S A TR
A IE U Fry i o R, B T A A 7 0 R R A
PSS P RN SE R B

bR ik

1.1 IR

WK T 2016 4F 78 VL VG 44 48 T 3k 56 2 b
(28°15'22.03""N, 115°07'36.83"E ) #4T, iZH N
P F XA, FEHRE 17.5C, FEHYBFEKE
1530 mm, X5 TR LR T BB R
LLEPR . R, 0~20 cm + 2 AYBALIEE A . pH
5.82. HHLE 23.49 gkg'. A 099 gkg'. LW
0.43 gkg ' 241 19.71 g'kg ' B A 71.88 mg-kg .
R 12.51 mgkg ' LA 49.78 mg-kg .
1.2 Rt

SR H /N XGRS, /N ALY 21 m*, /M X
Z[6) P SR PR R g, O i PR HE K I S K
F1o AR BE Ry 58 < e RG-SR = 9
Fich “ERE 157, BRSAY ChER 177, A
m PR CHFEPL T0257, REIE S AR, 4k
F3EE: 1) ANl (CK); 2) HRHEAMH (G );
3) it 100%ALAE (C); 4) L= H+100%1LAE
(GC); 5) FExnvik H+-EER&E 20% (GCT20 ).
MHRAE N, POs. KO & #4308 150,
75, 120 kg'hm?2, BEFE N, P,0s. KO F HLjiti FH

A5k 180, 75, 150 kghm™?, E=WEFIER K
22 500 kg-hm 2, Hidr, 100% Ak A8 A 24 i 5 Kt AE &,
VA Ak A LR B A ik /D 20% ( GCT20 ),
FE X545 24 i B A . B AR Ol . A 4
IENE—VROit A, ZUIEHIEAE . 4rBEE =6:4 (m:
m ) St o & B L BRAE 2 PR R (7 N 40% ).
FREEWEAL (% P,0s 12% ) FIGEALHT (% K0 60% )o
1.3 TEHRRE

3T 20234E5 H19H ., 6 H30H ., 7H 18
H RS LR BEI | 2R 0T 0 i 0 1) B 3
WHFZ (0~20 em) +FF, $% 08 SRR AR B/
XBEHLI ARG 1 ANEA R, BT 2 mm
i, I RBRAPRIREESE A . KR o A A
— T HF SR B T, — I R AE T
—80°C H T 11% DNA 21,
1.4 TEEMBAERNE

- 38 L Ak B AP R A 2 R SCRR 18109 Jr ik it
1o BHEpH ME . WS g T+, DKt as 1
IMAEB K, P57 30 min J5H pH &, AHL
ik (SOC), & (TN) M. BadimfE MR T+
WHE , MBI PR E, BES R RETR i
i ( Various MAX, Elementar, {8 ) %, + 1
ALEYER PR (DOC) Ml : B 10 g fif 1, DIk +
ittt 5 0 VINARB K, IR . RS & E R
A ML ( TOC Veph, Shimadzu, HA) &, +
AR (NO,) FEAR (NH,) M. BT
5g T HaE A+, LK+ 2.5 0 1TAIA 2 mol-L™!
FSEALE (KCl) W4, o ugjs FE s shor
Hri (San™ System, Skalar, faj=%) . +HA
s (AP) SiEllE: s g AT+, A 50 mL
0.05 mol-L™" HCI F1 0.025 mol-L ™" H,SO, i¥ iR & Ik
¥ 30 min J5, FHAHEE Lok .
1.5 +1i1#35 DNA REUFIEA %K EE PCR

{#i i} FastDNA® SPIN Kit for soil i 7] & M 0.5g
it 3 R R EUE DNA, $EEUS ) DNA 77T
—80 C# M. T3 iy 2 F AL A Wy e DY = i 3 i
CFX96 SZf Rl R Ge kil 5 o 51 9% 51 F0 s s 4 44
T 1. PR sl 2 ") 1) Pt
Be HARIEA, IRECEIZIER TR 2) B ok 5 A
KT, EHiREFIFREER DNA; 3) 4
NanoDrop ND-200 #1ll DNA ¥ J& , 3158 5L i) Fk [
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Table 1 PCR primers and thermal cycling conditions
AL RE L L2 B B A E =BG
amoA gene Primer sequences Amplicon length Thermal conditions Reference
AT Arch-amoAF 635 bp 95°C TN 5 min; 95°CAEME: 305, [20]
Ammonia-oxidizing STAATGGTCTGGCTTAGACG 55CiE &k 30s, 72°CHEff 1 min, 40
archaea Arch-amoAR : MEH
GCGGCCATCCATCTGTATGT SRR . IR 65°C LTHE 95°C,
B 5 s B 0.5°C
AL amoA-1F; 491 bp 95°C AN 5 min; 95°CAEME: 305, [20]
Ammonia-oxidizing GGGGTTTCTACTGGTGGT 55CiE &k 30s, 72°CHEff 1 min, 40
bacteria amoA-2R: MMEI
CCCCTCKGSAAAGCCTTCTTC FEfRIZE : IRIEM 65°C ETHE 95C,
B 5 s H4 M 0.5°C
SEEEEME N L CA377f: GTGGTGGTGGTCBAAYTA 199 bp 95CHIAEME 3 min; 95°CAEME 30, [21]
A C576r: GAAGCCCATRTARTCNGCC 55°CHB K 20s, 72°CIHE 155, 39 4
Comammox B
Nitrospira Clade A I . IR 65°C LFFE 95C,
B 5 s M 0.5C
SEREEMRIT LB CB377f: GTACTGGTGGGCBAAYTT 199 bp 95°CHWiZEME 3 min; 95°C7AEYE 30s, [21]

Comammox C576r: GAAGCCCATRTARTCNGCC

Nitrospira Clade B

55CiR Kk 20s, 72°CHEMf 15, 394~
PG
KM 2 B 65°CLTHE 95C,
B 5 s HM0.5°C

PEULR, 4) MBURIGEAT 10 f5RE R RE, A hmifi
A, FEYE 2 b v 2R DLVERR TSR A i S A
PR, € f PCR RN¥R A 20 uL M ROAR R,
£34% 10 uL SYBR Premix, 0.2 pL ®i5147, 0.2 uL J&
5191, 8.6 uL K@ /KFI 1 uL DNA R, 25 4%
JLN U i e S R, PR 85% &
100%, R*>4 0.992~0.999.
1.6 FES

BT i 56 808 F Excel 2010 #E47 403, F SPSS
20.0 BRAFEXTEAE AT T 22 0T, AR E AL SR Y
225 WEVEIXRY ( Duncan ) 2 A TR,
KR 25 22 0 Bk 0 A= B ) 5 A0 3 22 BLAE
Xof A HE S Al B4 S5 A 5 ) LA B A A A A ) 58 L
VEFX S EACSE R B o R B REAS ¢ 46
5 ( Paired samples t-test ) BF 53 AN [R] B 1] 2 [a] & A 1k

AR R 22 5 W 2 vk R R B 5 “vegan”
1 “dplyr” RLiEFT R R A% (Pearson ) AHICTESHT,
FIFH “randomForest” F1 “rfPermute” #E17BEML AR
ST, ST A SR A B RN A AR A P R A
FEEM B AHCHE . FIH Origin 2021 1R,

2 4 R

21 ERFEFHAMAEEESHTEEMEBAMER
g
2 2 AT, KR 4 BE A5 Ab B pH £ CK 3
BERTF(P<0.05), H, GC 43 pH i E N 6.57;
A FET SOC Fl NOS & ¥ LA GCT20 Ab ¥ fR &,
390k 13.88 gkg ' F10.55 mgkg ', 5 CK Zb¥EAH
Ho, G AbEEH TN & & W8, m NO, & & i 3%
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REAIG; C AbFEr NH, R AP & 5 W44 0, GC 4b3
H1DOC. NH; fI AP & &E¥ N, 4 0lh
26.48 mgkg ', 31.77 mg-kg ' F1 20.60 mgkg ', WFH
T CK; 5 C 4L, GC Ml GCT20 b4
T AR AR TC W A KA AR, A A EE
pH # CK Kt W21k ; 5 CK AbFEAHLL, G abBirp
SOC . TN F NH, 2 i i 25 50 , B4 18 43 51K 37.92% .
110.57%H1 61.12%; C 1 GC kb3 SOC, TN #l
AP SEDFEHN, NH, & BFERME; C hh

NO, % &N 052 mgkg', # CK B EHmMT
160.84%; 5 C Ab3AHIL, GC AbFEH TN & i 3
AT, GCT20 4bFrh SOC Fl TN & &) g 48,
KRG RGN, £ AbBEE] pH JC % 225 5 CK Ab#
L, G AbBE SOC, NO,AI AP & 43l i 25 3
T 19.21%., 45.26%FH1 91.43%; C 4bBEf NO, A
AP Fim il EIINT 77.47%HM 257.71%; GC
A SOC, NOJFI AP Fit ¥ i, 40l
13.79 gkg ', 7.19 mg'kg ' 1 17.33 mg'kg', WBF

F2 KEAREBEHLIEEMEBAMER
Table 2 Soil physiochemical properties at different rice growth stages
=g ] b B SOC/ TN/ DOC/ NH,/ NO/ AP/
Growth stage Treatment P (gkg!) (gkg!) (mgkg") (mgkg!) (mgkg!) (mgkg™)
S BES CK  6.02+0.14Ab  11.34+0.31Ab  1.05+0.08Ab 12.94x1.43Ab  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
2P RE 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 11.82+0.33Ba  13.68+1.64Ba  0.21£0.01Bc  9.72+1.26Abc
6.55£0.03Aa  11.30£0.51Abc 1.11+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
JRL A CK  6.32+022Aa 10.94£0.67Ac  1.21£0.10Aa  6.50+0.49Ba  1.50£0.45Ca  3.74+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 1.45+0.11Aa 14.83x4.41Ba  1.63£0.19Ca  6.27+0.17Aab 13.71%1.11Aa
EEWY n.s. n.s. n.s. *okk *okk *k n.s.
Qbyp® * sk sk ns. * sk otk
Wb Y n.s. n.s. * * *kok ok n.s.

W CK: Aiifl; G: BxWEHH; C: jfiff] 100%fLA; GC:

ERPAH+100%I6IE; GCT20:

2T AR IS 20%.

SOC: TMEAHLAE; TN: 2% ; DOC: WEMANR; NH,: HAS%E; NO,: A AP: A, %P5 NP AR MR (n=
3)e FIFIARRIKRE FHFRRAHFS AR AT HEZ R BE (P<0.05), FIARNGFEFRAMEREFTHSAMEE 2R BE (P<
0.05), ns.: LTRFEXR, TR, 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; NHZ: ammonium nitrogen; NO,: 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 growth stages at 0.05 level. n.s.: no significance. The same below. (DGrowth stage; @ Treatment;

(®Growth stage x Treatment.
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T CK; 5 CAFEAMEL, GCAREEH SOC % i &k
EHIN, M GCT20 Ab#rp 45 4 ER Ak 48 r G 1 %
4k

eAh, RFEZAEF WX+ DOC, NH,. NO;&
TSR] TR E K (P <0.001 ), i, 4
BEWIY DOC 5 1t i 2 3 T 2 A0 A b 5 ity
(9 NH, & 1 0 KT B A2 iy, (3 NO, & i
B Ty B A A . ORI AR HE] SOC., TN,
NO, AP & f (1925 SR 5] T 0 2 K P < 0.001 ),
M AFALHE pH, NH, & BWA BEES . Fif,
AT A T 00 R0 Ak A A A S R A TN
DOC. NH,. NO, %,

22 EREFHAMABEETHIEIINMEY

e EEFEEMNF M

ME 1 ATLLE, KRS BE 45 Ab 2 [R] 1 1
AOA . 5E2% A ALH Clade A Fl Clade B FJF L
FHER, 5 CK ML, GAFH AOB FEE TR
AR, C I GC AbEE AOB =F Ji 43 Ji1) g 2 14 fin
T 160.26%F1 117.25%.5 C 4b#EAH EL , GC Fl GCT20
AFR AOB F R T i #7484k (&l 1b ). BUHAZR Jr 2=
TR, ALAE R R0 AOB il Clade A B, ifif
E PN SINUPORES T E S A1 I Y | b A
YEF E 520 AOB £, {HX] Clade A TR &
w (K 1b, E lc).

2T a) £/t Green manure: n.s. 12r b) ZRAL Green manure: n.s.
18 fEAE Chemical fertilizer: n.s. AEAE Chemical fertilizer: ***
ZRIEXALAT Green manurexChemical fertilizer: nis. 10 - 42 Hm {kil Green manurexChemical fertilizer: *
15 F a
[ 8+ 2 a a
a a T
12t i i a I
Tc_m ? T 6 b
g 97 |
& 4 b
= 6f T
< 3+ 2r
2
g 0 < @) Q 0 (@] @) Q
=y o © G C:O & o S C&"r
g G S
Q
2 15, 3074
3 ¢) £ Green manure: n.s. ) £ Green manure: n.s.
= FEAE Chemical fertilizer: * fENE Chemical fertilizer: n.s.
X 12+ ZP<{LAC Green manurexChemical fertilizer: n.s. 251 GE<ALIE Green manurexChemical fertilizer: n.s.
o a
a 20t a 1 [
| . [
’ I I : |
a a a 15} I a
of I I
1.0}
3 05f
0 < @) N 00 (@] < Q
& © o C&W & © < C&W
o €
AbFE Treatment

H: AOA: HEMNTHE; AOB: ZHAMNE; Clade A: TREAMTHITL A; Clade B: R AM TR/ B, BIRAE L
ANWNKNEFEZSNER., AR/NEFRHERZEREE (P < 0.05), FMH. Note: AOA: ammonia-oxidizing archaca; AOB:

ammonia-oxidizing bacteria; Clade A: Comammox Nitrospira Clade Aj;

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 below.

B 1

Fig. 1

TKFE A BEIAR R AL 38 + 3 S AL A W Th RE LN 2 (a. AOA; b. AOB; c. Clade A; d. Clade B)

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)
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KA 2R 25 b 3 ) B SR E W D e B R R
JEANEE 2 Fi7s o 45 A B E] 133 AOA Flog & AL
Clade B EE¥ LR EH S (A 2a, 2d ). CK &b
PR AOB “FJE N 0.43 x 10° copies-g ', 5 CK #H 1L,
G b AOB F B TC i E AR 1k, 11 C Al GC 4h 3]
SEIEIN, R0 R 133.6%H1 141.52%., 5 C kb
AR L, GC 4b ¥ AOB = Jo B A8 4k, Tif GCT20
i AOB EJE W E N T 46.88% (18 2b ). 5 CK 4t
FEAHLE, G AbERh5E 2 L Clade A FJETCH]
Bk, (A C A GC P RIEINT 66.57%F
36.59%.5 CAbFRAH L , GC 4k 3 58 4 5 S AL i Clade
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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)
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