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Table 1 Design of primers and thermal cycle conditions for quantitative real-time

H brAEH Glk/EZ 7553 PIEIA R
Target gene Primer name Primer sequence(5'=3") Thermal condition Reference
AOA-amod Arch-amoAF STAATGGTCTGGCTTAGACG [30]
Arch-amoAR  GCGGCCATCCATCTGTATGT  fgiasht 05 °C. 5 mins
AOB-amo amoA-1F GGGGTTTCTACTGGTGET 45 MEA: 31]
e amoA-2R CCCCTCKGSAAAGCCTTCTTC  ZEHEHLE95 C, 15 s
IBKIRAZ S5 °C530 s
‘ CA377f GTGGTGGTGGTCBAAYTA {3 [ 72 °C, 30 s
Comammox Clade A-amor C576r GAAGCCCATRTARTONGCC  yef@ i £8:95.0 °C, 15 s: 321
Com, Clade Bamod CB377f GTACTGGTGGGCBAAYTT 030 C:155:95.0 €15 .
omarnmox tiade Bramo C576r GAAGCCCATRTARTCNGCC

1.5 HEALIE KA IMB SPSS Statistics 23 #EAT
Geit . BT IESTERLS , 6 FF A IR
() £ 4 ot 47 B 5 & 7 % 5 BT (Repeated mea-
sures ANOVAs) , i & 77 28 55 1 K e /N 2 35 1
72 712 (LSD) FE BL 2 TA) 22 e, ANl 2 7 22 5 1
N>R F Tamhane ”s T2 VL HE R R Z 5 o WA &

T2 73 A B EHE AT JE 2 30 58, 18 1T Kruskal-
Wallis for 56 % % 4 B8 RL #E 47 22 5 LU L. [A) I, ol
I Origin 2022 #E4T Pearson #H ¢ 73 M . $ 45 25
DL 39 E + bR #E % (Mean = SE,n =3)E/~. P<
0.05 K REAAREES,P<0.01 KRB EE
FE Rt
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[1=E 5 (P = 0.030) 17 3 52, 1 %o} A AR 2 S AL i
Clade A(P =0.264) .Clade B(P = 0.237) fft) = & 540

AR, 5YREEAEME AOAP =0.762) \AOB
(P =0.769) 2Kl , 4= F2 & A 4k B Clade A (P =
0.762) .Clade B(P = 0.398) %t ZUjte Jin (1) il v ANk
A2 IR 10 22 BN AT A FE A A A T Clade A
(P=0.316).Clade B(P = 0.294) TR E AL AOA
(P=0.289) . A0B(P = 0.188) F-FF [l S AN B2 .
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Table 2 Repeated measures analysis of variance tested for the effects of nitrogen application, growth stage, and their

interaction on ammonia oxidizing bacteria

. AOA EJE AOB FJ¥ Clade A % Clade BH:J¥
K+ D Xf AOA abundance AOB abundance Clade A abundance Clade B abundance
Parameters o8ree o
freedom F P F P F P F P
M
T - 1 0.11 0.762 0.10 0.769 0.11 0.762 0.89 0.398
N addition
= H
Sk 2 10.16 0.030 2.89 0.114 1.58 0.264 1.73 0.237
Growth stage
it < AE E W
N addition x 2 1.49 0.289 2.08 0.188 1.34 0.316 1.43 0.294

Growth stage

H B 1 AT, AR ERETE T T, 2 BEH s |
A 3RS AR E D IR B B R S5 AR R
115 (Clade A :3.63x10°~7.24x10° copies*g ™, Clade B:
7.08x10°~1.48x10° copies - g™ , 1M JE - A2 & A AL B
(AOA :2.00x10'~4.07X10" copies g™, AOB: 1.55X10"~
2.57x10" copies*g™) o 5 PFEEE AR AOAAOB K
L, 2 FLE AL T Clade A Clade B9 T 3 1E
FHAR R .

Tt I B ARG TR, 23 BEHA A L sl U
SEA TR P AR B B R R R 3 O R A B
(Clade A:3.24x10°~5.62x10° copies * ¢™', Clade B:
2.14%10%~1.05x10° copies - g™ , M AR P FE R AL
(AOA: 2.14x107~4.37x107 copies * ', AOB: 1.35%
107~3.31x107 copies * g o AS[Al TR FE &R A AL B
AOAAOB 52 FRE AN 773 A, R AT
Clade BJZ=H1 38 AN B35

53 BEM , 5 R 2018 I AH EE (AOA = 2.57x
107 copies g™, AOB:2.09x10" copies g™, Clade A:4.79x
10° copies* g™, Clade B:9.55x10° copies-g™) , it IN UL
(RS T 2 FER AL Clade A FIFEFERRR T 32.39%
(P <0.05),A0A.AOB } Clade B )3 /5% J¢ & % Pk
Al FEAIAIY , 5 AT 2N N AH EE (AOA - 2.00%
107 copies* g™, AOB: 1.55x107 copies g™, Clade A:3.63%

10° copies- g™, Clade B:7.08x10° copies-g™) , = FEZ5A
1L Clade A Clade B 522 AL H AOAAOB 1]
FEHRRMB R EER . ERAM, 5RIEE
HERF A EE CAOA: 4.07x107 copies * g5 AOB: 2.57x
107 copies g™, Clade A:7.24x10° copies*g ™', Clade B:
1.48%10° copies g™, it AN I T 22 A AL
Clade A .Clade B 5 - F2 2 %L AOAAOB 1)
FEBIAR R I B3 2 5
22 2REIFNEEIEE T R38R
N2 3 Fa , BB R Ikt B = 3 ERAL IR T 5
Wi 35 AN 2 35 5 AN [F AR E B 3% pH (P = 0.001) «
Eh (P < 0.001) - NH,*-N (P = 0.001) - NO,-N (P =
0.003) f7-7E .3 72 7« Jit 50 AE 5 TR 58 EL 280N ¥
F T HIEER(P =0.014) .

M2 B AT, AR IENETE T R 3% pH(5.8~5.0,
P < 0.05)  Eh (83.00~124.00 mV, P < 0.05) . NH,*-
N (69.55~20.29 mg - kg, P < 0.05) . NO,-N (11.50~
6.14 mg-kg™, P< 0.05)3) 2 UL E BT .
Forr, 3% pH O NH,-N 2 IUZ 21 138
#, Eh IR IR = 2= A R H . TN.SOC
KRB BEVEOFHET R EInERNEE T,
+4% pH(6.0~4.9,P < 0.05) \Eh(6.0~49 mV, P < 0.05) .
NH,-N(89.78~25.31 mg-kg™, P < 0.05) \NO,-N(89.78~
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Fig.1 The abundance of ammonia-oxidizing bacteria in soils subjected to nitrogen addition at different growth stages

The small letters indicate a significant difference (P < 0.05) between fertilization treatments at the same growth stage. The

capital letters indicate a significant difference (P < 0.05) among growth stages at the same fertilization treatment. TS: tillering

stage; HS: heading stage; MS: maturity stage ; the same below.
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Table 3 The effects of nitrogen application, growth stage, and their interaction on soil properties

B8 (mg-kg™)

. N BENg-kg! . " .
FEIE et my) e ) b k) B o) g gk
SR Degree Redox potentia . Soil organic carbon  pH value . Nitrate nitrogen
Parameters of nitrogen nitrogen
freedom
F P F P F P P P P
e
Eﬁﬂ 2.71 0.175 3.84 0.122 5.66 0.076 0.627 0.31 0.691
N addition
GR=pil
2 384.82 <0.001 047 0.643 3.94 0.064 0.001 0.001 0.003
Growth stage
% W
N addition” 2 7.71 0.014  4.53 0.055 2.65 0.131 / / /

Growth stage

T AL R AL (ERD LECTND R 3EA HLUR (SOCO (it i &2 IE SRR S6: , >R 1 8 S 077 22 0 i i) O 3k 4T e ik
ST s B (pHD VER U (NH,-ND VA U (NO, =N FOEICHE AN 2 IES YRR SR , SR Y AE S B 90 1 7 VA EAT Gt 0 H7 -
Note: The data of redox potentia (Eh) , soil total nitrogen (TN) , and soil organic carbon (SOC) meet the normality test and

are statistically analyzed using repeated analysis of measurement variance; the data of pH, ammonium nitrogen (NH,"-N) , and

nitrate nitrogen (NO,™-N) do not meet the normality test and are statistically analyzed using non-parametric test.
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Fig.2 pH, Eh, NH,-N, NO,-N, total N, and SOC in soils subjected to nitrogen addition at different growth stages

25.31 mg-kg!, P < 0.05).S0C(30.91~27.60 g kg™, P <
0.0 ¥ I EEMMZTT LR . Hb, pH EI0UE
HARRAR R AR e %h , Bh R HUE AT = 1 2=
P S . TN AR BT AR R

TE 57 BEJH , 5 oK it B i) A EE (pH: 5.8, Eh:
83 mV,NH,"-N:69.55 mg kg, NO;-N: 11.50 mg- kg™,
TN:2.47 g-kg",S0C:29.51 g-kg™ , it A AL K15 %
N BRI pH B2 1 0.12 4N AL (P < 0.05) , Eh
BERL T 400 mV (P <0.05),NH,-N &80 1
20.23 mg-kg' (P < 0.05),NO,-N.TN.SOC & & AR
i EVEZE e . R, 5 R EUIE R A L (pH :
5.3,Fh: 10833 mV, NH, -N:47.24 mg - kg, NO, -N:

9.68 mg-kg ™', TN:2.50 g-kg™,SOC:28.49 g-kg™) , Jli %
REFIETE T pH 231 1 0.14 4 A47.(P < 0.05) , Eh
BEREL T 6.67 mV (P <0.05),NH,-N.NO,-N. TN,
SOCHA EMEZE R TEREH, 5 ARIEENER FHLL
(pH:5.0,Eh:124.00 mV,NH,"-N:20.29 mg-kg",NO,-N:
6.14 mg-kg',TN:2.38 g+ kg, SOC:27.59 g kg™,
it fin 420 AE i 15 7 R pHVEh.NH,"-N.NO, -N. TN,
SOC ¥ E AN (E 2.

JFE 3 R0, A BN R, R SE AL B AOA
AOB 15 3388 AL A7 W1 pHEh \NH,-N.NO; -
N.TN.SOC AT -AN R 2, A FEZ A AL Clade
A.Clade B E 5 TN 2 B3 1) fUAHK (P <



H5H A0 2 55 TP A FE A A S A RN U i e v J9 515
(@ (b) gt
pH pH
pH [ 24 Eh pH | 4" Eh 080
Eh [N NH, N Bh [ NH,-N oD
NH,-N | 57 W _#4 NO,~N NH;-N | 257 g _#4 NO,~N 0.40
NO,N |7 Q& 4 N NO-N | 7 R 7 4 N 0.20
NO@O @ » soc ™ QY QA soc 0.0
soc P QO O 7 # roa sl D@ D@ O~ roa ~020
MI@OVOVWE® A 2ws 01 R RMRKMNO@ ~ 108 ~0.40
10D O V@V 7 Clade A 105 Ry 7 VO @ &7 Clade A 060
clade A @ O W@V &7 7 ludepanaic QT Q@O &7 cup @
clade B () @D F KA 0 @O V@OV®OOD A1,

2 Control

AR AELL Urea addition

E3 TEBAMRSESCEFEEZEHEEXRR
pH : BB s Eh s S0 IR H A7 s NH,-N - 448 %0 NO, =N B ARG TN : %05 S0C: HIEH LA ; AOA : 2 A Ak 15 1 ; AOB:
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Fig.3 Correlation between ammonia oxidizing bacteria abundance and soil properties

pH: pH value; Eh: redox potentia; NH,"-N: ammonium nitrogen; NO, -N: nitrate nitrogen; TN: soil total nitrogen; SOC:

soil organic carbon; AOA: ammonia-oxidizing archaea; AOB: ammonia-oxidizing bacteria; Clade A: Comammox Nitrospira Clade

A; Clade B: Comammox Nitrospira Clade B. *P<0. 05,**P<0. 01.
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Response of comammox Nitrospira to nitrogen fertilization
in acidic paddy soil

FU Yajun', GAO Wenlong*’, CHEN Miao™

(1. College of Ecology and Environment, Hainan University, Haikou, Hainan 570228; 2. Environment and Plant Protection Institute,
Chinese Academy of Tropical Agricultural Sciences, Haikou, Hainan 571101; 3. Hainan Danzhou Tropical Agro-ecosystem National
Observation and Research Station, Danzhou 571737, Hainan, China)

Abstract: In order to reveal the differences in response and sensitivity of comamox Nitrospira and incomplete nitrifiers
to nitrogen addition in acidic rice fields, a pot experiment was conducted to investigate the impact of urea fertilization, in
conjunction with growth stage, on complete nitrifiers, and to compare their responsiveness to nitrogen (N) fertilization
with that of incomplete nitrifiers in acidic paddy soils. The research results revealed that irrespective of
fertilization conditions, comammox Nitrospira (Clade A: 3.24x10°-7.24x10° copies - g', Clade B: 2.14x10°-1.48x
10° copies * g') rather than ammonia - oxidizing archaea (AOA: 2.00x10"-4.37x10 copies * g”') and nitrite-
oxidizing bacteria (AOB: 1.35x107-3.31x10 copies * g™'), were the dominant ammonia oxidizers across tillering,
heading, and maturity stages. Neither urea fertilization (Clade A: P = 0.762, Clade B: P = 0.398) nor growth stage
(Clade A: P = 0.264, Clade B: P = 0.237), nor their interaction (Clade A: P = 0.316, Clade B: P = 0.294),
significantly influenced comammox Nitrospira clades A and B, as their populations remained consistent across
the fertilizer treatments and seasons. It is plausible that the environmental factors governing comammox bacterial
abundance in urea-fertilized and unfertilized soils may vary. In the absence of urea, the abundance of comammox
Nitrospira clades A (R = —0.73, P = 0.027) and B (R = -0.75, P = 0.019) exhibited a negative correlation with soil
N, suggesting that increased ammonia, ammonification, and organic N may not be conducive to comammox
bacterial growth and activity in unfertilized soils. Conversely, in the presence of urea, comammox bacteria,
especially clade A, were notably influenced by soil pH and redox potential (Eh). Notably, urea application had
the potential to alter the interplay between complete and incomplete nitrifiers, as evidenced by the absence of a
positive mode of population co-variation of clade B with AOA and AOB following urea application.

Keywords: comammox Nitrospira ; incomplete nitrifiers ; urea application ; growth stage ; acidic paddy soil
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