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Nitrification inhibitors affect the abundance of
ammonia-oxidizing microorganisms and nitrification
in black soil in a short-term microcosm

CHANG Yuhai', SHEN Jupei*!, WU Wenjing!, MA Xingzhu?, HAO Xiaoyu?, ZHAO Yue?,
HE Jizheng!'

1 State Key Laboratory for Subtropical Mountain Ecology of the Ministry of Science and Technology and Fujian
Province, Fujian Normal University, Fuzhou 350007, Fujian, China
2 Heilongjiang Academy of Black Soil Conservation and Utilization, Harbin 150086, Heilongjiang, China

Abstract: [Background] The black soil area in northeast China is an important grain
production base in China. However, the excessive use of chemical fertilizer has caused serious
environmental issues, including nitrogen loss and environmental pollution. Nitrification, one of
the key steps in nitrogen cycling, is mainly driven by microorganisms. [Objective] To distinguish
the relative contributions of ammonia-oxidizing bacteria, ammonia-oxidizing archaea, and
comammox to soil nitrification by using nitrification inhibitors 3,4-dimethylpyrazole phosphate
(DMPP) and acetylene in the black soil fields with low and high nitrogen content. [Methods]
The soil samples applied with no nitrogen fertilizer (low-nitrogen soil) and nitrogen fertilizer
(high-nitrogen soil) were collected from the black soil area in the long-term fertilization
experiment. The effects of nitrification inhibitors on soil available nitrogen content, the
abundance of ammonia-oxidizing bacteria, and their relationship were investigated by
quantitative PCR of soil microcosms. [Results] Ammonia-oxidizing archaea and comammox
Clade B predominated in the low-nitrogen soil, while ammonia-oxidizing bacteria and
comammox Clade A predominated in the high-nitrogen soil. Both nitrification inhibitors, DMPP
and acetylene, significantly inhibited ammonia oxidation, with more pronounced effects in
high-nitrogen soil. Acetylene had a greater inhibitory effect than DMPP on ammonia oxidation.
In addition, acetylene significantly reduced the abundance of ammonia-oxidizing archaea,
ammonia-oxidizing bacteria, and comammox Clade B in low-nitrogen soil, while DMPP
significantly inhibited ammonia-oxidizing bacteria and comammox Clade A. The correlation
analysis showed that the amoA abundance of ammonia-oxidizing bacteria and archaea was
positively correlated with NO3; -N content and negatively correlated with NH4"-N content in
low-nitrogen soil. However, the amoA abundance of ammonia-oxidizing microorganisms had no
significant correlation with NH4"-N or NO3 -N content in high-nitrogen soil. [Conclusion] The
long-term application of nitrogen altered the responses of ammonia-oxidizing microorganisms
to environmental changes in black soil.

Keywords: black soil; nitrification inhibitor; comammox; nitrification; nitrogen fertilizer
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RAE PRI AOM A= 25 F G800 SC B A Wy Hh 3Kk Ak
R AR o AR IR BE FR ) SCs E
H7 A ) NoO il NOs™-N 23 R A T5 Y R
FIR T A ER R8N, ISR
R SR T A W A = P~ 2R LR TR
A A FE R E S —22, @
AT E R B IR, XA R
A EEE Y S E Y (ammonia-oxidizing
microorganism, AOM)J2& 1 fif fb 1 72 () B 220K
B Z—, AR HIEER IR =2 m R,
EA AR, AT—H N R & H (ammonia-
oxidizing archaea, AOA) . & AL 4l 74 (ammonia-
oxidizing bacteria, AOB) Fl V. fi§ fR £k % 1k &
(nitrite-oxidizing bacteria, NOB)}:[A] 5¢ i T 34~
A AR FRATT AT R = i W 5T R W RR
AR PR AOA 57 7 Akt #2171
AOB JUTE vV Fn g Ve i B PR b vh R 45 3 S AE
JHE, 5341, 2015 4 [ bR 44 2 AR 1) Nature
1 Science [F] 20 & BL—FPREA 7 P TRE AN GF Ak
T 1) 58 4= 24 A AL il AL 7 (comammox  Nitrospira,
COMX)M M3 — R AT 1 3 A AR AR
et #Eo 2E IR, WO SR R e
I COMX HIt 2L A AL F(AOA Il AOB)TEAK
HH A 25 R GE X A4 A o R A AR 25 A6 2 S5 4
TR I A B R I COMX A
IR RN, TR HRE RS TE 588 I M5 h A=
B B AR RIS pH H 32 &
NH4*-N W EERY3En, COMX 13 i tu bl = 3
It H T AT YRR B A AR AR
X Z R AT Y TEA R AR S5 55 S A AE
BSOS, Flan, Li R R
COMX Clade A F 3 FRM AL, M
Wang Z£U16I] % B COMX Clade B 57K H
IFO 7 Na st 20EE U P I N K < =R e 2
YIZHE 09 A2 AL RRAE S X 3l Ak A T Y o1

[INGIP koS

TR — B R, AR S AR
RS AR 6%, 216 T 2Bk 20% M A
AU FEt SR AR 7 op B s 2 G E SR AL
SR, AL A A F i P, el v o o ™
U 1 39 5T R AR RN PR TS Y SR ), ol
RUE B2 i 2 g - s as fe k%, sl
ARG R — R IR RS
I B it i Ak 490 11 37 (nitrification inhibitor, NI)Jg&
P/ TP DR | R AT A XU AN v 21 A
AR, AU RO 3,4-— 1
J i s 1k R £ (3,4-dimethylpyrazole phosphate,
DMPP)A[ il 5 AOM 14 Z F i A il 45 e 41 il
AT s DTS - S Al 1 R 021,
PRIt AT LA T A 00 3 500 B9F 5 A ) 388 At A
IR VE P R B . A B R B Sk
XF BT A7 B0 G2 SR AR AR AR W S e T 1 B A 4 4 2
R, 1 DMPP (X% AOB & EIIMHIVEA), 5
A WF5E R BUA [R] 1 338 S AR B X 2 e iy i)
NARTE], 40, Gubry-Rangin EPUE B, TERME:
WHEL TSI, AOA WIEKZEIIE, A
AOB YR RZFNFEM . Lin %R IF] .
3 Aol HIER T N CBk, Z B AOA Fil AOB
Yz B sesh , A B 5E % B DMPP X AOB
1 COMX ixX 2 Fhf A Wy A Ik =2, Fig
45 R 2R WS A 410 113 590 75 A [+ L S8 A 4 4 R0y I
A0 H O A — 2 R[] A it IR
TSR IIRA . BI, BFEAEAS [R] it I 5
RS AR R I REOR AR TR R R A
JE ) FH 238 5 ok 2D PR 85 5 G

AR AR A Dl AR A Y R MR R - X2 —,
TIAEIR, EEEREL), B EEARE
AR AR, T B AR FIK R
&K, FECR L TIRWTR BRSSO
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Wi, ABETE L 40 204K 01 o7 il JIE 552 36 4 BF 5
X4, o LSRR A R AR Y
X4 T AR U A B R L[] B F 2
DMPP JEA 705w 475 5% S B4R 5 fil A A1) 5 o
AN Ta] i FE Ack P i R i A A i R
Lt A ) e AL A I SRR A 2T

1 #HRE5r=E

1.1 ARXBLFERERE

AL SR T RV A R IETH BRI
AV B 5T B i 0 e H(126°35'E, 45°40'N) . #F:
HF 1979 FIF IR B K E AR, & E— R
FIAS TR A 1A A0 RE A AL it 25 i A Ak 2R
F| 2023 4FCH 44 . HHERACH RHE A %
M AAEY) Ty — A — 20, $E /N - R -k
3 R AERI R VED, AR RS R B FERK S, ROk
BEMENEIE 50%, 7T KA T BRmim i
BRI AR IEE, B ANRE, BHARE N N
150 kg/hm? (AR LT 3R AREET 2023 4F
8 H, MBI KE ., BATRE T IHEA
Jit JE Ak 38 (CK) 1 59 5 0 i 28040 3 (N P 1=
ey 0 SC g = AT A0 M, FEIT R E N R
FA BN RE T MR 2 322 1-48(0-10 cm)
5 B, BAAFEREE 3 AEE, KRR
M 4%, it 2 mm G, 40 AL = E8 A BB A
B L HAELE T 4 CHITIE £33,
5 W AT 20 °CH A 43 1T 5
5 =53 KI5 DR A7 T 3 R S 3 R A T o
R B IR S
1.2 EERFIFNE

B, ARMCHTAL Dol SR FRA R s Bk
B SALSRA DMPP, b3 i kA AL R
A B/ Fl ;3 2xTag Pro Universal SYBR qPCR
Master Mix, MERAEYIRIEEARAF; 115
DNA 2554, MP Biomedicals /A7, SZH}

76 E i PCR §7144% , Bio-Rad /3 ) ; NanoDrop
2000 Zp 0600, FEBR R RBHE A &2k
sl ML, Skalar 2wl 5 I E B AL,
Elementar /A A .
1.3 ZEARFHEFRELR

BE SR S0 U B R H AR & CK ORI N PR
AFRA- SR 3 ANEE RGNS, BEE R
THERCE 3 MPALEE, SrH00h. (1) HOE N
MR EZ (N 150 mg/kg), 5 N CT; (2) MFREL (N
150 mg/kg)MZH(HEH 1%), @5~ ACE;
(3) HRREZ(N 150 mg/kg)/il DMPP (FH £ Jy it &
it 1.5%), {455 DMPP, & AbFE 3 ANEK .
FARSZI LB - B 10 g KT A 100 mL
AR RN, AR AR IS KR E] 10%,
HOREEA, BE/ANML, 7E 25 cClERIE R T
WiEFE 7d, HphsaE 2 d #RRE AN 1 IROK, B
TIEEKER TR 10%. FIERERE, R
AN TR] AR BE 430 B PR Bk S W . B
DMPP, # 13 5 K& E 20%, T
FERE, PrAAHE T 25 cClEIRIE SR,
TERESE 0. 5 F 10 d JE dEA TR BORE , 43I
PR 4y, — 4y ar B AR I 42 % NHL-N #ll
NO;™-N, 73 —&f rifr T-20 *CHIT @ AL
A R R R B A
1.4 TIFEBUMRANE

{5 FH pH I RAK 4 B 2.5:1 0 2 - 38 pH fi .
13 NH4-N Fl NOs™-N il : He 8 g fif +H
2 mol/L KCl 2 4%, I Pk g 4% I Jm >k
FH 3% 2 30 43 e A o - 38 W 1 A HIL Ak
(dissolved organic carbon, DOC)HIA] % 7 Hl
& (dissolved organic nitrogen, DON) DA+ /K [t
1:4 REEME . 30K (total nitrogen, TN)
WA AR 0.25 g3t 100 HR T+, RATE
A3 ATASCIN 5 o FH 8] - SEAE 5 B A 3 Ak Joig D
* 1.
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x1 KHAESEE T IRAE AR R

Table 1 Soil properties in the long-term field
experiment

IR CK 4b 3 N 4k 2

Soil properties CK treatment N treatment

pH 6.59+0.06a 5.55+0.11b
NH4*-N (mg/kg) 3.79+0.13b 5.98+0.39a
NO;™-N (mg/kg) 7.84+1.69b 11.15£1.71a
DOC (mg/kg) 23.72+1.11a 25.95+1.65a
DON (mg/kg) 17.61+6.32a 16.06+0.89a

TN (g/kg) 0.93+0.09a 1.02+0.09a

AN/ INE R A B R 25 57 8 3 (P<0.05)
Different lowercase letters indicate significant differences
between treatments (P<0.05).

1.5 1% DNA BY4ZE
FEAFESLE 0.5 g ¥k 3% R Fast DNA®
SPIN Kit for Soil 17 & f2 B -3 & DNA . 2 it
J&i B DNA JF % 2K Fl NanoDrop 2000 0 5 H: i &
Kaifg, FRKWEETKS BB, BT
T =20 °CUKAH , DIM#EFZLH .
1.6 F|EUMMEDEREENE
FAAMMAEY) amoA FEH B 1IN E Sk H
SR E i PCR ik, FI ] CFX384 Optical
Real-Time Detection System “F&EME . {4
%M 10 uL: 2xTaq Pro Universal SYBR qPCR
Master Mix 5 uL, Fi5|47(10 pmol/L) 0.5 uL, &5

#*2 PCRERARSIMRFT

51%7(10 umol/L) 0.5 uL, ddH,O 3 uL, DNA
(20 ng/uL) 1 pLo SIWME R LR 2. kL4 2
W ARUE : A PCR ¥ 38 B AR = Wik — 4
i R SC PR AR B H PR e, 38 Ak I R A A S A
R i PCR Y ORI A% , 2R PR G 4 BRURTR

AOA amoA Fl AOB amoA 1 2 v 414K -
95 °C 5 min; 95°C 3's, 55°C 30's, 72 °C 1 min,
35 AMEIR, B 1 AERREI 1 RZEHAES . 5B
@ A A %) % (comammox Clade A,
COMXA)MI5E 2 A LT B 4 % (comammox
Clade B, COMXB) e b 45444 : 95 °C 3 min;
95°C30s, 55°C25s, 72°C25s, 39 MEH,
1AM 1 RDOEIES . Ak
JNEHREE N 65.0 °C# 95.0 °C, B 5 s 34711 0.5 °C.
X B LA TG R KA o A Al 2 A
JE 1 PCR [N I ff i 26 250 0 Bl O Sk
8 SR T 85%-95%, R 4T 0.99-1.00,
1.7 HIEIE

K Excel 2021 X84 #6474 BRAN 4347,
¥ JH IBM SPSS Statistics 26 #F1 T2 ANOVA
SIPTARFEA R AL R 22 5% . >R Origin 2024 i
Ve T3 AL TUE Y amoA LI R AR IA
K H1 Excel 2021 X 24 S A il A 4 36 DR % D145
XHAb ., HEfFEESAMm R, #F

Table 2 Primer and sequence used for PCR amplification

HirZEH 519 ElkZ gl

Fr B 275 3CHk

Target gene  Primer Primer sequence (5'—3") Segment (bp) Reference

AOA amoA  Arch-amoAF STAATGGTCTGGCTTAGACGGCGGCCATCCATCTGTATGT 635 [30]
Arch-amoAR

AOB amoA  amoA-1F GGGGTTTCTACTGGTGGTCCCCTCKGSAAAGCCTTCTTC 491 [31]
amoA-2R

COMXA CA377 GTGGTGGTGGTCBAAYTAGAAGCCCATRTARTCNGCC 199 [32]

amoA Cs76r

COMXB CB377f GTACTGGTGGGCBAAYTTGAAGCCCATRTARTCNGCC 199 [32]

amoA C576r
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RS e R R AR Mantel test
(vegan fL)FRFY T3 H NO; -N HI NH,-N & 5
FEA AT ) 3 B R A A

2 ERS594

21 KEAMMEAAEX HEELBEHEFH
A

K 09 it i 22 R o A K 4 4 (2R 4 ) A A
WAEY FEA BEZm(E 1) A qPCR B4
RATLAL I, CK + 338 2 A AL il A 1 o e 2 ]
F EEVE B 4 5o B v T+ AOA amoA JE[H
8.77x10°-1.23x10° copies, AOB amoA &
5.09x107-6.48x10" copies, COMXA amoA & [A
1.73x107-1.82x107 copies, COMXB amoA A
3.87x107-7.62x107 copies. N b + 358 4 S fb 1
A= Wy e Ak N R RV L ) ol B e T AOA
amoA FE[H 2.07x10%-4.64x10° copies, AOB
amoA FE[H 3.15x10°-6.48x10® copies, COMXA
amoA K:[A 3.16x10"-1.01x10% copies, COMXB
amoA JE X 4.09x107-6.79x107 copies. i i 5 2
I &I, N 43 AOB amoA il COMXA amoA
FFREST CK (P<0.05), i AOA amoA F- i
NZ LT CK (P<0.05). 734k, COMXB 7EH ™
Lb 3R] G i 2% F(P>0.05), N AbFE 41 AOA
amoA 1 AOB amoA F Ll % 27, COMXA
amoA Al COMXB amoA 3 J& [a] JC i # 22 55 i
CK 4b# AOA amoA =N # & T AOB
amoA, H. COMXB amoA FJ¥ i # & T COMXA
amoA F i,
2.2 FEEALESF TREMAHIFIFIN LIEARES
RE RN

M 2 ATLAA Y, 14 NHa-N 5 sl S R
Af a5 T B 3 AT 0 d (CK R 95.3 mg/kg,
N & 122.6 mg/kg), 5d 5 CK FI N LFERG N
NI BAEFE(CT)H NH.'-N &0 MK T

-

Ig AOMs amic

aaan

AOA AOB COMXA COMXB

1 HEKHARECE T IBERAEALMEY
EFEMEM  AR/NGFERRE—FE AL
A=Y amoA K& B 3= B FE A [ i AT Acb 34 1] 22 57 I
#(P<0.05), AR K S FHEFR IR [F]— Rl it JE Ak FLAS
i & B AL A ) amoA JE N E 2% R W
(P<0.05). CK: AJEACALEE; N. jiiin & ACALBE
AOA: @A A ; AOB: &AL E ; COMXA.
SERREAE A X & ; COMXB: %E4eR A LH B
YR, FH

Figure 1 Effects of long-term nitrogen fertilizer
addition on the abundance of soil ammonia-oxidizing
microorganisms in the field experiment. Different
lowercase letters in the figure indicate significant
differences in the abundance of the amoA gene of
the same ammonia-oxidizing microorganisms
among different fertilization treatments (P<0.05).
Different uppercase letters indicate significant
differences in the abundance of the amoA gene of
the same ammonia-oxidizing microorganisms within
the same fertilization treatment (P<0.05). CK: No
fertilization treatment; N: Nitrogen fertilization
treatment; AOA: Ammonia-oxidizing archaea; AOB:
Ammonia-oxidizing bacteria; COMXA: Comammox
Clade A; COMXB: Comammox Clade B. The same
below.

15.7%%1 19.3%, 1 10 d J5 NH4-N 75 84 5%
8T 34.4%F1 34.3%. ASWF5E LBt 2 Ff NI
PORNI S AN =R Ao S IR AT E I IR (EE
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A B
1401 K 140 - N
Aa Aa Aa
Ba Ba B a B
a]OS—AaAaAa " ?0105- a a a
v 2 v Cb
? Bb tih Ca \éﬁ)
= L ~ Ch = 70+t
Z 70 Cc z
- o
ol = 1]
0 0 5 10 0 0 5 10
Time (d) Time (d) CT
Aa B pMmPP
o Ab s Aa
250¢ Ba 2 sop
z Bb £ Ba Ab
z Z Bb
S 25t S 25} CaAaca Ac Ac
CaAaCa Be AB
0 II 0
0 3 10 0 5 10
Time (d) Time (d)

2 AEHRCHIHIFXT IR NHo-N F1 NO;-N B9 ARVNG 30T BE LR [/ — b - S [ — 1
G I 8] AN R A 00 1) 50 Ak 24 ] 25 St A2 35 (P<0.05), AN [R) R 55 3 3C 7+ 7S ] — b 4 38 [+] — i 4 410 i 751
A PR [R) 1 FR IR IA] 22 53 5 2 (P<0.05); A A1 B: NH4*-N 5 #; C#1D: NOs-N &4, CT: RNy
EMSIRAL I, ACE: Z44bsl; DMPP: DMPP 4bH. R IA]

Figure 2  Effects of different nitrification inhibitors on soil NH4*-N and NO3™-N. Different lowercase letters
in the figure indicate significant differences (P<0.05) among various nitrification inhibitor treatments for the
same soil at the same cultivation time. Different uppercase letters signify significant differences (P<0.05) for

the same soil under different cultivation times with the same nitrification inhibitor treatment. A and B:
NH4"-N content; C and D: NO3; -N content. CT: No nitrification inhibitors applied; ACE: Acetylene treatment;

DMPP: DMPP treatment. The same below.

Bl R SR [ A3 0, 48 NOs™-N &R BB M dI/ER , b 2 He i il CR_R 8 F
Wi, S5 o0d Ak, 5dJ5 CK MIN kRS DMPP (P<0.05)
NI AYAEBE A NO; N 4008 43.80 mg/kg 2.3 JEEAISZF TRELIIBIFIM EE L NE
F139.37 mg/kg, AHIFHE T 161.2%F1 73.6%:; Y1 B HY 220
10 d J& NOs™-N & imsryllis#] 61.80 mg/kg Fil H & 3 AT LU Y it NT R A [ i A
53.20 mg/kg, JHE T 268.7%A 134.4%., H4h, T § LA A BUEY F B R B E A
ARWFSE L BRI 2 Bl NI X NOs™-N Wy ERU4 [Fo 78 CK L3, i HR(ACE 4bBH) .35
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Figure 3 Effects of nitrification inhibitors on the abundance of ammonia-oxidizing microorganisms. A and
B: AOA amoA gene copy numbers; C and D: AOB amoA gene copy numbers; E and F: COMXA amoA gene
copy numbers; G and H: COMXB amoA gene copy numbers.
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Figure 4 Effect of nitrification inhibitors on the ratio of ammonia-oxidizing microorganisms. A and B: The
ratio of AOA and AOB gene copies; C and D: The ratio of COMXA and COMXB gene copies.
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Figure 5 Relationship between the abundance of ammonia-oxidizing microorganisms, soil NH4"-N and
NO3;-N contents in microcosm. A: Correlation between the abundance of ammonia-oxidizing
microorganisms with NH4+"-N and NO3; -N contents in CK soil; B: Correlation between the abundance of
ammonia-oxidizing microorganisms with NH4"-N and NO3 -N contents in N soil. *: P<0.05; **: P<0.01;
**%: P<0.001.
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