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Abstract:  Objective Nitrifiers play an important role in the process of farmland soil nitrogen transformation. A study on the
distribution of nitrifying microorganisms in aggregates will help to reveal the interaction mechanism between soil structure,
microorganisms and soil nutrient cycling. Method The changes in soil aggregate properties and nitrification potential (Np) in
maize monoculture (M-M) and maize peanut rotation (M-P) were compared, and the abundance and community composition of
different nitrifying functional genes in soil aggregates were evaluated by quantitative PCR and high-throughput sequencing.

Result Compared with M-M, M-P significantly increased pH, NHI and total carbon (TC) in soil aggregates. M-P also
significantly enhanced Np, but the aggregate size had no significant effect on Np. The abundance of the AOB amoAd gene was
higher in M-P and also more abundant in smaller aggregates. The distribution pattern of AOA and comammox amoA genes was
opposite to that of AOB, indicating that AOB can better adapt to the micro-environment of smaller aggregates, while AOA and
comammox tended to dominate in larger aggregates. In addition, compared with M-M, the difference in AOA/AOB and
comammox/AOB ratio between M-P aggregates decreased, indicating that rotation promoted an even distribution of soil nitrifiers
among different aggregate sizes. By further analysis of the nitrifying community based on the 16S rRNA gene sequencing, the
results showed M-P increased the proportion of Nitrolancea-like NOB and Candidatus Nitrosocosmicus-like AOA, decreased the
proportion of Nitrospira-like NOB, and had no significant effect on AOB compositions. The aggregate size only had a significant
effect on the proportion of Nitrosospira-like AOB. NHI content and pH were the main factors affecting soil Np and the nitrifying
microbial community structure among soil aggregates. Np was positively correlated with AOB amoAd gene abundance and
negatively correlated with AOA amoA gene abundance. However, in terms of community composition, Nitrosospira-like AOB,
Candidatus Nitrosocosmicus-like AOA and Nitrospira-like NOB all showed positive correlations with Np. Conclusion Soil
aggregate size and cropping system can greatly affect the distribution of nitrifying microorganisms in soil aggregates. However,
nitrifying microorganisms have different adaptation mechanisms among aggregates. This study provides a theoretical support for
improving the ecological adaptation mechanism of soil nitrifying microorganisms in the micro-environments under
Gramineae-Legume rotation.

Key words: Soil aggregates; Nitrification; Gramineae-Legume rotation; Nitrification potential; Ammonia oxidizer
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AR, - BRI R AR A TR A 2 1] 9 B 5 L
5—E R, Zhang ZFPL L AOA A1 AOB Xt it At
TR SR AR 1y o oy R LA AR 25 e, (HL R 25 Ry
it amoA FPR F= FEYTE fe/IVREGE 2~0.1 pm A .
Jiang 2157 2] AOA 1 AOB amod R TE &/
PE< 250 pm FEAE, TERY> 250 pm A, AH
2, Han ZFUOR BT E T AOA Fl AOB
amoA FEH LIS NOB nxrB FEH 15340 FL A4 R —
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Rkt FE &, M Nitrospira J& NOB TE5S KR
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W i A 198 P SR AR A Ak 2 R 43 A AR IR —
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AW ST UL T 1 v KR Sy FSE R 4, dl e B
PCR il i it 5 45 03 F A W T Beda s 17 kil
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PRI [E AR 72X (FOKREVE R E KR AEA S0 ) X
- S A SR A SRR A T A W R T S e BSR4 IR
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1.1 IR

I XA T2 B8 S T RS AT 4R B T AR R
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PRI R EIX, LTS, R SR,
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IS B, DAORRRIRIR R IS5 . R/
Z 0 RIERE IR G A AR A B R R R HE +
e F SRS AL I 55 1R B R AR 2 S mm /R, A4
PRBR AP A PR R . UL 35 1
T HRERAR ., M-M 42+ BN pH
6.16, & (TC)7.63 gkg ', 2 (TN)0.82 gkg ',
NHI-N 1.20 mg'kg ', NO,-N 8.47 mgkg ', M-P 4
+ bR A pH 6.65, TC 8.15 gkg', TN 0.91
gkg', NH;-N 4.69 mgkg ', NO;-N 9.53 mg'kg ',
1.3 TEFAREKFS

SR I 4 A R AR AT 4y,
H>2,2~1, 1~0.25, <0.25 mm VUK 2 A A
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WA eI fe BT T B AR AR (2~1 mm), R
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UG, FREIFTTE AR A B RS R B R A A
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1.4 TEEALERNE

48 pH R AR E , 158X pH 3T
B FeK 21 2.5 0 1 [ R8I ATE CO, BB T K,
2 J e B B e AR R R H SR B A A R
T8, HEEHUACR HEALEMREE, Hok bk 511
i) 3 HNA 2 mol- L™ KCL¥AW , LA 200 rrmin ' &%
Lh, B8R 5 M R B 5 08, IECR 42
ik #rA ( Skalar ++, Breda, Netherlands ) Xt
A (NH,-N) FIREAR (NO,-N) & & k15
FE o 14 TC TN & aiE , F 580 R T 0F
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H, BRT> 2 mm BRI, HoAbR S A Rk pH ki
# R AW/ N T, MR, M-P - HEH R
& pH VARG A1 R ARAE BN R . M-M +
HE NH,-N 5 15k Bt 25 P 3R MOk A el /N T 388 hn o i
M-P 438 NH,-N 7545 B P 58 A0k 42 52 BT Sk A )
BIA AR, JEh, > 2 mm FIERK NH,-N & it
M. M-M 3 NO,-N & K EbE 5 Rk A2
FIB /N R . M-P 1438 NO;-N 5 & Fifi A1 R A4 k7 12

M-M 358 i 3 A SR AR A% B8/ NI, 7E M-P
g, B 2~1 mm SR HAL = AR R 2 ] 22 53
ANEFE . M-M 15 TN & & SRBEE A Rk 9L 1)
NI (0.75~0.88 g'kg™), 1fi M-P +4% TN
7E< 0.25 mm ki gt fe KN 8.01 gkg™", 7EHAl =/ ki
RSN RE . WHE 2001 R0,
ik Jr 2 AE 4R i SR UK NH, . pH I TC &4,
+IEF R AKX NH, . NO, . pH Fl TC ¥4 3%
s, PR (R ek B R AOR AR ) SR X
TN 77 A 25, (L2 7 R 2R (0 58 B34 78 A | h
AL BT ) 43 S v 43R 3 i 25 K (P<0.05 ),

&1 AHFEAXTLRARKHELER

Table 1 Soil aggregate properties under different cropping systems

At 77 = 1 HEH Rk Soil aggregate
b
Cropping HArt e A A THAA
Size/mm pH .
system Proportion TC/ (g'kg") TN/ (gkg') NH,-N/ (mgkg') NO,-N/ (mgkg')
M-M >2 16.5% 6.05+0.04bB 6.62+0.03dB 0.80+0.02bB 0.77+0.06¢B 8.89+0.04bA
2~1 31.1% 5.99+0.06bB 7.41+0.36¢B 0.75+0.09abB 1.18+0.09bB 9.17+0.06aB
1~0.25 40.5% 6.07+0.02bB 8.50+0.06aA 0.86+0.06abA 1.57+£0.02aB 8.50+0.01cB
<0.25 11.9% 6.14+0.03aB 8.27+0.03bA 0.88+0.04aA 1.56+0.11aB 7.25+0.57dA
M-P >2 13.0% 6.77+0.03aA 8.21+0.06aA 0.91+0.01aA 2.91+0.23cA 7.33+0.04bB
2~1 22.3% 6.65+0.07bA 8.01+0.11bA 0.90+0.03aA 5.44+0.03aA 9.84+0.15aA
1~0.25 52.0% 6.45+0.01cA 8.14+0.02aB 0.90+0.01aA 5.26+0.30aA 9.27+0.48aA
<0.25 12.7% 6.47+0.02cA 8.23+0.05aA 0.79+0.01bB 4.29+0.18bA 7.42+0.11bA

e BRERNFHE + brifEZE (n=3). M-M fRE T KREME, M-P ARETRMELRE. RKEFRAFERRSFE TR Z 025 L
F; NEERARERRRZ M ZER B (P<0.05), TF. Note: Values were mean + standard deviation ( n=3 ) . M-M represents maize

monoculture, and M-P represents maize peanut rotation. Different capital letters in the same column represented a significant difference

between cropping systems, and different lowercase letters in the same column represented a significant difference among soil aggregate sizes

( P<0.05) . The same below.

22 TEARGKMBELEE

DAL [0 119 - 38 AT SR A Ao 48 Np BT 1
FAE M-P A 5 1 3R A A Ak v 4 ol T A
M-M 3 7% /E M-M A R ARG AL iE o 5.70~
15.08 mgkg -d”', HTEH/NRZ (1~0.25 mm Fi<
025 mm) T FE R TERKEHE (2~1 mm Fl
>2mm ), $e1E M-P +HEH RARGE AL IE SN 19.46~
28.43 mgkg 'd”!, 7E 2~1 mm KK E . WHE
T 22530 (B 2) FARRE 0 ey b ig 4l
B, RS SEmA R E, |
e LN ) T

23 TEARGLHEAREDIEEENEE
R K AOB amod N FE (&l 2a) 7F M-P
A BT M-M 3% (1~0.25 mm &4 ), HAE
<0.25 mm KL% P e, R AOB HTRERE N 44
NI BRI R BE . AOA amod FEH (& 2b) 7E
M-M + 3 & m T M-P 3, HAEH RIE E o0 Ah
5 AOB amod HH KBRS , 76> 2 mm fi g
FEHECR e, R AOA B B IS 1 458 K T SRR 134
B FF5% . Comammox amod FH (K 2¢) TEFIFE 1
ARG BERES, £ M-M 15> 2 mm ki
Porbimr, WAE M-P b pE R ORI Sk =
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Hh a4 A B4 3, NOB nxrB 3£ (B 2d) JREE
M-M T M-P,  H Bl A R Aok 42 5 900 sk i

40

B M-M $: P=0.10
Bl M-p C: P<0.01
30l Aab GiC: p=0.06

it A

Nitrification potential/(mg-kg™-d™")

Aa
Ab
Ab
20l Aa
Ba
10+ Bb Bb
0
>2 2~1

KR Size/mm

H: C, AT BEI; S, HIERMEKBARRSEN; CxS,
e Jy SR R ARRAR I3 TN . 0 B PR, P<0.05,
[fl. Note: C, the effect of cropping system; S, the effect of
aggregate size; SxC, the effect of both cropping system and

aggregate size. Significant effects, P < 0.05. The same below.

BT OREFAE 7 T 2 SRR i s 2% 5+
Fig. 1 Nitrification potentials within soil aggregates under different
cropping systems
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Fig. 2 Abundance changes of nitrifying functional genes in different soil aggregate sizes
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Fig.3 amoA gene ratios of different ammonia-oxidizing groups in different soil aggregate sizes

24 TEABRGUHRSHILBEDIGEERERE

B AL iE M KB

WA amod FEDR = REAE AR IRIRI R 43041, 32
USSR ZUGEN (R 2 ) TEAR[ERI A RIRIE],
FEAMEY S, AOB amod RHFERES pH, TC
M ONH, FRBETHE, 5 NO, &/ B Mk,
AOA 5 AOB W 5¢ 2 A0 , H: amod B 5 pH.
TC I NH, &3 28 8 3% A5G i Comammox
amod F:HEEE TC BEHMAK, X+ NOB,
PRI pH. NH, Fl NO, & i, 24k i 35 A%
nxrB B FRE, IFH, HF—20 00 g T K
AL A W 5 P SR AR AL T A ] AR DG R B, pH
FI NH, 755 2 5 0 A R AR AL Ny B BB ER

(P<0.01, 435124 0.800 1 0.889 ), TN JRX} Np £7
TEBEM I (r = 0.485), ML H AOB
amod FEHFE 5 N, B EIEMHE (r=0.588), AOA
amod FHFEEE Np BEHMAKE (r = -0.686),
Comammox amoA F&[H 5 Np ANF7E i 2 MO HK
25 TEARGCURSEEAREYEZARDN
KB

X} 24 PR AK DNA FE S EAT s sy, 4
AT 16S IRNA FERFFHIZ) 111.8 Ji 5%, XA FE
M2 4.66 J1 4%, WHALTAE DR AEXT EEE 2 R
1.02% (473 %4/#¢), Hrf, AOA. AOB F1 NOB
SESRR XS BE 4R R 0.51% (239 45/8F ). 0.08%( 36
Z5/KE ) F10.43% (199 £5/8F ),

®2 TEARKENMR. FEAHEYDRERFEURBLES ZERIBXSH

Table 2 Correlation analysis between soil aggregate properties, nitrifying functional gene abundances and nitrification potential

FE4F Index flfb A Nitrifier

+ A B Soil aggregate properties

+ _

pH TC TN NH, NO, TR AR (Np)

e AOB amoA 0.548%* 0.480* 0.150 0.513%  —0.425* 0.588%**

Gene abundance AOA amoA —0.576%*  —0.742%* 0324 —0.754%* 0.086 —0.686%*
Comammox amod  —0.037 —0.730%*  —0.263 -0.301 -0.018 -0.330

NOB nxrB —0.558%* 0.020 —0.325 —0.660%*  —0.697%* —0.687%*

amod B EFE HoAf AOA/AOB —0.693%*  —0.777**  —0.451* —0.779%* 0.250 —0.794%*

Ratio of amoA gene Comammox/AOB  —0.354 —0.824%*  —0.335 —0.583%* 0.177 —0.690%*
abundance Comammox/AOA 0.677** 0.157 0.108 0.558%*  —0.258 0.441
IR (Np) 0.800%* 0.412 0.485% 0.889%* 0.207 1.000

7. Pearson BB B EFEM K, n=24; *, P<0.05; **, P<0.01, Note: Pearson’s two-tailed ¢ test, n=24; *,

P<0.05; **, P<0.01.
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i 16S rRNA FE Nl oo, R T
AN TR AR 5 2T A 11 SR A4 rh i A B A R i A
(l 4a), 7RIl L8, AOA FZAME] =&,
5l A Candidatus Nitrosocosmicus , Candidatus
Nitrososphaera il norank f Nitrososphaeraceae, J:H1
norank f Nitrososphaeraceae % ; AOB EZALFE
Nitrosospira 1 Nitrosomonas WiJ& , H. Nitrosospira
Tt T Nitrosomonas; NOB FZAL$E Nitrospira Fl
Nitrolancea WiJ& , H. Nitrospira ¥ 35, BRI,
2 JE AL TR TR AR AL B A DR Th 8 o LR/ I
J¥4: AOA>NOB>AOB, XMHZFE I 24#H (£ 3)
X, FhAE R EEWE XS Nitrospira J&F Nitrolancea
J& NOB, LI Candidatus Nitrosocosmicus J& AOA
TERSALTETE ) 7 L= AR g, T A SRRk AR
XX} Nitrosospira J& AOB Y i b=z 520, {5
WA A8 EL SN A A5 AU AR ) h R 1

NH, & fl pH 20 3 A R L E

TEVE 2R A Y i £ BN T (8] 4b), HIE{K NH,
g M pH #155 , XF Nitrosospira J& AOB, Candidatus
Nitrosocosmicus J& AOA Fll Nitrospira J& NOB 174
WOEAR IR . MR M, NH, & R X
Nitrosomonas J& AOB HIfF7E W M HI RN . 1Ak,
TC 5 Nitrospira J& NOB i # M, TN 5
Nitrosospira J& AOB b EAHIC . XHAH AL M A5 00
5 , Nitrosospira J& AOB, Candidatus Nitrosocosmicus
J& AOA F Nitrospira J& NOB Y3 5 [ B K Ny 7775 .
FIEMHLLR,

3 1 ®

A AERES IR IR L, ] LR
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Fig. 4 Nitrifying community structures based on 16S rRNA genes (a) and their correlation with soil properties and nitrification potential by

heatmap analysis (b )
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Table 3 Results (P values) of a two-way ANOVA analysis for the

effects of cropping system and soil aggregate size on dominant
phylotypes of AOA, AOB and NOB

JEAK4r 2

AT

C S CxS
Nitrifier At the genus level
AOA Candidatus 0.001*  0.055  0.319
Nitrosocosmicus
Candidatus 0481 0947 0374
Nitrososphaera
Norank_f 0.359 0323 0.263
Nitrososphaeraceae

AOB Nitrosospira 0.067  0.042* 0.237

Nitrosomonas 0.053 0.261 0.261

NOB Nitrospira 0.027* 0.150  0.425

Nitrolancea 0.000* 0.543 0.833

KA, R AR U AN —Fh G
FHEY, TR, &, 817, egimiEy
PR, IR MR AP SETA
R —8, AMRGERERE FKREE (M-M) H
to, FoR/AEERAE (M-P) RS 3 e+ KA
BK pH, NH,Hl TC &4,

[IF, Se AR RE % o AR AR ) - S ik T i 224
(BT T, 2 M IR YRR 2 R X T
LA, 1F M-P #5 T RAET AOB
amod JEHFFE, ML T AOA amod FEHFE
SRR AT SRR - AOA/AOB F1 Comammox/
AOB LA M 22 70/, RVVASAEAL A IS b A
YIFERL G R I oA S N4 5) o BT AEPIRE T AL R
AR I A RBOE S M A AL A T B . PR
e AP XoF 38 A SR AA rh R A PRI 7 2L A T 4 AT
g5 R W IR AEH " T Nitrolancea J& NOB il
Candidatus Nitrosocosmicus J& AOA ) FLfi, AR T
Nitrospira J& NOB 1 bl , X} AOB 4% J& JC ik & 5 il
AN, M-M 558 SR A A il A T 5 e AR T M-P
48, RO M-P R A E PR S . mT 0L, Ah
A7 20 I R AR SR RO . AR R DA SR
B4 THRAEmW, HRGHRAET L
A B A A S S PR AL T SR

MR RIS i s, ilA SRS

H AOB Fll AOA amod £ JEFBEE A Z 3 £
FRIRBEN Z s 15 26 Hodh ) pH Al NH, il 56
ST AR ST o [RDRE R BRAE ORI SR A4 pH 5
NH, & B EEAHE(r=0.62, P<0.01), % AOA
Fl AOB B I 347 A T o 255 . P 5 AT 3R
& AOB amod FEHFFEIEM K, 5 AOA amod HH
FEMME, FIH AOA il AOB BAT AN E =T
KARPIFFHRE S . 82098 B L S I e ol it
M AOA P A ;1A e e v -t 3
H, AOB B LA K pED 27 sl ad A= S 554, AOB
M AOA TERUIREE P A T 45 H R4 A it
AOB {1 B 7F NH, & A0 | B B K A i A
BiA (<0.25mm) b, i AOA NIFE NH, & # 4%
MIRAIRME (>2 mm) AT HEEERRH, AL,
TC W15 AOA Hl AOB amod KePH FJi B3 (P <
0.05), — Al GEH T TC W 1L BENS I fin 4 33 nl F]
FI NH, PR aSAR Y, DA Ak B R K
J—JiH TC WReE 2 T HRBUR A EFRERKNA
FALTREXT B IR T SR 28 I R A Hh Comammox BERE
5 AOB Fll AOA 47, H5 AOA /A= KA
L, R H M E IR RE ™,

Zhang ZEPIR X} Bk (pH 6.3) IR RUEFTHE
5%, R TN fl C/N fefg g m & S Em F 5,
fHRNS pH HI NH,HE TR . Han Z500% B7E R 1k
(pH 5.7) SHifc M+ RAKS NH, 5 AOB A
AOA amoA B:FFFEEAE, {H TN Fl TC Xf amoA
JEDR AR STk = T ONH,, KX R pH
PEAFAGI . Jiang 45 PTG It IR A B R R E (pH
4.62~6.79 ) M HHEHATHESE, & TC Fl pH 4>
IR A SRR I AOA I AOB = B Fil j 32 22 A
#. Li ZHPUL IAEm £ (pH > 8) i, ARk
B AOA Fl AOB amod H:PH £ 5754k 1 AR [F]
N TSRS, TN, SOC I NOs5 AOA #EV&4H
A O, 1 pH Ml SOC JE52m AOB #EV& ) T
TR FE . LRI UL, AT AR 4 7E A 3R AR 2 ] 1)
oy Az B R R BEHE D S R AR L
HEILFEA, 5 R AE S AR5y,
F H 7 A SRR AT i = G —hrifE, RiAR
K53 . 00 L R R 8 bR AR AN — B, R N
TR AT R B G EE . WA AE A5 DI AR B R AR
RARGOTIREE 1 53 AL FFRATS IR

A BRI R AN L R 5 14 pH .SOC . TN ,
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NH, . AP R FIEMAE, 55 O/N BERHEE, 75
TR R (BIRRAKE ) b, FREEEE 7 anfer s £+
eV SRR AL S R AN . BT 3 R AR R
57 A Al R HE AR, A 5 3 (51 3 A A 405 ) 2 7
BE SR 0I0 8 A RARGE AL T B, DA LU [R) A 9 AT 23R
TREGRS AL IS PE . 45 R W] pH. NH,HI TN it 2%
ey A SRR AL 3, 52k R TR AR50 45 Al
—F, TNy 5 AOB amod FR £ & BFE IEAL,
5 AOA amod HEHF W% AHC, £ AOB &
g HFEACRS TR ERmIRsh &, H5 s
A TGRS D B AR B — 32 kT
W, BRGSO 1 R AR+ i, (3
AT 08 2 5 M A A Bl A 0 1) A R

EENZE N S R e A C R A G /LB S
A oA B, AT A R TR 2R R A A s 2B
AOB/AOA ) HIMIEHEIFA—E> M BT i 5 il
AT %2 T ik W R R G . e gE 4 1 1
THALTE S T A e B, Be Il &
TR A A SR A T RS — AR R R A AR
PRI BRI, 4R A Al PR AG ) 1 1 1A 8 R LS
TR R BARME S o A AR R AR 1245 & Nano
SIMS V. 4 i J8 A% 15 A A B8 A A o) ] 4 3 v H bRk
H: T RSB ) 23 1A 20 A R 1A ) 28 s B
wRERME (P 8 N EY) ) 1EIEA AR
SER AL S Y A T, AT AR 00 A AT A SR AR B
4%, FFIFH Nano SIMS 7 40 Jifd A% 4% A #E4 T4 1L 13
A AN IE R A3 HT L SO AT DA A A b S e 4%
ZNE T S W T K 2s 1) A A AR

EHA TR, AR RERERSITT—
B, AHOC Ll R AR AR A R AR AN RAE A O
TAEI,  EARAENS KRR B AR BRI A R R VR =
A BRI, EJC R VA 3 2 - R AL K i
ALY AT R R AR ARk RS . L, ROk S Z
AEREAE, JRAEAH IR ZE DR R ZE R $E4T 3R
Ve 24508, DA RO 2L . S5 42 T Y
BAE w07 JUNBRIRSE R,

4 %5 i
TR A ST R, ik A

P SR AR AR X R AT SR A Y 22 b B AR A B 18 7 A
Wi, AR D5 SRS iR Sk b A A T . Lo

WA AR AR AR A Jy X BE S e i Ak A 1 7+
AR 5345, AR 28R A P 7E A1 SR A 1
SNRMERA B2 . AOB amod RN FEER
VB8 0 255 TR 48, H AOB S figid v /N
BRI ES ;1T AOA Fl Comammox amod 3% K =F JF A8
165 AOB WU K EOR I, 5 ] 75 55 KA SR A rb it G
P, BeAh, PBIERROR IR TSRS b A P ARV 45 1
EAEAEA [ FE BE S0
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