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Abstract: It is of great significance to explore the differences of nitrogen-fixing microbial communities and metabolism in the
rhizosphere of soybean under different nitrogen applications for reasonable and effective regulation of rhizosphere ecosystems and
improvement of soil nutrient use efficiency. Soil metabolomics and high-throughput sequencing techniques were used to study the
effects of different nitrogen applications on soil metabolites and nitrogen-fixing microbial community structure in soybean rhizo-
sphere. The results showed that there were significant differences in community structure and soil metabolites of nitrogen-fixing
bacteria in soybean rhizosphere soil under no nitrogen treatment and nitrogen treatment. A total of 29 differential metabolites were
detected in the experiment, including organic acids, polyketides, fatty acyl compounds, organic nitrogen-containing compounds and
other substances. Nitrogen applications promoted the up-regulation of most metabolites. The analysis of differential metabolite
pathways showed that differential metabolites were mainly enriched in amino acid synthesis and carbohydrate metabolism. In

addition, the nitrogen applications changed the microbial community structure, resulting in a significant decrease in the relative
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abundance of Bradyrhizobium, Azohydromonas, Frankia and Sinorhizobium in the rhizosphere soil. Correlation analysis showed that
inter-rhizosphere dominant nitrogen-fixing bacteria were significantly negatively correlated with most of the up-regulated
differential metabolites and significantly positively correlated with the down-regulated differential metabolites. The results provided
a theoretical basis for the effects of different nitrogen fertilizations on microbial communities and metabolites in soybean
rhizosphere soil.
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P, B RACHE A 1F T R EARPR R E i A= 2 (UL 2 G E B

THERIAE PR T R AR M S IR R S 2k, HETHSERBLRA A 4He" 7 RIIE A
AR F AR S R G0 P T U A Y S BE RS R, T 0S8 A ARLRA TR S P A X = A T n™ - e LA R84/ 1N
AN S HEANMEAILRR . oKL EY) . AR LARRS & B2 L. 1A, s EE A KRR R h
FERRAABY T, EEE . A HURR AR A RS T R DI RF R RS A BESCE T -
SR AN LA IR AL, (H FATA AR AR B A s i, Hk Z AR PR L A4
FIAR PR -3 [ U S RO S I ST . AP e R L MR PR+ SR b ROR LA R, 3@ X RS2t AN ]
BRI, BIRARIEEKE T SRR A AR 225, fars ARG EUKE AR PR 3Gl
Y1) - S [ R A M A5 A Z T IR 2, R BY T IRATGRA R R ZACF PR R 7404 S A Y-+
SERUE YA AR AR, 0 T A AR IR PR A S R G . b R ™ | P R A SR
LSRG AR5 R AT T B B2

1 ##5 7%
1.1 iXIwigit

I T 2021 4F 5 H 2 10 A7E T EP2ER AR b3 550l A SR Tide (45°38'N, 126°39'E ) i
1o Ml EHEON R R MR A 35, I E WA EUK T (1) CK, AE%; (2) SN, jii
A H 100 mg-kg ' o R, £ (PVCHE, EHAE20cm, B 45cm) 2+ 55ke, FEHEKR
SARKEER V2 1, LUK R BEE KA, 0 4 RER, BEPLHES . SHXEE R IR R
(46%N ) , BEFHICAE B3Ry 5 IR MR AENEIE, BRIE N BERES (15% P,O5) , #PIE MR
B (52%K,0) , MifHEH 3 mgke ' £
1.2 H@mEE

ERGHEMES 37d (5F 4 a2 RE) , MHEEAEEEE 10 X, Kouin R EMR RN 50h
U, BRRRHE DL R BRI ORI AEAR R IR X 48, BRI BB R AR R 4 (<2mm JEE) H
BRI T RIAMRER + 48 KRS A R AL BT AYAR PR - HERE & P G B A AT (1] 5256 %0 2 mm 7 5 ORA7
TE-80 °C VKA, T R An i JUs et Y 25 A 58T
13 BERMEMEELEMNE

[ UL YRR S5 AL I 72 2 1 Jonathan 251" SEEG vk . FREL 0.5 g i +3% , SR FastDNA SPIN it
## (MP Biomedicals, USA) #2543 & DNA"Y, 51 ¥ 5%t nifH-F/nifH-R (5'-AAAGGYGGYGG-
WATCGGYAARTCCAC-3") / (5-TTGTTSGCSGCRTACATSGCCATSGCCAT-3') " 1 nifH 3£ K . PCR
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FESTA 4 uL 5xFastPfu 0 . 2 uL dNTPs, IEM 55594 0.8 uL. 0.4 pLFastPfu R &, 10 ng
it DNA FIRGZEK ) 20 pL B IR R T, 9 H8450F: 95 °C #A8YE 3 min, 95 °C 22 30s, 55 C iR
Kk 30s, 72 °C 4EMH 45 s, 35 NMEIR, 72 C 10 mine R 1% B IRAEE I B PR U 9 14 7= #) 7F Tllumina
MiSeq PE 300 |l

MFJ5, ffiH QIIME Pipeline ( Version 1.9.0 ) AbFRFAGEHE, LBRKEE/NT 200 bp 5 F- i3 =
##53/NT 20 Y75 J5 {8 1] Fun Gene Pipeline T 244 by 2302 )7 51, 4% J5 fii 1] UPARSE K444 IR
97% WIARRIHAKT, KR BTRFHIE T OTU 25, WA OTU i BUEAT A FM: 1 7 51 BRI il R 7
51|, #£ NCBI M} (https:/blast.ncbi.nlm. nih.gov/ ) #1705 .
1.4 HERIEHIRIENE

R TR IS IR Ma S5 $2 IR0 ek, BARUNTR . FRER 0.2 g et HFERA 2 mL Eppendorf 45
H, A 80% [ HEE 800 pL 1 800 uL PR MR, 727, #75 15min, 4 °C, 12000 g #5.0» 20 min, H I
T, ELASWRAR, Wedns, B 80% HIEE 100 uL 2%, B 10 pL L3ERINE .

WA (A3 53 B3 7E Dionex Ulti Mate 3000 R 48 i 17. 7EIE/ YIS T, R T AR (3

( Reverse Phase Liquid Chromatography, RPLC ) FIZE/KA/EHI 23 ( Hydrophilic interaction chromatography,

HILIC ) PHAhBb I 5, AN i i (s A e 1.

x1 BEEEEG
Table 1 Liquid chromatography conditions

[EREDIR7S A WA €% FRAKAE H
Chromatographic method Reverse Phase Liquid Chromatography Hydrophilic interaction chromatography
6, 3% ki ZORBAX SB-Aq C18 ACQUITY BEH Amide
Phase column ( 100 mmx 2.1 mm, 1.8 um) (150 mmx 2.1 mm, 1.7 um)
#: ¥ Column temperature/°C 40 50
. TN 10 mMH R £ +30% L 5 /7K (viv) +0.1%H iR
B AR A 0.19%H 2 K 15 . ’
) L . 10 mM Ammonium formate+30%
Mobile phase A 0.1% Formic acid solution . .
Acetonitrile/Water ( v/v) +0.1% Formic acid
. L e 10 mMH 2 £ +95% 2 M5 1K (viv) +0.19%H iR
Wi s 4B 0.19% ! 7R 2. i 145 ¥ o iy
. . . 10 mM Ammonium formate+95% Acetonitrile/
Mobile phase B 0.1% Acitrile formate solution o
Water ( v/v) +0.1% Formic acid
i 3% Velocity/(mL-min ') 03 03
0~ 10 min, 95% A-5% A; 10~ 11 min, 0~1min, 0% A—0% A; 1~8min, 0% A—80% A;
B B Y N 14 o8
PR VLI B 5% A-5% A; 11 ~11.5min, 5% A-95% A; 8 ~9min, 80% A-80% A; 9~9.5min,

Gradient eluti tti
radient elution sethng 115~ 14.5 min, 95% A-95% A 80% A-0% A; 9.5~ 13.5min, 0% A-0% A

FE e 2 Ma 5 S OEE S8 F. [ T BLAA NP Humi 55 B 2R Y Q Exactive i
I (FEER KRB AT ) o IEBERBEZE T 3.5 kV, MARBIZEH T 3.0 kV, BAEEERE N 320 C,
BRI B SR 0 B 40 DFT S MRS, R T ACREERIZL, HILIC 737 m/z {ilH
J 70 ~ 1000 B4 R T 207 45 (Quality Control, QC) FEAS, THREFIZS FIXF IBAEN:, PR K
70,000 458 (FWHM ) , Haf gl (AGC) HArA les, fHARFEARIEN 50 ms, ARG
SRR, WD RS2 RPLC ST S5UU0TT . /9% K 17500 (FWHM ) . AGC HARH 1e5. #i
K AT 50 ms. BB AiE (NCE15. 40, 60) FIRT 10 MNMEEATERITE. HF QC EE T AN m/z
JE (70-125, 120-175, 170-225, 220-275, 270-325, 320-405, 400-1000, 70-1000) LA AAk MS2 Hti,
1.5 HIEGITHH

[ A A M4 A 22 7 40104 (STAMP ) % doBy G#1 ggplot2 £ (R version 4.1.3) 5 X i
RPLC 1 HILIC & ekt 20 A, A R B B DR BA s Ta] (4 7 v e i AR R T e 1, R SIMCA
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14.1 (Umetrics, Umea, it ) XS LI 1T Pareto FrifEfb b B . TEWE 053041 (PCA, Princi-
pal Component Analysis ) . IEAS /N T H 5047 (OPLS-DA, Orthogonal Partial Least Squares-Dis-
criminant Analysis ) , OPLS-DA BRI{EGIES FH 200 YA CAY BB, FIWpRUER «< 3 ls”
REM RE U IRFEA , VE B E Ybric W RE SR AT $E . SPSS22.0 #F1T t i35 ( Student's t-text ) , K
H OPLS-DA HfY S-plot, ZFEAYFE(E ( VIP, variable important in projection ) Z5& t ki3 p (65 & S A55K
(FC, fold change ) it AR EUKE T REARPR -8 ()22 51 ;. R MetaboAnalyst 5.0 47
B KEGG g "™ SR scipy ( Python ) Versionl.0.0 #E17AHEYEM T

2 HREpH
2.1 TEEBERMEMBESEWAER

AN it A T 1 [ R TR SR /KT B L3 B R 24 e AR AR AR ( Bradyrhizobium ) | [
AHAFAMEE (Azohydromonas ) . WHIRNMAER R ( Methylocystis ) . X && (Leptothrix ) . & Hl
W& (Azoarcus) . YREAEIE (Sideroxydans) . KAFF#JE (Anaeromyxobacter ) . W EEFF K IE &
( Methylobacter ) . 352 wICH)E ( Frankia ) . WEREEHIE ( Sinorhizobium ) , H:H Bradyrhizobium “H
7 X PR B AT FBE>15% (E 1) o {H SN APRTT B9AS [R5 1 20 01 T A R X6 3= B8 347 S S8 1K X0 1 )
CK AbBH (P <0.05)

J& PiE

Genus - CK - SN P-value (t.test)
et I OLI e
ethylocystis | 1 4 1.74x10"

Anaeromyxobacter | ﬂ : () 4 1.64x107

Azoarcus | N : ° { 4.63x10°
Methylobacter | | : ° 1 3.72x107

Frankia | - 1o 1 2.05x10
Leptothrix | M 1 @ 1.37x107
Sinorhizobium | "_ : ) 1 1.29x1073

Bradyrhizobium . : L] 1 4.41x10™*
Azohydromonas | . . ‘ e . . q 3.84x107

-3.0 2.0 -1.0 0 1.0 0 0.3 0.6 0.9 1.2
Log,, (EtLfl) Hef 2 [a] fY 22 57
Log,, (Proportions) Difterence of proportions
E1 AREERLGETIEERRMEYEKEHZARRES

Fig. 1 Difference test histogram of community composition of diazotrophic in genus level under different nitrogen fertilizations

2.2 HEREWRIGEEE R ERS DT

ATl it LA BT RS M ) R AR PR A A 10 25 83 Bh, LIS 17 FPAHLER . 13 R HLZLA L
AW, 13FIRIIIEEL . 6 LS AILAY . 6 FIEREIZMLAY . S FRARLAY) . 4 FiREmR KL
Y. 2 Rk S Y. | R 16 PO ERAEY . APR . ANLAAEE YRR, & i 2
2R, S A ST 15.7% ~ 20.5%, HUCHANLERAMEY) (7.23%) . REZEEY) (7.23%)
FRIAL S (6.02% ) .

PR HIEREAR KRR REA QC $EHUS BRI, £ Pareto-scaling Ab¥Rf5 #47 PCA 43871 (K1 2) , SN
5 CK A HFARPR R A B0, QC FEAIRZE, A R°X = 0.949, HASHUE>0.5, HIYTE
BEXE, KZRBIEE R B m R el EZ M, v HFARFREEACHE T AR SAR bR -3
W2ESHT
23 TEERKEY

K F OPLS-DA R 22 AR, BIHRBRAE IS5 RPX M R*Y 23040 0.922 F1 0.978, Tl fE
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CK
oQC
SN

o

*

@ o

2.0x10° 4.0x10°
o

PC 2 (13.2%)
0

—6.0x10° —4.0x10° —2.0x10°
o
o

~1.5%10'0 —=1.0x10'° ~5.0x10° 0 5.0x10°
PC 1 (81.2%)

E: QCAREHARE, Rk ettSELZE, S350,

Note: QC is the quality control sample data, which only ensures the stability and repeatability of the method, not involved in analysis.

B2 ZREEEMRSSH (PCA) B

Fig. 2 Unsupervised principal component analysis (PCA)

HBH Q' =0.961, SHEIIKT 0.4, FWMBRINTEE, XA UEFTRENL M4 200 R EHKG ( Permutation
text) , Q' FIHEZLS Y HIM#EREE/NT 0, AR IIA IS (B 3) o 3T OPLS-DA &R, RH
A VIP IF45 G t K0 P (E 525 54550 FC 722 3 b iitie . & VIP HfE= 1, P<0.05
HFC>128{ FC<0.83, 7£ CK fl SN 2L FARFR + bk 1) 29 Al 20k 25 509G . 5 CK ab3t
HIEL, SN AbFRAY K GARFR 1A 28 MRtk LA, Hoadh s faEdLER . 7 FhREZILAY) . 6
FRREIATESEEA A . 2 VR BOLATT A . 2 PR L& ZUR B . 1 FREHLZMES Y. 1 Fiiiok L&
A FHEREY (£2) o H, lERBE (Oleamide ) | 9,12-1/\Bk & (9,12-Octadecadienal ) .
A1 iR (Taurine ) . HEEMEME (Lauramide ) . %R ( Glutamic acid ) . H#& ( Choline ) . MV yili Fi %
(Linoleamide ) . KEH (Daidzin) . JRMEEE ( Adenine ) ZE UM RAEEL FC = 1.5 5. Ak, J8HIEE
A AV (Erucamide ) AXF & & B M (P<0.05) , HERMEHFC AT 1.2~ 1.5 f5ZMH
(4 mES5)

150 000 —
A CK 1oL B o
100 000 |- . SN I i ______
®o ~ v |
= 50000 |- 0 =
S [9) o ~1.0 = u
) O ~ I
50000
-100 000 = R2
[ | 2
—-150 000 1 | J 3.0 | | ! ! |. Q ]
=300 000  —150 000 0 150000 300 000 0 0.2 0.4 0.6 0.8 1.0 12
1.000 17*([1] R>=(0, 0.351), Q*=(0, —0.906)

TE: A: OPLS-DA #RIT55r 404 dl; B: OPLS-DA BiEIHES BHAGIRLE R (n=200)
Note: A: Score distribution of OPLS-DA model; B: OPLS-DA model permutation test results (n=200).

3 OPLS-DA 33 57 B K B #ria 16
Fig. 3 OPLS-DA analysis score chart and permutation test
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Table 2 Differential metabolites in soybean rhizosphere soil under different nitrogen fertilizations

R VIP{H 2 AR log’ PlE A Ak, e
Metabolites VIP Fold change (FC) P value Trends in changes

IV R 19 % Erucamide 1.255 0.733 —0.448 <0.01 T i Down
71 % 5 % Oleamide 1.540 1.526 0.610 <0.001 L8 Up
9,12-F J\ B 4% & 9,12-Octadecadienal 1.540 1.527 0.611 <0.001 T Up
4 1 2 Taurine 1.540 1.791 0.841 <0.001 I8 Up
H H i Lauramide 1.539 2.111 1.078 <0.001 I8 Up
4 % B2 Glutamic acid 1.535 1.454 0.540 <0.001 EiMUp
JIEL 5 Choline 1.526 1.267 0.342 <0.001 F¥Up
IV 7l B 1% Linoleamide 1.520 1.560 0.642 <0.001 F¥Up
K ¥ 1 Daidzin 1.518 1.444 0.530 <0.001 LA Up
it 122 1% Adenine 1.505 1.717 0.780 <0.001 E#Up
B #h B I 5 ¥ Bl Neobavaisoflavone 1.494 1.858 0.894 <0.001 I 7 Up
JI 4 B Citrulline 1.491 1.324 0.404 <0.001 FiEUp
2% Ft I Decanamide 1.469 1.421 0.507 <0.001 FiHUp
FE 45 & R Pyroglutamic acid 1.468 1.463 0.549 <0.001 L8 Up
Z T - % Acetyl-carnitine 1.447 1312 0.392 <0.001 - Up
T 53 & Glycitein 1.419 1.982 0.987 <0.001 I8 Up
I % Carnitine 1.386 1.232 0.301 <0.001 I8 Up
4 kL AR 2 Genistein 1.348 1.646 0.719 <0.01 LiAUp
¥ B2 Lactic Acid 1313 2211 1.145 <0.01 FiHUp
UK B I % Hypoxanthine 1.309 2.461 1.299 <0.01 F¥Up
4-J 3 T iR 4-Guanidinobutyric acid 1.294 1.324 0.405 <0.01 R Up
5 2 B2 Arginine 1.279 1.447 0.533 <0.01 EiEUp
2 f11 i I Ergothioneine 1.259 1.750 0.807 <0.01 [ 34 Up
{4 2 % Chrysin 1213 3.513 1.813 <0.01 L iEUp
4% 1€ % Formononetin 1.152 1.297 0.375 <0.05 FiHup
3-F¢ 3 T % 3-Hydroxybutyric acid 1.095 2.104 1.073 <0.05 F3EUp
H # B Mannitol 1.095 1.295 0.373 <0.05 L8 Up
K 5. JG Daidzein 1.026 1.351 0.434 <0.05 i Up
|+ 75 Ik JHi Hexadecanamide 1.007 1.223 0.290 <0.05 I 7 Up

24 TEKEWREHRR
AN E AR RN K GARPRA [/] S B AR, B RIS (K 6) o AL
WA G E B 4G . AR R YA L (Arginine biosynthesis ) . A4 &2 MR B ICi ( Arginine and proline
metabolism ) . Bt H KR ( Glutathione metabolism ) 2 Lk 3 -(RNA A= 495 i ( Aminoacyl-tRNA
biosynthesis ) . 4 fifi B A1V 2 i fi2 18 i ( Taurine and hypotaurine metabolism ) , M W4 {8 i ( Purine
metabolism ) . &/t (Nitrogen metabolism ) . T HREh 44 ( Butanoate metabolism ) . EKZEAYE L
( Zeatin biosynthesis ) . P9 AR X (Pyruvate metabolism ) . AN R . 1 2 R A4 2 R AW & B
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8t P-value
: @ P-value-up
{ @ P-value-down
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B4 =RKEHALE

Fig.4 Volcano of differential metabolites

Z-Score

B iR Erucamide )
- FLFR Lactic acid
3-8 TR 3-Hydroxybutyric acid
K 1T Daidzein
YeRIAZE Genistein
v Acetyl-carnitine - 0
I 595 Carnitine
I 1 Hypoxanthine
| # fAHRH Ergothioneine
I 4774 % Formononetin - —2
I <50 Hexadecanamide
Bl 5 Glycitein
- AN G BEHR Neobavaisoflavone
- Z4Tk % Decanamide
I % 4% Pyroglutamic acid
AR Glutamic acid
] AR Lauramide
- 1R Taurine
I 05 Adenine
B < Daidzin
I 155 Choline
I 1 Citralline
I i Linoleamide
[ 9,12-F /\ Bk — 5T 9,12-Octadecadienal
THARERE Oleamide
4% T2 4-Guanidinobutyric acid
N I i Arginine
A I O R = Chiysin
I 1 O M e Mannitol

CK SN

[
]

—
HENNNNRRNRERCNNRERS

——

i

[

L

5 ERKREWERLESTRE

Fig. 5 Heatmap of cluster analysis for differential metabolites

( Phenylalanine, tyrosine and tryptophan biosynthesis ) . HZl8 . AR ZIRICH ( Glycine, serine and
threonine metabolism ) , X463 P% 82 5 R TARPR TR G i Sk b & W ARhER, KR
VAN FERAIERIH2ES B3 (P<0.05) . B2 4, SN A MREEREY A RGEEh S
ZA% (L-Glutamate ) . JRZ R ( L-Citrulline ) FEZ R ( L-Arginine ) FXT & W% LTl KRR AHZA
AR PR TASE IR (L-Arginine ) FIA 2R ( L-Glutamate ) AHXS & & 2% IS, 4-INEET R (4-
Guanidinobutanoate ) FYFHXT &N B2 F .
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Arginine biosynthesis . Arginine biosynthesis P value
Arginine and proline metabolism 25¢ 0.001
Butanoate metabolism
Glutathione metabolism
Synthesis and degradation of ketone bodies
D-Glutamine and D-glutamate metabolism 20F 0.3
Nitrogen metabolism @ Arginine and proline metabolism
Taurine and hypotaurine metabolism
Aminoacyl-tRNA biosynthesis [0 @
Histidine metabolism [ 7] S 15t 0.5
Purine metabolism [ 2 Glutathione metabolism
Pyruvate metabolism 1 (%) Taurine and hypotaurine metabolism
Lysine degradation I
Glycolysis/Gluconeogenesis 1 1.0} . . X ‘
Alanine, aspartate and glutamate metabolism 1 Aml.noacyl-tRNA b.1osynthe51s
Porphyrin and chlorophyll metabolism I 8 Nitrogen metabolism Alani rtat d
Glyoxylate and dicarboxylate metabolism ] Purine metabolism | A1ne, aspa ielfm
Glycine, serine and threonine metabolism ] 05L & glutamate metabolism
D -0
Glycerophospholipid metabolism ] o OOGlyoxylate and dicarboxylate metabolism
Primary bile acid biosynthesis ] ©  Glycerophospholipid metabolism
1 1 1 1 1 1 ] . ) . . . . . )
0 2 4 6 8 10 12 14 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
BB SRR
Enrichment ratio Pathway impact

6 FRRHMREERES

Fig. 6 Enrichment of metabolic pathway of specific metabolites

2.5 TEEARMEMEEESERREFMREXSE

P& EME S (Bradyrhizobium ) . [EA S A SN E (Azohydromonas ) 54 85% (1) L8 2: 74X
WY R BE AR (P<0.05) , Hi5 FEREEY 9,12-1 /i MGl (9,12-Octadecadienal ) | JHIR
BEf% (Oleamide ) . JRZ M2 ( Citrulline) . HH:BEIZ (Lauramide ) . A2 MR ( Glutamic acid ) . 24 iR

(Taurine ) %58 60% H_L 22 AP 2R E AR (P<0.01, K7) .

AR ATA (Sideroxydans ) 54 90% 1) L2 S 2 BERAHICCR (P<0.05) , Hifth
FLW2 (Lactic Acid) . JHH& (Choline) . H Mt (Lauramide) . K& H (Daidzin) . BREE (Ade-
nine ) . &AM (Glutamic acid ) 55 70% 1Y _F 822 AP 2 0 & AHDCOCR (P<0.01) o FH225E%
W& (Frankia) 58 80% Y FiH 22 Y 2 & FAEKER (P<0.05) , Hrip 5 3-58H T (3-Hy-
droxybutyric acid ) . Y4BIARZE (Genistein) . FLAR (Lactic Acid) . 9,12-1/\fik " J&ME (9,12-Octadecadi-
enal ) . AR (Glutamic acid ) 58 55% M L2 AR 2 B MAHEER (P<0.01) .
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Fig. 7 Heatmap of correlation between relative abundance of diazotroph and metabolites

AR WE ( Bradyrhizobium ) . RS HFRHEMEE (Azohydromonas ) 5T W22 ST R Ik
Ji¢ ( Erucamide ) M I F IEA KL R (P <0.01) 5 BEAMIBAME (Sideroxydans ) . # 2% v [CHH &
(Frankia) . BASMEE (dzoarcus) . WEMIBERE ( Methylocystis ) . W AR E ( Methylobac-
ter ) 5T AZESCHYIITIRENE ( Erucamide ) 2B FIFEAMHKKZR (P<0.05) .
304 i
3.1 AREERAAEI A ZRER S R0

IR EEERR . IR, I DL RIS A W S R R . Shi AT RS ERW, it
RAFAC B ER2E | 2R . SR e B, B2 A Ay B A it S R P o i e
JH. Zhen "B RM, NERALI TS E AR . AR AY . AR IR & T
P, Liv &Y BFE R0, MiEACH R B A KGR R P RIS TR, B A HLER L Bk A AR
Yl B, AEFSEH SN AMEEAHAS T CK AbHE, 96.6% (28/29) M2z Rty LA, HLIA PR X HATA:
Yo adimm, MR BRACERAL | RO BRI 2R & Y — T IR IBERE ( Erucamide ) . X T EARMEY), A
YIRS HIERE R A B B OCE 2, IRNiBthe Y i — R A IRA LS Y, 75 O RHEY RS AE R
AR T MR LA R RS S IR, BRI S W 2 MR BRI B, TER R AL 2
TEBIA YLK ZHESU TR LVRR), RV K GRS H RN EEY R, A5l 22 R A8
(FC) Fi= 1550 BiE, biMze s E2O0sIme b a4, e T8 250, AL
B ESAL A W r I 9 1 AR ZEAE LU A58 Th IR A
3.2 AEREAAIE X ZHRER5THE B A #2000

[vi] — AL AR O AN [T RS 25 o SR B S A AR ], BIAR PRI =i i Al s Ay 22 5722, R



382 + & 5 £ W F12%

I AL X AN [ UK R AR PR A A 04, JER3) 16 M U, Hif 7 %A Qhm
IR G A K, 4 RGNS, RVIR GRS MR & N S ok A& PRz 2L
AERZIRECR . Horb, WEARRAY G R AR MR P Al 22 i I WL, S 52l B
SRR B, AR, VAR . KR PR S iz b S vty s sy
(AP E R BERT I, RS A AR E AR . AR RS EUKT T, SRR R
SRWNER . AR O TR & U EER Rab it 1R, 7ERD0h SN BT, BAERERNA
2. MMM O MREY & A ChE R r Ul o W B, PR R PR PR IR AL ) & B
0TS S
33 AERELENASRELEERRE S B ERMEMEFEX RN

WRPR PGB IR A, PR PR R 7 I AN e 0 FE IR A A= e AR P - 19 Q™
Wiy EEORIRY TR RSP I E A -HR PR A AR A BT, R i s B ORI,
Her it SR AL A RERSAR PR My iR, RIS AR PRl A e s R IR AN [) S22 AR 2R i ) i
S, CHAMEAER, St

DAERBIRCIESS, MRS S E R E YRS E A 5 Z BISMRRSERIEN, IIMBE AR
1AM R . PR L R A SR e R TR L RBATE A B, 9 22 S R e O 2R 22
BEPERCER T, X R BUMAE W TV LI A R e AR T (RN ) S S ARBR L3R, X
FEHBUE, AR A A TE S FUKP T BB ALK BB i 2 & AR AP it SN 4k
5 CK AL, WFRER TR AAYERE . FAEASRRMEE . PR EE LR 22 vg K8 AR XS
FHE) , FEREM TR NSE T AR Bl R [ AR E Y S R MR R O R, AT
LR R AR PR AU i R S AR

A E AL D R S A Z R A oG AR 3R, 18 AR R | [T A SR I R s L
o1 22 5 QTR R [F) R 2R A 2 R SG, Al MR 22 AU 3 B ARG N R R R 24 b
P & AR (181 7) o SN ARFEARPR LB Ql ™ WA = BE R, nTBER th T habg i 1 -3/
HACA SR, RAOR G AR R WEEZ AN, T AT LT AT LUE 5 AR PR 4 ) T BB IS |
15593 F L AR BERA: W M S5 AR AR AR BRASCAE A A B 2l i = A S ma ™ 45 G AR S AR BR [ A
(DGR e v S ) TP W2 ] b= TP u /oot ot 1550 - 1 30 et 7/ N TRE R I ke 0K /e b 4T
R E YR S5 T LR o

4 H b

AN [F it S A B R AR PR - 11 Ul A W e s S A LR O s i (2, it 2 5 AR AR 80 T
AR, (AR TFARPR TSR LA A . RN &Y . RERIL S5 U R
it AL BN A U AR R A A I A R OCOC R, b AR s . [ A FR R
TR s A o 22 g PR s R 2 8 B Qi S 8 OISR &, ) R 2 S ROl i 38 IE A OGS 2R
17T AR AR R [ R 22 B R A 2 B SOOCOC R o ARFTEA R TR AR 2R 3 A M) AR P - S 1]
e R G R A TSR T, EiERAES, KRR shS 2 S
WRPR IR AR E M Z R . RS ESHIR C R Y AT IR G RIS

SEHE (References ):

[1] ZHANG H L, HUANG M, ZHANG W H, et al. Silver nanoparticles alter soil microbial community compositions and metabolite profiles in

unplanted and cucumber-planted soils[J]. Environmental Science and Technology, 2020, 54 (6 ) :3334-3342.



E4H BinEE: RIENASRERTIEREDEEEMRIENZE 383

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

MASSALHA H, KORENBLUM E, THOLL D, et al. Small molecules below-ground: the role of specialized metabolites in the
rhizosphere [J]. The Plant Journal, 2017,90 (4 ) : 788-807.
LU X K, MAO Q G, GILLIAM F S, et al. Nitrogen deposition contributes to soil acidification in tropical ecosystems[J]. Global Change
Biology, 2014,20 (12) :3790-3801.
225 1 ORI, RO, R %, A USRS K R ek R b R ORI ORE R SRR B A s m (J]. RS VR, 2019, 8 (4) -
415-426.
LI W, GAO X M, XU X J, et al. Effects of N fertilizer type and rate on maize fertilizer utilization efficiency and yield in arid farmland[J].
Soils and Crops, 2019, 8 (4) :415-426.
P, TR, A5, 45, 8 JE R 1 MR W T e 2 AR M R S I A Rz [J]. K 58T 5E, 2018, 25 (2) : 137144,
DAID, ZIH B, YANG Y F, et al. Responses of soil microbial functional diversity to nitrogen addition in an alpine meadow on northwestern
plateau of Sichuan Province[J]. Research of Soil and Water Conservation, 2018,25 (2) : 137-144.
PRI, B, XIPEAE, 45, 7 T o AR W X AR 2 R Ay e B (] AR SR, 2022, 41 (1) 120128,
XUR H, TAN M, LIU Z H, et al. Response of microbial flora to nitrogen addition in alpine wetlands [J]. Ecological Science, 2022,41 (1) :
120—-128.
LIB B, ROLEY S S, DUNCAN D S, et al. Long-term excess nitrogen fertilizer increases sensitivity of soil microbial community to seasonal
change revealed by ecological network and metagenome analyses [J]. Soil Biology and Biochemistry, 2021, 160: 108349.
FAN K K, DELGADO-BAQUERIZO M, GUO X S, et al. Suppressed N fixation and diazotrophs after four decades of fertilization[J].
Microbiome, 2019,7 (1) :143.
LIUDP,LIM X, LIU Y, et al. Integration of the metabolome and transcriptome reveals the resistance mechanism to low nitrogen in wild
soybean seedling roots [J]. Environmental and Experimental Botany, 2020, 175: 104043.
LEFF J W, JONES S E, PROBER S M, et al. Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands
across the globe[J]. Proceedings of the National Academy of Sciences of the United States of America, 2015, 112 (35) : 10967-10972.
SCHLATTER D C, BAKKER M G, BRADEEN J M, et al. Plant community richness and microbial interactions structure bacterial commu-
nities in soil[J]. Ecology, 2015,96 (1) :134-142.
YAN J, HAN X Z, LU X C, et al. Land use indirectly affects the cycling of multiple nutrients by altering the diazotrophic community in
black soil[J]. Journal of the Science of Food and Agriculture, 2022, 102 (9) :3788—3795.
MA C, ZHANG L C, FENG M, et al. Metabolic profiling unravels the effects of enhanced output and harvesting time on royal jelly
quality[J]. Food Research International, 2021, 139: 109974.
LIM X, GUO R, JIAO Y, et al. Comparison of salt tolerance in Soja based on metabolomics of seedling roots[J]. Frontiers in Plant Science,
2017, 8:1101.
VI, A, B, A ORF I, BORF A I PR SR S A Lo A ). rh RO 27, 2021, 54 (19) : 4179-4195.
YUANPL,HENAN, ZHAO S J, et al. Metabolomics comparative study on fruits of edible seed watermelon, egusi and common watermelon [1].
Scientia Agricultura Sinica, 2021, 54 (19 ) :4179-4195.
GANUGI P, FIORINI A, ARDENTI F, et al. Nitrogen use efficiency, rhizosphere bacterial community, and root metabolome reprogram-
ming due to maize seed treatment with microbial biostimulants[J]. Physiologia Plantarum, 2022, 174: ¢13679.
SHI Z G, WEI F, WAN R, et al. Impact of nitrogen fertilizer levels on metabolite profiling of the Lycium barbarum L. fruit[J]. Molecules,
2019,24 (21) :3879.
ZHEN S M, ZHOU J X, DENG X, et al. Metabolite profiling of the response to high-nitrogen fertilizer during grain development of bread
wheat (Triticum aestivum L. )[J]. Journal of Cereal Science, 2016, 69: 85-94.
YANG LY, WU Q, LIANG H Y, et al. Integrated analyses of transcriptome and metabolome provides new insights into the primary and
secondary metabolism in response to nitrogen deficiency and soil compaction stress in peanut roots[J]. Frontiers in Plant Science, 2022, 13:
948742.
KIM S C, CHAPMAN K D, BLANCAFLOR E B. Fatty acid amide lipid mediators in plants[J]. Plant Science, 2010, 178 (5) :411-419.
SUN L, LU Y F, KRONZUCKER H J, et al. Quantification and enzyme targets of fatty acid amides from duckweed root exudates involved
in the stimulation of denitrification[J]. Journal of Plant Physiology, 2016, 198: 81—88.
VAN DAM N M, BOUWMEESTER H J. Metabolomics in the rhizosphere: tapping into belowground chemical communication [J]. Trends
in Plant Science, 2016,21 (3) :256-265.


https://doi.org/10.1111/tpj.13543
https://doi.org/10.1111/gcb.12665
https://doi.org/10.1111/gcb.12665
https://doi.org/10.1016/j.soilbio.2021.108349
https://doi.org/10.1186/s40168-019-0757-8
https://doi.org/10.1016/j.envexpbot.2020.104043
https://doi.org/10.1890/13-1648.1
https://doi.org/10.1002/jsfa.11727
https://doi.org/10.1016/j.foodres.2020.109974
https://doi.org/10.3389/fpls.2017.01101
https://doi.org/10.3390/molecules24213879
https://doi.org/10.1016/j.jcs.2016.02.014
https://doi.org/10.3389/fpls.2022.948742
https://doi.org/10.1016/j.plantsci.2010.02.017
https://doi.org/10.1016/j.jplph.2016.04.010
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1016/j.tplants.2016.01.008

384 *r & 5 & # F12%

[23]  GUYONNET J P, GUILLEMET M, DUBOST A, et al. Plant nutrient resource use strategies shape active rhizosphere microbiota through
root exudation[J]. Frontiers in Plant Science, 2018, 9: 1662.

[(24]  ZREVHA, $FREAE. AR BEBEKCF T 3R EAR R TE SRR ok A D], 3SR, 2014,3 (3) : 112-116.
ZHU X M, HAN B J. Root morphology and root-water-uptake characteristics of soybean seedlings in response to different levels of phos-
phorus supply [J]. Soils and Crops, 2014,3 (3) : 112-116.

[25]  LUO J, ZHOU J, LI H, et al. Global poplar root and leaf transcriptomes reveal links between growth and stress responses under nitrogen
starvation and excess[J]. Tree Physiology, 2015,35 (12) : 1283-1302.

(261  Apubam, @ AR YRS &R SR A 0 AR By B (). A AR 38 5 43 T AR 2243, 2007, 33 (1) : 1-8.
YANG H Q, GAO H J. Physiological function of arginine and its metabolites in plants[J]. Journal of Plant Physiology and Molecular Biology,
2007,33 (1) :1-8.

(27]  HRET, BEE, E5F m& RS E IR T MR R R AR R A28 57400 (). MR, 2019, 52 (4) -
1-8.
ZHANG Y N, SHI H Z, WANG J, et al. Analysis of gene expression profile and metabolic pathway of tobacco root at high and low levels of
nitrate nitrogen[J]. Tobacco Science and Technology, 2019, 52 (4) : 1-8.

[28] BADRID V, VIVANCO J M. Regulation and function of root exudates[J]. Plant, Cell and Environment, 2009, 32 (6) : 666—681.

[29] T, BhAR, SRAEUE, SRR 2R 54 5 R R A M 32 AR DL BT S ik 2 (0], R B4R, 2022, 53 (5) : 1212-1219.
DING N, LIN H, ZHANG X H, et al. Interaction mechanism between root secretion and rhizosphere microorganisms: a review [J]. Chinese
Journal of Soil Science, 2022, 53 (5) :1212-1219.

[30]  VIVES-PERIS V, DE OLLAS C, GOMEZ-CADENAS A, et al. Root exudates: from plant to rhizosphere and beyond [J]. Plant Cell Reports,
2020,39 (1) :3-17.

[31]  GAGE D I. Infection and invasion of roots by symbiotic, nitrogen-fixing rhizobia during nodulation of temperate legumes[J]. Microbiology
and Molecular Biology Reviews, 2004, 68 (2 ) :280-300.

(32]  RMSEE, Shrmmn, BL200E, 5. R A 2y B AUMAE W 43 T AE A BT Bk I (0] R A= 45231, 2017, 28 (110) : 3440-3450.
XU P X,HAN L L, HE J Z, et al. Research advance on molecular ecology of asymbiotic nitrogen fixation microbes[J]. Chinese Journal of
Applied Ecology, 2017,28 ( 10) : 3440-3450.

[33] RODRIGUES COELHO M R, DE VOS M, CARNEIRO N P, et al. Diversity of nifH gene pools in the rhizosphere of two cultivars of
Sorghum (Sorghum bicolor) treated with contrasting levels of nitrogen fertilizer [J]. FEMS Microbiology Letters, 2008,279 (1) : 15-22.

[34] WANG C, ZHENG M M, SONG W F, et al. Impact of 25 years of inorganic fertilization on diazotrophic abundance and community
structure in an acidic soil in Southern China[J]. Soil Biology and Biochemistry, 2017, 113: 240-249.

[35] ZHU C, FRIMAN V P, LI L, et al. Meta-analysis of diazotrophic signatures across terrestrial ecosystems at the continental scale[J].

Environmental Microbiology, 2022,24 (4) :2013-2028.


https://doi.org/10.3389/fpls.2018.01662
https://doi.org/10.1093/treephys/tpv091
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1128/MMBR.68.2.280-300.2004
https://doi.org/10.1128/MMBR.68.2.280-300.2004
https://doi.org/10.1111/j.1574-6968.2007.00975.x
https://doi.org/10.1016/j.soilbio.2017.06.019
https://doi.org/10.1111/1462-2920.15984

	0 引　言
	1 材料与方法
	1.1 试验设计
	1.2 样品采集
	1.3 固氮微生物群落结构测定
	1.4 土壤代谢物提取及测定
	1.5 数据统计分析

	2 结果与分析
	2.1 土壤固氮微生物群落结构组成
	2.2 土壤代谢物代谢图谱及主成分分析
	2.3 土壤差异代谢物
	2.4 土壤代谢物代谢途径
	2.5 土壤固氮微生物群落与差异代谢产物的相关性

	3 讨　论
	3.1 不同施氮处理对大豆根际代谢物质的影响
	3.2 不同施氮处理对大豆根际代谢通路的影响
	3.3 不同施氮处理对大豆根际土壤差异代谢产物与固氮微生物群落相关性的影响

	4 结　论
	参考文献

