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Plant-microbe interaction mechanism of soil available phosphorus in
regulating carbon dynamics in maize rhizosphere

ZENG Lisha, YANG Guangya, FANG Huixuan, CHEN Junhui, MA Xiaomin

( Key Laboratory of Soil Remediation and Quality Improvement of Zhejiang Province, Zhejiang A&F University,
Hangzhou 311300, Zhejiang, China)

Abstract: [Objective] This study aims to investigate the effects of soil available phosphorus content on the
growth of Zea mays, the allocation of photosynthetic products to the belowground parts, and the structure of
rhizosphere microbial communities. It also explores the responses of maize to low-phosphorus stress and the
impacts of these responses on the carbon dynamics in the rhizosphere soil. [Method] Root-box cultivation
methods were employed to grow maize under high and low phosphorus conditions. Relevant indicators related
to soil, roots, root exudates, plant samples, and microbial community structure were measured and analyzed.
[Result] Under high phosphorus condition, the phosphorus content in maize leaves increased, which promoted
the growth of both the aboveground and underground parts of maize. High phosphorus condition also increased
the secretion of total root exudate dissolved organic carbon (DOC) and enhanced the activities of chitinase,
glucosidase, cellulase, and acid phosphatase in the rhizosphere. Additionally, it significantly increased the
relative abundance of Acidobacteriota, Actinobacteriota, and Gemmatimonadota in the rhizosphere (P<<0.05).

Under low phosphorus condition, the infection rate of arbuscular mycorrhizal and the content of easily extracted
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glomalin-related soil protein (EE-GRSP) were significantly higher than that under high phosphorus condition
(P<<0.05). [Conclusion] Under low phosphorus condition, the mycorrhizal infection rate and the secretion effi-
ciency of root exudates in maize were increased, and this promoted the growth of R-strategy microorganisms and
the content of glomalin-related soil protein (GRSP) in the rhizosphere. Under high phosphorus condition, the
rhizosphere of maize has higher activities of chitinase, glucosidase, cellulase, and acid phosphatase. These enzyme
activities are positively correlated with the relative abundance of K-strategy microorganisms. [Ch, 5 fig. 32 ref.]

Key words: soil available phosphorus; Zea mays; rhizosphere carbon dynamics; phosphorus strategy

A R = 2O RS R EY AR K FER R N, hE T B2 2R sn iR e, 1%
P REERE, 25T A R IRk . BRI S E AW . IREM, £ 90% WK
P AR T 2 mg- kg ' AR RN LA S S R, SRR . R . s LS
B . YA DL AR AR B S, (H K SRl A R K A RIS e i T M T LB A RE R AT K
WA HIPY,

TEPE R TR IE 1R, FOK Zea mays WAER i A7 3] A il = 9 BR T . oK F 2@ T
DL i o7 o 18 AR 3 . fE E R ISR - 5 AR FRRRAE DL S B AR R, ANl AR R A A R
fE, TERFEAAR AR S, o2 e 2R R B TEASRRE, TE AR 40K AR AT TE 2 (AR BRI AR &R I
FEL A ST AR S0 IATE Z B AR R, WORTSCE W iE PR, AR A LT 3 RN 5 o Bk ™),
ST R AL RERS I AL - S b R B, BRIREERTK A HLEE; 5 EETE AR AR, H A
F{E R (arbuscular mycorrhiza, AM) J& A= AR e EE AL, IRIER B 5 70%~80% Kt it %)
TE SRR AL AR DB AR B SR R G T T B 22 . IgE R “ AL ” AREEHET, MRAMNI 2278+
ErIE T Iz B 22 R AR R R B AE A, HE AR R H B O AR /INLBR D, 80T A R R
AR, TR BBl AT K& 17 em AP

Y. 3. A R RR-BEIE IS R AR EANG 0, A R R S RSN, RRE
TEARPRAGT LIRS 398 208 & & — J7 IR i EORAEAR A K ADE A = Y i R 40 B, AT B 352
T HERRAFIA 5y — T THIE R AR R Y A R, S ARPR IS E R L T BEVR AE R A
Pt 5 P A5, TS e - S B AR EE - A SO B T S A 8 S e R RN T AT AR A B — Bk Y
250, DA R Z SN EKOCE YT S BCRY Le], a3 AR e L FAR R i . (H™ R
MR = 2 FOKRMIER A KRBT 2, MRAERZE . AR/, 66 =P T 53 Be i 46 6
T AR ZR AT G R S R RN PR 0 S et BT R B E Y, — T AR R AU AR BRI
PEAL T IR AL RR IR BT, REAS A AR i O W B R, R i A LR
fif s Iy — 5 TR AR SE R AR R 43 W DL KR ) S R R 3R Ay se e, D T A ML I R
fftS s A, TRAR ECTRNT A SR AE I ) 5 M A H AT S, — T TR TRTAR T 38 2ok TR 22 53 WA ) ik e HoAth 1 18
AR Y B0 Ve, AR A LT Y A i s D3 — 7 T DAV AR 43 WA 1) K B RS 2R B 1 (glomalin-related soil
protein, GRSP) R = T B A5 M Ao tEAsE A L Y o B0, Bz, BB 50 3 X FOKAR
B 20 285 1452 ) O AR A B AR 2R RO . A5 A ) BAE SO Y R AR SR A R . AR SR DA
FRARTG, TRIE A FORAERK L SEE WL T B DL BAR BR A P T 23548 1 o iz AL
il s I B B AR R b 1 g e AL, By i S g o AR o - S8 7K At R M R s A 5
1 BIRF %

1.1 REEIt

AAIEFE R FIRR AR ARSI, 57 T Wi VA A T I 22 X VAR MOR 24 B R =5 R . AR A¥ o 35

cmx18 cmx2 cm [y J1 &+, HH 18 cmx2 em W —MH I, 35 emx18 em M — [ M iG 1AT. AF M HRAE

Bt 1.1 kg MAESMAMERL, T8 T CEAELRT L, B N T . ST ) g
R0 BRI RAR R 0.5 mm 5 1.0~2.0 mm B9 AFERNLL 201 B9 & IR A BCH o & A 2P,



55 42 5 X ) BHITPAE A RO IA 4 FORARPRak 3 25 A - A ) B AL 3

1k 2 mm G FIE R 5L AR LL 7:3 (95T IR A0 R IELs /s, Dlakk e 3RS . K
TR AWM= IO S 1L, RPEIRS ER & SR A2 L35y R R S8 (WRB, 2006 4F), %
TR 2 R . I ME . pH 5.21, ARLA 51.0 mg-kg ', MW 288.0 mg-kg !, AR 2.6
mg kg™, ARE 193.0 mg-kg', AHLIK 28.5 mg- g™, TIEPIFEM TR LZEREEN . W6 HHRE
Jo IV R IR R . A 200.0 mgr kg, 4 200.0 mg-kg ', 4% 100.0 mg-kg . £k 2.0 mg-kg'. FF 2.6
mg- kg ] 1.0 mg-kg'c FELL DAERHYSEAN [, ARKIEAS RS 0 20w i A 250k, 32.0 mg- kg AR FRALHE
A, 140.0 mg-kg ' M IE R B 2 M EEBE K, AW E 2 MhEi b N (32.0 mg-kg™) B
(140.0 mg-kg "),

TR RBER 9587, ekl HIBT SO 10% 1Y 4 AL ZR ORI 30 min FEAT R I 5
Ja, Ve, FEHIZRIUKIRM 8 h, SRIGEF AT, BUETE 2 SKIBIHAIEACZ /], FEE AR R 20 cm [ BE I
WM, [EIE 24 °C, BTROLHSBEANRES 3d IR, REENR T 2023 £ Z Z A, &
PRV 6 NHA, BEARFEF 1 BRI
12 TEHRMNRESE

FpAs 6 G, FHEMRIEN RERFR L, i 2 mm G550 3 4y, — e BP0 it 4865, 5w
#3435 F—20 C. —80 °C 117

FREX 1.00 g fif +F .08 0, InA 100 mL BEFRENZE bR, 785372 30 min (&L 25 C, i 180
remin) J5, FAREIBEFERHERE | min (3% 125 r-min™), FHBBARTE 96 FLEFFR M 433 A 50 uL +
BEEIFUL . 50 pL BERREAZE b . 100 pL iKY (48 %I 4-MUB-B-D-#ii % it . 4-MUB-B-D-£F 2 — W51 .
4-MUB-N-acetyl-B-D-FiZ WM . 4-MUB-BERERAE R B-HIHIWE T B . 2746 25 WKIfEG . B-N-C iR
SEA ARG . PRYEBEREGE R N R Y. BT 25 CHEERNFHETR R 4G, 2R
(SpectraMax M5, Molecular Devices) il i& H:2¢ G EEH

B1.00 g KT EREFECE T, RAEFZSEZED, MEIFta s SR EE R E N (easily
extracted GRSP, EE-GRSP) FLEERHE R K £ [ (total GRSP, T-GRSP) Jii i /041",

HUE 80 °C HIEFEA, 14 DNA 425U, PCR ¥ 3 Fl i 7 i i 56 5 AR R 25 RL A BR A
FSERL, JTESIRIKIR ALY %A FHR LAY Hlumina MiSeq 300 F & HEATH 4005, 3T 97% 1)
ARARLEE, X P H A T8 E 43 2 55 (operational taxonomic unit, OTU) .

1.3 RESWDIHERHWEESNE

PR SR PR = AR AR 2R R Z8 K o e T e, 4R ARAR IR 0 4E S0 mL A9 ZE 487K ' 120 min,
SRJE SR S A AR R W AR S AR R W v B RT Bk (dissolved organic carbon, DOC) 77 W4 i %%
el LA BB 53 B A S0 5 21
14 REMRESNE

PR SEIR R T I RERR AR Y T, KA BT 70 80N 70% WIRRG B SRDI IR A7 . B IRTERR B
HOFHT . e, RERIER RSB ES M, AR RZEMI (GT-X980, Z&EA) HIR R,
WinRHIZO B4 HT A R B HERRERY s B MR AR R AE 70 °C S5 R L 48 h, FRILT I, WUH
0 1 mm BUETEER, FHZEMK e T, 598 1 em KA BE, BE 50 10% 1A S AL
HKIBINAA (1 h, 90 °C) ZiBEW, 7EFRR/TECN 1% MFRFRER P IRIL, kSRR Gkt e, e
WG T MEI ST AR R YR,

1.5 HEYHERNRESUE

PR SEAR R I AR AR BT T 5, B R VA AR M AR 7EHEAR 5L 105 °C 2R 30 min, 1 60
CHT 6 h BIEHEG, FREAEMEMM EE T Bt T 5 RS, HNOs-H,0, ¥
E, RIS S E FRIE T R HHEE (ICAP-7000, FEER ) W% A8 0 o0 4007
1.6 HiESHH

K H Excel 2019 F1 SPSS 22.0 47 80H5 50 Mo SR FHBMSIFEAR T AR50 64777 22500, X AS [R) o £ 43
BT (25 R AT Duncan’s 125 5 WA MR TS, B MHOKEN 0.05. X R T OTU #H47 o Z4F



4 RN/ NI NI e 14 20254 X A 20 H

PO BT . B REVE BT (AR B 22 4 NEE A3 AT) A X = 3 20 0] 22 S S B PEAR G . SR FH R [l U192 0 By il
15 VE 5 R PR G W W FhoAH X £ B A 9626 &R . SR A Origin 2022 22 /] . s 45 5 DLV 2 (8 5 1 22
FoR o

2 GEREpW

2.1 ARBRESHXN EXKERKINERSLENZMN

2011 REABRESHTERE, WTHSAROY  HE AL BRI BRI LT
B, e, R E . RERER, R R WY T E A HUER 3 R LA BE 2R T i 25 b
Jin 60%~390% (P<<0.05), #HJz, MK#ESIF T KR R0 WY n] E A LR SR L S B & T8 T
2.2 1% (P<0.05),

30 Lore = 600y == 5160 = 40
240 /Yy 0sf . 4801 i < 128} i[ /Y| R
P . Ny & 2 S0 >
o5 1.8F 1E 0.6 N K 360+ o 96f KRIE 241
b i ) 5 Q-
& o N & =
S 12f =04t K 2401 264G 2, 16
4 = 1o} W&
= Q =
0.6 02 120 3 32t € 08
0 A 0 b 0 S 0 b 0 Lo 0 ——
IRt ik IRt fIRmE R4 e ik I v IRk ek
K AR 7K KT 7K K

* RN A B 72 5(P<0.05).

1 REBRESBAERBLERSTRE. HLH, T RAE. REKBR, RES ST
VPR AUBR 53~k 1 F A B RAR R 5k FT M LB IR R vl
Figure 1 Effect of different phosphorus levels on the aboveground dry weight, phosphorus content, root dry weight, total root surface area, root

exudate dissolved organic carbon secretion rate, and root exudate dissolved organic carbon secretion rate per plant in maize

212 RRBRESHATERMFLEREFTE 100 - 051 20

G fe 4 FpREEEERG Y R 2070, B 0L ——  ~o04L —— 16}

PEF BRI B A T R ERI T | %0l |
2015 (P<005), BIREAREHEREATRIH X = £

He R A R BN T 16% (P<0.05), IR o %02 2"
LR A B R | R A R AT 2 207 5 01 " 04r

%o Eﬂéﬁﬁﬁ%%&ﬁ?%ﬂfﬁﬁﬁﬁﬁﬁ\ %m%ﬂ%@@ R O e T
T PR PEWEMR S 1 . 2T 2 2% Wl 16 1 LU IRt 2 1 KT Bk T Bk T
TEERINT 10%~30% (P<0.05)(& 3). HRORAA R EZ(P<0.05).

213 FRBRESHATERBRGEHEAR. o 2 B2 FEBRESHTERERZEE ARRF
B ARG Y mE AT, 5 0 SRHEEREas |
o G EO R RRI AR T e
BEM . BRERE T I E RPN o ZREPEREEL thizosphere soil

BE R T 5 0F (P<<0.05)(& 4B). m&AF T
T KA PR A W BE VK b 8 M B 1] Acidobacteriota. S 2k B ] Actinobacteriota. F B B )
Gemmatimonadota 94 AH X} 3= B HARBE 444 T 3 89 50%~200% (P<0.05). i 2 T s ]
Bdellovibrionota # # A XF =F & H K 8 & 14 T & 3% W D> 43% (P<0.05). 3% 75 K B [] Candidatus
Eremiobacterota, Zfi# [ ] Myxococcota, ZEJE T[] Proteobacteria [ FhARXT 2= B2 NI ZEARRE . Sl 554 F ik
w25 (540).
22 EXRREREDD 4 NPMENEES 3 HEEFENXER

F &S AT UL BRAT BT T A AR 35 B 5 A A MR TG 14 . 27 AR R WS PR LA BRI IEAH G R . R



55 42 5 X BRIV RHEA RO KRR PRk 3l 25 B ) -3 W) EAEDL
i1400_A * i:lOOO-B * ;7000'C * EIZOO'D *
Wil [ W s00f 5600 - N T 960F
= = 3 - <§
=] =] E Q
g 840} g 600} £ 4200 g 720+
< < It <
f;;’j 560 - iﬂg 400 'g 2800} ﬁﬁg 480}
& & & &
B 280 #0200 - s 1400 % 2401
= ® i) &
= I\ & : = \ & .
IR e IR v ‘ IR v IR v
K 1K 1K BEKF
RN A B 7 F(P<0.05).
B3 REBRE 58T B RARIR LR 4 AR BB S0 R
Figure 3  Effects of different phosphorus contents on the activities of 4 hydrolases in maize rhizosphere soil
FETOTU/K T IINMDS
02 stress: 0.055 6.0
A | B B K1 |C C ) fit
| % . i
‘ E48) ] YR D
0.1} } S A
= .
o ) | = = 1 1o
A | z 0 -
S Ll 2 B s [A 1«
z ! ~ 24} R
| i = mbrEi g 2
l % AR
-01f ° ! o 121 TR F J=
L °© AT L
-03 02 -0.1 0 0.1 02 03 T =1 0 10 20 30 40 50 60
NMDS| BT PIFDRR /%

NMDS AR L 4E LT, stress <0.137R 8l HAREFRIAER M, *Fon A B35 27 (P<0.05),

RRBERF 4 Mt 2ARARBEE MR . o $HEIE At st B0

Figure 4 Effects of different phosphorus contents on rhizosphere community composition, o diversity and relative species abundance of maize

B 4
2500,

® i 2 B R2=0.41, P=0.02
20001 = JLT iR R=0.27, P=0.08
o v FYEF: R2=0.34, P=0.04
0 1500
3
£
< 1000}
sl
e
& 500

1 1 1 J
0.012 0.024 0.036 0.048
B 1 IR 3 3
2000

® 7% Bl R?=0.52, P<<0.01
1600k w JUT il R=0.57, P<<0.01
= - v 2P 4EE N R>=0.69, P<<0.01
501200 WL, W
Té -V l u

Y v _ ¥, .
= 800} 23 B -
sl } 4
4
2 40|
1 1 1 1 J
0.003  0.004  0.005 0.006 0.007

BESINER ] AT 2

Fi 375 12k /(nmol

g 1 .h—l)

JEHE 14/ (nmol

2500

—
(=3
(=3
(=)

500

2000

—
N
[
S

1200

800

400

B

o i WENE: R=0.49, P=0.01
m JL T JE B R>=0.54, P<<0.01
v 44K R=0.60, P<<0.01

U|

0.10 0.15 0.20

JBCERTA T FRIAFX 8

0.05

© % Bl R=0.73, P<<0.01
m 1T R R=0.69, P<<0.01
v 2P 4K R>=0.74, P<0.01

0.009 0.018 0.027 0.036
ZE SR T THOAHXT SFEE

Hs5 ERREMAES T 4AANTIAATFEL 3 APEEEG X Z

Figure 5 Relationship between the relative abundance of 4 phyla and the activity of 3 enzymes in maize rhizosphere microorganisms



6 RN/ NI NI e 14 20254 X A 20 H

FRETT . ZF BT T TR ARDS 2 B S A BRI 1 . JLT oA 1 R0 2T 48 2R il 16 M HA 50 1) TEAH DG
KFR o WRINE TR B S A MR TG 1 LT BB R AN 2T 2 22 s M A B A TR R R R
3 ik

BT, SR T KM R B A, fEE T EORM R NI R AR, DR BE T SR R
Pyl A AR B9 300 o (ERBE 25 1F N AR R I A AT LB R 2 R 2.2 4, R W] oK i 2
AR R I W R 0 FE ARDO IR0 o B e Bl R PR A I REVE 00 B ZAREAF R R E 22 5
X J2 TR AR I ] AR BRIAE M PR T A RE IR BT, AR PR PR T A5 AL RN ZH O AR 2R 23 A ) £
USR5 AR AR R MU FESTAS R — 2P 3R], WA P T FORMRBRIRAT ] AT
ZREAMITE T RO 88 s SR BB AR T ORI [ AR R BRATI . W], 2F
AR TR T KRS RUEY), BAARKZE, BN E R Z ERRE I, IRE TR T R gL
Ay, BATEESRE R R AR R MR AR 7 5P BOoK s A FLBRIR) PRid A= 1 fLsesk
IBEHRMARE ) o X — IR SANIESE R —2, BRI TR A SR R0 WY, et T R K
WA MR, BRI TR R WD, AH T KRS BUEWR K . ARBE AR T KRR PR
ZHTA ) Shannon F5 8 R K TR B2 T, SR L eml BT /- BN AT AR A0 B A REVE 2, 38 7T LA
BUEHRRR 2R . FORTEMRBEAE T, MR IBEHEAII, — SRl BHE Y R S A ) 2l
GUAEAL, TR LA R A K o X — B R AR PR AARAR PR ih 5 21035 500, ARPR P AR 2870
YyRe A A M ER BE - i IR, R AR WE e AR ] AR AR A Y DX O B, 3
FURPRAYUE RO I I i TARMRPR . APt —03R 0, [FRERMRER, MR WY 2 DR
e 24 DA 1) 2 REPE T2 DA 2R PR S B IS A RO R I s . B, M RO A 4 E0nT LA )
FRAEY AR R I 7305, TR PRI E M) AR S5 A FI Z REE

MRBESRAE T, B AR AR G A2 @B T 1Y 3.0 £, REIEKRAOCR IR R /- ok mg , i
1o 5 TR MR BT A SRR I T Bl R WA AR AR L A RO AR A1 22 o) AR Sl 28 5 JE Y XA, 47
KT 5 IR LA . ABCRAR LR S Rk m R MO B s S 3 IR B 1 . WA B
MR FIWESE W i 5 2 Fh =X, EAE R T SRR BRIAE W Bl (0 A 8 RSO . I AR
FLRHA VSRR R R S MR IS 1, I B ™ AR AIRE T o IeAh, DB AR B R 22 AT
EMABERIL 2 RS, HRAFSHEYIRN A mm O s AN B2, FORMEMPER
PET R AR AR YA, Al 2 ML S SR Y B R T, LAY RIS L L AR s A AL
PR E PR IE B e SRR R MR IZ i, LA R A T 22 AR R G A A T R R B B A
MBCR RBERATT AR BUS R B R REA LRI T 2 16%, RUIIEHER L SRR it
AR, AMUREREH IR, B REHS N L3P aRAOA A . IBOR R LR AR R R B R E R —
P& A RRAOBEE 1, SO IE IR e HiFA . BREEEREAE LIEP R, XA SRS
I#i] R S A B I g v HAT B FIEY . o, DA T R TR 1) 0 WA ) R R 22 5 3 vh B AT L) B B A
L BB SE AT MLBR S GRS, X ST 22 0 2650 REAS R DG 1 T A Bk 2 3 b, I 5 10
WWEEE, TERRRE A UK. (R RIS R 6 J&, BT LS BRER 2 B A FBEACE T 19 FORAR
Prtderp AT B 22, RIWISRBRACAT T, DB AR I G 70 A o A 8 2R 2 1 0 b ik 14 [0 5 A o ot
— W9, B, PR R LR ik 22 R AL 5 i KA PR S A B BEIE BN, AT B G
e A K . SRR R E IR0, AT = 0 38 MLtk 19 [ 5

ZEUFOLT , LIRS 5 S BOR R - R PEBE IR B PRS2 =Y, AT i 1 AR PR L0
FRVERERR IS R . XD Bl 25 A T RE U A AR INE AR . S EUR R0 0 2 R A 7284k, AT
)R M PR VE W PR B BT I o B AR IE B EORARPRILT il . A AgMme . 2P ek . PRVERRRR S 1 L
B 25 A T 1N 10%~30% 0 32D 0 . OB 5 1F FOK BAT S 2 50 BARBRMHB Y rT IS TEA PLAK , X
AR AT LA SRR W B0 A R BB AR A 708 s QBRI T FRAE KAy, AT H W £
FRE , A RP AR RE R 2 — 2D 0GR, A H T AR ST X 20 A AR PRI IR TAE A IS e s ORBRTL
YRR GO , RBREAS R T TOK KR (RAT ] AT ZF BB ] B AR 2 8



55 42 5 X ) BHITPAE A RO IA 4 FORARPRak 3 25 A - A ) B AL 7

BN, KOS G U A SR A R I BE ) o X — R i A S PR o T A LU R, LT RS R A
M. LT YRR RGBS E TRAT T R T] 2R (KSR AOATXT = BE R s, Bt e o R
FIARXTEREAE IR . B, SZAEY) A A KRR PRIBE Wit S5 M i, FOKRmuEae i P RA T
e AR PRI P, A I R B B A O O 5 1

4 i

WA FR T TOKEARR G AR RR R ) o805, et T R SRR 0 A K MR PRk 5
REANRER; MEPiarE T, WEJUT BN, e . 48X BEMmR IR A M R, HY
KOS S A= Wy AR FRE R IE A G . £ b, TR AR R - IR U E RV 45, S AR Bl
PEALLRE

5 5EXH

(1] DRERS, . AW S 0RO o b e (T, B2 A= 35248, 2004, 15(4): 712-716.
MA Xiangqing, LIANG Xia. Research advances in mechanism of high phosphorus use efficiency of plants [J1. Chinese
Journal of Applied Ecology, 2004, 15(4): 712—716.

(2] BE5E BRAESAISA T TR ARAL S AN B MR PERE A SORIEL £k (D). SR PYR A, 2019.
JIA Hao. Absorption and Transformation of Sparingly Soluble Phosphorus by Ectomycorrhizal Pinus massoniana Seedlings
under Acid Aluminum Stress[D]. Chongging: Southwest University, 2019.

(3] ZEAF4L, RIRE, BRELYY. WA T FK [ 38 R IR VERER S 347 1], A7, 2019, 38(3): 35-40.
LI Chunhong, TAN Kang, QIU Hongbo. Analysis of acid phosphatase activity of maize inbred lines under phosphorus stress
[J]. Seed, 2019, 38(3): 35—40.

[4] MA Xiaomin, MASON-JONES K, LIU Yuan, et al. Coupling zymography with pH mapping reveals a shift in lupine
phosphorus acquisition strategy driven by cluster roots [J]. Soil Biology and Biochemistry, 2019, 135: 420—428.

[5] PANCHAL P, PREECE C, PENUELAS J, et al. Soil carbon sequestration by root exudates [J]. Trends in Plant Science,
2022, 27(8): 749-757.

[6] BRUNDRETT M C, TEDERSOO L. Evolutionary history of mycorrhizal symbioses and global host plant diversity [J]. New
Phytologist, 2018, 220(4): 1108—1115.

[7] SALLY S E, SMITH F A, ANDREW 8. Roles of arbuscular mycorrhizas in plant nutrition and growth: new paradigms from
cellular to ecosystem scales [J]. Annual Review of Plant Biology, 2011, 62(1): 227-250.

(8] ZRHulk, 2507, 2RI 1, . AM H R e AP WSO IEC 3R AOBLA (0], SOl RR#, 2016, 33(12): 2379-2390.
GUO Yan’e, LI Fang, LI Yingde, et al. Progress in the elucidation of the mechanisms of arbuscular mycorrhizal fungi in
promotion of phosphorus uptake and utilization by plant [J]. Pratacultural Science, 2016, 33(12): 2379-2390.

[9] HONGWISET S, RODTASSANA C, POUNGPARN 8, et al. Spatiotemporal heterogeneity of mangrove root sphere under a
tropical monsoon climate in eastern Thailand [J/OL]. Forests, 2021, 12(8): 966[2025-01-05]. DOI: 10.3390/f12080966.

[10] FARAS, BRi& K, M4x, 55, B 4 o e DXR Bk b - 398 0 08 K JHC 20 43 o 80 45 m g ey 17 (9. BRI 2%, 2020, 41(1):
479-488.
ZHOU Junjie, CHEN Zhifei, YANG Quan, et al. Response of soil respiration and its components to nitrogen and phosphorus
addition in farming-withdrawn grassland in the semiarid loess hilly-gully region [J]. Environmental Science, 2020, 41(1):
479-488.

(1] 285, THEAE. YRR WP A N5 (] PR A 2522, 2022, 4(9): 9-16.
CAl ying, YU Xiaofei. Study on the ecological effects of plant root exudates [J]. Environmental Ecology, 2022, 4(9): 9-16.

(127 BX 7. AN [N R P A R X A0 P 107 22 S AF 5 (D] 4 BH - P R RHER 72, 2024,
ZHAO Hao. Study on the Difference of Response to Low Phosphorus Stress in Rice with Different Tolerance to Low
Phosphorus[D]. Mianyang: Southwest University of Science and Technology, 2024.

(13] ZAAE. SRR L SR A WA S5 R e AR R 0 By ) 2 ML (D] BH: P AEARMABI R 272, 2024

LI Jiajia. Response of Soil Microbial Community and Carbon Turnover to Root Exudates in Robinia pseudoacaia Forest


https://doi.org/10.1016/j.soilbio.2019.06.001
https://doi.org/10.1016/j.tplants.2022.04.009
https://doi.org/10.1111/nph.14976
https://doi.org/10.1111/nph.14976
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.11829/j.issn.1001-0629.2015-0747
https://doi.org/10.11829/j.issn.1001-0629.2015-0747
https://doi.org/10.3390/f12080966

8 RN/ NI NI e 14 20254 X A 20 H

[D]. Xianyang: Northwest A&F University, 2024.

(14] JHSCH, RUSHE, B0, %IRRT S LA HLETRUR SO 1 HEAE DAL ().t SO AIF ST, 2024, 37(6):
26-32.
TANG Wenrui, GUAN Yanran, ZHAO Xinyu, et al. The abiotic mechanism of root exudates inducing soil organic matter
priming effect [J]. World Forestry Research, 2024, 37(6): 26-32.

(15] FHEEF, FESCH, A5 SOV, 55 AR R S I P R AR B i 5 38R 52 e 4 A AL W 8 e [0 R 5 R0l 241, 2024, 55(10):
3096-3105.
WANG Xuqin, TANG Wenrui, NI Yiping, et al. Biological mechanism of effects of root exudates on rhizosphere priming
effect: a review [J]. Journal of Southern Agriculture, 2024, 55(10): 3096-3105.

(16] skag, AeLr, SHOR, 55, MBCE MR B0 13m0 i 2 ma i 5t 8 [0/OL] . wh RO BB 41, 2024-12-03[2025-
01-05]. https://doi.org/10.13304/j.nykjdb.2023.0971.
ZHANG Ying, GU Haihong, Al Yanjun, ef al. Research progress on effect of arbuscular mycorrhizal fungi on soil carbon
balance[J/OL]. Journal of Agricultural Science and Technology, 2024-12-03[2025-01-05]. https://doi.org/10.13304/j.
nykjdb.2023.0971.

(17] RIESS, KRATIR, #E 4, 55 RARIERUAL 0T BT R AR SRR IR R AR K (0], R B AR BB R 27227412, 2020, 40(7):
9-17.
WU Daoming, ZHANG Shuyuan, DONG Xiaoquan, et al. In situ analysis of Neolamarckia cadamba seedling root growth
after transplanting using rhizobox [J]. Journal of Central South University of Forestry & Technology, 2020, 40(7): 9—17.

(18] EH 2, WHt, K, 2. Jic AR W) £1 0 MR B b M8 20 U1 A 7 R A0 B 1 I 5 PR AIE 5 (D). 53~ 41, 2024, 32(12):
3764—-3773.
WANG Xueying, BAO Xinguang, ZHANG Feng, er al. Characteristics of bacterial community and soil enzyme activity in
rhizosphere soil of desert plant Reaumuria soongorica [J]. Acta Agrestia Sinica, 2024, 32(12): 3764-3773.

[19] SAIYA-CORK K R, SINSABAUGH R L, ZAK D R. The effects of long term nitrogen deposition on extracellular enzyme
activity in an Acer saccharum forest soil [J]. Soil Biology and Biochemistry, 2002, 34(9): 1309-1315.

[20] WRIGHT S F, UPADHYAYA A, BUYER J S. Comparison of N-linked oligosaccharides of glomalin from arbuscular
mycorrhizal fungi and soils by capillary electrophoresis [J]. Soil Biology and Biochemistry, 1998, 30(13): 1853—1857.

(217 5RERIK, A= ZHa, P FH, 45 56 T o i o ) 1 B R 1A [ AR AR 2 el et - S A T 2 R (0D R a4, 2019,
46(1): 65-74.
ZHANG Junda, LI Suyan, SUN Xiangyang, et al. Analysis of soil bacterial diversity in urban parks with different ages by
high throughput sequencing [J]. Microbiology China, 2019, 46(1): 65—74.

(22] VSV, FERBH, BN, A 0 EAR AR S0 WA IS 1) S T A R R TR L A 0] R AR B4, 2024,
51(4): 841-851.
FENG Yali, DU Chenyang, YE Huimin, et al. Chemical identification of tobacco root exudates and their chemotaxis effects
on Ralstonia solanacearum [J]. Journal of Plant Protection, 2024, 51(4): 841-851.

(23] fRdfeer, S5, R, 4. A~ ZUIEA AL SOt St vl P Mk ZUMVA AR AIE U] A E 9% S IR R =4, 2024, 30(12):
2281-2295.
XU Yehong, BA Wenwen, LU Chao, et al. Leaching pattern of dissolved carbon and nitrogen under partial substitution of
chemical nitrogen fertilizer with organic fertilizers in greenhouse soils [J]. Journal of Plant Nutrition and Fertilizers, 2024,
30(12): 2281-2295.

(24] 46, BASCHE, 9252 7R, 2. B {5 LU DX TR AR A SRR AR 25 e I DRl 235 A2 A g mig 7 (0] ) i A= A5 41e, 2024,
11(4): 49-56.
WANG Na, HU Wenping, PENG Zhendong, et al. Response of absorptive roots’ morphology and anatomical traits of five

tree species to seasonal changes in Nanyue mountainous region [J]. Journal of Hunan Ecological Science, 2024, 11(4):

49-56.
[25] F 563, fmita, FAEL, 5. MBRR B IR (AMF) X 52 1 V4 5 i AR A6 et S E AL (0], TR IXAF5E, 2023,
40(1): 78-89.

WANG Zixuan, XIE Tiantian, WANG Yaru, ef al. Growth promotion and mechanism of arbuscular mycorrhizal fungi


https://doi.org/10.13304/j.nykjdb.2023.0971
https://doi.org/10.13304/j.nykjdb.2023.0971
https://doi.org/10.13304/j.nykjdb.2023.0971
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/S0038-0717(98)00047-9

55 42 5 X ) BHITPAE A RO IA 4 FORARPRak 3 25 A - A ) B AL 9

(AMF) on Ammopiptanthus mongolicus seedlings [J]. Arid Zone Research, 2023, 40(1): 78—89.

[26] XITCA, FEMME, RAR3C, 5. = Al i A Wy i FARZS A MERROK AL A W R AE i T S mm 1 [T, ARl BL2#, 2024, 60(6):
71-85.

LIU Yuanxi, WANG Li’na, WU Junwen, et al. Non-structural carbohydrate and biomass characteristics of Pinus
yunnanensis seedlings under continuous drought stress [J]. Scientia Silvae Sinicae, 2024, 60(6): 71-85.

(27] Wi, 20, X 8%, A5, I LIRS B RS0 2R Bl 3R 0 P A I B SRR B 5 340 (0] bl R4k, 2024,
47(4): 17-27.

YANG Ruiqing, LI Yanjie, ZHAO Xin, ef al. Analysis and evaluation of nutrient input and leaf nutrient status in Hebei apple
orchard with close-planting dwarf rootstocks [J]. Journal of Hebei Agricultural University, 2024, 47(4): 17-27.

(28] MY, #1147, XI5, 55 MR AL vk it S5 1R 40 DX - e U Wy RE P R A —— LA BT Lo T RKHE DK 1 ] [ v B 2R
Fl2E, 2024, 44(9): 5108-5121.

YE Xintong, HU Yang, LIU Qiao, ef al. Characteristics of soil microbial communities in typical temperate glacial debris and
retreat zones: a case study of the Azha and Midui Glaciers [J]. China Environmental Science, 2024, 44(9): 5108—5121.

(201 T, Bhtk, 5Kk, S5 HEPIAR 2R 00 I S ARPA A 03 B AR PRI BT e BE R 0] 34T, 2022, 53(5): 1212-1219.
DING Na, LIN Hua, ZHANG Xuchong, et al. Interaction mechanism between root secretion and rhizosphere
microorganisms: a review [J]. Chinese Journal of Soil Science, 2022, 53(5): 1212-1219.

[30] w77, TR, Al 55, A PR AR AR ol 40 A1 DI VR4 0 2 B0l 32 R ML (00 VAR AR OR 2 24 41z, 2023, 40(6):
1167—-1180.

GAO Ning, XING Yijing, XIONG Rui, et al. Mechanisms of plant P acquisition coordinated by arbuscular mycorrhizal
fungi and phosphate-solubilizing bacteria [J]. Journal of Zhejiang A&F University, 2023, 40(6): 1167—1180.

(31] Ta, Ji 5o, R ipits. PREERT ZAHC T 00 400 ORI et ot JR (7). B A 25244, 2016, 27(2): 634-642.
WANG lJian, ZHOU Ziyan, LING Wanting. Distribution and environmental function of glomalin-related soil protein: a
review [J]. Chinese Journal of Applied Ecology, 2016, 27(2): 634—642.

[32] skmity, SRAEAE, BRI, 45 SRl xd A ) i A0l 5 A ik D) 28 1 P A R il 1% 2 P 52 ) L0 R0 5 S IR R4, 2015,
21(4): 898-910.

ZHANG Limei, GUO Zaihua, ZHANG Lin, et al. Effects of phosphate deficiency on acid phosphatase activities of different
maize genotypes tolerant to low-P stress [J]. Journal of Plant Nutrition and Fertilizer, 2015, 21(4): 898-910.


https://doi.org/10.3969/j.issn.1000-6923.2024.09.038
https://doi.org/10.3969/j.issn.1000-6923.2024.09.038
https://doi.org/10.3969/j.issn.1000-6923.2024.09.038
https://doi.org/10.11833/j.issn.2095-0756.20220765
https://doi.org/10.11833/j.issn.2095-0756.20220765
https://doi.org/10.11674/zwyf.2015.0408
https://doi.org/10.11674/zwyf.2015.0408

	1 研究方法
	1.1 试验设计
	1.2 土壤样品的采集与测定
	1.3 根系分泌物样品的采集与测定
	1.4 根系的采集与测定
	1.5 植物样品的采集与测定
	1.6 数据分析

	2 结果与分析
	2.1 不同磷质量分数对玉米生长和菌根侵染率的影响
	2.1.1 不同磷质量分数对玉米地上、地下部分生长的影响
	2.1.2 不同磷质量分数对玉米根际土壤球囊霉素蛋白和4种水解酶活性的影响
	2.1.3 不同磷质量分数对玉米根际群落构成、α多样性、物种相对丰度的影响

	2.2 玉米根际微生物中4个物种相对丰度与3种酶活性的关系

	3 讨论
	4 结论
	参考文献

