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Carbon-phosphorus reciprocal mechanism for plants to acquire nutrients
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Abstract: Plants have evolved multiple strategies for obtaining nutrients from soil. They can absorb mineral
nutrients directly via root epidermal cells and root hairs (the root pathway), and also obtain mineral nutrients,
especially P, by forming mutualistic symbionts with arbuscular mycorrhizal (AM) fungi (the mycorrhizal
pathway). The hyphosphere is defined as the narrow region of the soil around the hyphae where the physical,
chemical, and biochemical conditions are different from the bulk soil due to the influence of hyphal exudates.
Many microbes with phosphate-solubilizing function colonize in the hyphosphere and help AM fungi to
mineralize soil organic phosphorus and solubilize non-soluble inorganic phosphorus, improving the efficiency of
P uptake via the mycorrhizal pathway by plants. To effectively obtain P, plants allocate a large amount of
photoassimilate to roots or mycorrhizal fungi. Therefore, plants need to make trade-off between the root pathway
and the mycorrhizal pathway based on carbon input and P benefits. In this review, we systematically reviewed the
carbon-phosphorus reciprocity of nutrient acquisition via mycorrhizal pathway by plants. The effects of P supply
levels in soil on plant carbon allocation strategies during roots/mycorrhizal access to phosphorus, and the response

of AM fungi extraradical hyphae to soil nutrient heterogeneity are discussed. The molecular mechanism of the
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regulation of phosphorus homeostasis in the hyphae and the mycorrhizal phosphorus supply mechanism of AM

fungi recruiting P-solubilizing microbes through hyphal exudates in the hyphosphere are summarized. Future

research should use new technologies and methods to quantify carbon allocation and P uptake in the root/

mycorrhizal pathway, and to clarify the functions and roles of key components of hyphal exudates in regulating

the bacterial community in the hyphosphere.

Key words: mycorrhizal fungi; plant carbon allocation; soil nutrient heterogeneity; phosphorus-solubilizing

microbes; carbon and phosphorus reciprocity
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Fig. 1 The carbon allocation mechanism of plants to acquire phosphorus

ZIEREN S Glomus caledonium FLARf, HAR
WA LATTHR 70% B, #E3ETE S G. caledonium
eAz s, AE P 00 5 A RS TR AR A AR W . LIS
G. caledonium TE 3P 0 T 22 % B 5 Tt A A if
(1 32 m/g $i i B S BERE G ILER Y 42 m/g, JT4F
K, WFFE K PR 2 R TR AR 3 7 45 W W IS0 A% I i
AR im 8 B DR 2 At B A8 H Ok S WO [R) 3 12 6 1
F AR AR BTRR . AE EOK T, B E T
BLIH ZmPHTI;1-1,4 FEACARFR B2 AR E &
B, TR B®E, S5 ZmPHTI 6 12541
A B 2 A ke et ik, T8z AM 2
FERAE R AR A S e g0, N, Chu S520%
L EKHBE Rhizophagus intraradices {2 Y<i}, Bia K
LN ZmPHTI; 1, ZmPHTI;3 Fl ZmPHTI 4 ({33k
KR, 1T ZmPHTI ;6 (1335 7K - A 850 A £
2 TS, 32 YRR AR I A 0 A ) el W ) BT R
BR,

TR AL & W) TEAR F AR [ (4 43 il 52 31 2
R, JUHR RIS RO R, 2 It
KCPIARES, HYCA VR Z BB E TR RS,
KAE YR, EYAWE A BERKET N
B, RS Z ok AW T EIAR R

I s A 0 0 1) 3 o AR R R AR N R AR O, B
R 348 748 Xof A 00 W R AL 1) BT RS 230 30% o 1T - A
B ZKOF e v IS, R 0 o Tl 1 5 SR 3k AR R BRI
A, BT oKL A WITE AM FLEE R R,
P BT AR 3% 422 XA 0 W A A ) TR /DN, R 20%
S R KOF 4R RS E AL LN (8~15 mg/kg),
WA S Z WKL G B AR, 8
HRIR AR b R AR, MRHZ R A2 B B
JEM R AEVE R, XHE Y BERC DTk 38 60%2 22,
A TR 25t i A0 R i) M 0 A7 e, o i kg AR
T FEAR Z2 /TR AR P i 23 L, 5 28 58 T T AR 73 ik
R R AHYERT, RERS REAARX B
14 BT R R 1 5 0 E R A% 3 A% v B 40 T A I R OG5
., W AM EFE R T A &0 4E KR T RK
a2, WARRRE TR R . SR 1A B9
W], YRR R MR, ERRLL 30% AYER K1k
BYBABTET AM HRF I 94% Mk, Bk
AR E T WRRIAE K, TR SELL 70% MR K AL &
ARG T AM H R 6% sk, HAY &
WA BER N, XRHFE— AM HE = YA
TP, PTRESSAEAESR AT 5S4 1 “HRIW” 111 .

W TR R /R AR R AR ) e o B A AR AU, A A sk



6 1Y) Brite, . MR R/ i AL 1163

KALE WTEAR AM LB W] 1 43 P L AETEAU . AR
e, —F AM B3] Rz Qs 2 /iy, —
PPyl [R5 28 AM B L, X8 AM |
WA e EARALBE R RE 1 & A AR, AR Y RE A8 4 ik
KAE WIS/ L4 A 25 19 AM H R 4ERF R AR
Az Bever AR A C FRicH) CO, &I, W
AR AM B (Glomus claroideum Fl Scutellospora
fulgida) 12 Y[R —15 £, 8. fulgida YK KT
MY TTRR S, AE WK B 2 1B K AL S ) L4 S.
Sulgida M E $A5 2 e o H XA AR g4
FEAZH MY, Kiers L5 RUIAUEAEY), AM
B 7E A AR5 (0 3 R vt B S B S AR A IC
FOTHIRIIRE ST, XA IR I3 A e i B AR A Y
OCHE . AEP AT LIS | DX 53 04 il i e 18 LR AKCPE
IR ZaoK L EY), HEK M 48 T IR
AL Z oK A& YA ) B M sk AL 45 ok inse &
1B XFPIR AT LUH TS 40 e R g ke, WA
PR RGN MARE, ANEYFZE 15 5
IRAESCR (BRI E ) a] LIS Bl AR R % 33 b 3¢
AV, PG, 525 T DM “IMA” GRS LU AIAS 28
e ATT T ISR LR R A, DABRERUR A ] R sl T
MEARTF Y FEE, FEY) S AM HIE DA c 4R
(1) 52 5 G Z A A5 XU 7E E A R P gl O B SR i AR
B ) B AR

2 TEAR 22 AKX SR ) e
R A

AM FLIE RSN 22 RENS B2 46370y St . 7
TN Z W 1, B 22T DA K E AR5 BE
YOf AT R 5, ok A fa B KA P
SAERETE 22 1 K B FR B e, SRS R
FE A2 N T AR R Rk B, IR
AM ECTH AR S ARG B W) h i i 55 4y, RIS 5%
R EE FAEY TP, Hodge SFPR FHPC FIPN XL
FRICH B E R LB, AM L AR08 N B 4 2 A Bl
ViR, S B RBCE LRI AE . 2
J&i, Leigh ZFCUF AR R ARUESE TiXx—8 %, 1
AP 23K 13 AR AM BEH O3]
16 B, BT AM BB XA PLIR 1 3 1R AE
N, KTHERIBIIIY, Feng 02K Bl AM ELIE 1)
AN G 22 7] LATE & & A ALBE (ke el . OB Ag
RNA %) MBEe i R i, 5 Bh s W 4R A Pk
PR, HEEERPAERK, AM B E Y

W) DTRRIZETIE RS, 55 70 Kk 31%., XU R R
Wl AM H RN 226 P AR K IR E RS
1, M 22K BN TCHLIR 5 2 1 X3 RT DA B 3
WRI T, AR B HILIR 7388 2 1 X 38T DAAE L ok
ST T N PR S 0, A LR o T
WS o

AM EUTR RE A5 38 o 05 I\ 3= 5 B 53 BB 1) 125 1A
22 W iz ik N ISR S . T AM
IR ANEE 22 W 28 KR BOR B8k, Rl AR K AE
T e AN A B XS, T B 22 B A A B E (]
W, o0l DIFE R 2 W g hidife ol . filan, &+
SR GRS I8 15 TR 22 I 28 Hh AN (] 06 B 5 S A KL
T, AT TR AM FR W fE E R YRS
Whiteside & F FIZH AR Z B, AM HIE B iz
RMEAEREN T 2L 8 h I AN G — . MM AK
TEWRGE IR () - b, AM ELE 1) T A7 oE &2
O 5 24 T 22 I 2% A A T Tl 9 D8 o B R 38— 17 L
i, AM HEFEGEF B R, NS E ()
) AR, AM FLRRIE BRI A 78 BT R i K IX
I T A 5 R 0 %) B i B 58 By v R U 22 ik
T, R AR IR AM ELREAE S 5 PR A £
. Van’t Padje Z0IR I, YR 22 MZE YA R
RV R, AM ECTE AR A% 2 i 1) 1 AR
¥ SNFIAEE T EE S BB, AM EE AR ISR
PR 22 [ 28 R R AT PR L, R, AM BTN T
Fo i B AR MU KA B, % B 1 AR 2 T I
Vi rh R B A2 2 R I DR O e (IR 5 AR IR
S EIRIE, AM E s B EHEYR RN
BV WE R IN, ILAT AM EL BRI 22 00 Wl gk
A7, BB ALY IG5 R 3G I 2 AL 4 R
PEEBEE S ME . HA, T B IR Rl
REME I AM H I MBEL 2, BEE AM HR 51 &
TP ILAE BRI A B, AM B 2 B 5% 52 45
IR R

% 22 B ss LRDHT D, &R B H R T
Bz i i TR ARAIE Y, TR AR i 1, - R S
W oy FHLEI RIS T EE R, fEEEEY T, B
MIFEHL, B4, AR E S5 S &/ KA TEEr
SPX ZE M AR (A EA TR, XSS 135~380 15k
B/ INGERG BT A MR R IR AR s 2R L VR
iR A6 2 32 25 L ORI R AL 15 5 B 109 N ORI, 51
YR 37 ) BRI 1 EREY . SPX 2 R A A% 0 1
BETE AL B, B E SR AR IE T O, ABEE S
WIEE R BERR L (InsPs) 4545, IS5 ZAHEAEH . InsPs



1164 R R R L S 29 %

M FEEMREL G55, WA S SPX 45
1 B i ol e 1 MR A T A IR R Eh AR S, AR
FEM R = SO 7 R A R, filhn, FEOKAET, SPX
450 B AT 5 e 7 B TR AR LA A e S e 4 R
PHR 456, Ja& tEBEBR G 21 T A3 — R IHH K
FEPR A 8 DT IR 42 20 B I KU, AML L TRGUAT
YI— A BRSO RS, RN R e B YIBE T
SRR A g KRS . 7E A0 (1Y Rhizo-
phagus irregularis FEF 4, Ezawa F Saito 3 13 [7]
WX RILT 10 454 SPX S5 F 3 1 iy 5L A
(yrcz2., vrc4, PHO91. GDEI-1. GDEI-2. SER2.
SYGI-1, SYGI-2. SPXI Fl NLA), XL
22 N R BEIRELFURN W2 L, R 22 N AR
AR i, FERARILESE R irregularis KL
12508 1A SPX S5 B F AR Eh XL e is
A RiPT7, HAESA DA AR 5 5 2 20 i
rRE R, T AR B AR AR,

3 WIARE AR SR BB

HYITEFE AR T IOk a Y, HrR A%
WAARBUE Z 1w . (AAT5EERY, AM HE b L
DB B9 RE 0 s, 3 D A AN 55 9 e A AR G )
R, RE A 7K A AR T 38 v 55l A 7 B9 A BLBRE
B, WA, 2R AM BT I R 2H I R 5 i s 2
TR W], AM B R B2 g i oK 1L A I
B, JUHOR R KRR N AM R
—PERTE RS IR A Y, HAE R T I A B U
kA EAEY), X ECRREIRE T AM B O
MASBABUFTIRFIREGR 7)o Leigh S50 i B A48
FESLHUESE, TR AT T AM HIE A RE N 2447
PLY T (R Gty HhARBUR Gy, AM H B AEA B
Wy 5 ) B AT B R i SRR XA BILR B
oo XEWRE AM B CEEE A B BA PR
A4k, BRI R B AR B B K AR5 W BT A
PR TE Y (RS EEER . R R
55) IR 223 W e sUOBICE i 22 P, B A
AT, R, AM ECTE N A B 5T A
T B M) AR BCA HLSR 3 Al BEJE T AM ECBRT B 22 P
AT RERMUA I K% TR

TEAREERG T, HREEYEERTRA
RS RBRIR AL TORBRARZS™,  AM BB 73 M5 B B K
A5 W) — T3 TS AL T T 22 B B4 35 A 0 K A2 T
P, I3 —J7 5| AR e B D RE AR W A R 22 P

FEFESS, AN, Zhang SEC0 % BT B E B 22 B i 4
WRETS 5 AR AR RS 22 5 B, T 22 BR
P20 B BE 8% 4 A R S A DR M R IR I, 7EAR KRR B |
fEit A PLBER 1L, TRAN AM E I ARER LA
MUBEEIRE T . BJS, Emmett S50 134041 AM FLH
22 PR RS AR R, W brE s R f
fRBEDIRE DA TR . XL RR Y] AM E I RES 4
7 HIEMED A PIEE, R B S EETOK, W
I3 IAPIAE SE ) AR A AT P R R EEAE . B
T AT 223 WA V14 00 5 3 i R Y I T 10 3 R 3 7 N2
B, Hh—Moy = (EE), HTHRS AM 2F
A HAH Ri T-DNA BURi) B, o5 — M4 1w 2
= (A, JHTWEETE 225 WA T3 34T . Zhang
G P EF A S N (Daucus carota L.) BARYE
JfE EREYI, R GC/MS B2 5 246 I 5] 95 ol
JKFETR (0 #1135 umol/L KH,PO,) R. irregularis 53 HY
SRR FE 2R 4 mmol/L. Fifi 5 #F— 2546 i 7 22 53
WA IS B R R . AR T
FrEe R RS, JEriA ¢ AM B B 2250 W HiliR
FEEEDTHAKAEYH . BT, Luthfiana 5557E
MR PR (Linum usitatissimum L.) BARYE NG
FAEY, FEWABEKET (3 pmol/L 1 30 umol/L) 43
it Rhizophagus clarus Fl R. irregularis B 2257 W 1
257, R4 LUK/ AT B R) BT vk A I
141 FpfREd, Hob 131 QY (iR . g
i WA T BEIRAE) R U AM ELTR 18 2273 W
Yol e, B[RV B2 T TR 22 50 W) B 1o 5
WEBAAEZES . WA, AM HE2IEFR AT Kk
PRV 22 G B A1 E 114 7] 3 WA R0 2 1 1) ik PR ZE AR AD T
2R e ERIR, MIEMR N 22 L ARIES, X
R AM EL R A RE I EE 1 B/ RS 3

T 22 53 W) AN AL RE A8 O 20 T A K R 7 4 e
T, HRe E o0 AT AR AR 5 43 10 A0 T i i )
B BN, B 2253 W h B N5 5 00 15 S AN
TR B EE I 1 263k, WG AI IS 1 ALY 1V BRI R
i, PR ZRBERREE > W R I, A ALk
A BES, OB IR E  AT
JEAER] . Zhang 85597 GRS Th o S AM K
TR BE RS 708 A4 RV 2 SR (20 pmol/L) FIAH 24 T 22
U0 SRR JE B v e P SR BE (4 mmol/L) ., 25 SR,
20 pmol/L Y SRMHAN RE 12 2 % IR AN I RF T 254
4 mmol/L A9 BE AT LU ) 45 5 K B 24 B 200 o
7% . AT R VR A5 R ) L 1) R FH SROBE AR 4 W R AT RE
HACH PR BN B2 . XIrseT, 2R



6 1Y)

Beitthe, 5. PR AR/ HGRARIRIBGR 7 ik H AL

1165

BEIFASREAE N 4 55 HAT DRI Ak N Al i 1 55, (2
A DA 0 A A S A BRI, R 0 2 e A
W, BRI R SRR A, SR A HLBE R B
. AM ERE RN i w40 T 1 L P RS Sh Y “i
AR, A MEERANRE T LE AM B R RSN R 22
R K B 5E 1) B 3h 2R HLBE SR, BRI 22 00
WPAE XA I R R TR T, X LEER AR,
AM BB AE R BEAL  BEE 1] 48 55— 26 B A R i 2
REMITEY, FRANHICIE A A LA I BRI o

4 RELEHREH

TS BI AR R AR R AR R A2 DA 398 v I A
I BRI AL G PR 23 BT PR IR AR BEAT IR AR, TR
FISRZEMETT , AM ECTE Al DLW 3 5% 0 S5 e
T i3 5 H) A R A (A BT . (D AML L 1 L
AR, BT A S IGEF AL, HIeRk A
L) ) B KA W3 5 A ™ A A P& BRI 3 0
AT 2253 W) i8S A R 22 P, 04 1 A
K, MORMEMBEIIRE, ok - HeA BRI AL,
fe it AM BB X OHLIERR ER AW, e A A3t
MWETRIY . FAT, MRAR/RARE AR B AL Y
R Z R THMMIN R (U0 LIRSk | #
DRI B2 258 ) ANl S0 P A2 A X AL A e W A ) T
WK, T BT W R A AR B 20 T S E AL R DTS AL
BT REARA BT IT R AR IC Y, E Ry
JCE TR AR R A L, TR B AR AR 8 A T AR
BARARISR I (B e EL L o 7 B AR LR 55
RN REBE Y BRI L, 5 220 I W YA SEBIE 5T
PR MR G, AREEATEA N, maex
UK B ARG IR BE v AN AS I R TR, B B
RFMFARKRZER . LA TR
JEATT AN BE i A 8 00 BT 22 -0 ) 14 A S T A A
SO TaGErEY R, X L8 B 51 D e A Y
TETE 22 5 BRI A AR A FHRODLE] B AT R o B A
IR A BT B 220 I IR SE, BT O
AR 7 R AR L T R A T 2 s A R 7 R B DT BE
FEINZH 7 | e AL A A2 2 0 7 T 22 PR iBUE
Y RIEAEDIRE R R T 2, A B T PR I 22 PR AM
LR A ELAE P A0 IR S PR AR

% F x

[1] k&, Ba R, ide, 955 ). Bk T R A LR &
SERTIIL. R SR, 2017, 5(5): 105-112.
Zhang L, Yang H P, Feng A S, Tan X M. Study on general situation

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

and analysis of supply and demand of global phosphate resources[J].
Conservation and Utilization of Mineral Resources, 2017, 5(5): 105—
112.

L, %, EEIE, 5. B L3 i T E AL R Y S ORI
[0 fL T3k, 2013, 32(8): 1967-1973.

An D, Yang L, Wang G D, et al. Mechanisms of phosphorus fixation
in soils and efficient utilization of phosphate fertilizer[J]. Chemical
Industry and Engineering Progress, 2013, 32(8): 1967-1973.

TR, RS, X, A5 SR BRI 2SRRI S BUIR B A JR i
[7]. 5l 2007, (2): 50-52.

Zhang Q, Chen Z W, Liu J P, et al. Research status and development
trend of improving phosphorus fertilizer utilization rate[J]. World
Agriculture, 2007, (2): 50-52.

SR e [ AR TH i 3Tl ) I s 281 5 R & A2 D). bt
Hh Ol LA BE 2R A S, 2018,

Ma J C. Temporal and spatial variation of phosphorus balance and
solutions to improve phosphorus use efficiency in Chinese arable
land[D]. Beijing: PhD Dissertation of Chinese Academy of Agricul-
tural Sciences, 2018.

Lambers H, Raven J A, Shaver G R, Smith S E. Plant nutrient-acqu-
isition strategies change with soil age[J]. Trends in Ecology and
Evolution, 2008, 23(2): 95-103.

Smith S E, Smith F A. Roles of arbuscular mycorrhizas in plant
nutrition and growth: new paradigms from cellular to ecosystem
scales[J]. Annual Review of Plant Biology, 2011, 62: 227-250.

Li X L, George E, Marschner H. Phosphorus depletion and pH
decrease at the root-soil and hyphae-soil interfaces of VA mycorrhizal
white clover fertilized with ammonium[J]. New Phytologist, 1991,
119(3): 397-404.

Zhang L, Zhou J, George T S, et al. Arbuscular mycorrhizal fungi
conducting the hyphosphere bacterial orchestra[J]. Trends in Plant
Science, 2022, 27(4): 402—411.

Parniske M. Arbuscular mycorrhiza: the mother of plant root endosy-
mbioses[J]. Nature Reviews Microbiology, 2008, 6(10): 763-775.
Smith S E, Read D J. Mycorrhizal symbiosis (3rd edition)[M]. London,
UK: Academic Press, 2008.

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

Zhang L, Xu M G, Liu Y, et al. Carbon and phosphorus exchange
may enable cooperation between an arbuscular mycorrhizal fungus
and a phosphate-solubilizing bacterium[J]. New Phytologist, 2016,
210(3): 1022-1032.

Zhang L, Feng G, Declerck S. Signal beyond nutrient, fructose, exuded
by an arbuscular mycorrhizal fungus triggers phytate mineralization
by a phosphate solubilizing bacterium[J]. The ISME Journal, 2018,
12(10): 2339-2351.

Smith S E, Dickson S, Morris C, Smith F A. Transfer of phosphate
from fungus to plant in VA mycorrhizas: Calculation of the area of
symbiotic interface and of fluxes of P from two different fungi to A
Allium porrum L[J]. New Phytologist, 1994, 127(1): 93-99.

Zhu Y G, Smith S E, Barritt A R, Smith F A. Phosphorus (P)
efficiencies and mycorrhizal responsiveness of old and modern wheat

cultivars[J]. Plant and Soil, 2001, 237(2): 249-255.


https://doi.org/10.13779/j.cnki.issn1001-0076.2017.05.021
https://doi.org/10.13779/j.cnki.issn1001-0076.2017.05.021
https://doi.org/10.3969/j.issn.1002-4433.2007.03.016
https://doi.org/10.3969/j.issn.1002-4433.2007.03.016
https://doi.org/10.3969/j.issn.1002-4433.2007.03.016
https://doi.org/10.1016/j.tree.2007.10.008
https://doi.org/10.1016/j.tree.2007.10.008
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1111/j.1469-8137.1991.tb00039.x
https://doi.org/10.1016/j.tplants.2021.10.008
https://doi.org/10.1016/j.tplants.2021.10.008
https://doi.org/10.1038/nrmicro1987
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1111/nph.13838
https://doi.org/10.1038/s41396-018-0171-4
https://doi.org/10.1111/j.1469-8137.1994.tb04262.x
https://doi.org/10.1023/A:1013343811110

1166

W) E SR 50 R

29 4%

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Graham J H, Abbott L K. Wheat responses to aggressive and non-
aggressive arbuscular mycorrhizal fungi[J]. Plant and Soil, 2000,
220(1): 207-218.

Smith S E, Smith F A, Jakobsen I. Mycorrhizal fungi can dominate
phosphate supply to plants irrespective of growth responses[J]. Plant
Physiology, 2003, 133(1): 16-20.

Smith S E, Smith F A, Jakobsen I. Functional diversity in arbuscular
mycorrhizal (AM) symbioses: the contribution of the mycorrhizal P
uptake pathway is not correlated with mycorrhizal responses in
growth or total P uptake[J]. New Phytologist, 2004, 162(2): 511-524.
Nagy R, Vasconcelos M J V, Zhao S, et al. Differential regulation of
five Phtl phosphate transporters from maize (Zea mays L.)[J]. Plant
Biology, 2006, 8(2): 186—197.

Willmann M, Gerlach N, Buer B, et al. Mycorrhizal phosphate uptake
pathway in maize: vital for growth and cob development on nutrient
poor agricultural and greenhouse soils[J]. Frontiers in Plant Science,
2013, 4: 533.

Chu Q, Zhang L, Zhou J C, et al. Soil plant-available phosphorus
levels and maize genotypes determine the phosphorus acquisition
efficiency and contribution of mycorrhizal pathway[J]. Plant and Soil,
2020, 449(1): 357-371.

Zhang L, Chu Q, Zhou J W, et al. Soil phosphorus availability deter-
mines the preference for direct or mycorrhizal phosphorus uptake
pathway in maize[J]. Geoderma, 2021, 403: 115261.

Li H, Smith S E, Holloway R E, et al. Arbuscular mycorrhizal fungi
contribute to phosphorus uptake by wheat grown in a phosphorus-
fixing soil even in the absence of positive growth responses[J]. New
Phytologist, 2006, 172(3): 536-543.

Walder F, Niemann H, Natarajan M, et al. Mycorrhizal networks:
common goods of plants shared under unequal terms of trade[J].
Plant Physiology, 2012, 159(2): 789-797.

Bever J D, Richardson S C, Lawrence B M, et al. Preferential al-
location to beneficial symbiont with spatial structure maintains
mycorrhizal mutualism[J]. Ecology Letters, 2009, 12(1): 13-21.
Kiers E T, Duhamel M, Beesetty Y, ef al. Reciprocal rewards stabi-
lize cooperation in the mycorrhizal symbiosis[J]. Science, 2011,
333(6044): 880-882.

Werner G D A, Strassmann J E, Ivens A B F, et al. Evolution of micro-
bial markets[J]. Proceedings of the National Academy of Sciences of
the United States of America, 2014, 111(4): 1237-1244.
Hammerstein P, Noé R. Biological trade and markets[J]. Philosophi-
cal Transactions of the Royal Society B: Biological Sciences, 2016,
371(1687): 20150101.

Bunn R A, Simpson D T, Bullington L S, et al. Revisiting the ‘direct
mineral cycling” hypothesis: arbuscular mycorrhizal fungi colonize
leaf litter, but why?[J]. The ISME Journal, 2019, 13(8): 1891-1898.
Hodge A, Campbell C D, Fitter A H. An arbuscular mycorrhizal
fungus accelerates decomposition and acquires nitrogen directly from
organic material[J]. Nature, 2001, 413(6853): 297-299.

Leigh J, Hodge A, Fitter A H. Arbuscular mycorrhizal fungi can
transfer substantial amounts of nitrogen to their host plant from
organic material[J]. New Phytologist, 2008, 181(1): 199-207.

Feng G, Song Y C, Li X L, Christie P. Contribution of arbuscular

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

mycorrhizal fungi to utilization of organic sources of phosphorus by
red clover in a calcareous soil[J]. Applied Soil Ecology, 2003, 22(2):
139-148.

Whiteside M D, Werner G D A, Caldas V E A, et al. Mycorrhizal
fungi respond to resource inequality by moving phosphorus from rich
to poor patches across networks[J]. Current Biology, 2019, 29(12):
2043-2050.

Van't Padje A, Werner G D, Kiers E T. Mycorrhizal fungi control
phosphorus value in trade symbiosis with host roots when exposed to
abrupt ‘crashes’ and ‘booms’ of resource availability[J]. New Phyto-
logist, 2020, 229(5): 2933-2944.

Van't Padje A, Oyarte Galvez L, Klein M, et al. Temporal tracking of
quantum-dot apatite across in vitro mycorrhizal networks shows how
host demand can influence fungal nutrient transfer strategies[J]. The
ISME Journal, 2021, 15(2): 435-449.

LiuJ, Yang L, Luan M, et al. A vacuolar phosphate transporter
essential for phosphate homeostasis in Arabidopsis[J]. Proceedings of
the National Academy of Sciences of the United States of America,
2015, 112(47): E6571-E6578.

Hothorn M, Neumann H, Lenherr E D, et al. Catalytic core of a mem-
brane-associated eukaryotic polyphosphate polymerase[J]. Science,
2009, 324(5926): 513-516.

Park B S, Seo J S, Chua N H. NITROGEN LIMITATION
ADAPTATION recruits PHOSPHATE?2 to target the phosphate
transporter PT2 for degradation during the regulation of Arabidopsis
phosphate homeostasis[J]. The Plant Cell, 2014, 26(1): 454-464.
Duan K, Yi K, Dang L, et al. Characterization of a sub-family of
Arabidopsis genes with the SPX domain reveals their diverse fun-
ctions in plant tolerance to phosphorus starvation[J]. The Plant
Journal, 2008, 54(6): 965-975.

Wild R, Gerasimaite R, Jung J Y, et al. Control of eukaryotic phos-
phate homeostasis by inositol polyphosphate sensor domains[J].
Science, 2016, 352(6288): 986-990.

Shi J, Zhao B, Zheng S, et al. A phosphate starvation response-
centered network regulates mycorrhizal symbiosis[J]. Cell, 2021,
184(22): 5527-5540.

Ezawa T, Saito K. How do arbuscular mycorrhizal fungi handle
phosphate? New insight into fine-tuning of phosphate metabolism[J].
New Phytologist, 2018, 220(4): 1116-1121.

Kikuchi Y, Hijikata N, Yokoyama K, et al. Polyphosphate accu-
mulation is driven by transcriptome alterations that lead to near-
synchronous and near-equivalent uptake of inorganic cations in an
arbuscular mycorrhizal fungus[J]. New Phytologist, 2014, 204(3):
638-649.

Xie X, Lai W, Che X, et al. A SPX domain-containing phosphate
transporter from Rhizophagus irregularis handles phosphate
homeostasis at symbiotic interface of arbuscular mycorrhizas[J]. New
Phytologist, 2022, 234(2): 650-671.

Tisserant E, Malbreil M, Kuo A, et al. Genome of an arbuscular
mycorrhizal fungus provides insight into the oldest plant symbiosis
[J]. Proceedings of the National Academy of Sciences of the United
States of America, 2013, 110(50): 20117-20122.

Tisserant E, Kohler A, Dozolme-Seddas P, et al. The transcriptome of


https://doi.org/10.1104/pp.103.024380
https://doi.org/10.1104/pp.103.024380
https://doi.org/10.1111/j.1469-8137.2004.01039.x
https://doi.org/10.1055/s-2005-873052
https://doi.org/10.1055/s-2005-873052
https://doi.org/10.1016/j.geoderma.2021.115261
https://doi.org/10.1111/j.1469-8137.2006.01846.x
https://doi.org/10.1111/j.1469-8137.2006.01846.x
https://doi.org/10.1104/pp.112.195727
https://doi.org/10.1111/j.1461-0248.2008.01254.x
https://doi.org/10.1126/science.1208473
https://doi.org/10.1073/pnas.1315980111
https://doi.org/10.1073/pnas.1315980111
https://doi.org/10.1098/rstb.2015.0101
https://doi.org/10.1098/rstb.2015.0101
https://doi.org/10.1098/rstb.2015.0101
https://doi.org/10.1038/s41396-019-0403-2
https://doi.org/10.1038/35095041
https://doi.org/10.1016/S0929-1393(02)00133-6
https://doi.org/10.1016/j.cub.2019.04.061
https://doi.org/10.1038/s41396-020-00786-w
https://doi.org/10.1038/s41396-020-00786-w
https://doi.org/10.1126/science.1168120
https://doi.org/10.1105/tpc.113.120311
https://doi.org/10.1111/j.1365-313X.2008.03460.x
https://doi.org/10.1111/j.1365-313X.2008.03460.x
https://doi.org/10.1126/science.aad9858
https://doi.org/10.1016/j.cell.2021.09.030
https://doi.org/10.1111/nph.15187
https://doi.org/10.1111/nph.12937
https://doi.org/10.1111/nph.17973
https://doi.org/10.1111/nph.17973
https://doi.org/10.1073/pnas.1313452110
https://doi.org/10.1073/pnas.1313452110

6 1Y)

Beitthe, 5. PR AR/ HGRARIRIBGR 7 ik H AL

1167

[47]

[48]

[49]

[50]

the arbuscular mycorrhizal fungus Glomus intraradices (DAOM
197198) reveals functional tradeoffs in an obligate symbiont[J]. New
Phytologist, 2012, 193(3): 755-769.

Venice F, Ghignone S, Salvioli di Fossalunga A, et al. At the nexus
of three kingdoms: the genome of the mycorrhizal fungus Gigaspora
margarita provides insights into plant, endobacterial and fungal
interactions[J]. Environmental Microbiology, 2020, 22(1): 122—141.
Leigh J, Fitter A H, Hodge A. Growth and symbiotic effectiveness of
an arbuscular mycorrhizal fungus in organic matter in competition
with soil bacteria[J]. FEMS Microbiology Ecology, 2011, 76(3): 428—
438.

Blagodatskaya E, Kuzyakov Y. Active microorganisms in soil:
Critical review of estimation criteria and approaches[J]. Soil Biology
and Biochemistry, 2013, 67: 192-211.

Zhang L, Shi N, Fan J, ef al. Arbuscular mycorrhizal fungi stimulate
organic phosphate mobilization associated with changing bacterial
community structure under field conditions[J]. Environmental Mi-

crobiology, 2018, 20(7): 2639-2651.

[51]

[52]

[53]

[54]

[55]

Emmett B D, Lévesque-Tremblay V, Harrison M J. Conserved and
reproducible bacterial communities associate with extraradical
hyphae of arbuscular mycorrhizal fungi[J]. The ISME Journal, 2021,
15(8): 2276-2288.

Luthfiana N, Inamura N, Tantriani, et al. Metabolite profiling of the
hyphal exudates of Rhizophagus clarus and Rhizophagus irregularis
under phosphorus deficiency[J]. Mycorrhiza, 2021, 31(3): 403-412.
Zeng T, Holmer R, Hontelez J, et al. Host-and stage-dependent secre-
tome of the arbuscular mycorrhizal fungus Rhizophagus irregularis
[J]. The Plant Journal, 2018, 94(3): 411-425.

Zhang L, Peng Y, Zhou J C, et al. Addition of fructose to the maize
hyphosphere increases phosphatase activity by changing bacterial
community structure[J]. Soil Biology and Biochemistry, 2020, 142:
107724-107732.

Jiang F Y, Zhang L, Zhou J C, et al. Arbuscular mycorrhizal fungi
enhance mineralisation of organic phosphorus by carrying bacteria
along their extraradical hyphae[J]. New Phytologist, 2021, 230(1):
304-315.


https://doi.org/10.1111/j.1469-8137.2011.03948.x
https://doi.org/10.1111/j.1469-8137.2011.03948.x
https://doi.org/10.1111/1462-2920.14827
https://doi.org/10.1111/j.1574-6941.2011.01066.x
https://doi.org/10.1016/j.soilbio.2013.08.024
https://doi.org/10.1016/j.soilbio.2013.08.024
https://doi.org/10.1111/1462-2920.14289
https://doi.org/10.1111/1462-2920.14289
https://doi.org/10.1111/1462-2920.14289
https://doi.org/10.1038/s41396-021-00920-2
https://doi.org/10.1007/s00572-020-01016-z
https://doi.org/10.1111/tpj.13908
https://doi.org/10.1016/j.soilbio.2020.107724
https://doi.org/10.1111/nph.17081

	1 根系/菌根途径碳分配的权衡机制
	2 菌根菌丝生长对土壤养分异质性的响应
	3 菌根真菌招募解磷微生物的机制
	4 总结与展望
	参考文献

