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Abstract: In natural soils, phosphorus predominantly exists in stable forms such as chelated
inorganic phosphorus, resulting in low levels of available phosphorus. To cope with phosphorus
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limitation, woody plants typically form symbiotic associations with ectomycorrhizal fungi (ECMF)
to enhance phosphorus acquisition. Studies have indicated that ECMF exhibit limited capacity to
directly solubilize chelated inorganic phosphorus. However, they can recruit phosphate-solubilizing
bacteria in the hyphosphere by releasing specific compounds, thereby facilitating the desorption of
chelated inorganic phosphorus. Nevertheless, comprehensive reviews analyzing the role of plant-
ECMF-bacteria tripartite systems in phosphorus cycling remain scarce. This article introduces the
conceptual framework of plant-ECMF-bacteria tripartite systems, elucidates the physiological,
biochemical, and molecular mechanisms underlying phosphorus cycling among ECMF, mycorrhiza
helper bacteria, and host plants, and discusses future research directions for optimizing plant
phosphorus acquisition through the tripartite systems.

Keywords: ectomycorrhizal fungi; mycorrhiza helper bacteria; Hartig net; tripartite symbiosis;

coevolution; phosphorus acquisition; phosphorus transport
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Table 1 Functional mechanisms of ECMF in phosphorus mobilization and transport
Functional stage Key mechanism Molecular mechanism & regulation References
Mineralization of Secretion of low molecular weight Electrostatic/covalent interactions [26]
inorganic organic acids (LMWOASs)
phosphorus Proton (H") release Acidification: reduces environmental pH [29]
Siderophore secretion Chelation: sequesters metal cations [30]
Enzymatic hydrolysis Secretion of phosphatases and other hydrolytic enzymes [27]
Pi uptake High-affinity phosphate Primarily H*:Pi and Na':Pi cotransporters; regulated by Pi ~ [32]

transporters (PTs)

Pi storage and
transport

Conversion to polyphosphates
(poly-P)

Transport to the Hartig net

Pi release at the PT-mediated Pi release
symbiotic interface
Host plant
regulation

Upregulation of specific
phosphate transporter gene
expression

levels (upregulated under low Pi conditions)

Converted to poly-P in hyphal vacuoles; transported within  [35]
hyphae via a motile tubular vacuole system

Poly-P hydrolyzed by polyphosphatases; free Pi is released [36]
across the hyphal plasma membrane

Differential activation of phosphate transporter genes in [37]
host plants (e.g., PtPT9 and PtPT12 in Populus tomentosa)
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Table 2 Co-evolutionary mechanisms between ECMF and helper bacteria

Interaction level Mechanism category  Specific mode Function References
Physical-level ~ Surface attachment Bacteria colonize hyphae via adhesins/surfactins ~ Establishes physical [49-50]
interactions and colonization interaction channels
Biofilm formation Bacteria rely on EPS/TasA/eDNA/ACC signaling  Enhances symbiotic [51-54]
to form biofilms—Enhances symbiotic stability stability
Metabolic-level Metabolic ECMEF secretes sugar alcohols to induce bacterial =~ Drives nutritional [55-59]
interactions cross-feeding community differentiation; auxotrophic mutualism
fungi-bacteria interactions
Regulation via ECMEF secretes mycotoxins/antimicrobial proteins Optimizes the [60-62]
antimicrobial to shape resistant bacterial communities symbiotic
substances microenvironment
Mediation by volatile Fungal VOCs activate bacterial metabolic Facilitates community  [63-64]
organic compounds  pathways interaction beyond
(VOCs) spatial constraints
Functional- Nutrient mobilization Helper bacteria enhance phosphate dissolution/ Improves nutrient [65-66]
level and synergy enzyme activity absorption and cycling
interactions Biotic stress defense  Bacteria effectively suppress pathogens, Enhances host fungal [67-69]
protecting host fungi resistance
Co- Community Highly specific ECMF-bacterial interactions Maintains ecosystem [42-43]
evolutionary co-adaptation co-drive nutrient cycling and niche differentiation  stability
significance
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MEHEE A . 5 B =R, ECM
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IX] 241 T (Collimonas) B #A L PET S XA — 2%
J¥ EXW, ECMF i Bk i AL & Wi ik
W 51 £ 32 v %) 3% B 4 T (phosphate solubilizing
bacteria, PSB) A4 55 MW I .

SPIELRR . LR . FIR . BEHARR . SRR .
AR A BRI AN & T R 55 1 1 1 A L
M2, FEACESER pH, JFSEE. B, 0. 8555
T ARG RN, BS 2456 MBRRARE 7,
TE RCRE B a] W SR FH Y HoPO,~ #1 HPO,®, 205
WAV A P s e 0 S T PR Y S VR PR
Zhang %5153 B AlAV 0 5T B 4628 I B (Tlopilus
neofelleus) b& 22 [ 21 TR L 115 W R X 118 785 7685 4 Ao
WG (ged . gabY). WEFREE R (acp. pho),
WEEN N T FLRR Y S, BRI R TR E A
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TCALBE R IR CR . IBAl, HAR BB A PSB 2
TE) F14 0 T R L A D 0 T DA 5 i A ) o BIL A 1)
W R e A LB 1Y 5 2 o0 FL 75 A
TR TG 0 fff TS 0 PRI RS, TR AS 5 A 0 50 A T2 it
(FEDR, 3Rt 25 A FELAE TR 24 Hh 1) = 3 i
YIRS P R P AR . Wang 253 ILLBE3E s
WEFEAT BSR4 T 2K 1) PSB #liA Ky 2 AR B W I
WA AL, T RIS wEE 2A T) AE
PE 1A A LR (A FH

Zr LPriR, ECMF A 5 i HA — & i i ik
RET, AHHON B A St f i v, A 2 LA
A BB AR Y0 B R AR . R
ECMF 5 PSB W[l fE FH o] #4550, I
HE 28 A1 A TR AR AR AR R Bz 2 R A A P 1
RSP IEFERER .

3 EM-IERREE-HE=E
HERGEEMBEE T

TE SR AV 2 90 b o R 6 050 e e A0 2
EENEREE S, SiE 1 g HIES SR
1t 10 {2440 F1 200 m K ELE B 2274, ax st
AR IFAE I AEAE , & 2% U1 B9 A BAE
HAMEXLRER T 1T ERWET RS,
ECM & ECRH 5 R SAE A (ARSI i 2B IR 2R
i EAEY A ECMF AR5 7= W38 0 AR 57 2 20 i
] B ) W 755 1 I kA7 3] A i 2, e 4
ECMF 3 o H 92 14 B 22 ) 245 W s+ 458 v 14 K
Gy RIFRAY AL RS AE Y 5 [, AT ) 4 4
HOB IO HLAL A 4 ok A B 25 Al i A 4RI T
FE4r RN B M 20 TR U 3 5t i X S AT DL A
Yk — LB R Ay, ARt 3R A (G B AN
et A K. ik, #Y . SMERER
FCR A AN A TSR, ATREERE Y £
PR A
3 EY-INEEREFE-AE=ZEHE
ARG RIER 5S4

A= i 1) DY 1T\ T3 R <A, LA BRI A
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FHA B 2R P4 R A 5 B 3 0 i SR SR AL 2 o Al
Y- A1 TRTAR L TR - 4 R e A A 2 ) RO I
ATEAE—Fh e ER L, EY S5HEFE T
(Basidiomycota), ¥ ['](Ascomycota) 55 FL
LAY AN AR, AR B SC A ™ f 2544
HIHARANR 22 F 7 SEAR TR B &R a5 IR
] = 3 v A 200 T A5 A A RO R S BT B 2D
fietAk, BN“HRE” (mycosphere)™, HEHA—E
B SEbE, AT E 0 g, S AR
Z AT REAFAE R M BAE G &R , AN AR i B 4
B (MHB)A] 4[] ECMF & #5445 Fh A= 25D fE
A R T 18 5 e T AR A B 4 TR (MHB)
TETR 22 bm 8 H W B 2 I 2R, Al T S TR R) AR
YIOE Wi, #8534 Al LUHT LR e 22 3017 i
%, “EHBEAKERFEEMEELIE PNz
g 0 4% FLAT B AAE A . Warmink 25U 58 %
B, DU RIA v 8 IR T2 R (Paraburkholderia
sediminicola) BS001 F175 #4 <0 J& (Lyophyllum) &
Bk Karsten (DSM2979) 2k 45% 5 i} 411 3 AT LA 7= 25 A
YIRS, JFAEAA AR W 6 v RN S e M ) L TR TR 22
T — A #8 2, H Z280n] 1B 1) 4 TR T AR I %
A hreR FE R [ = A 43 Wh & 45 (type 111 secretion
system, T3SS) 17 1 W 45 7~ P br & W], Bl S,
MHB # #1455 )1 2585 T ECMF, 1 1fif 52 0 B AR B
WHAERAT, O REPE S AR T AT A A
MIETEA, YRR RS 5 FHEY B E IR
o, fevtes EHYAEK . Berrios ZHFSE B
7~ , ECMF Hl MHB A 5 AE AT A3 I sl 441
FAEY BIE N, G AR A, AR T
AR . Wang SEUSESE R B 2F LA T HR10 {2
P15 3 B ) 5 B (Hymenochaete sp.) B9 42 K,
PRI R ARAR G By 23K, S LAY B-1,3-F
RGEmGEYE, IR TR e R, e T
P AR 5 R AR 2R 36 M DA RS B I 2R 3R 9O TG
P, BT ZEAEFT B HR 10 38 1 384 S MR 0 R AR
FETAME SR, AN T OGS AN
ARG, MHB F1 ECMF 34 o] iy [R] 3 58 1
FAEY PTG RE ST, 2 of T A2 A AT

HRI10 J5 15 F A5 9 00 Tl AR il ) R e P A4k i
PR3N, PR3 A1 PRS F[A [ I8 23K A9 F 105 o)
g ZZ 00 AN ER S AU (Sphaeropsis sapinea)5 | L1
PR R R s & ), 25 Tk, 5 ECMF %
LIAR G (0 A0 TR AR Sl AR A 9 BRI, T AR
TAEY - AR L - A = S A R R
AP A KA S R G UIRE
32 ZEHERGESEVHNERER
ER ML

e =HE A R4 h ECMF i i i 70 W s
SN JE R S A AR T R A T, X s
f# B A0 AT {2 E ECMF B 220028 K, v HiAE
fEBETRE LA R, B2 X 38 P B 2R A i i
BRI A OB E A A AR AR
321 HWrZEMESEHESEERE

BEAROUEEFRY R, B E—MESYE,
s 70 A2 B TR AR T ) T AT A R B R B IR
FEA)E I F SR AR AR s W = A
SRS AR B R R ROK LA, AR B
W] 25 3w W R ez, DAl AR AR 0 6 B 1
TR ECMF 2681 H ek 22 R U5 (14038 107 g T
FEAE H A 38 1) H1 JE T 22 X 26 RE 8 1) 38 AR B 7 1Y)
BER SR BEE . SRS LML, ST
BOR A IS Z RS, (HA Y B W OseR
B, X 3% I A SR T RE AR R 1 BREE P e A
WA MR LR B, B A T Y
AR A KT & W T 58 . ECMF FIAE TR AR HL B
SR A AR EE &2 B, ECMF AbBEfY £
SR ) T g P 7 )
WA, UEZS5 PIEAEIEREEE, W2
ECMF Flfis £ 3743752k

FEAR AL A R, R UR A B LA 6 R Y
by, BINTE AM R 248 S0k 5 £ Rk 45
Fic 45 A H AL T 22 Wl 100 L B LA B 3% 40 (R I 45
KTHMEFAR R GRS FRR IR, 2RI 3L
IFi] 45 [5] ECMF Xif i 4 38k U8 A4 25 A PEAR M . X —
ZES T S T X ECMF BRI B 4238 B . Tatry
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SN i AR R FARIC LR SE, g E 4k
AW ECMF, HA K T i 32 2ok IR TAE
AWML . 55— m, XFEEHENY
“ECMF % B3 S Ak e i Jlg 3% 1 T 8 B T 1% O
AP SRR T RER S B T LA T o Hod,
Jorgensen S i 54 S A SEEIG TR, X
L il 3 P 1 2 BT A R N 85 HIL T H 3R R
NH,", AR A ALY LRI IR . 1Ak, X
— WK O REF IS E WAL R T EIE .
Bogar* & TF-1C 3 J12A M RO /R, M)
[i1) A A 226 ) i 3 5 EC TR P IR I R | B 24
FEA Bl A Py R R E L, R A TR
i B B AR K TR SR TSR Sl ) o

ECMF X 8 9 5 37 %) 51 Bkt ] 4 B i 7
ECMF 1Y B 22 A] AF Ay 4 18 v il 4 B¢ 5 Y R V5L
PRI AR R B pe A B 0 IR, IR A
R R ok B v IR B R AR BOMERT, e AE W
ECMF Flilk 5 2 8] JE B 0 S 05 [l i . 7 b it 7
i, ECMF &5 s &k ik &4, kK
G FILMARIRELS, 5 MHB it
PR LRI T I R A B 0 A R R, PR
T Y-S TRAR BB -0 R SR R R T 22K
B RAE, FHY N AL B AR B A4 R A
VRN RE IR 7%, W bR AMERBE RS
THEMEZ M EEOCR, RSN
TN
322 HnZEMEEidiE

WA AR R s R T A B, AR RE
W FEHS . EURS T AR, EEA
I 45 3 A vp R 4 EEE Y, SRmT, A
WA Tl 1 R R I A E LR, R
T AT WS i) AT PR OB & AR R AR, BRI
Tl 45 g - 398 o AT i s K S BA RO AT W
BN E IR, 7EAY-SE AR B -4 =
FEIAE RS, A FEAR B R Y R E A
W A FC W S5 AR AR 2R ey A B, RO B
WY AR AT, % R Gl D e o TS B
() 3R M. BCMF S5 H 2 3k A AR A0 24 )
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2% S P B R AR B X s, TS
AR B 2 R ) S G T R MV B 75 AT
DR R R AL G AR T T R G R AR RIOR
PEfiaE, RS 3z =S AR R R o] A
W) B SRR 1R 30%-50%" . X AETE—A
e B MR B SR, (1) HEYI R B IR AL
Xz s (2) ECMF Wi . T 22 [ 28 97 g 5
WAk (3) A Al . BRARPRIEA —IRIEf; (4)
Y5t B S i et Ab . 7R AR TR AR
L - 3 o P [ AE FHE  g rhoxfs PE Te Lk
TR A S R A RN TR R R A e e XU
ECMF T8 22 i 128 5 25 A W R L e 15 45 11 (i PT
FR) Fsh Mo, 5 B T K 24 N Y
s FTA 22 - YR A Wit s . AR
WSy, shEs5%. o
YIRE S ALHIIH 8 ane 3 s .

TETR 22 NS, WU o AL Pi gl 5 %
2 B Wi R £ (polyphosphate, polyP), iZid FEHK
i 22 T W R LR I 8 (poly phosphate kinase, PPK),
52122 ATP/ADP LI, SARRR RS
FHEE, BEARH polyP (i Hb B &4 5 (Pi/polyP~1.8),
MEAERAAR T RS RR R —FIEL, R polyP &
ECMF B A7 5K s ny 280, polyP
PR PR A X 28 T 22 W A R B
WK, ECM 15— Mz shiE IR R SE,
ZRGAEZ N W= Z I 2R, Wi
TE 220G R, AR polyP J A7 T2 A Jit
B8 2 30 ) B 220z i, (S L T RE A8 A L R S
AU Pi e EPY . ECMF B 22 19 45 R 6 ) 2%
HA Xz 6, — 5 polyP MK TG
PR A T 22 9 v (pH BXAI%, f #F Pi i F L% iz)
& AR s 53— 7T, 18 Fa RN 2
I T R polyP 28 [ 2244705000

TEFE 22 B, polyP T 23 K i - s i
B G A RERAE WL . 2 TR0 IR B E X — i)
L SR P, 5 AN R T 2 B (Saccharomyces
cerevisiae) 11 1) PPX1 i ] [% fif K 5% polyP k&
§i Pi, MITAERFANM N BERR S, Guan %7
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*3 HEY-ECMF-HAE=FHLE RGBIEIFEH

Table 3 Phosphorus cycling mechanism in plant-ECMF-bacteria tripartite symbiosis system

Stage Key participants Primary function Core mechanisms References
Phosphorus ECMF Establish a synergistic Recruit chemotactic functional bacteria and [75]
source system facilitates biofilm formation
response
Synergistic =~ ECMF-functional bacteria Conversion of insoluble  Organic acid synergy enhances dissolution; [76]
mobilization phosphorus sources— secretion of phosphatases hydrolyzes organic

PO, phosphorus
Phosphorus  Hyphal PT transporters POf’Hpoly—P (vacuolar  Bidirectional vacuolar transport: transported to  [92-96]
transport storage) the Hartig net under sufficient carbon supply;

retrieved and stored under carbon limitation

Mycorrhizal ECMEF polyphosphatase poly-P—PO,*—organic  Host carbon-phosphorus exchange signals [97-100]

uptake (PPX1/VTC)-plant Pht1L

phosphate transporter nucleic acids)

phosphorus (e.g., ATP/

trigger poly-P hydrolysis in the Hartig net and
activate Phtl family genes

— WS R I, B RIEPESZ A Pl VR A
¥, IR 5 WO 12 8 F AR (vacuolar
transporter chaperone, VIC)&Z &K&W FI/ER, LU
-1 polyP 95 25 1 R 5 W% . ECMF 18 i
PolyP 1Y X 2 5 F 20 51 ok I 57 33 43 ) 15 1912
By, 1 H B AN ECMF B 22 s HE & 8254
1, P F T SHE R S50 AT R A AE T 1A 22 -1
BT, AT UEE 2 B A AR ) B AR N T D ik %
polyP /K fi# . Torres-Aquino 25"V 37 ECMF fif
3 45 A (Hebeloma cylindrosporum)5 7F F 1 i+
¥A(Pinus pinaster)FHEZF 3 F K (Zea mays) AL
KRR, ABRATEMY P pinaster GEW R 5+
P38 5R H. cylindrosporum # 22K polyP 7K
fife, BE— LM AR SR — 2D AR
FEREAL | K AT ELEE polyP AU Y Rr 5 S 1
BIfE, ZESF2 ECM YR AR 5
A2 1 5o L PN 22 SR TR T 1) T - S 3R BE polyP
AL 55 =P R RS 22 JRE R il G
YR TRLHE polyP j7 AU 88 Pi, SRJSTERS 7 G
HOREIL

22 TR W TR 6 7 TRUAR - A1 40 A BT (P 35 IR
WKk PO, SIS 2 8 A kAR
W& BifticEAEREMEY SRR R4
TR TR R AR S A B DN, B G R A ) TR AR
o R A A S T, b Phtl K%

S A PR EAERF Y P i RS U,
LA 20 SO 22 R B, [RS8 5 A
PR KA S AR E IR B AR S B, L
EFRFRARILA R . T PO TERI A N FE 4k,
o ATP., KR . WEIRSFEABEELS, Rk
(T RESEA T 4P 1T S PR PR 1T

i LTk, Y CUHEMAR) SR BUEY
WHEIE ML HEERR ., DA RS
HRBE A A S DA DA R Rl R ) il e L AEL )
AR GeA ™ 01 5 AR LR A 2R 56 R R
TE AT A5 5 e AT PR b XY 208 5 AR RO
Rl 5 A A AR LR R B LRI A S R
IABHI SRR . fELL, HEY)-SME AR E -2
W = I RGER I — R YA EARE . B R
BOR B AR BA S A, E -SSR
AR B AR Y S B T R B A AR EOECR
BARFRI AT

4 REHEZ

AR GLER TR -H M T AR B -4 B =
HIARRTEME Y BE RGP k5 CHAEH .
ECMF 3l o 18 24 X 2% 5 M AR 22 8 16 5 %% 1) 3
A [RIE, AR TR AR B RE S R S 1 R 5 |
TR T RE AN, SR SRR A R R =T
AR, KPP A R AEEANOE 8 T4

http://journals.im.ac.cn/actamicrocn



12

ZHENG Tingyu et al. | Acta Microbiologica Sinica, 2026, 66(1)

BRGEMFEN, B TR SF TN
ARG . E T A SCERHR B S A TR AR LT A
AF OG0 A DI (W] FH AT A1 S 08 1) i i, AL A
V) =07 B G R ZR B9AH BAE ] B 31 HIL ) 20 i
ARE . R, AP AR LR T A 2T
5%, b AR AR B 41 pE AR IR 3T [G I (Devosia sp.)
ZB163, ] ik O 4 ) R AR A AN (B0 R AR 2
e, [N EY S AL S B, A - FO - T
= M S R ARSI SR A R MR B0

RENAMRBE L RETHLIRAE S
ECMF MBS I BEDLE (A ALER 73 W6 . W12 i
TEA6AE), ITAERMOR B Z MR R, #r40
R AT E G T IR 2N ER, IR N BAE B
S5RMEHL . X ECMF-EHB & 4898 i
FLA] B B 2 BT B AU I B (Laccaria
bicolor) S238N . Bertaux 2! 1 98 Y6 5 Z4 38
(fluorescence in situ hybridization, FISH)%% 16S
rRNA BERAR PR, 7EH I 22 R )26 2
{AAT & (Paenibacillus sp. )W EFE , FFUEISIZ A H
P22 NTEER . X — &M~ , EHB
A e ) B E AR - A A AR R e 3 A
FOARIES, AR R 22 R Ry RHEVERT . H
B, OCT EHB WM 2 58 RIGH I HLEITA £
AN X TRINTE R 22 R A, Hor
WA /N3 - T W Bl (U PR VE W R 8, 30-50 kDa)
TR L B YO A B IR EE R AR Y,
SR, X T e T2 NERR) EHB, H A
it e 15 L T 4 R/ e e, )ROSR 32 B
SRR, PR AT BEAFAEAS ] T2 10 T ) ik
Tk, Frojd S CIIT R, % FRBHPERER
1 22 N B 1L 5% 55 1 (Streptomyces venezuelae) R] iE
12 BRI (membrane vesicles, MVs, 50-300 nm)
R REVERE AL T BalE . B-AIAE ), X
St AR XU IR B0 AP T TR AE 3 R 5 W
()48 R, O T REE o AR T AT 22
o BRI & B 22 R0, JERIMLI . AMP-41 B 3k
AR R TP E AR 20T R ] S R PR R
fily SNOAF R ik, O o I R B R A M, I
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LA BRI ST

WA, BEE 71 LE ) ML D A 2 BOR 1Y
AWK, ARKIBFTEN E— PR X — R
P 28 R A W TR AH A T BARBILER, R TS
A L RO LA S B A 45 S i, BT
PR HARMEBERLE, IF o0 e SC B R D Y
FEIRVAPEALH] , 1 W ol A= oy T AR EL AR P Y 23
enlio 28 LRTIR, AHY-SME AR FLA -0
AR A R S HER A 05T BA T A B
SLERE o R 2 B SUMZE BT,
B AW A X — 2 A R B, Sk
AR P RA SRR PR AR ) S R i

1 STk A R

FREER . RSO AN SR 3R K338 it
SO SThE; BUK: i83UBEBCS H B

&M &R AT =R

VEF P ASTFAEAT AT Al e 22 B A AS SR A 3% T4
BRI 25 M 2 AR R
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