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Targeting internal phosphorus re-utilization to improve
plant phosphorus use efficiency
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of Plant-Soil Interactions, Ministry of Education, Beijing 100193, China )

Abstract: [ Objectives ] Phosphorus (P) is an essential macronutrient element in the process of plant growth and
development. Due to its low mobility in soil, the root system has limited access to phosphorus. To meet the
demand of phosphorus for growth, plants have evolved a series of biological processes to maximize the re-use of
internal phosphorus, reduce the P fertilizer input and P effluence in the aquatic ecosystem. This review
summarizes recent advances in the understanding of mechanisms by which plant utilize the organic P pools and
inorganic P pools. Further, the relevant molecular mechanisms involved in the transport of released inorganic P
(Pi) in different tissues and organs are explored and an insight on how to further study the relevant directions of P
utilization in the future is provided. [ Major advances ] P in higher plants mainly includes Pi and organic P. The
excess Pi absorbed by plants is temporarily stored in vacuoles and this part of Pi is released to cytoplasm under
low-P stress to buffer the demand for Pi via phosphate transporter located in the tonoplast. Enzymes such as
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nuclease, phospholipase and purple acid phosphatase hydrolyze organophosphate such as nucleic acid,
phospholipid and release Pi to facilitate its redistribution and utilization in plants. When plants suffer from low P
stress, Pi is exported from vegetative organs (old leaves, etc.) and transported to growth centers such as young
leaves for use via phosphate transporters, thereby significantly improving P re-use efficiency. Reducing the
accumulation of P in grains and controlling grain P within a reasonable range through phosphate transporters is of
great significance for improving grain PUE and alleviating eutrophication. [ Prospects ] Numerous studies have
elaborated the mechanisms of P recycling and utilization in plants, but the involvement of phosphate transporters
in specific P transport processes is still not clear. For example, vacuolar Pi can be re-used to meet P demand when
plant suffer P deficiency. However, few transporters related to its efflux have been identified, and the relevant
regulation factors need further exploration. Holistically exploring the role of PHT1, PHT2, PHT3 and PHT4
proteins on P from source to sink is pertinent. The contribution of Pi mobilized from vacuole and the Pi recycled
from organophosphate to cope with phosphate deficiency needs to be quantified. Therefore, analyzing the
biological regulatory mechanisms underlying the transportation and utilization of P in plants can provide a
scientific basis for reducing P fertilizer input, improving P utilization efficiency and cultivating P-efficient crop
varieties.
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Fig. 1 A comprehensive model diagram of the mechanism of phosphorus reactivation and transport in plant shoot

[ (Note) : ZM-ABELLSM 73 R ICHLBE (P FIAPLEE. WOE AR Pi A2 S AR MM 20 PLE R Pi AR
BB AT PR AR AR (RO, BRI, S TR0 TR PLEALIRIE P AN ISR ERS  BI AN T, S8 AN TR R B (1
B k). VPTI 2 EZAWIE Pi NIF%IZ K, VPEL 55 VPE2 J2 H AT/ B 4 E IR Pi AMIERE ISR, Ssomtsegns, 2 pigal
B PEAE B AT PR AL o A% RIS AR TR (RNase) . B SEUROIAX IR (DNase) 55 DPDI (FRAF 40 ii 4% DNA Y5 S ROBAX IR /M)
Biy) AR RR BRI R Pio WEARBERRIEEE . PAP (SR CURRIERFTRAY) . WRASEE A (PLA). BEEHE C (PLC). BiREE D (PLD) AFRE K i
B Pio DA RER Y Pi 3 2 9 B A iz i B 57 v 5 AR B A B OB AR A A PO AT R, DA A A KT BE R YT R (AL B
s BARRERRIEIEAR) . IWE TP HEIZ Pl BRI 5 KPR A0 B R 644 08 M 222 PHT1 Z6 R PHT2 ZKIGERY R34 o The P
components in old leaves are divided into inorganic P (Pi) and organic P. Pi stored in vacuoles is reused to participate in cellular P homeostasis.
The excessive Pi in the cell is transferred to the vacuole through the vacuolar Pi influx transporter for temporary storage (indicated by green
arrow). When P is deficient, the Pi stored in the vacuole is transported back to the cytoplasm through the vacuolar Pi efflux transporter to relieve
the cytoplasmic P deficiency (indicated by orange arrow). VPT1 (vacuolar phosphate transporter 1) is the main vacuolar Pi influx transporter, and
VPEI1 (vacuolar phosphate efflux transporter 1) and VPE2 (vacuolar phosphate efflux transporter 2) are the few identified vacuolar Pi efflux
transporters. When P is deficient or the leaves are senescent, the organic P pool in the old leaves is reactivated as a P source. Nucleic acid is
degraded by RNase, DNase and DPD1 (deoxyribonuclease that degrades organelle DNA) and other nucleases to release Pi. Phospholipids are
hydrolyzed by phospholipase, PAP (purple acid phosphatase) and other enzymes (PLA—Phosphatidase A), PLC—Phosphatidase C,
PLD—Phosphatidase D) to release Pi. Pi released from the old leaves is transported through the phloem to new leaves and reproductive organs
such as grains and developing roots and other new growth centers for re-use to meet the P requirements of plant growth (indicated by red arrow;
dotted line indicates the possible precycling pathway). The phosphate transporters that transfer Pi from old leaves to new leaves and grains are
mainly the PHT1 family and certain members of the PHT2 family.]



2220 R R R L S 27 4

SN EOR A AR, R R U A R T K
2 P 0l T S 110 G AL R B A A R B K . 7RI
BT, T AIHE R Pl AR thE & 4k 5
B K BRI, Lee 250806 R Ah 7 % 28
2 KI5 B THNEBEEE 5 0~0.5 mmol/L 15 il P f4 15
Fedk B, R IR RO 1 R AIG 23 S 2 R e
Pi &, WA P LA 25 . WY
FE AR P A1 38 A 1k 43 24 R A A 9 A K i
AT Y P 2 B R T A A B 2 R A R I
R, AR5 A0ME 2 NSRS A J5T S8 Vi R i Pi A
A, X — B BE Pi ORI R Pi AKOE SR K
T S B AR

TE 405 PR RR S 1 Pi KSR T 24 20 i Y
BERRASEE IR BB . A5 Pi RS 12
SR RS 2 AT Pl R A A HLBE R R
] AL R AR AL AR I SE B =, K220t R i
PR AT A i o 3 ek A A ds T AR T AR R
1) Pi SR4ERF AR BT Pi KRG TEESD, SR, A5
F U YA H BB 8 A R A i 5 | L 2
SRR AN PiRE, IR Bl 77 AR A VT i I
o 2 Al S FE AN M ST B 000, ZF TR, VR
Pi (4% 775 PR FH 801 400 e P e R 2 3 S A
FH AR TERE Y XA it 17 0 s 3 3 A B
2.2 BB PR

b TR 2 1 T ROAE Y, Rl LAMAAS [ B
26 v R RO I 0 i U ASIEAE ) 1 A K R
204908 34 TG HIL B8 b SR S50l ) 2% b S R A 1)
FHOREE, A HLBEE T b B A LA S B0 Y R .
TRBEID A T R IR N P& B E AL, H8Uh AR
[ P R AR R R 22 oo, b gl f
Pro w3 Z AE R W0 Pi R, HB WD T 405
Pi [, 5 UL IR B 4 P 230 5 943 T K S 1 K i it
LA WL OB Piv7) . A% IR R I 25 ML 4
SRR AT T Pi A9 T4 O A SR 4 0 1 A K
HREEFEZEAOER & D), AU PETER S
HEP BRI AR R v S B0 2 AL
22.1 B e EE A E  BRER
ViR K IEVLBEE , 294 50% WA HLBEEAF T
iz, HHT2y80% LIZHEA RNA (rRNA) HJE AT
FEmeen R IR S BRI SR, T S
EHRAR, Ryt K gE ., SH T
R AR AR B, IO A 1 T AR K R SR I
RNA E 8T 90%, FECHARKZEH, fEHY
MF KRBT, rRNA KRS E A R R 8

R NG 0, R b 8RR R s,
rRNA 7P BFEZ FRE, T RNA Hi - 1R
=, M RNA H [ AR A% A R o A 40 i R FH 2L
R P F W IREF RNases 7135 ML rRNA [\,
Pi, ZJifirt A A LX RNase (—7Ff RNase) 7F H 5%
JE WS8R A2 5 RNA W5 ARt f e,
RNases {1 & # FEAEF AL T2 IR, 7R3
I EIEFE R I T2 G305 RE A2 AR B W38 RN /B8 5 M
PRI, Hr S-like RNases 7E Pi ¥ [l i & 4%
BRI, RNase Jeiliid 2',3'- Bl A% H 2 v a4
(cNMP) ¥ RNA 53 A% H —BER (NMP)7, X Fif
cNMP H E] R B 5 1 FRARAZ T TR W R — iR ittt — 25 43
fife A 7 A= NMP, 4k i 7E S 46 60 1R M 0 1R 1l
(PAP) MR- T BEAR SN, BRI Pi -4 iz i 51
PR LR,

FBARAEY T DNA & B SRR T i 7 L Ik
T RNA, {Hii# DNA 540045 DNA (orgDNA) 3t
[FIZH A T 405 DNA,  H P ] % A: B LU 3R
YL Pi T, orgDNA N N AEBE IR A7 I 4t
P, R P 4 L 5 R A o 17 0 B LA R AE T
FIA DU . R ALY, R (PR
2R R LA 5 LU RERS TR FILEL DNA &1 30%, H%
A 200 60 1) I S R R PR AL 1 4 DL R RE A5 3K E1) 1000 1))
FAMRKRMPE DR, JiRiE, WIReRmRREG | 5
Kl BFNI Z W g 2 il R A w LR, 4k i
HUEE DNA B RNAT7 B 1) Pi R 9l % iz 3|
FEA L HEY A K K B TG . Takami SF79F 5% 3%
WY, TEAREEINA T, PRI R AR b 284K DNA
S AR SN VI 1 (DPD1) FEff, BERUW
Pi WM A 6 A6 31 A7 DAEE B AR 38 B A B T

Zr LTk, YA AL TAREE M n A/ s LM 5 e
WA PES, RNA JZ 28 Y 2 sk
&, MAHMESF DNA 1) & i R Eh A —E B LR
BEFSALVE T, HB ) Pix 2 w5 A Wy e A I S0R
SRR RIEA A EEE X
222 Bls—Z 5B NIRRT E YR N, WS
SRR R RN A R W I ) B R Sy, R
WA YIRN S KA IBEE, X mERL &
BRI A T Y 259%03) . HE 0 A TR 7RG 3
BF, 0 s R G i B T LA e BB S5 R 9 AR A
WREIEAE, I TR 58— 20 S N A2 W i K A il g
BRI PA™ T A [ ke i 6 308 5 A T3] P9 7K A8 7 555 7K Fi
WEAR, PIIEHOR R 4 R3S wRAREE A1 (PLAL),
WENERNG A2 (PLA2). WEREG C (PLC) AT D (PLD)™,



12 PN, 2 A N ERBRIE AR TR BRI A b 2221

BRI A, A WFSE &I PLC 09[R T RGE R S e i
fitt C (NPC) 1.2 58 W AR F5 T 1w i B s
B3R TR N B NPC4 A B BR Bl i 3R 3k it T
H NPC4 Difig ik i 3 FEAIK T PLC MO3EHE™, 8%
RO RA AR 22000 PLC ) ELHER AR . W & PAP 16T
() PLD MYl 4%, PLC /KA 7= A — Bk H- v A
WERR ALY K3, T PLD /K ffBE AR = AL IR IR , ik
—Aidad PAP A U BEH ™™, PLA A 3@ 4 /K f
AR ™ A V5 M Wi A 5 i 3 RS T R A TR e A R )
3 I KA 7 A 1 B H AR A R A R
L ZUERR A/ AR H TR D B, XA R T4
FrA: W0 1 45/ R RE 1T ELUREAY Pi #5545
I IRERAY PEALZ Cangint . BIHEAL)T) e, dEY)
b A REMERLIESS, Qe ZU0E i e
(MGDG) FIRCEFLUEH i — % (DGDG) YL K Hift 5+
S H Ik — g (SQDG), BT 5BEAREEH I (PG)
— R R FE B, RN R, sk
H ) PG B SQDG 10, Ak &M B A 9 Bl B Bt
DGDG B BB}, 247 A A 7 g i
SQDG (1 K H i UDP-fii At 57 RZ0E Gl (9 JE R 5k
RO, FIREHL, AR LR ST R I 1
HF, SQDG Fl DGDG /K44 Frsém , [l i i i
Fr AR IR, S AN, Meike ZEUOFIE AR,
MGDG 7] {4 DGDG %3k & B i I i A i iR 2
SRR E A

WA 7K i (1) 55 — 2% B ZEaR 42 2 G o 1k 32 /K fit ity
(LAH) 7K i g 7 A= Hm B2 — g (GPD) e 25 A
iR sE . H MR — Ee B R _BR B (GPX-PDE) ¥4
GPD #f— R fi S 3-BEIR H Il (G3P) FUAH L Y BE
B 5 G3P nJ LA3E i Pk S A % Mg F1 5% o0 1 M ol 1 il
PAP 54kl Bt H b A0 Pitoon, (3R SR GPX-
PDEI1/2 WFikZ w5 S, HAETR BN T 25
BEAR TSI e A RRAR B ITE RUR &, 4k T3 38 A
BR XA IR 20 B8 W 9>, Mehra 25 E K REAIF ST
KIN, OsGPX-PDE2 i ik Ha i 1o Jig o 7 98 Fnek
IR RGN T O P A, HS R AR
o, BRI R BEROIN A Y BN (PA) & &,
Cheng UM ST 058 H &3, GPX-PDE A BT
BERL G3P () Pi HFAERFAIIE A 1Y Pi F2S . Wang 5509
WF5E %W ZmGPX-PDE1 fEfS (L Tk GPD 1%
fife, ARSI BRI IR, R R ZmGPX-
PDEI JERYEM ot B rp Rk Ll Mk,
JI& 197K f#% X2 GPX-PDE %} GPD HY [ it HE % 2 5 (i
B TR LA

HE g 5 5 S A AT R P e, dEREEW)
D)5 e a5 35 48 s R i AR
I H B 32V . Stigter Z5COF 5T & PUAE Y TE B 5
BV Z AU AR B S A Ak, 1 2 ANHE
e 1o S PR (AN P ZLBEAR & B I, WA is B 1 R
) MFRIAB P Z R 215 LR Bel WL, fFseE
WA 33 9 AR LT W A R A Sl 1 — TR A
TR FA 0 3 A AL B T R
223 HEHIBEE  AHUBEE P R
P R T2 R 11 A B v A A 8 R 288 Tl
HE—EMIER, K iiE Q=2 S 54
FFYIE R AR EE ", MR WEENBER) J21F
YRR I RS AR, SR ER 1%~
4%, HAEwaE2) b RN 65%~80%" ", MK &
MR ES . BEERhosr . B3R, B TEHRRIAY.
FEFP T Kt B b, AR TR BB W HE R it K A O R0
Pi b4 P R B ML A K, BIMEETE R F h i B
RFLVE R, Fpf b Pi RO H & BB
A 0 B ) 1 S A AR LA AR e, R
TP THFE S A B, A EFER . H
WA S UG, —BR T PifkRFER, 1B
FE RSP A 1 B BE 0 85 T SRl AR AR R % 41
AL T G

446 5 TR VE RS R T PAP IR BE A SUK iR s iz
P It R RE B Pi, IR PEAERR I A5 1R T e f e,
Stigter ZCEI R ST AT K IR, AtPAP26 TF5Z 1%
DU /B R i AR R T ORE T, BIREOT
E AU AtPAP26 AT REELA R A U T 1
TR T 14 D BE L 5 KB EE M [T i Pi, PRI, EARCHA I
HF, AEPIR NS AL RE A AR R AR AR R A
FIBEIE IR ] BB PRI A T IE W AR K L F .

3 WEEA I E s L]

R Eh %12 251 (phosphate transporters, PHTs) H
AR NN iz Pi IIRE, AT RS A BT b Ak
R BE 1) e (VK L SRy 1 20 R T e a3 98 RV 2 R0 g
YOz RS0, MRS EEASTTERPEE SR (3~10 pmol/L)
WS P AR PHTs (1445 #4) B H: S 41 i E o7
MAIE, WTLA M PHTL, PHT2. PHT3 Fl PHT4 .
FIE, e e TR . g A | ok
FEEFN R R AR |, JFTEM A K k& i # v A
HAHER Y, 205K, % NtPHTI;1,
NtPHTI1;2, #i8JF AtPHT1;1. AtPHTI1;4,
AtPHT1;5. AtPHT1;8. AtPHTI1;9 A1 h LePT1 .,
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LePT2 483 )& T 5 S5 B FR ER e s AR os 1 i 7K A
OsPHT1;2 5 5t #2386 & o F 444 b 1) OsPHT2;1
LGV IR TR R IR AR A d A 131

Pi i fhiz IR R AL S, E— 383 K
Jo R v 1) L a2 5 4 e 2 b LS 2R 2R 2 (A A
RO FEARBEIA R, S AF T IR0 DL B 2 41
() Pi T 5L — £ %) PHTs (2 AtPHT1;5, OsPHTI;3)
14 BIp B R L2 38 1) 240 P o R/ s X Bl A oK 1Y) PR A4
HOT A AR RERIR, dkini R A K kR
T K o
3.1 RBSYHEKREIR PiiE S

T Pi T JC R R A2 F MR R AR A
BB Rk A (K 1), EAMFE LB T HA N i SPX
(SYG1/PHO81/XPR1) 54381 C iy = ZL PR 5 2
FE S (MFS) S5 #4385 7 T L it Pi 4%
IZHE 1 (VPTs), XFR SPX-MFS % 8k PHTS ik,
REAN 3 Pi AEVRMOAR %80, MFS J& H | Al i
KRR B R RZ —, HAY PHTI K% )E
T MFS #ZE K , HErfER T o K 3L
VPT Z G £ %4445 VPT1 (PHT5;1). VPT2 #l VPT3
BB, HEATT3 AL R e SE A R
NP LGRS AT, FBH VPT1 EZ A TH A1
2R Pl S IR AR Y, — I ST &
M, IR IT VPT1 TiRE Sk &30 VPT3, H
VPT3 62Kk 23 BEAIK vpel 58728 AR AR IR 6L 1) WA R %
HEM VPT3 7€ Pi DJILJTT 1) i 0 e dz b B v h ol 8 —
YERM, S5 WF5Eds K FE PHTS AR OsSPX-
MFS1. OsSPX-MFS2 Fll OsSPX-MFS3 & i T L
JEE o HR R OsSPX-MFS2 W335 % 5L is S
Ak, OsSPX-MFS1 1 OsSPX-MFS3 W% ik 342 B3
Hjuer, (EE, B A& BUKAE OsSPX-MFS1 RESSE
PRIARG IF phes; 1 AR E A KRR R, f e HEm
OsSPX-MFS1 AJ G8EA e i 5 [n] W 6132 iy Pi 1Y 1)
s, MK RS OsSPX-MFS3 g/ Pi i AR TUE
UREEAIML, H OsSPX-MFS3 #F IR Pi /K
SEREAR, HEI OsSPX-MFS3 T BE4E H 0 Pi AMHEG:
B PN s 0, SR, S 0
WF5E R, OsSPX-MFS3 J&/KAE il Pi it AFfiz K
15, RIS 38 3 R RS T 2R 1 B 24 o A
B — X H I -3-BE R % 12 8 11 (GIpT, R OsVPEL HI
OsVPE2), Jf HABENITEBYURSAE T AR Aok A
HR = BE RGN e, T RE AR B GIpT J& T MFS &
FI 5 BB A2 E G3P B, [RIR AR g —Ff 2
WEE T, R G3P A GH M Y[R R F Pi i

AR, HRX—id 52 Pi v JEBE I A FEHI,
it 2GR G R IR, TE BT RN O A0 i S R Rk
OsVPE1 F1/5% OsVPE2 Al Piiz A4, Jf H Ak
FHYIVER ST W) Osvpel Osvpe2 USRI HL
Pi S EFAE RSy, WL RI8 OsVPET 8¢ OsVPE2
FEAR T b Pi & ik, X B OsVPE Z W Pi Sk
HE B /R

25 FRTR, VPTI1 # VPT3 0] LU 41 vh £ 42
Pi f 32 B g ARk, L T B4 R R %
o HATA W Pi AMHESE 32 28 1 AF 58 AH X 4
>, Horft OsVPE # 2 B A5 2IF S AR Pi AMHER:
BEM, EEAOKIRE P E AR, B
Pi i A2 1 5N B E AL S 58 4
wERRAS, A BTN Pi AR A AR, W
WA THRERE LI P55 1 L
3.2 EFHFEEN PiFEIEHLH

BERAIAN S TR EFRTTE, HlEA%
(NEE0 R BIESSE (nghit) iER8 (Pim )
T R IO B 3R SRR URCIRES T A 1) —Fh 3 By
PESEWE (] 1), ] i e Pl ) BRI FH AR 124,

BERR L 512 1 PHT1 KIEANS SR AN +
B Pi IR S5z, FIZRFRIGERLE R 5 iR 5 5 &0t
HIVAE Pi ] EZ RIS o A W9 & B b 3 T
DA PHT1:5 TEEM . W B AL R ) B AR At e 3
IRU, SIREGIT AtPHTI, S 150 A 48 ) e rp
FERIR, FERTOH Pi M IEFE A E R
AT B, Sy AW RIKZZ HvPHTI ;6 FE ik
110 2 I 450) g 38 v A B S A B A BTG s 2, oK
&5 OsPHTI,; 3 BEMSTEM B el 55 10 T i Rk IE S
5 Pi Wiz 5 AL, MM KT 5 pmol/L
iF, OsPHT1;3 iEZ S8R MO BA K Pi MR R
) M L3RG E f T e, S UL OsPHT1;3 L AETE 3L
T AR L) B R Rk, ST Pi N
W )BTt R S0, Versaw SEUIRIESY & BEFR PHTL
F R 7 B TR B Bl X S ARG Pi AT
A2 AN, PHT2 Kt 5 b, BpAE A
AT A5 2 0 Pl f i L Rl o R Sl sF 1] 1)
FER TGN, W phe2;1 FEAERE LRI P
EIHEARFFAZE, R APHT2;1 A% T Besiihia
~ Pi NI BN AL . A SR R K AR AR
SERBS IR L4515 5 11 OsPHT2;1 2B AE S HR L, I
Z: 55 T ARARAAR B Y -4 e A
33 EFRBSHEREEM Pi ST
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R A A B rp AR N I R G R Bh AR
1, X EER T HARKEE . R P A%
P, P Pi ZERE IR N BB & — A X 52 2= 5
Fuzeze-no - AEMIFE R 2RO b o SR A KA AR AR
FEAE B BRI LR A B RS RO A R P
B, RESERMNE RS E DI 2 20 A4 5E 4
BRI o Bl MBS R BB aE T A K
INFEAEAE ST WS B (2 72%) e im BkERL, {HIXHB
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FedwE (L 250 i) R FRE AL,

R B R KREN B S BB KR Pi, JF
FEE B JE W R iR ARG Pids f BRI KA
OsPHT ;8 J& T MR ER s 1, FEMTHE
AR AE K G Pi N E SR B s 8B .
Jia SEUIE ST L LA OsPHT1;8 3 M Ao AR AR Fek i
R AR N 30% , HORBERRETeM &AL
R AT 70% A Ay, TR HLGE SR BRI, AR
OsPHT1;8 [ HE2 5 T Pi MR a PRI G2 . ATt
58RI OsPHT ;5 25 1 HAT K 28 i 1 B Fh 52 4588 53
B E IIRE, (R DL R PR B S i, b
Ak, OsPHT1;7 AR RR(H T AERE OsPHT ;5
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M (SPDT) REfETE T kb Rik, H SPDT KAR
AR KPR B IR I P, 2B OsSPDT
B VE KRS 1 S04 B B 00 58 40 TE 45 F A A
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PR . 12 Z A S50 3 R A ] 37 9 i
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