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(tandem-pore K" channel)#fl Bl 515, B AR
HEHERE . AP B TS R AR, HE
KT/HAK/KUP(K" Uptake Permease)% % . HKT(high-
affinity K transporter) % i fICPA(cation-proton antipor-
ter) K%, HHCPAZKIE L4 ANHX[Na' (K')/H" ex-
changer]. CHX(cation/H" exchanger)fMIKEA(K"
exchange antiporter) V. 5%, X EEHEEAAG B PRI FE
RS, AR AT AR s s . fERIEE ST,
IR RR S FEIE s R/ 70 A, BATEA
AR TR . WHMEN . s iE TR
P, WS T AR T R IGE i R R, S S 2R
g Eh.
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A AR Y. BT R AR T B s i E ik
P AR R AR, TR S AR
SRR . $81Rg I+ Shaker Al B T8 i AtAK T
(Arabidopsis K transporter 1)JEFHY)HEH— 9 % 5E
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BRI AKTIFHAKSIX B4 2 E A 55
R SR R 2 A S i, AR T AR AR R
i FE IR SE.
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5 AtCBL1/9(calcineurin B-like protein 1/9)5 % 4
Jif AtCIPK23(CBL-interacting protein kinase 23)JE &
A, 38 I B R A FH O A0 M T B AtAK T 1A
AtHAKSHY P52 150, DT (i oE AR 2R A 4 i 1)
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HAT&Z B, 7400 TR Hh ek 20 g 263k i 41 ) 47
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WS 5T MR E R iz i FE ) H T USRSz
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W5 AtNRT1.5/AtNPF7. 30 5K, i T SE SRR 7R AR
e 22 [0 20 - 20N (B 1), AtAK T2 2 AE LR 4]
B IR R R AR Tl E, B R A TR )
BB (A2 2R AN IR, AT 240 5 0 e g s
fir, FHEBERER AR AL . AtAK T2 132 5]
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Figure 1 Potassium transport and signaling in Arabidopsis. Potassium (K") uptake in plant roots and K" transport inside plants involve diverse K*
channels and transporters, which move K" across cell membranes. In Arabidopsis, AKT1 and HAK5 mainly involve K* uptake in root cells. SKOR,
KUP7, and NRT1.5 participate in K" loading into the xylem, facilitating the K" translocation from root to shoot. KAT1 and KAT? are involved in K*
uptake in mesophyll cells. The weakly inwardly rectifying channel AKT2 mediates K" loading into the phloem. TPK1 releases K* from the vacuole into
the cytoplasm. The KEA members are located at the membrane of the Golgi apparatus and the chloroplast to transport K. In root cells, after perception
of external low K" stress, plants generate some signal molecules (Ca®>", ROS, etc.) that regulate these K channels and transporters at transcriptional and
post-translational levels. Therefore, plants could enhance the efficiency of K* uptake and utilization, thereby surviving under low K stress (Created with
BioRender.com)
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Muf R A B S, QB s B . AEr i
SZARER WA, YL PN A P A e R B
V7 A BR B8 38 8 ACTPK SRR R A BT v, AT 24
M BT A B AR WML R E L Y AtCBL2/3-At-
CIPK3/9/23/268 1 A 1R AT LLUES 45 19 7 =X 3%
AtTPKs, DIRXHIEE A ).

I 2 A S 00 A0 v 1A T Y B FH ) T 22 37
H i & 3 =N H KR ) e i (ke S5 e 400 g I 4
b3k, AKEATFIAKEA2RE (v T4 A 1 Nk R,
FHES G & B I FEPP T AKEA3ES MK
JIEE bR A7, 3 AT M S A S ) S IR B 7, O
TARFRDERESM T AOEARERPIEN). ZF A At
KEA4/5/60] = Z2 5 (Vi A i /R SRR . R X R IR SEAR N 4%
(TGN) VU BRI TR X %/ 2 B R (PVC/MVB) I, ¥
PEN I R G (o p HAN B B -4, e R 4n g as oh el
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AREESRE. Fla, H-K &I RAtCHX2 1R
AtCHX23 3= 225 o 7 $U g I+ A6 453 8 4 M i 9 o ) I,
I PR P AR P A p HRIEP 2 -, RE IR AE A 1)
JARER I 2 1) A K N2 R 1 DO, 1 B 4555 A AtKUP9Y
F N AR ST AR AR 1 H 0 (QC, Quiescent Cen-
ter) MY PN TR |, AT AR A S e R KR
AP ST D i) BBz i, DT T AR T AR AR T4 i
J S AR A R R RRAS, SR I 4R T 40 M
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T 04 45 A 25 3 18 A de AR (1) 87K AR (s P
S RNER RS, MY A RO i 9
fi . FIHE TR, HETAB, B5EF. 1GPEA (reactive
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AR o BRI A S 8. C& ki, e iia nf
VIFEFEPIAR i 5 7 A A sl i) A 23 ) e S AR A5 15
BRI S S AR R ER E S5 — 2B BAEAR 2R
O3 HE XA X 2 AL, TSR AR e 5 5 A
BN H B X RS X P, X — 45 (5 5 mT L
W 2 FhES B 7 a2 %% (U CBL(calcineurin  B-like pro-
tein) FICPK (calcium-dependent protein kinase)&5) i 5],
T IR 2o A -0 T RN i AR T
IR B B, ARER AT LSO AR W) AR rh > A=
ROSTH S, W5 52 S AHAKS 5% 5 KT )
BAAO i S AL W AtRCI3 (rare cold inducible gene
3)Z H5IROSTE S, Bopriunss & B, CEnis
S A5 (S 52 JEAtCIF2(casparian strip integrity
factor 1)/INIKASAE R, AtCIF2/INIRZE S AR 20 i 5 1 %
RZ A M AtSGN3 (schengen 3), fle#EH 5 152k
Z R BB ALK S4/AtSGN T HAEFBk BRIk, Bfi)o
AtLK S43 i i R fkNADPH4E fL fiff AtRBOHC (respira-
tory burst oxidase homolog C)FIAtRBOHD(respiratory
burst oxidase homolog D) M M ZEAR AT N =4 ROSTE 5
(), PETTE S T8 RN AtHAK 555 5% 7K ST+
i, HE AR AN A A R I RE
BR8] LA SR ™ 2 O AR, IF
ROSTES I A, B AHAK S FoK P R L0
{F5 00 DR # AR B AR K, XA B TR K
WO 22 BRI O SRR & BN, AR aT LASE
MR AR R A5 A0, DI N AR A AR AL 72 (D
WRERRE . FARKE . AR RESE), DAE VARSI,
P T I AtAK T TA] DL 52 0 A K 3Rz i 1 At-
PINTARRE M, THFEARE N A KR itk iz, i#F 52
Wi 00 R TF EAR A AR K T S T B R AtK U P4/
AtTRHI(tiny root hair 1)FIAtKUPY H Bl Al LUf%is A4
K2, ArEE R APIN L A E O R R B
KB AR IR AR, R g AR T A A
KRS T BARM KD

2 EEWIBCRIN S5 S SiEte

P AR 2 LIH,PO, FITHPO,> A M 4
W%, H,PO, FIHPO,> i #K A Pi(phosphate) s £ %L
B TR RIH,PO, FIHPO AW . AP a4 [#
SE, TEBMEALE Y, Sk S P Ak A DL,
SRR K bk, B R A SR RIS, AR/
YE 225 T AZ AW . BEDLER IV (Pi-starvation re-
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sponse, PSR)JEAE ) W AILHErE 19 EEZEHLH]. PSRiE
B A AR5 7 T AR OR E A
LI A RERRA, $R R AR, A )AE 1 B
FRAEC R s 14540 6 76 JC Ui it ) e A 2 Uk 559
PIPSR, X AT g Z M LA AR LT iR R 2 —.

2.1 PR AR

L) A R WA - 3 v A A R £ EE S PHT
(phosphate transport 1) EM 1. CHRERPHT 154K
SENEANM TS, HAHORPilR] [a) ek iz Rk, $Blr T
(Arabidopsis thaliana)PHTIZKGEAH N, 2544
HAtPHT1;1~AtPHT1;9, H A AtPHT1;1A1AtPHT1;45&
TSR R BRI BB IR, R R E 1)
YR s KU KRE(Oryza sativa) A 134
PHTIR %, HKIFA44 NOsPT1~OsPT13, HH10sPT6 .
OsPT8. OsPTIMOSPT10Z SR AW, Tk
(Zea mays)A 13 PHTUR LY, HRETC HIZmPT72:
55 R ZR AR,

FLYIFI BT BIPHT 1 SR SR S A AR, A 12485
JBEIX, #— A LK I o O A, B2 6 DS TIX,
It NS HICHRAEM NP, ELE (Piriformospora indica)
R R B A PIPTAL 1 A A S M RO BT, TESE T 13
W APHT 1R FMASH, JEUIHG T PIPTH; I8 1k 5PO 454
78, RIS PR BRI 2 T L.

FEYIPHT 1] LATE 2242 1 Wi 1o PR K122 4k,
AR IR N BEESES. EREMPHT 14z K8 T
WIRIBEEEE R, T4 =R B M ia 4
TR BB R U R ACE R i k. = 5 FIBIPHT]
T AR BRI KAV, AR AN BYPHT 1 U 75
W T G DIRE,  MDSUCR FIAYPHT LAE AW FI 45
T HRBA DR IS TR PE. BN, K FEOsPT2 AR R AR
FEIZ IR, OsPT6/8/9/100M 2 iy R AN a1, Tl E oK
ZmPT7/EWCE B ISR, PHT UL I8 1A (0 Fh 43
AT R 0 P R K P 5.

PHT 1 7E 5% 57K R FH /K SF-52 2R B 8 72 (1E2).
Wi # LI, S F ACWRKY 42 1F [7] 5 4t PHT ;111
ik, (EBEMNARY, APHTI; I3 %2 85558 FPHR 1
(phosphate starvation response 1), NIGT1.2(nitrate-in-
ducible, GARP-type transcriptional repressor 1.2),
WRKY45FIWRKY 75% 1 1F [ #0545 i
B AtMKK9(MAP kinase kinase 9)-MPK3/6(mitogen-
activated protein kinase 3/6)illif AtWRKY 7510251

FAURE ST, SR S K AS W PHF 1 (phosphate
transporter traffic facilitator 1)JE#EPHT 1340t € b7,
AEFEPHT 1A 11 DA 200 6 A 5 P90 38 i 81 >, 7K A
OsPT8J2 1 5 i R B W ia Ik, B g
OsCK2(casein kinase 2)fAgi2{bOsPT8MYSer-5175k% 3,
SHOsPTSHF BATE T M7 BEFREEOSPPIS(protein
phosphatase 95) L BEIR (L IE1HOSPT8I1Ser-5175% 3, fiff
HoE ORI, (KRR RIS, i RS
AtPHO2(Phosphate 2)J4x P M _FAtPHT 1 & H F
JE, AtPHO2RJIIREZ AN AR/ KF AR, T2
(A 7K 7 AR T RS PHT L5 A 07,

2.2 (PRI L

MR TCHLEE, #G RS BEA UL, HAR L
THBHE X A71E, S50 A ATGsh, sl 7emin
W BRI IR SR TR sh), AR R JEHLBR A
g et 2B A s I WY = e EAE £ Ve b4 [ =)
KB IR TR, LB R
] A 73 BRS04 AL A K A it o P i R s
FE, SEAHYIE F A A 2 0 SR

U T AtPHO1(phosphate 1) FIZKF)OsPHO1;2
RTHBESMnalR, TR MR- is, R
R B AR R TS I 5 A 0 0 R JCHLEE
KL AtPHO1A S 5k 2 M EHAL Lz i = & F h
IR fEKRET, OsPHO12E: 5 T AFRIER 1
TR R, RIS R BoR, BIRIFAPHOL
SENAEIIE RS, 140 s /R AR i X i R F AR R 45,
A F-OsPHO ;2 (5 T g (671904, SR, filt FOAFSE
et R, APHOLIE i 4S8 - S AR EHE T
RN, AtPHO LU REFE IR 2 (1) AtPHO1 A
OsPHO1;2 9 5 B 37 3 4 HoA TC ML e i 1 40 B 1Y
Ui, LT R VR T IR E AR f#HT T AtPHOL
[ U5 TAtPHO L H1 Y =445, K BAPHOL;H1%
FH—Fh2ELE E AP A S PiRIAMEESS). AtPHO1HIN
i HLAT SPX S5 Mk, nl LI 5B NIEESS &, ME/NAt-
PHO 1i£ HA B AN N LB KSF A Th g7 At-
PHO 1 £ 5% 5% /K -1 1 A5 5 /KO AR TR (F12). 7 2
I, %5 T WRKY6HIWRK Y4245 4 FAtPHO 1A 51
¥, WAPHOIN R, (KBRS, E37Z RiEHN
PRUI(phosphate response ubiquitin E3 ligase 1)415
WRKY 642685 H BHAG AR, WRKY42t kA
FIBEA#, (HAZPRULIETE, WRKY6/4210 R ffErR T
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Figure 2 Phosphate acquisition, translocation, and signaling pathway in plants. The phosphate (Pi) transport system in plants is coordinately regulated
by multiple Pi transporters, which collectively mediate Pi absorption, distribution, and redistribution. Specifically, PHT1 family transporters are
responsible for Pi uptake from the external environment; PHO1 family transporters mediate Pi loading into the xylem, promoting long-distance
transport; ZmPT7 is involved in Pi translocation into the phloem, regulating Pi redistribution; Vacuolar membrane-localized Pi transporters dynamically
modulate Pi storage or release from the vacuolar. When environmental or cellular Pi level fluctuate, plants precisely regulate the gene expression,
subcellular localization, protein activity, and stability of these Pi transporters to maintain Pi homeostasis, thereby ensuring normal physiological and
metabolic processes (Created with BioRender.com)

Xt APHOTRIIN ], A5 T8l IR i b 3532 4 108700, M i, UEPHOsSPDTAE/KAR 1 H i B i iz 1 A
AtPHO ML TERS S J /KPR Y. 12 R 45 B HEAtPHO2 HH, ATk E R AR T K HVSPDTH S 5
(phosphate 2)/-5 T APHO 1 £ 1l WAt 2 g e eV AREVPRL A, LR ST AtSPDT I T ZE D) B S K
PHTIFEM I tL S 5B RN E R, Mrsr R me s K r 441,
AtPHT1;8FIAPHT 1,92 S IR - 55412, /KFHOsPT2 R P9 Y TC WL - B A AR TR PN, A PR i
AR RS, S 58RI R AE 0 oK BCHBEIEAT 25 T ORI 8RS i AR e (K12). #UR
ZmPT78% TS 5R AWK, 5570 R[] B R 7 JF AtPHTS; 1 (1 FK K vacuolar phosphate transporter 1,
SYEC. ZmPT7AESAT A AR AL, UTBENE AtVPT)FIZKAFOsSPX-MFS 1 [f] IR 8 1, /\Niﬁ%ﬂﬁ
Mg aEi, EERKTIZE, ZmPT7/E#M/  SPX&E5M, M ERMAR, 750K BBz MR
TR ZmCK2BE IR L, B e, AR W17 K FHOsVPE (vacuolar phosphate efflux trans-
Tl N F A B 3 4 ) porter 1)FIOsVPE2LE N FERHIAK, SAtVPTIA
W% 12 4 H SPDT(SULTR-like phosphorus distribu- OsSPX-MFSIREFHZ, OsVPE/2%1 3084 JoH LI MR i
tion transporter)f Jo7E /KR FP LA E e, OsSPDT  H5iz EAMMIRT. 40 AR K SE 52 i i I i s 1B 1
P DA e T7k$é4ﬁl§l'37kﬁiﬁ?%h K721 7K BTG, AR LB = B, AtVPT1A9SPXZ5Ha 5
FE P RBR OsSPDTREAIL T FFRLA R & 1, (H3Gm Tt A 8 BB 0 B a2 TE M A0 A ST T PLEE 7S R A
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Nitrogen (N), phosphorus (P), and potassium (K) are three essential macronutrients that play fundamental roles in plant
growth, development, and reproduction. As primary components of key biomolecules and critical regulators of
physiological processes, their absorption, translocation, and utilization efficiencies significantly affect crop yield, quality,
and stress tolerance. While plants absorb potassium in its ionic form (K") and phosphorus as orthophosphate (Pi, HPO,*/
H,POy), these nutrients often become chemically fixed in soil particles, particularly in acidic or alkaline soils. This
fixation leads to limited bioavailability, making K and P deficiencies common in both natural ecosystems and agricultural
systems worldwide. Modern agriculture relies heavily on K and P fertilizers to cope with the low availability of soil K and
P. However, this approach faces two major challenges: low nutrient use efficiency (NUE) and limited resource availability.
Current data show that only 15%—-25% of applied K or P fertilizers are actually absorbed by crops, with the remainder being
lost through leaching, runoff, or soil fixation. Unlike nitrogen, which can be fixed from the abundant atmospheric N,
through industrial or biological processes, K and P fertilizers are derived from non-renewable mineral deposits. Given
current consumption rates, the crisis of K and P fertilizer scarcity may soon become a reality. Improving plant NUE
provides an effective and economical way to overcome the effects of K and P deficiencies, and fulfill the demand for food
security and agricultural sustainability. Achieving this goal requires a deep understanding of the molecular mechanisms
underlying plant nutrient sensing, uptake, translocation, and utilization. Recent advances in plant molecular physiology
have identified key transporters, sensors, and signaling pathways involved in K and P homeostasis. Furthermore, emerging
evidence suggests sophisticated crosstalk and coordinated regulation among N, P, and K nutrient pathways. This review
systematically examines current knowledge on K and P transport systems and signaling pathways in plants, with particular
emphasis on discoveries in Arabidopsis thaliana, rice (Oryza sativa), and maize (Zea mays). We also explore the emerging
understanding of how plants coordinate the uptake and utilization of N, P, and K nutrients, and discuss how this knowledge
could be applied to improve crop NUE through molecular breeding or genetic engineering approaches. By bridging
fundamental research with agricultural applications, we aim to contribute to the development of sustainable solutions for
global food production challenges.
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