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Abstract
such as salinization, drought and heavy metal pollution, plants can change the turgor and improve its stress resistance by compartmentalizing
K, Ca2'
regulated the transport and compartmentalization of different ions. In view of this, we mainly summarized the roles of different tonoplast cation
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Vacuole is a kind of organelles that can store a variety of nutrients and metabolites in cells. In order to resist the harsh environments

the excess ions, such as Na”, and other metal cations, in the cytoplasm into vacuoles. There are many tonoplastcation transporters

transporters in plants responding to stresses in this review.

Key words Tonoplast transporters ; Cation ; Stress tolerance ; Function

BB SRR 4 £E K B N R 5 T 1 5 e PR B
SESITPY /M PAS SIS /1.7 STER IS [FACt7)) /) 51 R e L |2
Yolria S SRR 1 P A AE ) P R A3 AT 1 F L R
ARG TR AHEREUE KR R KBS R E S 1
KR A AR v FEIE L T &R AL R ARAEFE A= 9
JRipEL , JH Pyl A4 I XS SRE I L) A0 3 e 4 L 5
Jo i P DX 2 VR P R AR R I, DT 4 v
HPIEBLEE ™, FEpad R, A TR i 3t
PN s e U R B ) e 3 3 R T B4R
FAP MR A S 1 FARLRI R R[], RBek A 3 26 i
TR GEIEE A I A AR A X E TR
WA ARSI s A WA se s 2 3 1
MREFHW) ZKTE, PR Z 4L T4 Na* K X4k
FOVR MO Na*/H" 356 1] %32 25 [ ( tonoplast Na®/H antiporter,
NHX) | J8 5 Ca™ X 38k fk A W32 55 Ca™/H" I [] % 12 3R 1
(Ca™/H" exchanger, CAX) L) J ¥R 4% th 35 #% 35 Cd** . Zn™ |
Mn® Fil Fe®" %4 R BHB FHOFia B M. 5Tk, B H E
R USSMO A 5 ¥ 18 2R 1 9 4 b SO TERE ) Hiadi it
R VE A THER , LU it — 25 A 5T A T AL B L
KA AN DRI B R e PR AR
1 HEYikiakE Na'/H' #8315 %F 8 (NHX)

B (Na) ZHrerh & mHEA ST R, 2 b

Y

BRAAAFELMA (31971405) ; Z M K F ¥ =
AFHF L 5% % 34 (lzujbky-2018-k01)

B R

EERN BHRK(1995—) , 4, HHZMA, REHE L, FFEF @
HMpEF AR L ST AN T, « BEAEY, B AT
ITLCNFHMER AR ST AN BKFETRERLLR
IREFFBYHIRL,

WA 2020-04-21

2. 8% , [t 2K g UK TR (CD s = Rn ™
Na FEAEYII A A i g B bR 3 1 AR M — Rl
FO0E, L Na JE Pl o T K 2 Bt ¢ i
B, R EE Y Na™ o] DU A R i TERAR
A AR, IS i Na™ 38 ] DL VR 1 i ot 5 1
SNSRI FEREER SRR, T B NaT 4 G5
REHAB AR I A I 2 32 B30, SR b B 2 o
(4 Na" B2 SR AR T NHX 1 Sy — b o B2 00 Tt 5 e 52 1A
T, AT A it 219 Na® (K™ XSk 3 R 1 O i
Wr BB VT Y B, () s 20 aed e ) Na™ Xof 48 i 5 o A 430
S AT EAE R T LE VA 4 8 B S 4R R
PEBEREARIOK DL S B A et 3k T M55 5 T A 45+ 00 B
BRI
1.1 NHX 4#  1Emtayh, i R ELL RIS (Beta
vulgaris) W 5EE 2 200 WO IS B K B T Na®/H' #5492 1
P 25, Gaxiola 2 B IR ML EG I (Arabidopsis thali-
ana) HsERE N T BGELAR Na®/H™ 390 [0 532 235 U HE IR AeNHXL
A, AT F E 45k Y NHXs s g di ot . B,
W5 E 53 B INZE (Triticum aestivum) | F2K ( Zea mays) K
M- H H4E ( Mesembryanthemum crystallinum ) | £ b 5 32 ( Suae-
da salsa) F§i T ( Zygophyllum xanthoxylum ) 25 A8 Y v vi 45
I NHX JEH T

WFFE I ,NHX J&—F43F & 35 000~70 000 kDa A
A, — MO C Rl 300 2R AEMAL, H S 24 E
FIAREVE IO, TN SR Y 550 AN BRI A4 i i 10~
12 4~ %5 i [X 48, ( transmembrane domain, TM) "™ . 3@ 53 43 #7
AINHXT 345 WF5838 0 AINHXT SE6 5 12 4>



2 BHOR A A

2020 £

PSRRI A B 1A HAT 2K C A, AR B3 Tl
i 5 TN A g DU 5 ) L P, ] R AR5 3 AN B I |
— PR ST A A S 8 IR (amiloride ) 5 4007 05 4R
JEHNZE R/ NHX 1] 43 4 P28, B Class—1 NHX 5 Class-1I
NHX; Class—II NHX SZ7ERR T 7 FI & EEAEY) R B, 24
TESZ AL TA% A 5 1 Class—T NHX U3 35 7775 T fidi 6 4
YR 3 B R T g, BLES JT AINHX1 - AtNHX4
B T

1.2 NHX EEgHddRhnER SEARMIL, %
KIARG I+ ALNHX 1 )55 5L R 76 75 ( Solanum. lycopersicum) B
3 Y3 ( Brassica napus) ™ fi 4 K ¥ 8 3% 5] 200 mmol/L
NaCl 4b BRI I AN . Zeng 467 W52 R A /KRG it 23k
252F ( Helianthus tuberosus ) HINHX1 F HINHX2 Befg it =5 3
HAEMRPIERRE 1o EERACEET , WP A BUAH LY, L3RR
F ZxNHX 1 ZxVP1- 1 (RO H — SR IR G S B R ) i
SRS AL B AE (Medicago sativa) REGSEM F P AL R HZ 1
Na® K" Ca™ , L I oK 27 fift £ Jop 360 X8 A8 90 7 A 14 S ) 5%
W A BRAEET NHX A 0 R 4R 3 (14 7 e
) T AR IR, i Feik NHXL 0] L7 — 2 B b 4
FRITHERE ™ B NHXT Sb, 52 00 WO 1 ) NHX2
TR BT o A b & 4% T OB R/ . 7E 200 mmol/T,
NaCl A T, i Rk /N TaNHX2 (4% 3 R 5§ ( Sola-
num melongena) W i AR B BAEFEF A, HH Na™ K&
AR A A i RGN, W] TaNHX2 TE5% 5L DR A -1 #h v
Ay w7 3k R R A R A A T, PR TaNHX2 7] DA
hy ke VR TR £ ) g I 22—, AR AY ( Pyrusbetulae-
Jolia) PbrNHX?2 (323K /K- 52 £h W 3e R K 19155 5, B A2
B E RIS s ZEMREE ( Nicotiana tabacum ) i3 &3k PbrNHX2,
J& B AT 3@ 3 A T 1 4R (reactive oxygen species , ROS) 7K 3
SRR A L R A R AR i BE 1 o AN R IE W 4
P 8 L TRELEE RS NHX3 Fi NHX4 XHEY)E K KB 5
Wi B AR A NHXT A1 NHX2 /)N B2 —F e B 1 ieiz I B
A H B, i AINHX4 X Na® K™ 8B A #4268 HE
fR1n) F 55 iz K, 1 AINHX3 0| H 542 Na* A& 55
+[32]

FRERIIA SN , A2 R A ) A K R B AEE )
Mz —" . HE EEE T IR E PRI, BA 8
SEREGPLREY o TR A R, ZxNHX REA%:K 41 i 5
Na" DI A6 22 0, , AR TR B2 32 4, DT A 0 35 1 1 5
WEE L WFFERW), T RALI R 3EEAL ZxeNHX 1 ZxVP1-1
PR R DR S 4K B T ke v AR R T o 0 31 A M A A k2
Jil 28.7% \67. 7% 47. 5% , HLIL0 Ry Na™ (K il Ca™ &7
By A A T 130. 8% (81. 7% A1 100. 0% , FEIA AL (L
ZxNHX Fl ZxVP1=1 W] DL 4R R i 0 H0 FAE ™ e
Serpid Feik ZeNHX FI ZxVP1-1 0] UG 3L R R B3R
Na" E 80 12~ 1.5 %, I UAR wh it A 2 B389 6% ~
16% , M T34 1786 6 PR S 0 1 2 R A e 1 IR
S AR, 15 K F (Hordeum vulgare ) Wi 3¢ ik £ B

iz K

(Halogeton glomeratus) HgNHX1 , AN A] L) 5 25 i L R R
2 (W R, 18 T DU AR R A i 1 K AR RE 0, A B
SRIOPTEE

2 #EMiaE Ca”/H REH%IEE R (CAX)

5 (Ca) R E K KB ITLH N REITCEZ —,
TERILE A R LA R ] B i A Y . Ca™ AR AN
JHLZE R4 R 2H B A TN 2 P i A B R, i EL S 2 T i P
TS A5 Ca¥ TS SRR L K R HT
o5 FISER 7385 et i P LA S, AR, Ca™ 3 1] LA
5458 % (calmodulin, CaM) 55T BTG AL 1Y Ca™ —CaM & 4
R, Z5HRMNNGESHES ™ . RN Ca™ il F b T
BHAS PR , Ca™ B 25 FE H 3RO, B2 25 A HR 15
T3 Ca™ W JE 1o 0 ) 23 i J 8 77 5 o AR RE %
Ca™ $%38 R G015 AR Ca™ BURRA A , Ho i s Ca™/
H' [ 5328 16 1 (CAX) RERSHE IS h ) Ca™ X I8k 2= 30
P, T X2 A 1 Ca™ ViR BE A BRI VR
2.1 CAX MM CAX J& i 11 4~ RS sl 241 a1 35BS 2
F1 LN A TSN, C A T b, BN Ko
1) 2 7K M X3 T B 2% 55 0O S5 15 5 B UM BLAE R AR Y
CAX ZHETIRE™S™ . CAX B9 11 A5 I3 7T 43 2 TMIL
TM2-6 A1 TM7-11 3£ 3 343, Hod TM1 5 [ 195z 4
M, CAX BAT 4 ANThRES, 43S 5 R Ca™/H 1]
FEAATE M N=R 3ty [ #10 1i] IX 38 ( N~ terminal regulatory re-
gion, NRR) "™t s Ca®™ #1566 J1 1 Ca DIFEHR (Ca™ do-
main, CaD) ™" 5 Mn™ p&—VEHICRY C Thags ™ 540
Bt pH ¥ AR ¢ 19 D oh B T . B ST & OBR, LR O
ALCAXT ~ AtCAX4 58 10 T 4H ML BRI >
2.2 CAXFEHEYImESERNIER 1F2MREY], CAX
PRI AR ol 6 AR Sl 2 R i i i v & T R
PR, CAX I P b 2s 25 A ) b Fh R e 5 S Y Ca™
SR, B TR R o R S TR A2 RE Y R
JEXF CAX3 (A HA R 75 SAEH] BX CAXT 3Rk
FEFMARME™ o Zhao 25 IR ST caxl Fl car3 BA5EHK
ZRUL L caxl/cax3 WM 2R 4 SIAE &4 50 1 100 mmol/L
NaCl AR T8 3%, BB cax3 Al caxl/cax3 X3 BAT 5
SR PSR 1T can ] DXk A SO AR B I 5 i — 2B i A4k
T AR cax3 XHER O RUEAE 53 M0 T IRGE R Ca™ /H' #%
BT H - ATPase 152 WIAHE , 8] CAX3 YEfl
Yy ER A A R R T EEWAE . LAk, AlCAXI
T AtCAX3 7] LAPRH] BAAE T, — 3 (e REfS 25 40
Ca™ USRI IERE K667 FYTHERYE ™ . BR T AtCAXs, 2h il %
SEHABAEYIN CAXs X FHUMEER 30 b BAT — & E T, 1]
WNFEARE I R A Eh HUBHTE SsCAX [RIFE RS 1S s L 1A
FERRXTER 30 TR 32 1 e Ah, BRI ST AtCAX2  AICAX4
DA — B HABA I CAXs IR AES SMEERR Ca™ SMrHAlL 4
JE& BHE T 1%z

CAX TERE e i, ¥ 3 (b B b R 45 1 BB R .
caxvl—=1 cax1-2 cax1-3 Fll caxl—4 43 5| & 4 4> AtCAX1 [



48 £ 21

BRIRE ROEM B TRHIEREOEMYRE IR TR R LR 3

T-DNA i ARAZEFR , Horpr caxl=3 Fil cax] -4 1EZ AR TR Y
A5, HAEA MR AL B A T5 38 04 i 2 v TP Y 3R
B AtCAX1 RERS S 5l B P IR A s
3 HiEEFREEREREER

B (Mn) BE(Zn) BR(Fe) ML L B T 14 3
PACETT IR, ARNT 2 200 N S 4 s 5 1) & o — Y
JE A XA R T R L AN AR (Cd) MR
I W E SR 2 —, A 5B B R s, OF Had e
WIERY Cd™ 2 X M I 2B R o s L™ . A R
W1 R AR EAFAE 2R RS 2 5 &8 5 - S is X Sl A i %
BE AT LRSI ke e R TR DR A
KEEREM, FEAHE CAX ZkEE M s 79 i
B 1 (cation diffusion facilitator, CDF) . H SR X PLAH Z B
W4 Bl 4 1 ( natural resistance—associated macrophage protein,
NRAMP) D B A8 )4k %12 85 1 ( zinc—regulated transporters,

iron regulated transporter—like proteins, ZIP)ZE "

3.1 HiZHMEREETH CAX  CAX RIUFEHY Ca™ Y
iz v RAE AR, i ELOHEADHEAE €™ Zn™ Mn™ Ni**
Fil Ba™ 4 4 i BS F AR PR AR AT 1, Shigaki 451
W R BRI ST CAXT () — R S ALK CAXed , FoRT LU Cd™
XIRACAERERE I . Wu 55 CAXed {EREZE 4 ( Petunia
hybrida) "P#EAT#EERI5 , 76 50 F1 100 pmol/L CdCl, Zb¥f 36 d
J&i , 33k CAXed WYREAE A RAR A W) B 4 TP 2R 7Y, HH:
RERSLEAAR N R 21 Cd™ ; [RIN B 98A & it 33k CAXced
R AR R AR T AE B Rh ¥ B AR B S A KRB I
HZ B AN KRR R CA™ [ BT S, 17 7 AR ( Nie-
otiana tabacum) FEFEE AcCAX2 YR T] LI n Mn™ 75 13
BRI B Koren'kov 251 I i 57 % Bl AtCAX2 I AtCAX4
PR LK S R AR B AT B P A Cd™ \Zn™ 1 M X 31k 51
W, DI LR L 8 B TR S s E . ok, i
FERIL CAX AR IS 540 b NI Fl Ba™ (532, jEs%
JEAEY) Alyssum lesbiacum ff) AICAX ENE TN F, v 25
Ni* flfiz 55 X IR Ak, 3 i 028 AL lesbiacum %of Ni** i} 32
PEDT T Liu 2550 NEBRSE ( Puccinellia tenuiflora) 1Y Put-
CAX1 A Ca™ USRI 8% B K667 o EAT M 42 ik , W i 1) X
Ba® 5 —E M52 HE 7 o

3.2 CDF REFHIZER CDFHizEn FEATHES
JiE T8 WAL 31 i 4 sl 4 B 2 P 2 R R R 4
ARG R AT LIS N 3 25, B Zn-CDFs Fe/Zn—-CDFs fil
Mn-CDFs $52 8 [ o HAE, 858 % 0 %8 5 £ CDF %
R il A YR B e R B G e 2 A 6
AN RE, TE N S35 1 NS 2 BRI [AAAAE — A i B
PRAFRRFIEFS 1 C RS AR — AR B B 7 SRS,
Fs' ' 4 @i 52 B [ (metal tolerance proteins, MTP ) J&
CDFs M5t 2 — , WFFE R U T AtMTP 5 037 7E W I
b, R P Zn® A AT L Ak, K
i) OsMTPS. 1 F1 OsMTP8. 2 e i o7 TR ) B 25 55
BEE L FER Mn™ 50T, OsMTPS. 1 2k 25 S EUKRE T4

FE R R, A K2 R, IR OsMTPS. 1 Jg: Mn™ 4 3 V532
;00 H OsMTPS. 1 3£ A LA OsMTP8. 2 Hpli] & #E/EH %
3 B M XAk 7 K RS AR R R Al R R, A
Mn® JPiE i AR e i

3.3 NRAMP RixH¥IZEH NRAMP [AFERE— R EH B
SR T EN RS 5 2R AN &8 BT ORI
1B S BT s  NRAMP 28 [ 3% 56 12 485
SERIRAL S, FEP S 1~ 10 SR EAT sk v, OF HLAESS 8
FERS O NSRS FIRAAAE— i BEORST I S s hn 47
JFHNEETT , Mk Be i BE AR ST B P41 AT fig 5 NRAMP 25 11
hesvIRIsE"™ . AT C 7E R I AR B 5K (Sedum al-
Sredii) AP S E T NRAMP %32 8 1, ifF 5% & i SaN-
RAMP3 SE FHEE I, % Cd™ Mn™ Fe* Z#8 LAG i35 1)
gl fERIREIF P, AINRAMP3 1 AINRAMP4 [R £ 5 {37 F
WO B8, B 5 Mn™ 1 Fe™ (i 5% 12 ; AANRAMP3 il At-
NRAMP4 0] LUK AP ) Min® 32 i 22 - P 20 e ey -2
H:%Z‘,I‘EﬂﬁﬁyJﬁEE%:m s AN, AtNramp3 AtNramp4 GRA9R
RASRRRB LN Fe™ B i R B H Ik A K Fh T AR RE &
EPGT

3.4 ZIP RiRHIEER ZIP 2R REFEEN 6
RIS AN 4 BT AELERFRIR N Zn™ Fe™ -1
AR BRI . ZIP KRS A 326 ~425 4
RS,k A 6~9 /8 sl Jorp N R s {7 T 241 A
PO 455 3~ 4 A5 RS, 1T C R 3 DU o7 T 4 g A0, 6%
3~5 SRR AN TESS 3 A 4 A5 R [B] R AE AE —
AN S LRI L AR X I X ] B 5 H AR 2
SR TIE A X . ZIP & H BB L M5k
AR T HE B LS A X g S7ER L E [T LS
S P 2o’ Fe™ I B AL B A BE 9T & B, R OF
AZIPT GEN TG, 3 B 67 ST PR TR0 Zn” YA IHE, th ] fil
S5 Zn™ DWREREHCE A S P A R . ek
(Manihot esculenta) T I Fe XM G I+ AtMTP1 Fi1 AtZIP1 BEf%
AR IR AT PR A Zn®™ R Zn g BERY
Bl G L DI RIRR IR/ INRI: J S N j e

4 RESRE

T8 A D K AR B A AR i e

ST IR EAMO Y & A SRR KR . R A
FENL R 1 1 BH B8 1 i B 10 mT LUK 20 B o o o 1
Na" K" Ca™ Fil—st HoAth 4 J BH B F X S Ak st of, —
T BE A T 40 B A 78 15 35 ARk K 43 (R WAL, 5 40 1Y) 1
WA I — 7 A AT AR RRAE ) 32 S AR BT R e T 7 A Y
BFEEE . UL, BRI P TS R R P
(A FH 425 4 B 22 ] R R AR G SR R X 15 B i 8 DL R
B R DA B A A IR R S IR BRI LA oy N R L
H I, TR BH B 12 5 1 I F e 246 vh T RENS XI5
fk Na* K' [y NHXs DL S 0E4Z Ca™ ) CAXs, If: BT — F Wi i
W A HLRIBAT T — iR o R X 6 R T i
A B %32 B A DI RR AT S AN IR AR B TR A, JE



4 BHOR A A

2020 £

FLLEBUIR, A5 BFFE ol LR 3 477 A T O — 28
HULEY Na*/H'Fl Ca™ /H' 33 [ 538 8 (141, 45 65638 Cd™ |
Zn™ Mn™ Fil Fe™ 2543 @ BH 25 1 (00 15 5% i 3 (A (032408 %
HAE FAMLHIAO I T 1 — 25 5235 @M ) 45 25 BH B 744
18 38 [ 22 (A RIVE A AORIFST , LASYIEE <7 AH X6 52 38 0 240 i J5
B THEE R Z ; ORT LI i He A [ 4 18] 0 545 e i

JREBHES 1 eiz 8 1S HPTE PRI OC R Ui 1 vl RE T 0 Fl 22
SR RIRAL AL AL, A AN B e e R AR LA S5 B
J\Y)EO
S 3k

[1] G R , ELE, 2550, 5. 257 ER B A A ina i A R B K
IR ). s E R, 2019,17(5) :1711-1716.

[2] SAIJO Y,LOO E P. Plant immunity in signal integration between biotic
and abiotic stress responses| J]. New phytologist ,2020,225(1) ;87-104.

[3] CLEMENS S,MA ] F. Toxic heavy metal and metalloid accumulation in
crop plants and foods [ J ]. Annual review of plant biology, 2016, 67,
489-512.

[4] ISMAIL A M,HORIE T. Genomics, physiology ,and molecular breeding ap-
proaches for improving salt tolerance[ J ]. Annual review of plant biology,
2017,68:405-434.

(5] F0ar, sepie, K05, . /MU Az 88 AL 2 NHX2 JEA R pbE 5 5%
R AFTFRER(ERRARR) ,2019,37(2) :200-209.

[6] BB, i, BIAIE, 5. Yz E iRt e [T ]. B ey
%é%&,2019,40(6),1245 1252.

[7] NAGATA T,IIZUMI S,SATOH K, et al. Comparative molecular biological
analysis of membrane transport genes in organisms[ J]. Plant molecular bi-
ology ,2008,66(6) :565—585.

[ 8] KRONZUCKER H J,COSKUN D,SCHULZE L M et al. Sodium as nutrient
and toxicant[ J ]. Plant and soil ,2013,3691-23.

(9] HBE, FEEZE. E5 E?Xﬂ%ﬁ%hs; PEVE TR [T ]
FH7,2013(1) :42-46.

[10] Tl XUEA, AR, & (IR NaCl SHEYA 25 EFROWF ST

[J].dE755E22,2008(3) :63-65.

Ea, S, O, B T O R R AL R AR L R IR 5

W[ J ). e SHEEIEAR, 2015,21(4) :962-968.

[12] BAZIHIZINA N,BARRETT-LENNARD E G,COLMER T D. Plant growth
and physiology under heterogeneous salinity[ J ]. Plant and soil ,2012,354
1-19.

[13] BLUMWALD E. Sodium transport and salt tolerance in plants[ J]. Current
opinion in cell biology,2000,12(4) :431-434.

[14] MUNNS R,TESTER M. Mechanisms of salinity tolerance[ J]. Annual re-
view of plant biology,2008,59.651-681.

[15] BLUMWALD E,POOLE R J. Na"/H" antiport in isolated tonoplast vesi-
cles from storage tissue of Beta vulgarius| J]. Plant physiology,1985,78;
163-167.

[16] GAXIOLA R A,RAO R,SHERMAN A, et al. The Arabidopsis thaliana

proton transporters, AtNhx1 and Avpl,can function in cation detoxifica-

HiRgl

[11

[

tion in yeast[ J]. Proceedings of the national academy of sciences of the
United States of America,1999,96(4) ;1480-1485.

BARKLA B J,ZINGARELLI L,BLUMWALD E,et al. Tonoplast Na*/H"
antiport activity and its energization by the vacuolar H"-TPase in the
halophytic plant Mesembryanthemum crystallinum L. [ J]. Plant physiolo-
gy,1995,109(2) :549-556.

BRINI F,GAXIOLA R A,BERKOWITZ G A,et al. Cloning and charac-
terization of a wheat vacuolar cation/proton antiporter and pyrophos-

(17

[l

[18

[

phatase proton pump [ J ]. Plant physiology and biochemistry, 2005, 43
(4):347-354.

[19] ZORB C,NOLL A ,KARL S, et al. Molecular characterization of Na*/H*
antiporters( ZmNHX ) of maize (Zea mays L. )and their expression under
salt stress[ J]. Journal of plant physiology,2005,162(1) ;55—-66.

[20] WU G Q,XI J J,WANG Q,et al. The ZxNHX gene encoding tonoplast
Na*/H" antiporter in the xerophyte Zygophyllum xanthoxylum plays im-
portant roles in response to salt and drought[ J ]. Journal of plant physiolo-
gy,2011,168.758-767.

[21] HUANG Y,ZHANG X X,LI Y H, et al. Overexpression of the Suaeda sal-
sa SsNHX1 gene confers enhanced salt and drought tolerance to transgenic

Zea mays [ ]]. Journal of integrative agriculture,2018,17 (12):2612-
2623.

[22] 44, 038R, FHEEDE. Na*/ HY Wi & L S E i nr e [T ].
HHEA R ,2016,55(11) :2727-2730,2758

[23] YAMAGUCHI T,APSE M P,SHI H Z, et al. Topological analysis of a
plant vacuolar Na*/H" antiporter reveals a luminal C terminus that regu-
lates antiporter cation selectivity[ J]. Proceedings of the national academy
of sciences of USA,2003,100(21) :12510-12515.

[24] FORD B A,ERNEST J R,GENDALL A R. Identification and character-
ization of orthologs of AtNHX5 and AtNHX6 in Brassica napus|[J]. Fron-
tiers in plant science,2012,3:1-12.

[25] ZHANG H X,BLUMWALD E. Transgenic salt-tolerant tomato plants ac-
cumulate saltin foliage but not in fruit[ J ]. Nature biotechnology,2001,19
(8) :765-768.

[26] ZHANG H X,HODSON J N, WILLIAMS J P. Engineering salt-tolerant
Brassica plants ; Characterization of yield and seed oil quality in transgenic
plants with increased vaculolar sodium accumulation[ J]. Proceedings of
the national academy of science USA,2001,98(22) .12832-12836.

[27] ZENG Y,LI Q,WANG H Y et al. Two NHX-type transporters from Heli-

anthus tuberosus improve the tolerance of rice to salinity and nutrient defi-

ciency stress| J ]. Plant biotechnology journal ,2018,16(1) :310-321.

BAO A K,DU B Q,TOUIL L,et al. Co-expression of tonoplast Cation/H"

antiporter and H*-pyrophosphatase from xerophyte Zygophyllum xanthox-

[28

[l

ylum improves alfalfa plant growth under salinity,drought,and field con-
ditions[ J]. Plant biotechnology journal ,2016,14,964-975.

[29] ZHANG Y M,ZHANG H M,LIU Z H et al. The wheat NHX antiporter
gene TaNHX2 confers salt tolerance in transgenic alfalfa by increasing the
retention capacity of intracellular potassium[J]. Plant molecular biology,
2015,87(3) :317-327.

[30] YARRA R,KIRTI P B. Expressing class | wheat NHX( TaNHX2) gene in
eggplant ( Solanum melongena L. ) improves plant performance under sa-
line condition[ J]. Funct integrative genomics,2019,19.541-554.

[31] DONG H Z,WANG C M,XING C H,et al. Overexpression of PbrNHX2
gene,a Na'/H" antiporter gene isolated from Pyrus betulaefolia , confers
enhanced tolerance to salt stress via modulating ROS levels[ J ]. Plant sci-
ence,2019,285.14-25.

[32] BASSIL E,ZHANG S Q,GONG H J et al. Cation specificity of vacuolar
NHX-type cation/H" antiporters [ J ]. Plant physiology, 2019, 179 (2) ;
616-629.

[33] Xife, 2hE8, e, . TR T E i A K MRS AR

SN ] AR AR, 2012,48(11) :1063-1068.

[34] YUE L J,LIS X,MA Q,et al. NaCl stimulates growth and alleviates water
stress in the xerophyte Zygophyllum xanthoxylum[]J]. Journal of arid en-
vironments ,2012,87:153-160.

[35] KANG P,BAO A K,KUMAR T,et al. Assessment of stress tolerance ,pro-
ductivity ,and forage quality in T, transgenic alfalfa co-overexpressing Zx-
NHX and ZxVP1-1 from Zygophyllum xanthoxylum[ J]. Frontiers in plant
science ,2016,7 : 1598—1609.

[36] Tﬁiﬁi e B, 5. W RRIARA . ZeNHX F1 ZaVP1-1 FE1K]

WSO B E M M2 v [T]. 18 A2 7431, 2017, 53 (6) «
1007-1014.
[37] & 1nt,$1%% SE R, & FhA= 5 HgNHX1 ZER{EARZE R R P RILIRE
IEL) ). 222501, 2018,38(8) :929-934.

[38] ﬁ B, i/ \EE},%@Hiﬂi PSSR ARt ] AU EZ,
2019(3) :161-166.

[39] TKETS, sibess, SR, 5. EYIaI RS 7/ H' [ fieia E O s
FARTEDREFITHEIE ], AEM TAR 4R, 2011,27(4) :546-560.

[40] KUDLA J,BATISTIC O,HASHIMOTO K. Calcium signals : The lead cur-
rency of plant information processing [ J ]. Plant cell, 2010, 22 (3):
541-563.

[41] 587, A0KI 1,0 7&, & E2e R 5 TV E AR R ) . %2
Bl R, 2011,39(24) £ 14525-14527.

[42] Simiss, wnifginy, EIEAN , % PATE Ca™ A H B TR 2 5 HERA S
TR TR N7 [ ) ] AT, 2014,50(4) <471-4T6.

[43] HOCKING B,TYERMAN S D,BURTON R A et al. Fruit calcium; Trans-
port and physiology[ J]. Frontiers in plant science,2016,7:1-17.

[44] SHIGAKI T,HIRSCHI K D. Diverse functions and molecular properties e-
merging for CAX cation/H" exchangers in plants[ ] ]. Plant biology,2006,
8(4) :419-429.

[45] MANOHAR M ,SHIGAKI T,HIRSCHI K D. Plant cation/H* exchangers
(CAXs) :Biological functions and genetic manipulations[ J]. Plant biolo-



48 £ 21

BRRF RO R THER G AMM AL TR PO RTTLR 5

gy,2011,13(4) :561-569.

[46] ZHAO J,CONNROTON J M,GUO Y Q,et al. Functional studies of split
Arabidopsis Ca®™/H" exchangers [ J]. Journal of biological chemistry,
2009,284 :34075-34083.

[47] PITTMAN J K,HIRSCHI K D. Regulation of CAX1,an Arabidopsis Ca®/
H" antiporter. Identification of an N-terminal autoinhibitory domain[J].
Plant physiology,2001,127(3) :1020~-1029.

[48] PITTMAN J K,SHIGAKI T,CHENG N H,et al. Mechanism of N-terminal
autoinhibition in the Arabidopsis Ca®/H" antiporter CAX1[J]. Journal of
biological chemistry,2002,277(29) :26452-26459.

[49] PITTMAN J K,SREEVIDYA C S,SHIGAKI T, et al. Distinct N-terminal
regulatory domains of Ca®/H" antiporters[ J]. Plant physiology ,2002,130
(2) :1054-1062.

[50] SHIGAKI T,CHENG N H,PITTMAN J K et al. Structural determinants of
Ca®* transport in the Arabidopsis H*/Ca™ antiporterCAX1[ J]. Journal of
biological chemistry ,2001,276(46) :43152-43159.

[51] SHIGAKI T,PITTMAN J K,HIRSCHI K D. Manganese specificity deter-
minants in the Arabidopsis metal/H " antiporter CAX2[ J ]. Journal of bio-
logical chemistry,2003,278(8) :6610-6617.

[52] SHIGAKI T,BARKLA B J,MIRANDA-VERGARA M C,et al. Identifica-
tion of a crucial histidine involved in metal transport activity in the Arabi-
dopsis cation/H" exchanger CAX1[J]. Journal of biological chemistry,
2005,280(34) :30136-30142.

[53] BICKERTON P D,PITTMAN J K. Role of cation/proton exchangers in

1//PANDEY G
K. Elucidation of abiotic stress signaling in plants. New York: Springer,
2015:95-117.

[54] ZHAO J,BARKLA B J,MARSHALL J,et al. The Arabidopsis cax3 mu-
tants display altered salt tolerance, pH sensitivity and reduced plasma
membrane H'-ATPase activity[ J ]. Planta,2008,227(3) :659-669.

[55] ZHAO J,SHIGAKI T ,MEI H,et al. Interaction between Arabidopsis Ca**/
H* exchangers CAX1 and CAX3[J]. Journal of biological chemistry,
2009,284 :4605-4615.

[56] HAN N,LAN W J,HE X, et al. Expression of a Suaeda salsa vacuolar
H'/Ca®" transporter gene in Arabidopsis contributes to physiological chan-
ges in salinity[ J]. Plant molecular biology reporter,2012,30,470-477.

[57] CATALA R,SANTOS E,ALONSO J M, et al. Mutations in the Ca®*/H*
transporter CAX1 increase CBF/DREBI expression and the cold-acclima-
tion response in Arabidopsis[ J]. The plant cell ,2003,15.:2940-2951.

[58] Z=301, Mzt ZIP EEEY P DRED T ). EWBEoR IR,
2018,34(11) :1-7.

[59] sEmAs, ZE e, A, 5. THEHR ORI ED R A R B IR
ML J . Rl &EIE SENEAR, 2019 ,36(1) :71-78.

[60] VERBRUGGEN N,HERMANS C,SCHAT H. Molecular mechanisms of
metal hyperdu,umuldllon in plants [ J]. New phytologist, 2009, 181 (4) ;
759-776.

[61] 1ETHE, 255, AR, A = B LS T ] he

AR, 2006,30(4) :703-712.

[62] By, A0, RIS, 5. iEWE TRt s AR DhRE MR
HFRREREL T ] LR A2 R (Rl S AR ar Rl 2R ,2018,44(3) -
283-293.

[63] WU Q Y,SHIGAKI T,WILLIAMS K A et al. Expression of an Arabidopsis
Ca®*/H" antiporter CAX1 variant in petunia enhances cadmium tolerance
and accumulation [ J ]. Journal of plant physiology, 2011, 168 (2):
167-173.

[64] SHEN G M,DU Q Z,WANG J X. Involvement of plasma membrane Ca**/

abiotic stress signaling and stress tolerance in plants [ M

H" antiporter in Cd** tolerance[ J]. Rice science,2012,19(2) ;161-165.

[65] KOREN'KOV V, HIRSCHI K, CRUTCHFIELD J D, et al. Enhancing
tonoplast Cd/H antiport activity increases Cd,Zn,andMn tolerance , and
impacts root/shoot Cd partitioning in Nicotiana tabacum L. []]. Planta,
2007,226:1379-1387.

[66] KOREN'KOV V,PARK S,CHENG N H,et al. Enhanced Cd** -selective-
root-tonoplast-transport in tobaccos expressing Arabidopsis cation exchang-
ers[ J]. Planta,2007,225(2) :403-411.

[67] INGLE R A,FRICKER M D,SMITH J A C. Evidence fornickel/proton
antiport activity at the tonoplast of thehyperaccumulator plant Alyssum les-
biacum[ ] ]. Plant biology ,2008,10(6) ;746-753.

[68] LIU H,ZHANG X X,TAKANO T,et al. Characterization of a PutCAX1
gene from Puccinellia tenuiflora that confers Ca”* and Ba® tolerance in
yeast[ J ]. Biochemical and biophysical research communications, 2009,
383(4) :392-396.

[69] 2Eid: TN, 1, 5. PHES 74 Hifie k1~ ( CDF) S & H A 5Tk
FRLT]. BT BRI, 2014, 31(4) :517-528.

[70] KOBAE Y,UEMURA T,SATO M H,et al. Zinc transporter of Arabidopsis
thaliana AtMTP1 is localized to vacuolar membranes and implicated in
zinc homeostasis| J . Plant and cell physiology,2005,45(12) :1749-1758.

[71] TANAKA N,FUJIWARA T,TOMIOKA R,et al. Characterization of the
histidine—rich loop of Arabidopsis vacuolar membrane zinc transporter At-
MTP1 as a sensor of zinc level in the cytosol[ J]. Plant and cell physiolo-
gy,2015,56(3) :510-519.

[72] CHEN Z H,FUJII Y,YAMAJI N,et al. Mn tolerance in rice is mediated
by MTPS8. 1,a member of the cation diffusion facilitator family[ J]. Journal
of experimental botany,2013,64(14) .4375-4387.

[73] TAKEMOTO Y, TSUNEMITSU Y, FUJII-KASHINO M, et al. The tono-
plast-localized transporter MTP8. 2 contributes to manganese detoxifica-
tion in the shoots and roots of Oryza sativa L[ J]. Plant and cell physiolo-
gy,2017,58(9) :1573-1582.

[74] IME, EIHTPE. IEWINERE SRS Nramp SRR ], EEIMTE AR 4R
(EZRRlARR) ,2003,24(2) . 72-75.

[75] skAs B R4 R SR Cd AR RO THUHIL D] HUH b7
{KE2,2015.

[76] LANQUAR V,RAMOS M S,LELIEVRE F et al. Export of vacuolar man-
ganese by AtNRAMP3 and AtNRAMP4 is required for optimal photosyn-
thesis and growth under manganese deficiency [ J ]. Plant physiology,
2010,152(4) :1986-1999.

[77] BASTOW E L,GARCIA DE LA TORRE V S,MACLEAN A E et al. Vac-
uolar iron stores gated by NRAMP3 and NRAMP4 are the primary source
of iron in germinating seeds [ J ]. Plant physiology, 2018, 177 (3):
1267-1276.

[78] (i/\,ﬁé[zkl_ TEVP P MR R A AT 5 5 TR T ] A

EFE SRR ,2009,15( 1) :225-235.

[79] (HHREE, RIE AN SRR T ZIP SR A=E B2 i) .
T RR,2015,42(1) 1 124-127.

[80] Wl e, IR, 45 KR AR i B 1 ZIP SRR ZB T 5000t
[J].351%,2018,40( 1) :33-43.

[81] MILNER M J,SEAMON J,CRAFT E,et al. Transport properties of mem-
bers of the ZIP family in plants and their role in Zn and Mn homeostasis
[J]. Journal of experimental botany,2013,64(1) ;369-381.

[82] GAITAN-SOLIS E,TAYLOR N J,SIRITUNGA D, et al. Overexpression of
the transporters AtZIP1 and AtMTP1 in cassava changes zinc accumula-
tion and partitioning[ J ]. Frontiers in plant science,2015,6:1-11.



