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Figure 1 Theroles of different Na* transporters in the salt resistance of plants (Horie and Schroeder, 2004; ,2005;
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The green ellipse indicates AtHKT1; The red ellipse indicates OsHKTS, “?” indicates possibility; The black ellipse indicates OsHKT1;
The w hite ellipse indicates unidentified Na* transporter; The black circle indicates Na*/H* antiporter.
1: Mesophyll; 2: Epidermis; 3: Stalk cell; 4: Bladder cell; V: Vacuole

Na* (Davenport and  Ca?*
Tester, 2000) Wang (2007) ,
(Suaeda maritima) 2 Ca?* 1.3
Na* , Na* 3
(25 mmol-L~! NaCl) Na* K* , (Tester and Davenport, 2003)
TEA* Cs* : Ba®* ; , Na*

TEA* Cs* Ba?*
(150 mmol-L~! NacCl) Na* ,
AKT1 ca?* , ,
HKT KUP HAK ( )



384 25(4) 2008

(Ranathunge et al., 2005)

(Singh and Jacobson, 1977; Enstone et al., 2003),

(Yadavet al., 1996; Lux et al., 2004; Ranathunge et
al., 2005)

2 Na'
Na* ,
Na*
(Tester and Davenport, 2003) , Na*
Na* Na* ,
Na* (Horie and
Schroeder, 2004) Na*
, Na*
; Na* , Na*

(Tester and Davenport, 2003),
Na*

3 Na'

Na* Na*

Na*
Na* ,

, 2005)
Na*,
Na*

Na*(Munns, 2007) ,

Na* ;
100 mmol-L~! NaCl ,
Na* Na* 10%
(wolf et al., 1990); , Na*
, (Lupinus albus)
, 25-100
mmol-L~! NaCl , Na*

Na® 30%-50% (Munns et al., 1988;
Jeschke et al., 1992) Na*

Na* (Tester
and Davenport, 2003)
Munns(2007) , Na*
Na* ,
Na*
3
Na*
3.1
Na* Na*
, 2
Na* Na* ;
Na* Na*

(Tester and Davenport,
2003) (Triticum aestivum)
961(Dek961)

15(Lu15) ,

H*-ATPase ,  Na*
Na* ,
Na* K* ,
Na* ,
Na*/K* | ( ,



2001, 2002) Na*
(Munns et al., 2006)
Santa-Maria Epstein(2001)

: Na*,
Na* Ren
(2005) , Na*
OsHKT1;5(0OsHKTS8) , Na*
) AtHKT1;1
(AtHKT1) Na*
(Sunarpi et al., 2005) Na*
Nax 2 )
Na* ( Davenport et al., 2005; James et al.,
2006) Byrt (2007) , Nax2
HKT1;5(HKT8)
Na*
Na* ,
(Tester and Davenport, 2003)
Husain (2004) (Triticum turgidum ssp.
durum) , Ca®** Na'
, ca® Na* ,
Na* Na*
Na* ca*
Shi  (2002) ( )
3.2 Na*
Na* Na*
: Na*,
S () ; (2) ; (3)
0 (4) (Tester and Davenport,
2003) Na* Shi
(2002) GUS , SOS1
sosl ,
, Na*/H*

Na* 385

, SOS1
sosl (100 mmol-L~?
NacCl) , ,
Na*
(25 mmol-L7* NaCl), sos1
) Na* , Shi
(2002) Na* ,
, SOS1 Na*
, Na*
, SOS1
Na*,
Na*
S0S1 Na* (Horie
and Schroeder, 2004) Ren (2005)
, SKC1(OsHKT8) / Na*
Na*
SKC1 Na*
Na*( 1)
AtHKT1 Na* ’
AtHKT1
Na*, ,
(Berthomieu et al., 2003) Sunarpi (2005)
, AtHKT1 ,
, AtHKT1
Na*, Na* , Na*
, AtHKT1L Na*
, , Na*
AtHKT1L Na* ,
Na*(Berthomieu et al., 2003)
athktl .
Na* , ,
Na* , Na*
AtHKT1 Na*
/ Na*
( 1) AtHKT1



386 25(4) 2008

(AtHKT1;1) : Na*

: Na*

: Na*

(Rus et al., 2001, 2004; Berthomieu et al., 2003;

Sunarpi et al., 2005) Davenport (2007)
, AtHKT1(AtHKT1;1) Na*
: Na* :
Na* Na* ;
Na* , AtHKT1 ,
Na*
Na*
Davenport (2005) 2 ,
landrace line 149 Tamaroi
, 2 Na* Naxl
Nax2 , 2 Na'
Na* ,
K*/Na" Nax 1
Na* ,
Na* , Na*
, Nax 2 ,
Na*(James et al., 2006) Huang
(2006) , Nax1 Na*
TmHKT7 Byrt (2007) ,
Nax2 HKT1;5(HKT8)
3.3 Na*
K*, Na* ,
Na* ,
(Haro et al., 2005) Na*
, Na*
, Na*
: : Na* :
Na* ) ;
Na* (Tester and Davenport,
2003) Na* Na*/H*
( 1), Na'/H*

(Shi et al., 2000) Na*

, , H*-
ATPase Na* ,
Vitart (2001)
, T-DNA
H*-ATPase | AHA4 ,
AHA4 , H*-ATPase
, Na* Shi
(2002) (100 mmol-L™Y) NacCl
, Na*/H* (S0S1) Na*
Na* Na*
Na* Na*/H*
Na*
Na* Na* Na*
Ren (2005) , SKC1
(OsHKT8) / Na* ,
Na*
SKC1 ,
SKC1 Na*
Na* Na*,
Na* ;
Na*, Na* ( 1) Na*
Na*
Na* Na*/H* Na*
: Na* :
Na* , Na*
(Ren et al., 2005)
4 Na'
Na* (Tester and Davenport,
2003) , Na*
, Na* (Ding et al.,



2006) 2 :
Na* (Munns, 1993); 5.2
Na*
Na* ,
. (
) Karley (2000)
, Na™, (Poaceae)
Huang (2006) , ,
landrace line 149 Na*
TmHKT?7, Na*
, Na* ma Blom (1977)
adenine)
5 Na'
: ( 1)
2 , 2001),
. NaCl
(
, 2003)
5.1
, 1 1 , )
80-200 mMm ,
( ,
1999) Na* : :

(Luttge, 1971) ,
, , 2

(2006)
(Limonium sinense) ,

387

11 17

Chloroideae

, 2,4-D

Roze-

(benzyl

(Glauxmaritima)

NaCl



388 25(4) 2008

6
K* Na* , ,  Na*
Na* )
Na* ,
, (
2-3 ,
2 ), Na*
SsHKT1
(AY530754),
AtHKT1 ( ) Na*
, Na*
Na*
Shi  (2002) Na*
Na*
: Na*-ATPase Na*/
H+
: Na*-K* ATPase
, Na*-AT-
Pase
, (2006). NaCl

26, 1593-1599.
(2002). Na* Na*
28,181-186.
(2001).
Na* . 27,179-185.
(2003).
23,190-194.
, (2007). Na* Na*
24,561-571.
: (2005). (
). : . pp. 131-180.
, (1999). ( ).
. pp. 30-65.
(2001).
7,496-501.

1 ’

Berthomieu P,Conejero G,Nublat A, Brackenbury WJ, Lam -
bert C, Savio C, Uozumi N, Oiki S, Yamada K, Cellier F
(2003). Functional analysis of AtHKT1 in Arabidopsis show s
that Na* recirculation by the phloemis crucial for salttolerance.
EMBO J 22, 2004-2014.

Byrt CS, Platten JD, Spielmeyer W, James RA,Lagudah ES,
Dennis ES, Tester M, Munns R (2007). HKT1;5-Like cation
transporters linked to Na* exclusion loci in w heat, Nax2 and
Knal. Plant Physiol 143, 1918-1928.

Cramer GR (2002). Sodium-calcium interactions under salinity
stress. In: LauchliA, Littge U, eds. Salinity. Environment-plants-
molec ules. Dordrecht: Kluw er. pp. 205-227.

Davenport RJ, Muhoz-Mayor A, Jha D, Essah PA, Rus A,
Tester M (2007). The Na* transporter AtHKT1;1 controls re-
trieval of Na* from the xylemin Arabidopsis. Plant Cell Environ
30, 497-507.

Davenport R, James RA, Zakrisson-Plogander A, Tester
M, Munns R (2005). Control of sodium transport in durum
w heat. Plant Physiol 137, 807-818.

Davenport RJ, Tester M (2000). A w eakly voltage-dependent,
nonselective cation channels mediates toxic sodium influx in
w heat. Plant Physiol 122, 823-834.

Demidchik V, Davenport RJ, Tester M (2002). Nonselective
cation channels. Annu Rev Plant Physiol Mol Biol 53,67-107.

Demidchik V, Maathuis FIM (2007). Physiological roles of non-
selective cation channels in plants: from salt stress to signal-
ing and development. New Phytol 175, 387-404.



Ding TL, Duan P, Wang BS (2006). Na*/K* selectivity of leaf
sheath in w heat cultivars differing in salt tolerance. J Plant
Physiol Mol Biol 32, 123-126.

Enstone DE, Peterson CA, Ma F (2003). Root endodermis and
exodermis: structure, function, and responses to the
environment. J Plant Growth Regul 21, 335-351.

Essah PA, Davenport R, Tester M (2003). Sodium influx and
accumulation in Arabidopsis. Plant Physiol 133, 307-318.
Gong D, Guo Y, Schumaker KS, Zhu JK (2004). The SOS3
family of calciumsensors and SOS2 family of protein kinases

in Arabidopsis. Plant Physiol 134, 919-926.

Han N, Shao Q, Lu CM, Wang BS (2005). The leaf tonoplast V-
H*-ATPase activity of a C; halophyte Suaeda salsais en-
hanced by salt stress ina Ca-dependent mode. J Plant Physiol
162, 267-274.

Haro R, Bafiuelos MA, Senn ME, Barrero-Gil J, Rodrigue z-
Navarro A (2005). HKT1 mediates sodiumuniport in roots.
Ritfalls in the expression of HKT1 in yeast. Plant Physiol 139,
1495-1506.

Horie T, Horie R, Chan WY, Leung HY, Schroeder JI (2006).
Calcium regulation of sodium hypersensitivities of sos3 and
athktl mutants. Plant Cell Physiol 47, 622-633.

Horie T, Schroeder JI(2004). Sodiumtransporters in plants.
Diverse genes and physiological function. Plant Physiol 136,
2457-2462.

Huang SB, Spielmeyer W, Lagudah ES, James RA, Platten
JD, Dennis ES, Munns R (2006). A sodium transporter
(HKT7) is a candidate for Nax1, a gene for salt tolerance in
durumw heat. Plant Physiol 142, 1718-1727.

Husain S, Caemmerer S, Munns R(2004). Control of salt
transport from roots to shoots of wheat in saline soil. Funct
Plant Biol 31, 1115-1126.

James RA, Davenport RJ, Munns R (2006). Physiological
characterisation of two genes for Na* exclusion in durum
w heat: Nax 1 and Nax2. Plant Physiol 142, 1537-1547.

Jeschke WD, Wolf O, Hartung W (1992). Effect of NaCl salinity
on flow s and partitioning of C, N, and mineral ions in whole
plants of white lupin, Lupinus albus L. J Exp Bot 43, 777-
788.

Karley AJ, Leigh RA, Sanders D (2000). Dif ferential ion accu-
mulation and ion fluxes in the mesophyll and epidermis of barley.
Plant Physiol 122, 835-844.

Na* 389

Kolukisaoglu U, Weinl S, Blazevic D, Batistic O, KudlaJ (2004).
Calciumsensors and their interacting protein kinases: genomics
of the Arabidopsis and rice CBL-CIPK signaling netw orks. Plant
Physiol 134, 43-58.

Liu J, Zhu JK (1998). A calcium sensor homolog required for
plant salt tolerance. Science 280, 1943-1945.

Luttge U (1971). Structure and function of plant glands. Annu
Rev Plant Physiol 22, 23-44.

Lux A, Sottnikova A, Opatrna J, Greger M (2004). Differ-
ences in structure of adventitious roots in Salix clones w ith
contrasting characteristics of cadmium accumulation and
sensitivity. Physiol Plant 120, 537-545.

Maathuis FIM,Amtmann A (1999). K* nutrition and Na* toxicity:
the basis of cellular K*/Na* ratios. Ann Bot 84, 123-133.

Maathuis FIM, Sanders D(2001). Sodium uptake in Arabidopsis
thaliana is regulated by cyclic nucleotides. Plant Physiol 127,
1617-1625.

Munns R (1993). Physiological proces ses limiting plant grow th in
saline soils: some dogmas hypotheses. Plant Cell Environ 16,
15-24.

Munns R (2007). Prophylactively parking sodiumin the plant.
New Phytol 176, 501-504.

Munns R, Tonnet ML, Shennan C,Gardner PA (1988). Effect
of high external NaCl concentrations on ion transport within
the shoot of Lupinus albus. Il. lon in phloem sap. Plant Cell
Environ 11, 291-300.

Munns R, James RA, Lauchi A (2006). Approaches toincreas-
ing the salt tolerance of wheat and other cereals. J Exp Bot
57, 1025-1043.

Pardo MJ, Quintero FJ (2002). Plants and sodiumions: keeping
company with the energy. Genome Biol 3, 1017-1021.

Ranathunge K, Steudle E, Lafitte R(2005). A new precipita-
tion technique provides evidence for the permeability of
Casparian bands to ions in young roots of corn (Zea mays L.)
and rice (Oryzasativa L.). Plant Cell Environ 28, 1450-
1462.

Ren ZH, Gao JP, Li LG, Cai XL, Huang W, Chao DY, Zhu MZ,
Wang ZY, Luan S, Lin HX (2005). A rice quantitative trait
locus for salt tolerance encodes a sodium transporter. Nat
Genet 37,1141-1146.

Rozem a J, Blom B (1977). Effects of salinity and inundation on

the growth of Agrostis stoloniferaand Juncus gerardii. J



390 25(4) 2008

Ecol 65, 213-222.

Rus A, Yokoi S, Altanbadralt S, Reddy M, Lee B, Matsumoto
TK, Koiwa H,Zhu JK, Bressan RA, Hasegawa PM (2001).
AtHKT1 is a salttolerance determinant that controls Na* entry
into plant roots. Proc Natl Acad Sci USA 98, 14150-14155.

Rus A,Lee B, Mufioz-Mayor A, Sharkuu A, Miura K, Zhu JK,
Bressan RA, Hasegawa PM (2004). AtHKT1 facilitates Na*
homeostasis and K nutrition in planta. Plant Physiol 136, 2500—
2511.

Rus AM, Bressan RA, Has egawa PM (2005). Unraveling salt
tolerance in crops. Nat Genet 37, 1029-1030.

Sanchez-Barrena MJ, Martinez-Ripoll M, Zhu JK, Albert A
(2005). The structure of the Arabidopsis thaliana SOS3: mo-
lecular mechanism of sensing calcium for salt stress response.
J Mol Biol 345, 1253-1264.

Santa-Maria GE, Epstein E (2001). Potassium/sodium selectiv-
ity in w heat and the amphiploid cross wheat x Lophopyrum
elongatum. Plant Sci 160, 523-534.

ShabalaS,Demidchik V, ShabalalL, Cuin TA, Smith SJ, Miller
AJ, Davies JM, Newman IA (2006). Extracellular Ca?* ame-
liorates NaCl-induced K* loss from Arabidopsis root and leaf
cells by controlling plasma membrane K*-permeable channels.
Plant Physiol 141, 1653-1665.

Shi H, Ishitani M, Kim C, Zhu JK (2000). The Arabidopsis
thaliana salt tolerance gene SOS1 encodes a putative Na*/H*
antiporter. Proc Natl Acad Sci USA 97, 6896-6901.

ShiH, Quintero FJ, Pardo JM, Zhu JK (2002). The putative
plas ma membrane Na*/H* antiporter SOS1 controls long-dis-
tance Na* transport in plants. Plant Cell 14, 465-477.

Singh C, Jacobson L (1977). The radial and longitudinal path of
ion movement in roots. Physiol Plant 41, 59-64.

Sunar pi HT, Motoda J, Kubo M, Yang H, Yoda K, Horie R,
Chan WY, Leung HY, Hattori K, Konomi M, Osumi M,
Yamagami M, Schroeder JI, Uozumi N (2005). Enhanced

salt tolerance mediated by AtHKTL1 transporter-induced Na*

unloading from xylemvessels to xylemparenchyma cells. Plant
J 44, 928-938.

Tester M, Davenport R (2003). Na* tolerance and Na* transport
in higher plants. Ann Bot 91, 503-507.

Tyerman SD, Skerrett M, Garrill A, Findlay GP, Leigh RA
(1997). Pathw ays for the permeation of Na* and ClI- into pro-
toplasts derived from the cortex of w heat roots. J Exp Bot 48,
459-480.

Vitart V, Baxter |, Doerner P, Harper JF(2001). Evidence for a
role in grow th and salt resistance of a plasma membrane H*-
ATPase in the root endodermis. Plant J 27, 191-201.

Volkov V, Amtmann A (2006). Thellungiella halophila, a salt-
tolerant relative of Arabidopsis thaliana, has specific root ion-
channel features supporting K*/Na* homeostasis under salin-
ity stress. Plant J 48, 342-353.

Wang B, Davenport RJ, Volkov V, Amtmann A (2006). Low
unidirectional sodiuminflux into root cells restricts net sodium
accumulation in Thellungiella halophila, a salt-tolerant rela-
tive of Arabidopsis thaliana. J Exp Bot 57, 1161-1170.

Wang SM, Zhang JL, Flowers TJ (2007). Low -affinity Na up-
take in the halophyte Suaeda maritime. Plant Physiol 145,
559-571.

Wolf O, Munns R, Tonnet ML, Jeschke WD (1990). Concen-
trations and transport of solutes in xylem and phloem along
the leaf axis of NaCl-treated Hordeum vulgare. J Exp Bot 41,
1133-1141.

Yadav R, Flowers TJ, Yeo AR (1996). The involvement of the
trans pirational by pass flow in sodium uptake by high- and
low -sodium-transporting lines of rice developed through
intravarietal selection. Plant Cell Environ 19, 329-336.

Yokoi S, Quintero FJ,Cubero B, Ruiz MT, Bressan RA,
Has egaw a PM, Pardo JM (2002). Diff erential expression
and function of Arabidopsis thaliana NHX Na*/H" antiporters
in the salt stress response. Plant J 30, 529-539.

Zhu JK (2001). Plant s alt tolerance. Trends Plant Sci 6, 66—71.



Na* 391

Na*® Transport and Plant Salt Resistance at the Whole Plant Level
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Abstract Plants can maintain Na* homeostasis to increase salt resistance by several mechanisms, which include limiting Na*
influx, strengthening Na* ef flux, lessening Na" transport to the shoot, distributing Na* of shoots to particular parts (e.g., old leaves),
secreting Na* outside the leaves by a salt-secreting structure or transporting Na* to the root by phloemrecirculation. This paper

introduces advances in research into the roles of Na* transportation in salt resistance of plants atthe whole plant level.
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