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Molecular Mechanism of Plant Adaption to High Salinity

Dae-Jin Yun
Division of Applied Life Science (BK21 program), and Ewnvironmental Biotechnology National Core Research Center,
Gyeongsang National University, Jinju 660-701, Korea

ABSTRACT Plant responses to salinity stress is critical in determining the growth and development. Therefore,
adaptability of plant to salinity stress is directly related with agriculture productivity. Salt adaptation is a result
of the integrated functioning of numerous determinants that are regulated coordinately through an appropriate
responsive signal transduction cascade. The cascade perceives the saline environment and exerts control over
the essential mechanisms that are responsible for ion homeostasis and osmotic adjustment. Although little is
known about the component elements of salt stress perception and the signaling cascade(s) in plant, the use
of Arabidopsis plant as a molecular genetic tool has been provided important molecular nature of salt tolerance

effectors and regulatory pathways. In this review, | summarize recent advances in understanding the molecular
mechanisms of salt adaptation.
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Figure 1. Plant Adaption to High Salinity. When plants are ex-
posed to salinity, caused by high NaCl concentrations, apop-
lastic levels of Na™ and CI alter aqueous and ionic thermody-
namic equilibria resulting in hyperosmotic stress and ionic im-
blance and toxicity. Survival and growth is dependent on the
capacity of the plant to re-establish, expeditiously, cellular os-
motic and ionic homeostasis, i.e. adaptation to the stress environ-
ment. Tolerance to NaCl stress is mediated by processes that
restrict Na~ uptake across the plasma membrane (presumably
due to a combination of reduced influx and increased efflux),
facilitate Na "and Cl'sequestration into the vacuole and regulate
compatible osmolyte production and accumulation. The coor-
dinate control of these processes is essential for the osmotic
adjustment and ion homeostasis that is required for salt adap-
tation.
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Figure 2. List of osmolytes involved in either osmotic adjust-
ment or in the protection of structure (Hasegawa et al., 2000).
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Figure 3. Osmotic and Na" ion stress mediated signaling path-
ways in yeast Saccharomyces cerevisiae. In the yeast Sac-
charomyces cerevisiae, two signaling cascades mediate osmotic
adjustment and appropriate ion homeostasis under NaCl stress;
a mitogen-activated protein (MAP) kinase cascade and a cal-
cineurin, Ca’”/Calmoduline-dependent protein phosphatase, re-
gulated cascade. At high osmolarity, two distinct cell-surface
osmosensors activate a MAP kinase cascade that eventually
upregulates glycerol production and accumulation. Na™ stress
also activates a calcineurine-dependent pathway that regulates
the activity of Na® influx (TRK1) and efflux transporters
(ENAI). Calcineurin deficient mutants fail to convert the K"
transport system to the high affinity state that facilitates better
discrimination for K™ over Na™ (See figure 1) and exhibit re-
duced expression of the ENAl gene that encodes a plasma
membrane sited P-type ATPase essential for Na*efflux. The net
result is substantially greater Na™accumulation and, consequently,
an extremely salt sensitive phenotype.
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Figure 4. Signaling pathways linking abiotic stress, injury, and
defense. It is now generally hypothesized that salt adaptation is
a result of the integrated functioning of numerous determinants
that are regulated coordinately through an appropriate respon-
sive signal transduction cascade (See text for detail). *, protein
unfolding, membrane leakage, water/ion imbance ; **, a pathway
controlled by general stress ; ***, an overlapping pathway that
is co-regulated or hyper-regulated by specific condition.
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Table 1. Arabidopsis genes that confer salt tolerance when expressed in yeast cells (Xiong et al. 2002)

Gene Function Reference

ACA4 Vacuolar membrane Ca’-ATPase Geisler et al. 2000

NHX1 Vacuolar Na'/H™ transporter Gaxiola et al. 1999

AVP1 Vacuolar H'-pyrophosphatase Gaxiola et al. 1999

SAL1 3'5"-bisphosphate nucleotidase, Quintero et al. 1996
ionsitol polyphosphate phosphatase

STO, STZ Zink finger-like transcription factor Lippuner et al. 1996

SLTI Unknown protein Matsumoto et al. 2001

GSK1 GSK2/Shaggy-like kinase Piao et al. 1999

CBLI Calcineurine B-like protein Kudla et al. 1999

HK1 Hitidine kinase Urao et al. 1999

MEKK 1 MAP kinase kinase kinase Covic and Lew 1996; Mizoguchi et al. 1996; Covic

et al. 1999

RCI2A Unknown membrane protein Nylander et al. 2001

HAL3 FMN-binding protein Espinesa-Ruiz et al. 1999

AtHB-12 Homeodomain protein Shin et al. 2004
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Figure 5. Identification of NaCl stress signaling component
using RD29::Luciferase system. One of the approach for iden-
tifying genes that function in plant salinity stress was achieved
by introducing into Arabidopsis plants a chimeric gene construct
consisting of the firefly luciferase coding sequence (LUC) under
the control of the stress-responsive RD29A promoter. LUC
activity in the transgenic plants, as assessed by using in vivo
luminescence imaging, faithfully reports the expression of the
endogenous RD29A gene. The cos (for constitutive expression
of osmotically responsive genes), los (for low expression of
osmotically responsive genes), and hos (for high expression of
osmotically responsive genes) mutants were identified by J-K
Zhu group using a high-throughput luminescence imaging sys-
tem. Because this approach utilizes a screen for genes that can
function in stress response signaling, the use of this system
makes it possible to identify genes that have substantial impact
on abiotic stress adaptation.
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Figure 6. SOS pathway (modified from Zhu, 2003). The Ca’"
-activated  Salt Overly Sensitive (SOS)signal transduction
pathway facilitates Na™ homeosta51s in planta (Zhu, 2003).
Hypersaline stress induces a Ca’" transient that is decoded by
components of the SOS pathway to facilitate Na™ homeostasis.
SOS3 recognizes Ca2+signals by the interaction of the divalent
cation with the EF structures in the protein. SOS3 then activates
the serine/threonine kinase SOS2, which phosphorylates the
plasma membrane localized SOS1 to induce its Na /H™
antiporter capacity. SOS1 has been suggested to be a Nasensor
but the determinant(s) responsible for the salt-induced Ca>”
transient is not yet identified (See text for detail).
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91t} (Ishitani et al. 1997),

4.2 8OS pathway

Zhu group-2 Arabidopsis genetic system2- o]-§-3}o] WG4
2EH A Hgo o]AE 2y dte SN E Adsla
sos (salt overlay sensitive) mutanta}il BHAt o8 F
SOS3:= NaClell 3] 248 o} A E WX e Ca™
FEE F7H171AF NaCloj Eﬂﬁl ol AlkAlth ol gt
A3t AX AL, o] AW ZHE cloning® SOS3E
& 59| calcineurine B subunit®} homology2 Rgom, Ca®
-binding €418 7142 4} (Liu and Zhu 1998). 329 sos3
o9l % sos2, sos19] EAWIAREE ZzZke] fAzps}
cloningS|1 =t SR EAE ©]E2 BF NaClol| ofsja oj
7§ ¥ o) 7]+ ion homeostasis 215029 5L e pathwayo] &
At 58 componentd] o] FQl= ]t} (Figure 6).



Ca’-9]£¥2 SOS NEAg Are Ao EAshe
Na/H™ antiportergl SOSI (salt adaptiono]] 2 23} ion homeo-
stasis®} Na” iong M| ¥ B} o Z o] wh&al= 7% /PR AL 9
&)e @g38}sl7] 93 Zzoloh (Qui et al. 2002; Zhu 2002;
Shi et al. 2003). Hsre] AT Aol oJatd Ca’'ol] AT
SOS3+= serine/threonine kinase$] SOS2ZE AL =) recruits}
= Aoz delx] Yk (Qui et al. 2002; Quintero et al. 2002;
Zhu 2003). NaClol| €]3}e] S5 o]zl Ca™ transient= SOS3
2 w7} =)o) =) 1 SOS2E 24 5431t} (Knight et al. 1997; Zhu
2003). SOS3-SOS2 protein kinase 2-3#)E SOS1-S ¢14ks}a}
o SOS1e2 3to]g Na/H antiporter@AS zZELE g}
(Qui et al. 2002; Quintero et al. 2002). SOS3-SOS2 protein
kinase E-3Fd]= 3k SOS1 mRNAQ] stabilityol] E Q.3 A=
g gAgfsto] SOS19) S QHAskgitt (Shi et al. 2000,
2003; Zhu 2003).

sosE=A o) A (sosl, s0s2, s0s3)= E5F NaClel] sensitive:
wuto] ope}, K ion 49 EHHEE 73 Utk sosEHH
oA K A THYE 7M. Atk ARL-E S0S4| o3}
o] mizls o)A e AE A A27t K ¢ acquisitiono] positive
8l regulatory ] 988 8la 9l&-& AlAbeT) & 29| Bild
o]l SOSI A3z K transporter &4-& 7HA| 3L QA B+
Aoz deix o} (Quintero et al. 2002). —LE|v} Arabidopsis
seedlingo]] 50 mM2] NaCl& A & (pretreatment)s}H, oFAY
o A= optel Walrl ¢lont sosl-1 EAMolA] Heloj A
23 Al x2e] K permeability= Z4HEE & 57 A
(Qi and Spalding 2004). ©]9} Z+& sosl-1 Edwo| A oj A ¢
K uptake®] 723 AJE2] Na' efflux systeme] 2ol 25}
o] 371 AEUe 719 Na” 5ol 93 A ol A%
5o} A|m, 1 target ojwl% K channel?) AKT1o)2}al A
Z+E T} (Qui et al. 2002; Quintero et al. 2002; Qi and Spalding
2004). 2ol s0s3¢] NaCl 7+441¢] suppressor 24| cloning®
AtHKTI = A ZU)9] Na’ ion9] <! (influx)& o)7}5H= trans-
porter (Figure 5; Rus et al. 2001, 2004)2 ¢& & =d], hkt1<]
mutation& A Z1e) Na™ ion] &3 Y02 A sosl, 2, 3
9o K 2% F383< suppressordrS & 7} AT (Rus et
al. 2001, 2004). T3}, AtHKT1 S 25 of=F G A7, Al
ol Na' iono] £33, K 2% d4e dore e
ot At Rus et al. 2004). o)) Z#E Fs] B, SOS
o olate] Wil AE AEAE A2r) A pgHez K
9] acquisitionol] H&& sl Y-S & F7F Aok

4.3 Salt stress A3 A& vi7iak= abscisic acid (ABA)

A Zo] 9RZHE osmotic stressE HA HW HELF,

£3) 9o theke] ABAZ} &A%t} (Zhu 2002; Himmelbach

AZol 1Y (EHy) AE Aol ChE ¢hs Y HEZE . 7

. B-carotene
Osmotic Stress
zeaxanthin
~ ZEP
pr— (LOS6)  violaxanthin
thi
Recognition NCED heoxanthin
& Signal > - V .
Transduction xanthoxin
Lo ABA2
ABLE ABA-aldehyde
—p 440
by MCSU
(LOS5)
¢— SAD ABA
Phaseic acid

Figure 7. Regulation of ABA biosynthesis pathway (modifed
from Xiong and Zhu, 2003). The plant hormone ABA accumulates
in plant tissues, especially leaves, in response to osmotic based
stresses, including NaCl stress. ABA controls the plant adaptive
response to osmotic/NaCl stress by altering expression of genes
involved in osmotic stress response. The main biosynthetic
pathway for ABA is initiated in plants by the conversion of
zeaxanthin to violaxanthin by the enzyme ZEP (zeaxanthin
epoxidase). An important and rate limiting step is the oxidative
cleavage of neoxanthin by NCED (9-cis epoxycarotenoid deoxy-
genase). These enzymes and the AAO (ABA aldehyde oxidase)
and the MCSU (molybdenum cofactor sulfurylase) have all been
shown to be transcriptionally up regulated by drought or salt
stress. Since genes encoding enzymes for several steps in the
ABA biosynthetic pathway also transcriptionally activated by
ABA itself, through a possible Ca’ */phosphorylation signal
cascade, ABA may participate in a feed-forward loop to amplify
ABA mediated stress responses (See text for detail).

et al. 2003). B]E o &, salicylic acid®} jasmonic acid7} v
st 2E A hgo] A& F ME FaAEE ke A
oz 4#HA YA, ABAE A& nAYEEH 2EHA
(abiotic stress)ol| A 7} & o =

u, stressib-goll A= FAAEY] FHEE 28 i
L Aoz d#A o) ol2{st ABAS] H&-S, ABA insensitive
mutant$] abil ¥} abi2ol A 2B A FEA FA2e) LEo
AAE A} e EoE AR 9A HAdoh ZEdY
H} £ stress FEA1 9] F2A} @& o] ABAS| oJ3fA] v /i o
ARk, BENaCl 2E 8~ 54 f274e] wo] ABAY]
AR FEEHE AL ohth 2EHA FEA FHAt
uh3 24 0. o7l Balks)l, ABA-dependent 2 -independent =
Uro] 2t} (Ingram and Bartels 1996).

NaClA~E# 2= ABAY| 93te zFE oA AR
HHEo] 93-S & Wvko] olzh, ABA APl AHE
Azle] ¥HE 2d3c} (Xiong and Zhu 2003). WA, 2E
glo] 2Jste] AExAd FH 5= ABAY ¥ T4
2= AA}ZEA (wranscriptional regulation)e] Z 32}l & 47}
91t} (Figure 7). ABAB 4] 9 4 2= zeaxanthing: vio-

g2 s 48 280

ok
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laxanthin © & WA= @Al A A|ZE o] A, o] & wj7feh=
847} ZEP (zeaxanthin epoxidase)©]t} (Audran et al. 1998).
ABAAEA A2 Q3% rate-limiting step2 9-cis-epoxy-
carotenoid dioxygenase (NECD)ell =l 7)o 2] neoxanthin-&-
oxidative cleavagedl= stepo]th. ZEP, NECD, ABA aldehyde
oxidase (AAQ)%} molybdenum cofactor sulfurylase (MCSU)<]
F-AAFE AZ U NaCl stressol] 2]5}¢] transcriptional 3} A] up-
regulate ¥+ Ao 2 L9t} (Audran et al. 1998; Seo et al.
2000; Tuchi et al. 2000; Xiong et al. 2003). B=31, ABA A4
ARl Agste oY EAFHAAEY TS ABAXA
©J3l} A % transcriptiondt Al E/dstE o) Aoz delA 9l
=), o] A& otk ABAd) 2ate] mjfEo) R 2EY A
BH3-& FEAI7I7] % Aol AzEo|At (Figure 7;
Xiong et al. 2003).

5. Salt stress A& A2 7 o3¢

21 5ol Ae] NaCl 2E# 20 tidh 48712 Yol &
3} npol o] AZuke B3 Na' o2 #U3 §&9] £4,
M (vacuole)Z 2] ZA Na™ o]2¢] Zz] (ion homeostasis) 1
231, osmotic A~E @20l T3t A8-8 $3} osmoprotectant2] AY

—

Ak &3 toxic radical scavenging, 2 =3 (water transport),

283 A7 454 (transducers of long-distance response
coordination) F3} & E3HAIQ1 9450 ofsto] A H o)zt

22, salt stress AZ Ao @ componentE % Na™
ion homeostasisol] #oJ3}= transporters 9] W7o g Qa},
salt stressol] A4S ZtE AEA ] NS AT A FI
A At7h s JPE ded, 22s HYs B
Table 29} 2},

Table 2. Transgenic Approaches to Engineering Salt Stress Tolerance (provided by H. Bohnert)

Transgenic

Gene Protein Source Cellular role(s) host Comments Reference
Transcription factors
alfinl Zn-finger family M. sativa Transcription M. sativa Overexpressors show salinity Winicov &
factor (TF) tolerance Bastola, 1999
tsil Tobacco stress- N. tabacum TF N. tabacum Tolerance to salinity and Park et al., 2001
induced gene 1 salicylic acid; Transgene has
homology to EREBP/AP2
MYBI10 Myb-family Craterostigma TF A. thaliana General stress tolerance; glucose Villalobos et al.,
plantagineum insensitivity 2004
OSISAP1 Zinc-finger family O. sativa TF N. tabacum Improved growth under several Mukhapadhyay et
stress conditions al., 2004
Components of signal transduction or ROS detoxification
Coexpression of catalytic &
cnbl Calcineurin Bl . cerevisiae  Ca’-binding  N. tabacum regulatory subunits; strong  Pardo et al., 1998
tolerance to salinity
Induction of stress responsive
Ca-dependent . . . L B
Oscdpk7 L O. sativa PK O. sativa genes in response to salinity, Saijo et al., 2000
protein kinase d
rought & cold
. Detoxification
Glutathione-S-trans £ herbicid Over-expressors of GST/GPX
gst/gpx  ferase/ glutathione E. coli Oangrt(l)():(lices N. tabacum show stimulated seedling growth Roxas et al., 1997
peroxidase under chilling & salt stress
substances
. Dismutation of Transformants showed .
Mn-SOD Mn-Superoxide ROS in M sativa significantly higher survival McKersie et al,

dismutase . .
mitochondria

under water stress and freezing 1996

Osmolyte production (detoxification or, possibly, acting as secondary signal molecules)**

Bet Choline E. coli Glycinebetaine
dehydrogenase biosynthesis
betB Betaine aldehyde E. coli Glycinebetaine

dehydrogenase biosynthesis

Nomura et al.,
1995

Transformants with enhanced
survival of Rubisco in plants
under salt stress

Synecho-
coccus sp.

N. tabacum  Transformed plants with better Holmstrom et al.,
growth in osmotic stress 2000
conditions

(contined)
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Gene Protein Source Cellular role(s) Trallllzgtemc Comments Reference
codA Choline oxidase A  Arthrobacter  Glycinebetaine 4. thaliona  Transformants tolerant to salt & Hayashi et al.,, 1997
globiformis biosynthesis cold
ectA, ectB, L-2,4-diamino- Halomonas Ectoine N. tabacum Transformants with increased  Nakayama et al.,
ectC butyric acid elongata biosynthesis tolerance to hyperosmotic stress. 2000
acetyltransferase,
L-2,4-diamino
butyric acid
transaminase,
L-ectoine synthase
Imtl Myo-inositol-O-met M. crystallinum  D-Ononitol N. tabacum  Transformants better adapted to Sheveleva et al.,
hyltransferase biosynthesis water and salt stress 1997
mtlD Mannitol-1 E. coli Mannitol N. tabacum Transformants with better growth Tarczynski et al.,
phosphate metabolism under salt stress 1993
dehydrogenase
mtlD Mannitol-1 E. coli Mannitol N. tabacum  Transformants more tolerant to Shen et al.,, 1997
phosphate metabolism salt & oxidative stress
dehydrogenase
P5CS O-pyrroline 5- V. acontitifolia Proline N. tabacum Transformants accumulated  Kishor et al.,, 1995;
carboxylate biosynthesis 2-fold more proline than wild Hong et al., 2000
synthase type; more tolerant to water
stress.
ProDH Proline A. thaliana Proline A. thaliana Antisense transgenics more  Nanjo et al., 1999
dehydrogenase biosynthesis tolerant to freezing and high
salinity than wild type
Tspl Trehalose 6- S. cerevisiae Trehalose N. tabacum Transformants with trehalose Romero et al., 1997
phosphate biosynthesis accumulation and improved
synthase drought tolerance.
Transport proteins
AtNhx1  Nat/H+ antiporter  A. thaliana Vacuolar A. thaliana Transformants with sustained  Apse et al., 1999
antiporter growth and development in soil

water with high
sodium chloride.

AtNhx1 Na'/H -antiporter 4. thaliana Vacuolar L. esculentum  Transformants with sustained Zhang &
antiporter growth in high salt (200 mM) Blumwald, 2001;
without Na+-accumulation in  Zhang et al.,, 2001
fruits
Hall Protein involved in S. cerevisiae  Regulation of L. esculentum Transformants with higher level Gisbert et al., 2000;
regulation of K+ K+ transport of salt tolerance; transgenics able Ellul et al., 2003
transport & Na+ to retain more K+ than control
extrusion under salt stress
Others
AtNced3 9-cis-epoxy A. thaliana ABA A. thaliana Transformants with increased Iuchi et al., 2000
carotenoid synthesis biosynthesis endogenous ABA; enhanced levels

of drought/ABA inducible genes;
reduced transcription rates;
improved drought tolerance

AtRabG3e Vesicle trafficking 4. thaliana  Vesicle traffic 4. thaliana Induction of salt & drought  Mazel et al., 2004

protein tolerance
Bip Binding protein G. max Molecular N. tabacum Transformants with higher Alvim et al., 2001
chaperone; tolerance to water stress

unfolded protein
response (UPR)

Glyl Glyoxylase-1 Brassica juncea Converts N. tabacum  Overexpressors with tolerance to Veena et al., 1999
2-oxaldehydes methylglyoxal and high salt
into 2-hydroxy
acids
Gpd NAD’-dependent Pleurotus Glycolytic S. tuberosum  Transformants with salt stress  Jeong et al., 2001
glyceraldehydes sajor-caju pathway tolerance

3-phosphate
dehydrogenase
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2
A& salt stressih-g F H-87)2 AF5 RAA L

HJ 94 2% (glycophyte)S) ArabidopsisE 4] 2.
23R o)F ALEE of&d AFE BARAE
toolS FAHE 5 dute Ao Q131 salt stresso) AR
B2 transport 2@ NZ AL componentE5-& TR T = U A
St doro Aps AEo] ojEi salt stressE A
(salt stress sensor)8l=7}? 12] 12, o)) R Alsdga 2
transport?} salt stressol] ©]ato] QA A =) o 23
Hztolz} AZtEH, o710 oigt e A7) 98l
Me B8] B salt stress g 2 AL7) 2] Bt &
HAAEe] grsoldor & Zlog AZH)

18, ¥l E glycophyteSl ArabidopsisS model A&7 o]
4-3k] salt tolerance] 2foff W&t o= w9 ARG A& &
UFol s 781 olefd B 2 salt HA o] B3 7]
As dietridle FEaichs Zo] YubAel Aztolt). Salt
AL 2 BEHE (multigenic trait)o] 22, 4 Eof salt #]
FRE Fofste AEES UET AshEHE A2, stressAl
A9 FEE A2 B354 24313 3 (Figure 4), Salt
stressol] a4l @4 2 RAEE Holi= halophyte: gly-
cophyteBr} ¥ 0 §&H 02 salt adaptationo] B2 g

T g Bt} ojz) zgatyoz
T salt 434 mechanismg 748 Ao A7ty ozl
b, halophyteE RAAER o]8sled Apsha o]@ly
HES ARE REY F 91g ko] ofu)E} salt stressA 8
el #dste= F2F component FHAE LAY F S
Aole}l 7= o} T} (Bressan 2001; Inan et al. 2004), 2,
Arabidopsiss} life cycleo] wf-9- GAF8I, cDNA levelof A
0%l /el HiRE (identity)S 2.9 #gho] ofuiz), efjet
Hom P SA4o] vl vissta, Y- 7bs
A FESAQA F4 o] 7P e WHA A E<) Thellungiella
hallophila7t SR E A} (Figure 8). whtha], &0 291 70 halio-
philas BAAEZ & A7} AYE o)A T hallophila?}
Arabidopsis 2.0} NaClo] a4 B4 2718 AFAL 744
T o)i7H() AEAY AR Aol g A A, (2) 7%
1 2R g Fdztel g AR, (3) ohw NaClA A4
= Foghs AR FRAel g AU E & S e A

L2 7)gHt

b off !
B

o bob e my
A

o %

componentE-S- 0|28

[o4
o2

34 utol2.1e2iAry @ SR
7484 ATAE AFEA o] 25 Aol

500 NaCl (mMm)

T. halophila)

A. thaliana
1} 50 100 150 200 NacCi

D 50 100 150 200 NaCl (mM)

T. halophila A. thafiana
Figure 8. NaCl tolerance of cress plants compared to Ara-
bidopsis. Survivability of salt cress (Thellungiella thelfungiella)
and Arabidopsis was compared in Turface hydrophonic growth
medium after increasing NaCl exposure from 0 mM to 500 mM
in 100 mM increments every 5 days. Photographs were provided
by Dr. Ray A. Bressan (Center for Plant Environmental Stress
Physiology, Purdue University).
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