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Avrticle Info Abstract
Avrticle type: Introduction: Cereals, as the main components of the human diet, play a decisive role in
Review Article ensuring the food security of the world’s population. The production of these crops

particularly in arid and semi-arid regions faces numerous challenges, with abiotic stresses
such as drought, salinity, heat, and cold capable of significantly reducing their yields. Among
these factors, salinity stress is recognized as a major constraint on crop production. The key
question is: how are cereals able to perceive environmental cues and activate their defense
pathways through intricate regulatory networks to cope with such stress? The aim of the
present study is to provide a comprehensive overview in understanding the physiological and
molecular mechanisms of salt tolerance in crop plants, with a special focus on cereals.

. . . Materials and Methods: This review study, with an innovative and dual approach, covers
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Available online: 22 Results and Discussion: Salinity stress in most plants typically occurs in two distinct phases,
December 2025 first osmotic stress, followed by ionic toxicity, leading to secondary stresses such as oxidative
stress and nutritional imbalances. From a physiological perspective, plants cope with salinity
stress by employing effective systems that regulate ion uptake and distribution, maintain
osmotic balance, and accumulate protective compounds. At the biochemical level, the
activation of antioxidant systems and the production of compatible solutes such as proline are
key strategies for mitigating the oxidative stress induced by salinity. At the molecular level,
complex networks of transcription factors and functional genes including NHX1, HKT1, SOS,
and P5CS are responsible for coordinating the stress response. Key signaling pathways, such
as the MAPK cascade and the SOS pathway, play a central role in transducing stress signals
and activating defense responses. The molecular processes salt tolerance are coordinated
through extensive regulatory networks comprising transcription factors and functional genes.
The MAPK and SOS pathways have been extensively studied in cereals, and our
understanding of salt tolerance is grounded in research specifically focused on these plants.
For instance, the SOS1, SOS2, and SOS3 genes in rice enhance salt tolerance by facilitating
sodium ion efflux from cells and preventing ionic toxicity. Furthermore, the accumulation of

Keywords: osmolytic compounds (including proline) and the activation of antioxidant systems play a
lon homeostasis crucial role in maintaining cellular integrity in plants under salinity stress.

Molecular breeding Conclusion: Given the polygenic and complex nature of salt tolerance, integrating
Osmotic adjustment physiological, genetic, and molecular mechanisms into breeding programs, along with
Regulatory genes leveraging genomic approaches, appears essential for developing new salt-tolerant and stable-
Salinity tolerance yielding cereal varieties.
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(& Shah, 2017

Gop i o oly5 LS 3o (el @il sla g5l =) Jgo
Table 1. Osmotic adjustment mechanisms in crop plants under salinity stress

Crop Osm;:gha:rﬂjssr;ment tolsg;ce Key findings Reference
Rice (Oryza Accumulation of Low to Salt-tolerant cultivars exhibit Nguyen et al.,
sativa) proline and potassium moderate better ion transport and higher 2021
ions in leaves and roots proline accumulation
Wheat (Triticum Sodium exclusion and Moderate Salt stress significantly Saddiq et al.,
aestivum) proline accumulation in reduces yield, but osmotic 2021
leaves adjustment improves water
uptake
Barley (Hordeum Accumulation of High Barley shows excellent salt Nefissi Ouertani
vulgare) proline and potassium tolerance due to effective etal., 2021
ions in vacuoles osmotic adjustment and Na*
ion compartmentalization
Maize (Zea Proline accumulation Low to Maize has limited osmotic Pingle et al.,
mays) and stomatal closure to moderate adjustment capacity, reducing 2022

reduce water loss

its salt stress tolerance




VE ¥ /o lez oyleds /o035l 090 [ Olabod

b5y, 9 Sl =) 1 (3 (5,00 4 Joz slo, 5550

Sl 4 Cand o> 0 Ardhaoui gy sl
Lis a4 oS el N2 Cis gals 3 K i il
BaSU et)dﬂs‘sa;ioSoLjdﬂ.efé)iLo&j@y Jbl.u
colls b b cute S ol b o,Skac
ol o (13950 padilie S50t 5 oI T (laes 5l
slaaglss se>9 L (EI-Egami et al., 2024) <l
AliSee Folaw 4y wly [0 odgicany ;o oul sdalin
DS @y el (S alox Sl el GlalS b (e
Seod ples 3 Cod (295 JB jsbar a8 g Il
cily ials Yee o Yoo b Yoo clile L (NaCl)
(Shiyab et al., 2013; Hemida et al., 2014)

Sl Fge 5 yde (Sialsx Ol 2 oo 5
el azld Glyed Wl o Sidilex 9500
a8 bl 50,8 S8 esliiul 3550 (559 i (2b3)!
OlS 5o Silshise slasnlp sl 5l (S (Sals
LS‘J‘ dfm ua.?-l.u ‘odyw) L) chLO.A B ]
oS Sl 5 09l o0 Cammme (S plSinsg) anseis
Jlie olgeas (Xuetal., 2023) sgi yalls i Jlos!
5 $i8lsz 9o p0 NACH Voo Lo Ve v (5558 s 5o
oalS cplaS cuils g BB relS gy g oy paiS
P S ez 0095y o odd odalive Ol sy 4y o
(Soltabayeva et al., 2021) 54

2B @laisu (59 olS 0095 Cannn ) Dl ogMle
NS oo I8 eslaal 590 (5558 i SIS L)
56 6,58 LS pasS s (Munns & Tester, 2008)
i sl @b wile o Shee sli2l p (2P S8
S wig yo 50 ails o Sles g aliw Job olS glay)l
lid glul 5 b Shy ool iy (s Grenay
b wlaid 5 18 asdllae 3,50 (5,58 A5 S5 (Jslo
Nagi ) sl sger 69 (25l o U piS Cunslie
10 oS Blaal alex 5l o Slee 3> (et al., 2025
S92 4 Joite sland) dnngi sl p (ol slaasl
59,k sasy slass wiile Slas gy )0 g, o0 Hlodiay
o il e g 9 ddg 40 sladils slasd igs o

S S . l)C;)‘e . 3 - .:. g’.. . ‘LJS 5 ‘5_)9-“} L

A\

ST 5T LS 5 g e ol Foow—F

G5 L 5 il lacsenl i b GlolS
e § 09,5 St 1y T D ok (19,0 (5 5o
el il o sl 3L 5l Job (S LS Lii
Sl o a5 SluSp ol S e cblis
b Sess JslesSse g o sy medlygims
a5 Slge Gl ijle oo ol (Sred (25l 50 1) Jobe
S Jrow b g oo azlis )55l bl (lsiea
sladobe o b BsSly 5 Jwgiomw Olee il jLaS
Verslues ) oS o SaS (s joml Jolss Laa> 45 jolxe
6 yo ] i b agarlan 10 IOIE ¢ izmon (L al., 2006
b oS o Jld 1) 095 SlanST il elis slaasbolos
Lulys cnl 5o ond g (ROS) (y5ens JUsd (sloasss
(Alkharabsheh et al., 2021) s.us” 251,

GHbSbe 9 S 3gled g0 ol s
Solite ;K00 e 4 Sl 5l S e Ses cdale
ollS ws, 5 Sslite Sl ()T e 4 ates § <l
Sladllas yo o S sbas (MuNns & Tester, 2008) »,ls
oslitul NaCl S 5l Ygone (5,55 s 4 bgyye
ol o cplple s (Munns & Tester, 2008) seis o
b s sbalis 5 Bas 35 500 dslllae
S S p a5 ol Ol adl e olS s NaCl
it looged 4 ol (ewlididn)) Suislsd e
590 5ol el | (St b 5 009 ) Ho yuu ilo
3L abal) 3 09 so obles cwliics, sla asls
ples )3 Wil oo Flreess OalS (S9993)00 2 (559
olS gyl jo s Jold 4 wies F, olS oy >l
sa.').t 9 u)o sr:..\.j B Q}MGA °L.t§ LIS LQJ?/LQ&J’);
JYQAKSLHO VO LY. ‘_gL&’vJa.l.c 30 03¢l ) d._mlf
(Soltabayeva et al., 2021) ¢l o0 soalie NaCl
o Na/K cos s K g Na' cloyyg cbale s
Slapslie S50 sl (oot Rl atn; 5 2lse slaplal
(Huang et al., 2020) col oM jo (5,98 4 Jooo
S (65 i Jayl il yo aS wilools ylid Sladlas
G5 & Josie D glaaiy, 9 S, o Na/K'



VE ¥ /o lez oyleds /o035l 090 [ Clabod

RUL S RIRSwY

Flie 5 plojen (i Sk olS al) 0)90 Job o
5 Lanole; ;o e Sbogy Ol 9 () Gl
(Shahbaz & Ashraf, 2013) el alixe slacél
Loboye (Jollge sloasSed ooz (o5luJlad
B ons 5LT laady 5l a8) JuSe Jsl (i olols
ol yod (il g0 i yieS obS U 2ales )0 5 ok sl
Jolge 5l (polaitl glacadplio § oy) Gl pelas b
shee Sla 25 4 olS ()5l (e s 53 0ulS
2° bl i (Sanlen slaanyT b cnl gy o0 lodias
Lilyd )0 olS Giglediee i g (el slagly
ol 00l yo,155 (Ismail et al., 2014) us,ls seluwls
Lzl o8, 50 TANHXT (5 oo gs; o Giul33l oS
SilwJled easmsylis sauS (Kharchia Local) iy
aalllas ol el (5598 G5 Ll o 05 ol plamg;
Lulys 5o (b pasS glgl 5o (Joku slagul Slds ned @
33 9l SlapanslS 5 (S oS (oo ST (555 S
» N o g gezs JalS gysd 4 Joow
s & ey Cond g Jols Lad> g S slacély
ailosls ;ylas ldlas ol Jobo o ,o (KT/Na)
2 e S lyieay SKCL Sl olays a5
o5 bulyd cow Nat 5 KT glagg (s3limgen golass

(Renetal., 2005) oS o o) owlul 25 5,50

G904 el 5o aulS sl
(Regulatory Genes) suics pubid by y5 -9
OLlS slzul o Sl (b casSelas slagy
GileSaalen b by ol W)l g)sd S 4 ()5
Gloanlb «Sjgln b 5 Jise oz log, 85k
abaslgds A o Cosl 5 S | 6y0d 4 Joou
Loablie lp oS )b dogys cnl Glo @B ey
b GlB (2 g BB jebar 5)ed celladl SIS
&5 Slope a3 RNA-seq sla Lo g 4 5o
oS ool slagyj (olelid 4 e (paiS slaaiy, 5o
05 Se Jold 45w (5508 4 Joo5 b Laje salS
o5 «(TaAQP) LuyslssT o5 TaWAT L L
oz 0 ailS 5 G g (TAGST) 5l ol 5-S- g5 olS
P ot e s ol bl e (TAZFP) s o
Olyeds 9 wiS (oo Ll (598 (A5 4 olS Fuly oas
G 55 ey (sorla laaSil )3 (635 0 sl S
5 Sroml Slagal @b b)) i S e o

feY

O)Sl.o.clg6)5}35deel.bw)#ojgjﬁ“)guﬁ)b.&)b
(Gaddametal., 2024) woo oo ylis e (Kiwad
5 Sdae Slge iz ;5 Plislolul b 658 25 92 o
QB.M}LSA oL:f O)S.La.c u..@lf S o c&w‘ U’““" 39
55w sz, B aile sy sloosS 5l Lo jen colaiul
olyodds Slawd oS> sl ,sSL g YeSKwg,l
so bl joly o Slee slizl 5 0, Slas ¢ s 20055

(Masrahi et al., 2023) wisy o S9up

a9 4 Jooi (S g JeIge s, g5Lu
degorme wSypd GBS & El 0 kS Joss 0
G agigy Jelse 5 lo30land dajlis 5l (sleo fus
Heat) o,l,> Sei Jelgs Jols Jolse cpl .l
59y Jole g Loy 4 b Jelse «Shock Factors

55Ebk 99, Jolss (CBF/DREB) (Sis 4 sl

PLD siile sudsind soisSayso5 slags 31 AtHK1
sl Soasland Ca? sl gl slagle,els
sbsblis (ROS) 5081 Jlub sloaisS (PtdOH)
a aly oty bls HAL2 wile sl
SOS2 wiile igh st yos s5LS (CDPKS) s
bles MAPK) (3gm0 b oo Jlad LS slo e
4 &lly 5395 5l i o SLo3BL 5 (F52 90 s
3 e M L oSge (nl i g3 sellS] pndS
S Jobs Li> g (698 5 4 olS lagul pelais
a>,51 (Vinocur & Altman, 2005) aus o
FB ohar (wy slagiis plp pe GlalS Ceglis
ol 5l o Olsiear 5y9h 4 Jood Lol s J S
Slsloduzmy iSen p 15l Cod o (Fum ) pl slatuglie
L oolyen ol o5 iz Jols a5 o)l )3 05 (paiz
WS oo w1 Sy cnl wo LS 50 (2 0 (i
S 6,95 4 Jeow a5 bl 51 (Batool et al., 2014)
il slegeme Jold Cio cul sl Sinaxr Sk
Sygod a5 Wil oo aberdise 5 Suisln e slaanl,
S5 4 Cenglite elaled 5o 5 1o Jolas ;050 b blie
a8 palpolS 550 b g Johe (JoSIse gshaw )
(Ismail et al., 2014)
45 9500 Fosezm i pd A Je ol
ol sl Gglaie oS wly calixe 210 0 o e
Gox o5 A (Jege 5 Sislsnid lagly jo g9



VE ¥ /o lez oyleds /o035l 090 [ Olabod

b5y, 9 Sl =) 1 (3 (5,00 4 Joz slo, 5550

DNA padalie wile (Seial gb,Bs5le omsis,
PGS B S Glaex Sl Mol
Sop o5 b aglae o oo ol Slisy 9 335 melas
Silepalp b (Sl Sless pl S o
(&5 JrS 5l phesS n g paySlladl s Sl slaay
02131 s aelusl Lyl b i o (6,55l Sl
@olpa glaaslp )0 o) g5le cul 51 (5590 4 35l oo
©9,509) Wlger (2ly; QoS (S sgne 5 JoSee
=i iS5 1y 6yeh 4 Jezs Gl Gln oo
(Dweh et al., 2023) s,51 cal 8

2SIl cmgiy, Jolse o5 wimsoa ol bl
a5 s MYB59 ; MYB13 MYB3 ale> 5 MYB
b Jelge cnl wsdoo ol Gl B lars 6558 (s e
(Sood 4 b b b e (sl lag le eelas
Ll 25 b )85k JoSdge Glajrne o Jbb 25
el dulpl o Jelee pl sendal o Slee alS (o
Eob glraSed ;o ullS Slizl plsrsar | Lol ol
Sukumaran ) sjlu oo dws 5 ciwj e sl iS5 4
Jelse g punedS @ atisly slopig, (6L al, 2023
W13 (698 A5 4 ely 50 SlS A LS e (o 95
ot Cdled i 6 S alanly b S (20 WS 125
Wil p ol g e o] e b (5l Jled ) ponie Jalge
Jlre 59 ohust 6590 odimozuly lag ol et
S5l @ o5 Gl a5 e 1) G55 Syl 9 4l
Duarte-Delgado et ) oS’ oo oS o Loyl o0 olS
lassils slagys 5l a3 BB slows sluls .al., 2024
P95 gl )3 03,0 (sogtn S s Slilllas &)L
Sy Slas pasS wlax 5 pylie locass; ol
ol sl 03,5 wald oyed 4 Jart gl (glod yiS
O & (JeSse slagaly il ;o egill B L Loy
Fge solia 5 Sy el sl Fge Shaal Glsiea,
4 Jooite (slad; dngi 50 0y g 5 Wigd go Dy
(Wuetal., 2025) wgs 48,5 54 6,90

(Functional Genes) o 5,5 b y5-Y
ollS ;o yes 15 b hie 60,55 slagys
(& ol o slaanT 3 a8 e ooy Boee el
Good 5l 5L Glacaw] 2ol sl 1) sbli> muly
odis Jlail ouiiS 1o, a5 ooy ohgds caisS oo J S

oy

azlse 3l oy ilisee loj slacsl jo 1, (659 4 oo
S oo S5 adlplejle 5 Sales jsbay (558 L
(TFS) cmsy, sla,s56 (Chen et al., 2024)
2 G S 4 el 635 e SleoaiS Al lgiea
J...la) ‘Stl.ac\b‘yl? h»jﬂ}‘sﬂ asLls U)LC alises LSLQ‘L‘;
NAM, ATAF1/2,) NAC WRKY bZIP .DREB
2 oy eewhis yolie 4 Jlasl L MYB 4 (CUC2
SLo; @85 e b gl ld 4 0B oy s5igeg n >y
lyeslh (Jle glp ae U5 4 caumoiwl
G5 5 b dgzlse 5o iz 28 NAC s i,
oo 3 985 (6 o] Jya b 12,9251 () aisS o Lyl
OBl 4 oy (gilugen Lia> 5 JlasT il elis
Lee etal., 2022; ) 0§ o SaS (5,95 4 oLS Joros
(Dweh et al., 2023
4 oipofwly paie 4y Jlasl Jolse) DREB oslgils
2399y Jolse slRog,S (et 3l (Su plyea (S
9 So9 5 oot (St laAS 4 b o
Fyegn  Wged lyped oghee asll Sas
(Phoenix dactylifera) L ,5 |5 ;| a5 PADREB1G
5 569 LW Euly (S5 (owsine 10 025 2 9 &)
Ol (i3 5 6,58 Sl b agzrlae ;o 1) 55
slauys 4 |, PADREBIG (S35 cpl ams 0
Sy 9 (S el slaael o osliiul (sl Al
Gedo Colaa 5 el 00,5 hawd yiad 4 polde LS
Ol 5o 1y i 4 gl b e slags Gle S50 g
Kodackattumannil etal., ) s5le oo 53 Kol sl
Ol S ip 0 Sreh 4 Jeoie slaan ly (2023
oot (Smjped Sl S b b lag) sl
Ethylene) ERF  sleodlgls cwngis,  Jolse
Dehydration ) DREB 4 (Responsive Factors
ks 1, (Responsive Element Binding Proteins
i R0 mgisy Jeloe nl 2 9Pl s o
ol 5 ololets b (S ] 0 ABA o JUSs
ol peas ,o Cis-acting elements _o.las ,ole b
S92y ai 1B ol i yle (5 (6,58 4 oaims s slag
I, cadcblas SN g ol ‘5‘».'@4 Sl K
S5 Ll pd b poS jom (65155l j0 a5 35l o0 i
Olelas p oode (Lee et al., 2022) cwl JSie



VE ¥ /o lez oyleds /o035l 090 [ Clabod

RUL S RIRSwY

e Sl (6y9h G5 4 ol Jess il
A W e 1) el ol GblS @ eyl 5SS
|y 055 i) sloclled wiilay i b (slalae
Hazbir et al., ) sas aslol adgs g ob, 4 g oS Laos
(2023; Zhang et al., 2023; Singh et al., 2024a

oS el olagys saijlsy ;o OSSAP 3 wolgils
L (Zinc finger) sy, il sl glyls Slaoutis
Oldlas oS o (6,105 50, 1, A20/ANT slaasdls
Uiali8l 4 e OSSAPS 5 ylo s a5 wilesls las
Jozs Gl ol ogbice 6ysh A 4 ol Jeos
il oyl g sl lgme Lais 3k 5l Bues
05 oSy onl webioe Jloel jod Ll b o iwgid
2 Sl 5 @alS slags 5l S 4 |, OSSAPS
Lol o ,Shas 3300 (5l QLS i 5 0055
o5 (Hazbir et al., 2023) <l 60,5 bos e
5 (s o aBlils 55 OSMKKA44, 45) OsSTS
LS g5 5l MAP (glajlis oolsils 4 3late sla JIT
MAPKK; Mitogen-) :yjgie lawss oo Jlad =ilee
olas o a5 ol (Activated Protein Kinase Kinase
Gk 3l 05 onl e A (5598 4 Jeos 5 il o3l
OB MAPK & asly 20 JLSw sl ynn ol
53 olS Conglie alEl g Jgaze CodsS Glojed Sonte
OSSTS 6ils g0 o Slos 05l oo p2l 3 1) (650 oS pl
i)l gl (Mol slaaaly o wio syl Som 4 o
03,5 i (e S & Jard 5 (5 Slias
qRT-PCR ;.JUl . glaxlllas o (Liuetal., 2023) coul
OSKATL qosliy sla JULS colgils slagy a5 sls olas
bl aile s aty, slacdl o OSAKT1/OSAKT2 ,
o9t i Wl (6 S e jobods (6,58 (AL Codi i
G @ Er el S Sose 0 lyear o5 OSKATL
(Musavizadeh et al., 2021) o olols (5,5s
Al 5o gl op)l5 ol enay (50,55 slagys 5l (&
2 = oBlS e sysh 4 Jeos (J5SUse S5k
loads By ¥ Jgux

(Signaling Genes) sacas JUSww o y5-Y
Sguze () Jalse (n Sete 5 (S 6598 A
4 e a5 Cwl ol (lS o Sles g ol caisS
Dybige Jpaze adgi g ol S ad; o axgs LB alS
aegore SiloJld Jols 25 (pl 4 (LS slagl

fo¥

JHo slagn Jolss Lis jo wien gg sla Ul 4
ol s Sl Coeal 5)9h S Ll p cou (sl
Na) o oo slopp S5 5 o i b Lo
Gk il 4 (K) paliy ol bai> izmen
@ OlEse @uulS sl onl dlex Gl oS o SWS
High-affinity K%) HKT (lecolgls slacl
SOS «Na/H antiporters) NHX .(Transporters
Arabidopsis K ) AKT 4 (Salt Overly Sensitive)
10 65 A oo Sguga 0 45 5,5 o Lzl (Transporters
(Raza et al., 2025) w,ls s 550 b5 ool
ol (558 i @ by 5o B0 99,518 sl
JUL! 00850, a5 wies Loy 5l (s9ie acgems
Sous oS5 s 10 15,0 Glaw 1« Sg slasaias
BETRVONE [T ROPIPRUT SRR PRCK L YPUNN ) ROPSON
o (smagiyy Jeloe g AT L Lad e slacnSyp
Gl emlolis sl olS LUl o Loy cnl it
Sl 55 slolame b Syslseieb 53 5 Ln U
Sliss g o Slas alaslyas oy cal WS oo G2
2 OLS (S5 sige 5 ol (slaasly J5Se
33 oS Lyt (A 9 WS (o0 ST ) (5598 Laul p0
SE s)eb oanlid Lulpd 5o lwl (65,5le8 4 (aliws
(Singh et al., 2024a; Raza et al., 2025) .l
sosls p sw Sbls Plal jo 3] slacd,uy
«QTL mapping) 5 clio obass Jols o o)
GWAS; Genome-) psi5 mhaw ;o bls,l Slalllas
slayy o seey ol o (Wide Association Study
b oS o 5100 5595 4 Jo2s b Lo po 535,15
3904t 5 S35 4 T YU Joo L staign (slaasy g
@lolid (Gl b ,5ld cnl asS aldgs o Slee (5 lk
4 el 50 5o (S5 >l s g pael 8 s
L] 5l atedan (510040 5 03,5 wal )3 1) (59
Singhetal., ) oS o ot (Dol loasl y yo |,
2 k3o 605 slags Giimee e 5l (20242
SAP (slay; 4 50 £)5 OBl 55 (55 & Jaos
PLD oolgls 4 Glae sloo; (OSSAP8 L
(S sbosms Jl iS5, slap; (D sldsind)
ST ssis; sloysSE 5 GlaST ST a3
I s ol 0,5 o,lsl WRKY 3 NAC .DREB wiils
Frmgd 2] b 5l cliblone ¢ Jsho g3lmgen Lis )b
bl G o5 ey (J9S90 sl e 3L JUs3



VE ¥ /o lez oyleds /o035l 090 [ Olabod

b5y, 9 Sl =) 1 (3 (5,00 4 Joz slo, 5550

MAPKKKS; MAPK Ls sl
;LS «(Activated Protein Kinase Kinase Kinase
MAPKKS; LMAPK
MAPKs  s45 5 «Protein Kinase Kinases
(MAPKSs; Mitogen-Activated Protein Kinases)

Mitogen-)

Mitogen-Activated )

Sloe jsbas il (nl g )ysd (i lylpd jo aiius
a e Coles yo 5 wS e Jld g abad 1) Ky
sl 59 5 Fwoomb sleo; ol elas
Linetal.,) wss g0 (5 4 Jos L s yo Sojslss 0
L MAPK sla e 45 aips o lis aalss (2021
S90y52 (2K dloz 5l (20 JiSos (5l s ol
5 peedS 2 e la i (Sojunl apnl sl
Al (Soop iSen  (ROS) 5nsT Jled glaaiss
lior 9 o SIASed (655 JSS 4 amie S
S5l el )3 (oo (A &5 Wi oo (AU |
Wang et ) oS o ! Jose Collaol byl b olS

.(@l., 2016

G 5 Sl (IS la s 5 Loy 5l Slodizen
Sd i Sl o g plyy Jil (plolis o owlul
Las Gan L ocasS  edan gbeass opl gyl
Sasd Lalpd 4y ol Jaowi (a3l 5 Joko (55 ligrogn
S (oo Jos
by oniglJld slajles (e L lajlinl
MAPK; Mitogen-Activated Protein) 5t
ol 5 lolid al 3 50 (53550 5 s’ 2 (Kinase
Sl e (] WS (oo Ll (698 A5 4 (2l lalS
b (5,50 25 5l (S5 Slaply 35,08 cnas JLSw
eSS Jae Joluiygys slagwly 4 g 8l )
> Slokg sesbait slaasly ilo b @ e ol
Cosl wrge alaanld Gz Wedoe 0F Ole e
2 e G 5 Wsdise Sysd 4 Cumd olS Joou
imé s 4 QblS el muly gl
Lol LS aw I MAPK s JLS s sla,Liol .as)ls
lajleS Jold a5 wiloads SA5 (ol 0 aledes & y900

=55 QLS 30 6598 4 Joos JoSUge 593k 10 0,005 Lol e 53,515 slagys 5l (S0 =Y Jgu
Table 2. Some functional genes for salt tolerance in crop plants

Gene name Function Mechanism of salt tolerance i)éaergzlse Recent references
NHX1 Vacuolar Na*/H* Sequestration of Na* into Rice, Wheat = Tomita et al., 2021
antiporter vacuoles for cytoplasmic
detoxification
HKT1 High-affinity K*/Na* Controls Na* exclusion and Rice, Wheat, Singh et al., 2021
transporter root-to-shoot transport Maize
SOs1 Plasma membrane ~ Na* efflux to prevent cellular  Arabidopsis Xieetal., 2022
Na'/H* antiporter toxicity
SOS2 Protein kinase Activates SOS1 via Arabidopsis Yinetal., 2020
phosphorylation in response
to salt stress
SOS3 Calcium sensor (CBL  Senses Ca?* signals, activates ~ Arabidopsis ~ Villalta et al., 2021
family) SOS2
P5CS Enzyme for proline Osmolyte accumulation to Rice Jumpa et al., 2023
biosynthesis maintain osmotic balance
BADH Enzyme for glycine Osmoprotectant synthesis Wheat, Maize  Zhao et al., 2021
betaine synthesis enhancing stress tolerance
DREB1A/DREB2A Transcription factors  Regulate expression of stress- ~ Wheat, Rice ~ Amirbakhtiar et al.,

responsive genes

Stabilize proteins/membranes
under stress

Enhances tolerance to

LEA proteins Protective proteins

HVA1l LEA group 3 protein

2021

Bhardwaj et al.,
2013

Singh et al., 2024b

Wheat, Barley

Barley, Rice

dehydration and salt stress
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Table 3. Genes responding to mitogen-activated protein kinase (MAPK) under salinity stress

Upregulated MAPK

Downstream targets or

Plant Functional result Reference
genes TFs
Rice MAPK cascade via ROS-responsive genes  Early adaptation to salt stress Schmidt et
SERF1 al., 2013
Wheat TaMAPK4, TaMAPK14, WRKY, MYB, ERF lon homeostasis, ROS Amirbakhtiar
TaMAPK17, TFs; NHX1, HKT1, detoxification, and stress etal., 2021
TaMAPKK3 CAT, SOD signaling
Barley HVMPK3, HYMPK6 ABF/AREB TFs, Enhanced osmotic adjustment ~ Kienek et al.,
P5CS and ABA-mediated stress 2015
tolerance
Maize ZmMPKS5, ZmMPK17, ZmWRKY?33, Improved ROS scavenging, He et al.,
ZmMKK1 ZmDREB2A, root architecture, and salinity 2025
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