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ABA Abscissic Acid

AGP Ascorbate + gibberellin primed seeds
AOX Antioxidants

AP Ascorbate primed seeds
APX Ascorbate peroxidase
AsA Ascorbic acid

BSA Bovine serum albumin
CAR Carotenoids

CAT Catalase

Chla Chlorophylla

Chib Chlorophyll b

CL Coleoptile length

DW Dry weight

FGP Final germination percentage
FW Fresh weight

GA; Gibberellic acid

GAs Gibberellins

GP Gibberellin primed seeds
GR Glutathione reductase
H202 Hydrogen peroxide

HP Hydro or water primed seeds
LPO Lipid peroxidation

LSD Last significant deference
MDA Malondialdehyde

MGT Mean germination time
OA Osmotic adjustment
POX Peroxidase

PRO Proline

RL Radicle length

ROS Reactive oxygen species
RWC Relative water content
SOD Superoxide dismutase
SPROT Soluble proteins

STI Salt tolerance index

TBA Thiobarbituric acid

W Turgid weight

upP Unprimed seeds

Vi Vigor index
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Fig. 1— Seed germination and seedling growth of durum wheat.
Fig. 2— Venn diagrams and functional classification of wheat proteome in both primed seeds compared to control
un-primed seeds.
Fig. 3— Functional distribution of the 121 proteins identified in hydro-primed and ascorbate-primed wheat seeds.
Fig. 4— Venn diagrams and functional classification of wheat proteome in hydro-primed seeds compared to
ascorbate-primed seeds.
Fig. 5— Scheme showing the possible changes in methionine metabolism induced by ascorbate-priming.

ol Juasll
Fig. 1— Metabolic proteome signature in Embryo of germinating primed and unprimed wheat seeds under salt
stress as compared to control (UP-H,0).
Fig. 2— Metabolic proteome signature in embryo-ST of germinating primed and unprimed wheat seeds under salt
stress as compared to control (UP-H0).
Fig. 3—Effect of NaCl on wheat seed germination
Fig. 4— Hierarchical clustering of accumulation patterns of differentially regulated proteins in Wheat Embryo.
Fig. 5— Hierarchical clustering of accumulation patterns of differentially regulated proteins Wheat embryo-
surrounding tissues.
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Table 1— Metabolic proteins identified according to two protocols, one comprising a standard in-solution
trypsin digestion, and the other one in which an enrichment step by NIPAm/CB core VSA shell particles (HG)

was added.
Table 2— Wheat metabolic proteins whose abundance varied in hydro-primed seeds.

Table 3— Wheat metabolic proteins whose abundance varies specifically in ascorbate-primed seeds.
i) Lasll

Table 1— Embryo proteome of unprimed and ascorbate-primed wheat seeds during germination under saline

and non-saline conditions.

Table 2— Embryo-surrounding tissues proteome of unprimed and ascorbate-primed wheat seeds during

germination under saline and non-saline conditions.
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Slal midais @ cloyeSad jaes J3u5 Jlaas | ) Slet jany olal kas (2009 Brossaetal., 2011
Yeet) wlud sl L Loguas bl cligayd) Jos palais § Logus oyliiely slea¥l Cag,ls cums ol
(al., 2011; Ye & Zhang, 2012 ; Zheng et al.,, 2009

e ASA 5 BA3 il sLasly Liad o(@oMM1) AlgY! Colasll e Alidis bz iy 9 e Lo OIS

cladanll pamill o OS 548 e aST way g o0 Jo¥ d> DA @ Aopleld biall mesll daglie
sds @) Loglell maall wls Joxs e (ASA-PIMING) cloysSut! ooy nax=dl o (GA-priming)
Jiadl cdacl 301 —ASA sale (e 2SAIL AasY Aoy 3 Lied (el g S caliasll § 2opie clulydl



> "

U3 9 gl jrams 3uas dawlsy soddl pasymt LT ) —Legi o 0¥ 2= Wglxs § — il
Ll e JU essgall Jdelmtdl (2 9 YT Bl Zumslondl luds Susl e Suslsy Lilaadl
Jalms sl do¥ als L 3 @3 o Gel-free proteomic analysis or shotgun proteomic analysis”
orezms ol (Hydro-priming) el Lalolas Gewe med 5o (Lt cligay Aler) ool syl
(Un-priming .aals of) Lanllae @i o med o posig e 4miylae o (AsCOrbate-priming) cl. st
oo Lolr izl STy aasY WUspe 3 (01 @3y Jll 5 ml 1 Juaall § Apie Awlyll ola mln)
gl med oy Sliegsing @ el wlaadll 2laa L) (e @ s Sl Led (oY1 2l
Jiadll § Azyae Aulyull sda @ln) DY e s ol zmle sy § Lelo| aay 213 9 ASA 4 550

I bl § 4 9,lY sda dlual padls oS G Lo (02 03, JLall 5 wolsel!

(cbiatt o) cdleddl Lid) 5 cls] (e mll] olea¥ 6T mpeds B

i gpb e ol gelll sl2¥ B9yl § edll cMedl ol e g Sl Grunt LlSe) i B
SuSH clslias 9 dslad] Sligoy | Anwlss 5ol
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aladl gai e gl g gt 1

Slid! @ 2slall L) e a8 ISy Jas @l gousdl a2 sl ¥l dalge 5l o zmlll sl2¥l amy
dolazs g5l al2Y 5 Gigwadl sl ccdlazell e 5,50 bsaall ae il sl2) Galit Lo WLe dagdall
e SLIY (e Aegite Aegame P o ALl A5l e crea Wl (giseu¥l 5 i sl ¥ e L)
Azelll Sbladl 7z Lleiy sshaits o> @ Ads> 9 LileasSon Az sloud Sldae e Golais 9 cbigiud) Calizs
gl Jemtll (o Bglate Sbgiun GlYCOPNYLES” Jpolell cbils s A=Wl ol § "Halophytes”
[(Bartels & Dinakar, 2013; Gupta & Huang, 2014 )

LAl Aol 11
Sl Slaiall usl § Lo ,S5 559 3] cdagual) Hguanll dis Olud¥! Ldye duaub Sralls oal¥ 25l
Russel etal.,, 1965 in Singh & ) 55l Ju3 2w 2400 (oo ASY 59y a6 dazay gl g caatdl Il L 3 dule e
GhUll ) Juzall 5 ool # L) 13 @blll ae wies cablall S § 2=l ool x5 (Chatrath, 2001
soell Aaslall blill) 2paall Gblll oo clelany! Cilize e @ab¥l sda axlsn of (S LS Audaall
Koyei- S0l Jlex o (Tibetan Plateau) sl ola S o 5000 o AST - ¢ lasyl aaaladl ghblll J) (cull
Singh & Chatrath, ) ai>Lall of 2alell Gblll Je 15> ot AUl ool ¥l 4de 5 (Rocky Mountains)

(L usad) (2001

Ok DYl (o Aglaie wliaS e Lo Ldall G 9 Layslias sl e olldl 9 U1 Gims
Lty bl gaid 29500 (Lelisedl 5 oltdl Dlal (Jta) P i (o dyuall 5 Al gl 5 iide 0550
comzdl (Jie) Aalrall LA Buewd 5 Bguaall ap clgasll Wlal dsaall Lgmall e LA POl
Sl sl o 19S5 (B0, gypsum, composts and manures cllgeell Gisy o Sewaall slewdl
3 et zedes Tdoe popud jolan al usi pals UShs (#1031 @)1 saay (Kotuby-Amacher et al., 2000)
Lwd Luas (L (2 Uadt) (Munns et al, 2004) 201 ) DY e 548 wleS 61 ol Jas
Laall 0ol o0 %20 5 A9l e el I o2l 00 % 2 Jlsms AU Amgle (e Bypiaall o5l
(3 usa) (Lauchliet al,, 2008) (5LiSa ¢sule 45)
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Type and severity levels of salt-affected soils

(http://www.clubgreen.nl/vraag/Biosaline-agroforestry-and-forestry.html) @iLall ye asgllly 5 paill l¥1 a393.1 JSCadI
(Benmahioul etal., 2008) ;LS r5ele 3.2 Jlgoms 2ol ASia (o ilaT 1 ol e oo Lil3ell Lok LS
sodic s0il : S0il 4,940 2.5 « Sline soil: axile 2,5
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LI Aadd! ) B gIU (e Bypmaill @al¥ Aud 3 USAT Loguas (15301 6! Ades amy A 81,52 JSCad!
(Carilloetal., 2011) aaud| o1, (Ramade, 2008) 5,1y adsye 5 arladl GbLLl

Sbladl goi e d>glll wils .21

Bylua e Aely3ll 8,08 s Loe (Al 5301 Jmo Ll ALe (o dmy @1 oty Il Joladl (2 2ol A5l
9350yl ¥ Aaasll Gl wlpS,s aie (Flowers, 2004; Munns & Tester, 2008) auwbiall 2slSull 5505311
of JI pedliadly alall Tus cns & (Maggioetal, 2001) azdt 5l ¥ U 9 Aagibs 5 0my ¥ Al 53l Jsolell
elaae clls 3 Loy "Glycophytes” "2, Sl wbladl 0sS 3 spay @l GlnSys Wl ae ydwall ) Jhas
Ot zolG SlnSys e Sigal B g ad bt oy 3] AL Z wlnSs @ ses Y i dpel=ll Slils
et gl b @ Sshas a5 Sblall sda of wazay 5 (NACI) asaseall wysiS oo J/Jse e 200 -100
(Munns & Termaat, 1986) &> glll Joes T yaghas I 2o lomy 0S5 @b 1 A>gla alasly

Bydda o Al (@ DM Adlall SInSHUl (adss loniy oatdssky Sbladl e daas,dl dlll 35S

6938 Lea el 0555 O Sy dds ladl Us1s DM adladl SnSAN o LS bl jolatal (e izl

Hasegawa et al., ) Llcas 5 clidall obatel (e 2lasSoed! 5 Arslomuall cililandl cpo agaadl Lgis J)

lia e g Bladl uud e alay g onshat colall gai aas e oLl olda deay (2000; Munns, 2002

MUNNS, ) S BLadl ga3 e isas (o)) 390 SLa¥1 LT camstl ctlye (10 735 A8 (ulud!
(4 usa) (1995

Luolauzedl Sl 3ol 3 Lolee Slsiae ) ) Le iy 1 Aoyl Calises (7390l 1da w9
Ao yb | s A gl Gty ¢ 155U Las et 9T aslaa¥l ol ALl G5l Jguzdl 05 9.8 slall Alazill
DIs o § sl s Gl Jylmall (6350 a1 coranr 2oLall §193%1 IS yai (olasil dras 8L
et Upas iy Jard daludl DY @15 Jady Ll @bladl § Ladl GlsY cigas (G dlsyl
Lolud) Sl g (olasl ey slojpd geidl e Ldla] 1l Lujley @l ool cliladl s gul gl
(4 o) alemall bl WSe e



> aall glyggal 1 ¥ il

el FER]
+ 1 ar -
sl Juna 1 iaal 2 Ada i
ol sy Clll ol
FheAA Jana s
e

(bl ) Al G ———

(Munns, 1995) St bl gai e dglll il cpilom skl 7393 4 S

NESTVOR INDICVETRGUN = TR V2

e caall oo Jazy (Threshold level) gie ssiwe JI Dodatl Jo> Y (Sl iy 5,ilee T
I 2558 bt gmle JShy rasdl pudll o3 Juae a2ls Tan o Al oo sl g lhieial Hodsl!
o el e gatll @Mel blall asas (grasdl pudll g Slin¥ 3805 (e Ll caasy gl 5 « 4l
Lz o0 0SI cs J) da bl 5 A oo gl eladl 5 B IS o GU el Gyd g 5 el
‘oges (Hasegawa et al, 2000) Lslalt cull e 2ol Jamtd Zouzme ad zmslicd! sis muas (55
£ Lasyl i Loyy adlall 255l e bl U soall sodadl g o0 Al AST sl ol g 0950
gl i samy Lotn Glog¥ el § Ley gruasd) sl gos oy gl (ABA) cliwin™l (aes Lu)
N (@S5 e 2 Bghey e lazdl mly Lo cladl Jid oo sl Agael paas aili oo gl ¢ 0!
Ao sl iy Sl ol g (i lasl e el oz (Hasegawa, 2013 ; Munns & Tester, 2008) 2,41 8
Llusdl (3l59%1 903 daess (Lauchli & Epstein, 1990) (el s yuansedl gaidl 5 dnasll 48,60 2oLudl sale
ssdmll oo Aedall TeM sus ae (87 lgl JB letn) BadS Lo G ] ol
$ 95 Of sl DI Wzl 5 pludsil o 8 e 485510 SLAI @l azay (Lalchli & Grattan, 2007)
Saad g ot & <(SUgar beet) Sl i § sl LWL sl Y D) aluaY aasy gddl (ElosY)
ol sl awts ells e sdle 5 £87 Juns e 1sleze (Papp et al, 1983) axslol) dulus 315531
(5 Jsa) (Larcher, 1980) a,uuelt Wl gas paass (€8 5K Jto Al Asaall cldall Golazed

3 #dai pllanil sgzg ey Tauly wlgmd JSAS Aol b 3 Apelidl sodal) Bueall Hakaill g

cady JI dee pe WI! G plmid Wy &ylhetadl Gadi co dgueld cauals SOl (D (Kadl) Aedll dmai®

L) O Bdse ililucs po Laspe Azeandly Bualadl oblald & dadl @edll ey celld (M5 ylasll g gl
(Carilloetal., 2011)
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[(Carilloetal., 2011) NaCl (5.z) 3529 of (1) bed & 2salid! cbiadl maddl sodr ol dspma sgu0 5 JSEI
FEPRY PP TPSVIA I ok TESN (R V4

Munns, 2002) sgiztl § ol 5 7l 385 dady GlosY Jhast § N Loy wlissd oSTA pais
dalo] e 3,505 wad @f die 5 Wl e 3,505 wad @f &1 ialdl 3los¥1 § ols Lol NA' oS15 zasms
31usY sl Juse Gody Bg¥ ige Juae O 13] amall Blos¥! Jads LS Ll Juolsll mlll cagass
e L Sy Las el 3159 cildaie 205 e 3008 0S5 o clald Jiguadl Juded) 3,08 o8 Byl
Jetosll 5l mlisSe e Na© oS5 35 «Gigwadl Jutadd! 2l § (MUNNS & Tester, 2008) Lages Joas
Jeeddl Jaae 3 palasedl oSay (Davenport et al, 2005) «lusg,801 5 Jedo sl el Jia Siguad!
o L ssle (ROS) adelatll cnmus™ slol zls) o i of oshll Lulusdl obladl § gl
SN sda cangay of =l sl (Say oS0 5 BuwsS W sabae Sl 3k (e &eyun ROS il ally)
o @3l Llmtal oo Tzmn ¥ o3> 98 ROS alawlyy il Jas of Luas ous (FOyer & Noctor, 2005)
oo els g gumdl e Lawsll clalay obladl letwl @ zoose 595 ROS cilize ali (adlsll § a5l
Byaud g ligaydl cpouradlSl ae JolSs 5)La) Jas wliosaS clliS 5 alea¥ el L9l ol Llee P>
(Miller et al., 2009) sLe2d dlerad) il JuSaS G lissg |
4o glell bl daglin oilli W3-1

2Blsll 3 5pallall s didad s Leles Aageda pe ULl die 2o gLl Zoglal 2l LI Jiss ¥
Gl MY e lay o (S ¥ JLL g (Ealesl) Asladl ¢ 1Y e Aol Jeoes § @St il bue lia
@ oolall Ao ASY Blmrad¥) Loy Aaliell bl Ll Llatal (ol D> o0« yabs e Sy V)
UL Jams quds oS <a3lsdl 3 (FlOwers & Ye0, 1995) dluzall as5lll wic Logumsy ca9s,ll 5 5oidl
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Wsh 576 gute e 2BLLN g lall Llae 9 2l cagylall § Boguedl A zli) olid IS o 2 glell
(Munns, 2002) slel wid (e @bladl elay IS e ol (393,01 pe Bale Loy lda 5) o3l (e

glol L zell) Jomtll (i ol oo U8 09 lslal pdny pais U8 Aoglell ae s o5 Lpsslu
b w55 > @ ol Ao wic B slell ST dpubas ¢ 1551 amy g Al Jalsall o /5 2l
oo clls pe g A alll pe @l spue LT bladl @opsle (MUNNS, 2002) 58201 dls e IS5 )51 ¢ lsil
Bler G (o1l 03lsall glasinl) Gis 5 (gipaadl sl2d! omi QU iulal LT 23 105 o oSl
(Zhu, 2001 & 2002) sL2¥1 aay 5 IM5 saill 2dloe € (el §33) Aabazell sl Dlio) 5

Homeostasis s1.d1 o151 .1-3-1

oo eladll i hpass (3 Dgiaall oIl Oladll (e blazll Lspasas 03 Jad 293) sle2¥) Sé
oielS on mes o Ble 2 &l o "Homeostasis” xS, 1915 ole 9 Bradforde (S, s slsuwall L
(Roeder, 2006) «,Laitt of slgleul a5 9 NOMIOS' 5 caBgn of Al a3 5 'STASIS' c s,

otess Sladl e ooy (=l al2¥l 0680 Dlas s blald s Il O3leall Jasey (zelll sla¥l Cgyls s
Sl Sladl @osb o3lsil saled Asaall s 26l Lasl @ ds Sy (s 5 G350 5uall 0
Aolnll bzl oF o (7 K1) G9¥1 9 sisa (ilsall Al plosial 5 P 1da merian AiS
& allall alymll alae Aol )l dolell dazs e il (e 508 48T clliad g3 ozl Slival
Jozes Otanmt] Doglol (@igan! Jomtll Sl wpds azay aule o (Munns et al, 2012) s cLas)
(Royetal, 2014) asslll ozall of Lnaseill AN 3 Logias doglell 2l 301 Joolall

(Zhu, 2001) > gleld cilsladl aaglal LM ld¥1.6 Jsadl
SOS:: salt overly sensitive ; MAPK: mitogenactivated-protein kinase; CBF/ DREB (cold-binding factor/dehydration
responsive element binding) transcription factor ABA-independent; ABA: abscisic acid.
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Osmotic homeostasie (s 3ges! cjlgadt .1-1-3-1
Osmotic adjustment (OA) g3sesd! Jyaasd! N

gl Sldlell AaSliay wbladl ald (el sl ae caSdl Slemalinl on o
Ligesd Sl 065 Lo Bole mlpaall o aPdbstadl @ (@bS 5 2uiswl wlS,a) “0SMOprotectants”
G Alall Leoliods s 9 Auedad Ligmdia pé colall Lme Ragds @l3 Spiis @lis> e 5le "OSMONYtES”
calazell oo Llosed 3ty bt ) o BLasi™ e Leyude ) (>92 Lee (SaIram & Tyagi, 2004) <Ll
Al 0gs s UL BlamsYl e WA 5,05 53b5 5o OA S sula! youlls 10 (7 sadt) (Yancey et al., 1982)
(8 USadt) 2o plll s gl 5uwSYI dz (e Al § L] Wlad slall sia (iay o 13 ge oo™ e
SlySadly (538580 5 55Slall) Al SLSdl gl sl Blaral (Shs @I Slideent! Joid
olazde (3eadll 5 3slleAll) suiall ol Sadly (debell Jotiasily cporadell) JomSIl s of Alss|
A (omley ool ¥ bl oty Gl ccnla ) el 2uiasdt alest]

Aadlgill il slgdl Jue mpgs Glo oy N oA
Aaslgrll 1AL lsll Galss "Aamall” WL § (o) Laylhazed ghess G 8yl Slisadl ae clisg wll Jelas g Jlay sW 3529 (S Loasll & =(7)
oSJ 9 B3gza of) Aablyall I slsll pads MAubud)” WA G <(g) (Slwsall Jis) Lrslendl bl Bless 8pall clipall sladly mows
(Mundreg etal, 2002) ta,la2ul cacies J) @250 Lo <z slonddl cilinsaedl mhau e 8pnll Sliad) aings J) g5 (mdseie Sy

odedl T
Gl LW Lyl e dalall 2568 of Aalsl @blall o wpaall § Ao yuy (ol Slgtuw WG
i e Al ol adl oe sed! nSAN @ 8aLsdl e (Fercha et al, 2011; Silva-Ortega et al. 2007)
ooy dl el clabisladl Jsmy s @u¥l Lolsdl ARNM cliaS plas¥ )las . goumdl gulinal]
I Ll o g cntsing¥l oo ol lalishill e Lol clLadl & cado all Balssd ol Slia (9 USad)
Je2ail 30 g olg Al alies nams of ga LS (Silva-Ortega et al, 2007) sty caguls § Al 5o 015
Sl e Galss ) codoadl ) BLaAL (3509 waudi-caiai wlaliglall oo lety ple gl Hlue
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Jatazl] 33lgte OLgdll s SyaS calo ! Jany (Bartels et Sunkar, 2005) Arg i O e .(polyamins)
Silva-Ortega et) wliss¥ 3 Jlddl 5o LS plee il (ol Zunylan 093 Alle l5S,5 ) dums of o8 <@ 3paa]
Slyazwly (Ben Rejeb et al, 2014) ROS duw @) 3 cndoall el «(gsesa¥l 0593 J) a3La3L (al, 2008
90,81 saime OsSas (Mansour, 1998) edsiad! s Laall &dlu 2,le>s (Ashraf & Foolad, 2007) o5 Al

(9 usca) (Sairam & Tyagi, 2004) sl Jlos aay oz gl

o
1] - -
_"1 V\COO- _\Nwoiﬁio \SWCOO
/ / o /
Glycine betaine Choline-O-sulfate DMSP
oo o)
- Lt o]
N3 COO H3C/’L“M
Hz H -
. .9 OH
Proline Ectoine s
HO——
CH,OH HO——
O ——OH
HOH.C ——OH
O o H:,CO —_
OH
Trehalose D-ononitol Mannitol

(Ronteinetal., 2002) clidgaut pany a4y .8 S

+
+*
NADPH NADP NADPH NADP
lFHz—li:Hz j"Pi FHZ‘?HZ spont ?HE_?HZ PSCH?’F?HE_?HE
—_— —-—'i)
HOOC P5CS SCH o CH CH
H-coon .o [ SCOOH "5 7" ~COOH Cﬂf“/CH‘*CDGH
MH ATP ADP NHz H
L-glutamic acid ornithine - GSA P5sC + L-proline
&- aminotransferase NADP ‘:—;:T P2CR
. CHz-CHpz NADPH CHz-CH
. arginase i 1 Fa 2
arginine —_._L_:’—} (I'.Hz EH\H 'l::HZ &
urca 1 COOH P AN
NHz NH, "N~ "CGOOH
ornithine P2c

~,
\-\pmilhine—
- anminulransierase
e spont

~

CHz-CH3

Hz L-coon
NH5©

o -keto-d-aminovalerate
Ll ‘3 oMol G Al olyludd 9 aLalsj.wl)Lm 9 Jseadi
glutamate-y-uaaall Camiy-cilabsladl cptdasey cniloye IS o (KisShor etal, 1995) cliabisledl (aas jlus pe cals all Gbladl piuas ale o

&1 P5C synthetase (PSCS) «sludl i & cxShliw cnanss) eal AlL-pyrroling-5-carboxylate (PSC) =wSs:,S-5-cnds -1alls 5 semialdhyde (GSA)
(Zhang etal, 1999) ;5% Jelazh sa=s 331 PSCréductase (PSCR) s Js¥ Jelazl saxs
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e 5352 9 (Hare & Cress, 1997) ausdl (ol e 2881520 NADPH+/NADP 2wl e ol g )l Ladlx,

oanys Legady (il alea¥l Ao, bl 5,Lay) Jas ol J) BLayl adsll (RedOX) ¢l y/50us™ wa
LS .(Chinnusamy et al., 2005) ACTCAT cls all &Lt yuolie jams aludee § Sotoes G| bl pads
sl Al gt e ATP (S59 clig ASIY iy 3yale chassdl § ododl CMlatul o
o855 0sSe 9 Jemtll e L3 pe UL (e Aalise gyl § g all oS5 Loy, (Sairam & Tyagi, 2004)
Nl ey § ells ae o (Ashraf & Foolad, 2007) aulumdl bladl § die Aazeill cbileadl § el Loges

Ao AMall sia QT 9y Y

g SULAS Lz Sypmll Ll Wgla dlys I (o0 2o glll a5 § alg Al Aol cilexs
proline deshydrogenas jliesyawas ool @il @las (e Leude adas cum 8,010 (Arabidopsis)
Roosens etal., ) Luwssnl¥t o (Zhuetal. 1998) 55, (Hong et al. 2000) sl bl 5.(Nanjo etal., 2003)
LAY 0F LS (35l ol Jomms e ST 5508 55 Loy Lo cclo ) ulies byl a3 g1 (2002
(Ashraf & Foolad, 2007) a>gLeld bl Jazes cpanmty ¥l (amy ) qeaed alo ] 2Ll

WA [CICOM (Y

ool sl 3oy JomSIl luye Lelande 5 2l b, Sl 0515 o lahull e dpdall @y lal
o LS (Ashraf & Harris, 2004; Bartels & Sunkar, 2005; ElSayed et al.,, 2014) a_sLadl 15591 (e apiall &
(Ashraf & Harris, 2004; Bartels & Sunkar, 2005) 2> glt1 Jezxs 9 b, Sadl o515 o S8 bolisyl 3929

oo 0Ses 58 ST iy ey Lo cadlisiiad) @sand) aeall Ga sy JoSUl Sl 3855 8Ly
csligg lly e & 5gandl SlBlll Hos JexSIl wlgae caals (clUd e ke 9 lgzmall § psaagall
LSes LS (Puniran-Hartley et al., 2014) ROS caeaus™ 8,01 ozl e sladll I oo Liaal s o2y g
(Vernon et al, 1993) sl2¥1 58 UM sl Jetatll slge Jas Lostie 090,801 Sl simn Boliay 0555 ]
gl ol slas SbLall e oo a5 ¥ geill lasey J) LS, s 28La) O lgdn <5 (o eyl (e
[(Hananaetal,2011)

250 Aalys IS (0 251l Haglia (3 AdemSTl Llatiia o 20,SCudl olgll dpoal culaes 1ad U3 ang
Sl "OVErEXPression” jadll @ bhay! mew (JUL Joo dad Asslal] wbladl leial e Lga
dezmia grals b e Jgsaxdl § cbils ¢ Mamnitol Jslall gl galsedll § oSatll § dallall
Jewslell 2zl 23La¥t of LS (Thomas et al, 1995) uwosunl 38 @bladl o douall § 4 5lell
Ol 108 Aoglel] meall Anslia oo w3 (Ding et al, 2004) Trehalose 34001 of (Seckin et al., 2009)
Aol Al I oo @l sl bl o et @olall dge a8 & 3gendl Sl e Josdl
(Munns, 2005)
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Sea¥ O3ledt 2-1-3-1

‘;,Lz,.lS)Lt éLE.DM ganaJ.AY‘

63954 (p9uuligdlS) suoliall sin iy &l Jslra (§ Lsl3 Lidas juolic Buae SbLAl s9de ates

S el asi(Luanetal, 2009 ; Zhu et al, 1998) s skt 5 culadl said iie s 9 ploo (p5235401K) Lainay

JLy adbsirall Gisdl 3lsall § JMs! Sramy Lea il o KT cligsl coyud Sl Boglll 2l

e anll oSl (uelyiy Lz slgnd milydge sue (e lebo Ll w8 e cladly gaill (e 8aall Plas|

Munns & Tester, ) zeall 5 aaddl § 25l Jazmis asuogeall b5l duuy gl K" iy oo 498 28e 392
(2008

Jas leid e W Jsls J pgsssuall dai 2,80l SbLal WS cand 3 assspall @S5 Coads

e Na" e 3 K e adle i e alaslall 063 Hlas (10 JSCadl lasl clape o HKT Jie) asulis

e of W (e psasguall Slisyl slaiul cuzg U3 @id 5 (Al Jamd § el yol piay Jouedl Giuna
alemall §

Vacuolar compartimentation szall (jz=Jl) a5l
Lo it Bymall 3 Loy 3 Jowed! oo 50580500 NA' clisl Al5) 3 omall Jyall ol posonll Jrom
cliae e 4l day «NATH™-ANPOMEN » gd S8 3529 Junds 1Y sia s (Flowersetal, 1977)

(Gomall Jpall IS5 oy o1iSag (Adams & Shin, 2014) V-H™-PPases o V-H'-ATPaSES szall clisss al
Byaall o)1 e Szl Jlg cahsiiad! 3 psssguall paiiic 3,5 e Llindl 2dsl) (S

oobiatal (0 3320 §58 igasl laiis o5 B9zmall § psasssall 555 @ Bl comlioy 3T Az 00
055 "Includer” 41,4 ksl g (Apse & Blumwald, 2007) Cell turgor ausdl zLas! crmes Jllly <l
e Slemall Gotua o Glodl puall § @SLUL alell mosn bos Laclias Labias § psadgeall wilads
o B! Jl dsaill 5 patell asassall qlane SEXCIUOEr™ 25 lall £ 1550 2wl cclls (o (agadll
3 psdgall sl e dulee uaad (Berthomieu et al., 2003) clxll s sodsdl gos itz (o opaitias
pusiad Ly <(Rozema & Schat, 2013) 2 sleld 2l bladl § Y Zaso A1y Lwass Nl AW gzl
D9daell slmily Auslsedl o2 oo (Gaphd! eliadl 8) LRI o psassaall b of elad] AT 2,80l bl
(Munns, 2002; Davenpor et al., 2005; Apse & Blumwald, 2007)
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() (<)

(@

3 a3 AL 8Ly (A olylie 14 5 pgadguall 5 pgusliod! S5 cllud joga ey 10 USad1

(aidl @ las) (et 5 elrlll) Jadd! Bl pe 285501 S sl oy el JLawil das ol (e 2405 J315all sa ol ailasdle (Say LeS 5 cbladl § psasguall 9 psubisd! Jilsi 5 oilsiall el pakl IS (1)

(ROS alelanll camuSH slga 5 cALSY! pouud Il pe Laguass pgaulipd! Jis @ilifisy oo pall bolad jams pgaulipd! padi) pgaulipd! joal 2ilaiuadl § Jsuall 5LaY1 allasd geuisgs JSa (<)
o gloll L ol Bl L%yl § ooty pUatl Ik 125 Jamy Low LRS! § poualisall 5 pgasguall Sligal o IS 0395 9 Jgos il pllss ga 5 elll sle2¥! UM B,LaW Jad SOS pllasd basrs IS4 (2)
P, phosphorylation cxse adt JI gssiudll izl 28La) of 5yauall Jelas
M, myristoylation cxse ! ) cliunmme seodl paesd! e @bl Jytaanll Hie L)
http.//onlinelibrary.wiley.com/doi/10.1111/jiph.12159/pdf : Juull Loy 1 of &kl pdge e Llzma a5kl JLall U5 (o ciloglall s Jemds (e eIY Se, Adams & Shin (2014) s

=PRI R


http://onlinelibrary.wiley.com/doi/10.1111/jipb.12159/pdf

> aall glyggal 1 ¥ il

Lmba cdlay> 5 sue P oo 9l 5 pggiall wadud of Lzl cbladl pasd oSe
dls> G355 9 (1S5 dsY 058 sa Al wbiladly 20,8l wbladl e 39,all 5,0 ai . (Golldack, 2004)
Jead L o(Flowers et al, 1977) 3oy @ %80 ce Jar ¥ L Lo il Loid 3 pgunguall o0 %90
Legl pe @ligh 3805 e lopudl D> o Jladdl Lossd Jl Sliss¥) 285> wgds (e 2,8l Ll
3 @isewl Lz st Samall § msusguall Jie AT Al bl susiws (Hasegawa, 2013) aassl!
295k wlgmall 3 agusguall (€15 OF sun JiSay Al LA e cUl (obiazel (e ladeluy (LI
Bartels et Sunkar ) ¢ L1 solazel e sl suclus 3 pyasgiadl Los dis pPbsiiadl Lo 3 Jiok zoo5e
(2005

antiporter Lilss golasst J) of ole J) mhell 20,8l @bladl Lwlus G55 ¥l (an @
Barragan etal., ) NHX2 s NHX1 clis e patll pobal e clalyadl oo duaadl @uST uza (NHX) goall
5y0ltl SULAl gas a3 3ol Jes 3 psaassall ozall Jiall deal (e (ZhU, 2002) NHXT 5 (2012
Loyall Gl peatl) ol bl gas (ol sl aasye 2wlae (Barragan et al, 2012) (nhxl, nhx2)
(Rodriguez-Rosales et al., 2008) wlolalall 3 LS 2> slell 5pia0 daglin

Toxic Ions exclusion alud! ciligs¥ slagi! |

& Jran =l sl2Y gl Ul (3 sladl wd e sladl dal e UL laeiad g5 2zl
3 Luaaili o L sl Jsa e @bladl ams cells Jal oo Adsdl s J) Josdl o N gl slaiul
(Hasegawa, 2013; Munns, 2005) bzl szl

Jilss 3529 Apdadl 3Ll o amdl Gk (e el IR 2slaall 2slEnY) se sl Tug
3@ sl @ ol sia cawds (Apse & Blumwald, 2007) dazadl wlisd gsls b Jas 5 aslaxsl
ol ABUaTl ol (390,801 B350 szl Jolall 065 B LS A8UaTl IDgael 3 sbsl ) g350 ol Sliadl Jates!
alell b ol Zaelemedl) SOS clissiny (o Aegazme o Oslarlly poadguall slail wig lisYl Ja5 Aeyw
cLaall Sgiue e dassge i NA'/H-aNtiporter ;e 5,Le 4o .SOS1.(Zhu, 2003) (Salt Overly Sensitive
SOS2 liwsgys Jeas (ZNU, 2003) (oylsch! Losasdl ) psudguall slasical 2T 3 Liaetdy 19 caaly 5 capdell
Liu et al., 2000; Zhu, ) ss==att antiporter NHX1 Llas Layi oS3s SOST Jalgall Jae eusis e SOS3 4
aaall Jelan, (olall Gladl qwdll 3 psasguall @S1s oo azlly colls e 39)e (2002 Qiu et al, 2003
Jo3en 58 5 Dl cLiall Syiun e ,5Y g2 2y oIl (RUS et al, 2001) HKT1 Jaldi ae SOS (su55 4!
Byrtetal, 2014 ; Berthomieu et al., 2003; Hauser ) sLelll ae sodaell JI 31381 ¢ poesguadl yuous sale) e
(11 ) (& Horie, 2009
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High Na *
PM I {  Sensor? —
s Y, Vacuole
[Ca”"]; increase a2+
Transporter(5051 & ?) } e
gene expression SOS3 +
Na
l -~ AtNHX1
T s0s2_ wt
V-ATPase

PPase

AN
ADP+Pi \/J\/ATP \\\ Na ¥
-]
PM [ \\I/J H |

HY H* Na*

Ll 0 N cligal slacaal 5 p93 « oliatel palais § 4l o SOS 5Lyt Jas allas 11 <l
https://ag.purdue.edu/hla/zhulab/Pages/default.aspX asst! oo cwiide JS& paill § Jusolaad!

Storey & Walker, ) ¢ 15591 ¢o paadl § s LS selll Jotdl 5 cLaBY! o Zoeidly 2ol 43Me llia

o JUL Jerw La8.(1998; Lee et al, 2003; Munns & James, 2003; Zhu et al., 2004; Munns et al. 2006

Llae sl sl Jiadl Jozms « SOSL I paiye padd old muad cozy Wiy Auall puuaganh¥! bls
(Shietal, 2002) st g5ty

lonic adjustment s, Jsuasd!
e Wableall clagmtll 3L (oandl w2y p3liad pgsguall (e Semall SIS glas)|
3@ Ligew! Sldlell il ol Jlaall ol e @2l (e (AMtmann & Leigh, 2010) »LuY! Lez>
Shabala & ) ig¥ Jouasdly aliall e (6590 Lladis (po Juad o Wl Sy (Ll (6590l Jytasll
s J) 2Lyl (Munns & Tester, 2008) souall 1 el 19s caly o agasliseld Sy 5 .(CUIN, 2008

odeladdl e Llaxl (Sairam & Tyagi, 2004) Wil zLal e sloadl @ Lol 1hso pgawlisd! caaly
Lo psulisdl o Lalgins Tt of 2oladl W (e camg aane Na° ) KT s e Lilaxll 5 20a¥
(Maathuis, 2006) J/Js Lo 200 5 100 ¢

Bymall slic 5 bl sLadll Syt o i Aaliis Ja5 Aalasl Bue 35¢2 y3las (e K'TNE wezas
Maathuis, 2006; Shabala et Cuin 2008; ) Na" 5 K™ clissS auslanyt alyls of 5,08 ohylus e gl 5
Na" 5 K™ clisl poliazel @ J8lsall e cwizs oLags (AMtmann et Leigh 2010
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> aall glyggal 1 ¥ il

« K" uptake transporter — high affinity K+ .KUP-HAK aLc) poueslinedd Al Al il Jblgal) -
[(uptake transporter »
low " LCT1 5 "high affinity K™ transporter" HKT1) =bswlsdl sles! 2l duiladl ol Jalgall -
(“affinity cation transporter
Jezzmy Jlill) 560 2palat lssl&Il Jas oo Wogad) clgiall oo glosl A3 llia (3 pe Bl3l50
o 3aurll laas wlgis « K inward rectifying channels ») KIRCs :(Na™ s K™ Uas e 5,008 0585 o]
bl s 3l Luas wlas « K outward rectifying channels » ) KORCS . (sguelspalt (sl
Lga¥ Laslanl new @I (! oo Alazue olsid « VOItage independent channels » ) VICS (s uceligeld
Wledl +132% ) poanbisdl Jan (g5l 4 e (Maathuis, 2006) (eMey of muall Uls) Ladssll LSslus
Adams & Shin, 2014; Gierth & ) aJtsl =¥l ziais Juolasl! o w3l NORKy SKOR cilgid dlalgy bl
(Maser, 2007 ; Shabala & Cuin, 2008

Ae uuaginh ¥ Sl @ amslll Jesmt e s Dgddl @ HKTL g sl 3 L1L8Y o e
Slall 2algdl eha¥ Ul sasaie o dme JUlly (asball) mill Sl oe psssgeall Slisd glosisl
gt Y BLad Lpalusd! boyd e Jlay asaulisdl 28La) ((2002) Zhu 3 sy (Farquharson, 2009)
oo KTNA" 2l 28, S LS pgualindll o pii, Ll adbigiiadl Goime JI 3 amps Lessy S0 3,3l
il eliss (Murata et al, 1998) KORKS clgis Lalii oo asdl e 5yolall Ca7F clissd a5Lal JSs
glycine betain Jie) 43send wldlgll Lany of Lasl suws (ROberts et Tester, 1997) VICS as.s5.all
ROS e Layils I35 o clls g lll sla¥ cons KNG s crrums e 3,308 (cnds 1 5

Leoudl £33 liGg g BuusSY Cilobias 2-3-1
(07) weueST yogaadt sz (H202) oz 9ymsed! wessSs 0 Jia (ROS) plelanhl cumus™ JCaT muis
Locaed Lol lalez] 00 s L] 859 51335 S0 Bslydl Mlazuy! wlkee 5Lt (OH) JeaS g5l 5
sl St (SIgNAl) Ll 3liay 0sS5 ol slell s oSas Aaaall wlnSal aae (SMimnoff, 1998) a4
oz 150 (e 8T s @ udsasinl ¥ il g (Parent et al, 2008) aslsl s laully 2leiad! wilius e
Lo e slsll sda zlu) & Ll,ayt (Mittler et al, 2004) aaudl 053] allss oo sudae 380 § LS llas
oSar Jll Jw e (Mahajan et al, 2008) ausl Ly pusdzd 3uwsH slal dimnd e plosol
Olatul Gead QWb 5 cOgadly Logill (alesy o9 ally JedgsslSIl Sk alis ol ueuS gyuedl Hgdx
oda <Layy (Datetal, 2000; Deinlein et al,, 2014) cladl gos Bkl 2l 3 5 2z sloumall Lasllsy (Al
Jeriad U3 guamad g lhasl 9o 8uwS Baliall delds cldl Jemas oladl e cmy ABLL s slsll
sigdMall el SLS L Jie Aaasdl el JiSO1 old — oY) ae — 5uwsSY Slalas Sl
Syeuss dto Slasis¥l (o Aegite Aegamas alsgs Lpl LSy (AShIEf, 2009) clo ;oS paesg «oibiusis!
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) aaball dlaial gl Jall

Oslsltl 5 (GST) 3laauil,sS ogutligladl ((APX) 5lausynm by ((CAT) st (SOD) sstall
SOD 1} S, (Noctor et Foyer, 1998; Sairam et Tyagi 2004; Turkan et Demiral 2009;) (GPX) 3yuuuS s
oo whaiy O oS 55 14 3855 o LS e J81 9o 01 HpOp JI Llisms 5a> oyl e 0 e cliaall
& b,y Jull Juw Jas (Parentetal, 2008) GPX 5 CAT APX Uie cculossi¥l oo Aegiie Aegazme Jid

(Tanakaetal., 1999; Wang et al. 2004) 2> sLel) 2aglio AST jutrsnrsin o 541 wbils Jazy SOD pais

Sl) bwsdl @lalez) caliel wbladl Zoglie o oy 5uwSH slall gloudl Aalasl 5c04S a3,

dl el Sl @ 5luaS sl clesssl asl e sl § LohaY! 350 (JBL duae ad (2d1oll Jglonl|

GPX 5 GST (e sasdt @ Lol,3¥ cJitls .(Amaya et al, 1999) g3aautl sl s oWl (e Lepdd Cuces
(Roxasetal. 1997, 2000) selll sl cams gaidly LWl (o crancms Liloe Waall aall il 3

(LDt Wlaiael 9 pluail) goidl &idlpe .3-3-1

sallie (o plae geill palassl way SULadl s a2l @ Jasdl wlalez] GLobe e Al s
65 ¥ (Z0U, 2001) sLadl Bl Y Bplal dsblle (o o 52 dumsts Slill o 3] ol2) g 2SSl
Aerglerudll Laassl Bobaral e SbLAI 8,08 dad .zl sl olasl Bwlusedl (s Lslil) Ak ai¥
A slall Llas 3 masl> ol Lauzmdd g Lele Lalazdl

Ul>" Az lin 8gims SL2M (2,055 Losie ol (e Lidge 2alall WA a8ems lgused) L) o

oo ooslell Il A ga ciuzll "W aluasl e (aall e of clahdl o dpaall cylal " deaall

eeas G aluhull e apaall oy ad 8,8 Bg¥ § g 99l (aemdl Caclias of DI aluasl Je ABA (s

(ICK1) cxiny ove gzl peatdl yiany ABA () o (JULI it (ad coall i § oz sl s sy JSin

oaass IS e ol sl wlaws a1 "Cyclin-Dependent Kinases” CDK wliss d oo yos caaly o1

5ol @ S AUl g Gl Ao )Ll e JlanYl die 9 $umd) Geliall clidae § 2aSmill uligzel) Gued) peasl!
(Tang etal., 2013; Wang et al., 1998) 4.4 L
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okl o gl e Lbes adlga 9 Lpapdall 3uusY Silalias pai 1 Jous
antioxidant

I. Enzymatic

Superoxide dismutase (SOD) (EC 1.15.1.1) Chl, Mit, Per, Cyt, Apo Superoxide (O-) Bowler etal. (1992), Mittler (2002)

Catalase (CAT) (EC 1.11.1.6) Per, Gly Hydrogen peroxide (H,05) Willekens et al. (1997), Mittler (2002)

Ascorbate peroxidase (APX) (EC 1.11.1.11) Chl, Mit, Per, Gly, Cyt, Apo H,0, Asada (1999), Bunkelmann and Trelease (1995)

Peroxidases (POX) (EC 1.11.1.7) Vac, Cyt,CW H,0, Asada and Takahashi (1987), Mittler (2002)

Glutathione reductase (GR) (EC 1.6.4.2) Chl, Cyt, Mit Reduction of glutathione Edwards et al. (1990), Creissen et al. (1994)

Glutathione peroxidase (GPX) (EC 1.11.1.12) Cyt H202, lipid peroxyl radicals (ROO), organic Dixon etal. (1998), Mittler (2002), Hoque et al. (2008)
hydroperoxide (ROOH)

Glutathione S-transferase GST (EC 2.5.1.18) Cyt, Mit, ER Organic hydroperoxide (ROOH) Roxas et al. (1997), Galle etal. (2005)

Dehydroascorbate reductase (DHAR) (EC 1.85.1) Chl, Mit, Per Regeneration of ascorbate from Asada (1994), Minkov etal. (1999)
dehydroascorbate (DHA)

Monodehydroascorbate reductase (MDHAR) (EC 1.6.5.4) Chl, Mit, Per, Cyt Reduction of monodehydroascorbate (MDA) Asada (1994), imenez et al. (1997), Minkov et al. (1999), Baek and
togive rise ascorbate Skinner (2003)

[1. Non-enzymatic

Glutathione (GSH) Chl, Mit, Per, Cyt, Apo H,0,, hydroxyl radical (OH), singlet oxygen Asada (1999), Noctor and Foyer (1998), imenez et al. (1998), Mittler
(10,), dehydroascorbate reductase (DHAR) (2002)

Ascorbic acid (AsA) Chl, Mit, Per, Cyt, Apo H,0, 0,-, 0H, 10, Asada (1999), Noctor and Foyer (1998),

a-Tocopherol Membranes 10,, OH, lipid peroxyl radicals (ROO), Organic ~ Smirnoff (2000), Mittler (2002), Asada and Takahashi (1987), Mittler
peroxide (ROOH) (2002), Munne-Bosch (2005), Hollander-Czytko et al. (2005)

Carotenoids Chloroplast 10,, Asada and Takahashi (1987), Mittler (2002)

Flavonoids Vac 10,, 0,, OH, peroxyl radicals (RO0), and Buhler and Cristobal, 2000, Vierstra et al. (1982)

peroxynitrite (ONOO-).

Abbreviations: Chl, chloroplast; Mit, mitochondrion; Per; peroxisome; Gly, glyoxisome; Cyt, cytosol; Apo, apoplast; CW, cell wall. (adopted from Mittler, 2002).
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Antioxidant Plant/Crop species

SOD, APX, GR
CAT, POX, APX, GR

AsA, CAT
APX, CAT
SOD, APX, GPX, GR

SOD

SOD, POX

SOD, CAT, POX, GR

CAT, POX, GR, a-tocopherol
POX

SOD, CAT, POX

GR

SOD, POX

CAT,GR

SOD, APOX, DHAR

CAT, APOX, GR

Wheat (Triticum aestivum L.)
Wheat (Triticum aestivum L.)

Wheat (Triticum aestivum L.)
Wheat (Triticum durum Desf.)
Maize (ZeamaysL.)

Potato (Solanum tuberosum)

Rice (Oryza sativa L.

Rice (Oryza sativa L.

Cotton (Gossypium sp.)

Brassica spp.

Canola (Brassica napusL.)

Cotton (Gossypium herbaceumL.)
Sunfiower (Helianthus annuus L.)
Tomato (Lycopersicon pennellii L.)
Tomato (Lycopersicon pennellii L.)

Strawberry (Fragaria ananassa L.)

A3l Jolall calisen § Al &aglia (e Sl ydigeS BuwSY Slabias 2 Jgin
Association of antioxidant with salinity tolerance

Positive

Uniform increase of these antioxidants in salt tolerant

and salt sensitive cultivars

Positive

Positive

Positive

Positive only at low salt level, but no at high salt levels
difference

Variable response of cultivars differing in salt tolerance
Positive

Positive

No relationship

Positive

Positive

Positive

Negative

Positive

Positive, but the expression of these enzymes different
in salt tolerant cultivars was

References
Sairam et al. (2005)

Mandhania et al. (2006)

Athar et al. (2008)
Fercha & Gherroucha (2014)
Neto et al. (2006)

Rahnama and Ebrahimzadeh (2005)

Dionisiosese and Tobita (1998)
Khan and Panda (2008)
Gosset et al. (1994, 1996)
Siegal etal. (1982)

Ashraf and Ali (2008)

Garratt et al. (2002)

Davenport et al. (2003)
Shalata et al. (2001)

Shalata et al. (2001)

Turhan etal. (2008)

Abbreviations: SOD, superoxide dismutase: CAT, catalase; POX, peroxidase; APOX, ascorbate peroxidase; GR, glutathione reductase (adopted from, Ashraf, 2009).
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Antioxidant gene
transformed

Arabidopsis thaliana Mn-SOD
Arabidopsis thaliana DHAR1
Rice (Oryza sativalL.) Mn-SOD

Tobacco (Nicotiana tabacumL.)  Gly land Gly Il

Tobacco (Nicotiana tabacum L)  Chl-APX5

Tobacco (Nicotiana tabacumL.)  TPX2

Tobacco (Nicotiana tabacum L))  katE

Tobacco (Nicotiana tabacumL.)  GST and GPX

Aol Jozxs e Ligyud die g 5w Baliall %.da.vi 8yud :ﬁ).f Ll ye duall Jolel! any 3 Jous
Antioxidants over-expressed in

transgenic line

Mn-SOD, Cu/Zn-SOD, Fe-SOD, CAT, POX
Dehydroascorbate reductase (DHAR), ascorbate
SOD, APOX

High reduced glutathione (GSH) and reduced to
oxidized glutathione (GSH:GSSG) in transgenic line
APOX

Cell wall associated POX

CAT

Glutathione S-transferase and glutathione
peroxidase

Remarks References

Two-fold increase in expression of Mn-SOD

Substantial improvement in salt tolerance

1.7 fold increase in SOD and1.5 fold in APOX

Reduced accumulation of methylglyoxal (MG)

3.8-fold enhanced activity of APX; enhanced tolerance to salt
and water stress

transgenic seeds were able to retain more water available for
germination

transgene increased the resistance of the chloroplast's
translational machinery to salt stress

Transgenics had higher levels of glutathione and ascorbate
than wild-type plants

Wang et al. (2004)

Ushimaru et al. (2006)

Tanaka et al. (1999)

Yadav et al. (2005)

Badawi et al. (2004)

Amaya et al. (1999)

Al-Taweel et al. (2007)

Roxas et al. (2000)

Abbreviations: SOD, superoxide dismutase: CAT, catalase; POX, peroxidase; APX, ascorbate peroxidase; GR, glutathione reductase (adopted from Ashraf, 2009).

")

=P RSP NP IR



; aball dlysial Jo¥l Jill

W gloll dislmia 5 cdiall medll .2
cdiall meall.1-2

Triticum turgidum (L) subsp. turgidum (L) convar. Durum (Desf) aulatt of cdiall meall
oz I iy TTitiCEAE Al 5 [POACEAE Lkl Abile (e Zalall golsT cls s (Ficco et al., 2014)
oe Blee (T, ABSHIVUML) sl s of calll sl way Alaizedl 51931 @l b caliall maall THICUM dlaixl!
Al Hlasl oo 0sSn  (Alia) @3 shayl 5 Ambiws Lued Glsl ae Joball Liwsie Js> cede
SEMi-) 38 i alyd ol culiall medll (o Blival Wlia conlll medll ae Jlndl 58 LS (BoZZINI, 1998)
ooy cllzes ol J) oudiy lise Al Aulshwl Gladl 0oSs @Il gdadl + alladl oS, (dwart
(Clarke etal., 2002) &bio Gy ciiall meall Lol

IM Byl Ly Adls bl e el CBladl FLA @ld GLUL 3 uus Bygumy liall medll oS
(Bozzini, 1998) 15°C & sl 5,10t amys STy cugio Ay 2 ) Juas 3

Osele 135 (o iy Lo Lgine qulall meall (o Zegssll Aoludl lawgio aly ollall garudl e
Qo5 sl ey (ROYO et al, 2009) Ly obo sede 30 Jls> J) dums gzl bososio pe «liSa
AST L (2 1S Ly oo cadle Aled Jasogiay «owlall zedll gine 18T (Olgalls Lilisely Lllayl Loginso)
(Royo et al., 2009) (el cgeke 35) Bumall wli¥slly (b cadle 4) LSy Lk Lgine oo 0gule 46 4 zuie
(4 Jouz)

Lt Jos way s sl @ (HLSal/ (") cbiadl medll 9350 4 Jguazd

Area (000 ha) Yield (t/ha) Production (000 t)
Country 2011 2012 2013 2011 2012 2013 2011 2012 2013
Algeria 1673 1945 1900 15276 17639 16842 2554 3432 3.200
Australia 13400 13500 12500 20455 22151 18284 21410 29.905 22855
Canada 8543 9497 10441 29567 28645 35942 25261 27.205 37529
Egypt 1284 1336 1418 65427 65822 6.6681 8407 8795 9.460
France 5825 5303 5323 6.1427 75991 7.2541 35.994 40300 38613
Italy 1732 1879 1888 38334 41324 37114 6641 7.767 7009
Mexico 0662 0578 0634 54777 56567 5.2934 3627 3274 3357
Moracco 3088 3142 3204 19487 12342 21640 6017 3878 6933
Tunisia 0.772 0.754 0500 20791 20202 19520 1605 1523 0976
USA 18496 19.797 18274 29418 31153 31720 54413 61677 57966

http://wheatatlas.org/visualizations FAQ s
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sda 5 g (Lgyll a2) Budadl Zel Il Cao)ls cont Cliall medll g Lausill as> dilais
ezl Agumdl 5 Lgumll e Lol Cilslez] o B8 Bl 39290 10T LeS Lot 9 5l alay aakail
Sl adi gl Dl 38 UM axas,d) Byladl g Clazdl coDAdl egdd 9 Y M dsglll g
Lcgtll Gan¥ ) (ase medll (ol £ LD Bty SlBgas LIS wils¥ly (ale¥ly 2000 Sliwg (sl dall
oo ol ) 28LaHl ccliyall (SS9, Sall el (qulall meall cilanl cllgus AST Lol 5o
Kezihetal,) &l ..zl caa 0l gl (o)« utaas I g ollallS ¢ 3liaedl § A9 all Gudanll colenl
(2014

shbtl sa o i 10000 die olus¥! Lwdlin! @1 2uely3ll Joolell a8l o cdiall meall piay
(Shewry, 2009 ; Charmet, 2011) tia gy J) 8yddie dzelyy cdly ¥ gl oo sdl Ahall Liall £L,]!
Jis. ¥ &1 Aegilops speltoides L. 5 Triticum mON0COCCUM zeald 4l JIKaY! o zolidl oo goill lia b
Croston et Williams, 1981 in Feldman et Levy, ) Laws Gyadl olaly @ asddl o> Lole sstall (Sall (e
Jal=ill ol e (Ploidy Changes) duscall dapall @il o Aadu i1 (e medll ¢yl d8a5 (2009
I e o allopolyploidy aealt slaasil @ sl JSas I cius a3 pasedl Slaadll of gl
AABB oulall meall ailell Lapall ot § Lty oo Slpadll sda coal galslly el caclall
12 Kl 8 e 5o LS (Feldman et Levy, 2009 ; Charmet, 2011) 4 (N = 4X=282) »5:e!

(Shewry, 2009) s adls goph! meddl oo Aikisee 19l Slogiun oy & ysharll lEMall .12 JSad)
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coged| elidiw] 13 Jsad!
ooy 28 9,all (GLall colnl bogan LS55 0¥ coalasndd) (oY1 Bl Alaie o Ayl e oS11 uas¥l AL Zalal
(T. Dloccum) emmer z«3 .(T. MONOCOCCUM) EINKOM 28« anidl cpe 20,5 Lladl sl JLadsl @5 s el SN
caidl I ilate 068 e @991l paed! Jadad ciloglany Azl olyisll g Aahaill 3 2l yBW Ladall gaall
(Feuilletetal., 2008) 2w 10.000 Jls> xe 2ely3ll sy THtICEAE" Cigumell Lolitiad ot a8sll 2 2dleddl L3I, Ls

(oWl 0yl 3 Juzdl e S bl a1 Gl Llad e busly meall Ghamdl Lol dyazs aay

LY clball e sl e slaxe¥l (Valdeyron, 1961) clus,all e dsaall saall 1 conb ady

oo Byl I g W meall ¢ gadl Alaizme 3STh0 M lia oof e “Phyllogenetics” . yslaatl/assadll
(13 uscadr) (MacKay, 2005) Las,ai Jleds a1 3,41

Bradl oo asludl 5 @ladl GLLL e Zauld a8, Cliall medll Aclyy Jasd oall cdsll §
(14 ($adt 5 4 Jgumdl) Loyl a1 el s Lol 5 Lyl Jlay o]

(14 Jsadl) oo 300 Lasluddl Led 3olany @I Bblll o Jleddl 3 Lulul medll 2ely) i i3l &
Liagll @lolea) o dpsadl HLAEL ety 451 oo w2 )l e Zely3ll (o goill e sshat) Luwd @dle JUxll 1iia
(Smadhi & Zella, 2012) Lasogill an¥l el # Lk sacll 2aas,dl 8,1zl clays o calazedl St

ssall paay 31 (Ruel, 2006) GLusyll s I eliadl delgl caliseay medll ¥ 9 08 il y2ed e
Sl 0 %095 Jass of 4355 31 Juol=ll ool o0 5o 5 o(Gillies et al, 2012) (% 20) cxso ) uss, ]l
Bodail) Lcliall ¥ leazu¥) 9 bl gusd) Ldand jlies juuas medll OsS ] ALY ¢ 2 aull a1 dal)

663 Jls> (Ralisll delgil) meall llall zlu¥) ale 31 (5% 9 8,01 uay) Jpuamme pal &l 5o zeall
Ogele 200 oo s dobue e drely; o (NttR//Wwwige.int/;/http://faostat fa0.0rg) Lgiw ol cgule
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; aball dlysial Jo¥l Jill

%70 Jls> pas 5 a>Ludl oda (0 %8 JIs> cudiall zaall Jz, (International Grains Council, 2002) ;:Sa
(Habashetal, 2009) Lisill jae¥ =l Cigyls s Lo

Josg¥l 3padl 5 Ligygl <Laduyd] Sl Jawgill Lyl (oge se medll Al sLads) 14 Uil
(Charmet, 2011)

oo Julall Bslall Ll @ sun 9 Baes 29051 Loy coumtll 508 of A8 (UKD dslinss edll 5y

5 LISAT 5 Laleal @ medll igus calins il janun ool Lelalas ST 2ulaadl 2zl 0985 Loty pa ]

39520 o L LkSew oo 492 (Lo Lusye oodo 893 0 Lo 3,01 b gl (cdliua) s Ly Lol
(Feillet, 2000) aLe 50 5 20 oy Lo zliud Lo Lol e

(germ) cxisdt < % 1713 (e (Bran) bl Jies o> aludl 405 (0 (15 JSad1) medll il 0058
alisgdl (% 75-60) Ladl (p elougadd Aty Bl =ligSL % 84-81 (e (endosperm) st o % 3-2
(% 2-15) sautty (% 10~) o1 (% 20—6)

slsgedly Aoldl (pssall Slisgy ST Q) alicsdadl ss2g J) dplall e medll ailas 4z
Je=SIl & oLiodld ablall pe "gliading” of Jo=s1 & Lodld Ablall el all ¢ caidl cnesd oo allis 31
Llels @l3 slge e zedll > o0 s3> S s (Osborn, 1907; Barak et al, 2015) “glutenins” si
JosiatdsSIl 5 Oslsall (alpel Glal b Loguas Olud¥l dmis (e dead) Ll Slail L 5 Aaslon
[(Balyanetal, 2013) (16 s
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galsall gyl 1 Jo ¥ Jpll

medll Bydy pludl calizs .15 JSa!
(http://www.fooducate.com/blog/wp-content/media/wheat-kernel.jpg)


http://www.fooducate.com/blog/wp-content/media/wheat-kernel.jpg
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) galsall glysial Joll Jmall

A gloll madll Gylmis! 2-2

(Maas & Poss, 1989) a>slell doglall dlhwgie J) dwlucdl Auelyzll Sl (o meddl day
dinyai Bk 5 Amys ) A3LSYL (D Jsunll) sges U le 5 4dliual 5 (dlolesl) dig s Dl IS il
a3 g ol meall o A glall Luws AST iliall meall amy o (Chauhan et al, 2008) =l sl
(6 Jgazell) A g1l Baglin § As skl bzl o iSO e gy 461 Igay 01 D pgimll il

Lol 5 (Igbal et al, 1999) wglate culoyy Aalzsell sgas Jolpa 339 Joces)l 2ol medll ozt

Williams et al., ) 5455 J> 1,4 ¢ 2o sheld AST dlus gaild Jo¥1 ol 0585 Cas (Lo Ao &

3 zuY e A8 32 plea JI (d UaLll 9 sedl lawy 3 DY Gsiua slas)l go5: LS (1998
(Igbal etal., 1999) 5 4% (1,11

Mahdid et al., 2011, ) slsdl #lany (5L SW el jaas e Loyl il sl deny
Almanssourietal., ) lassll 2>sle 225 pe Gyl canelidy S ol oilal Juas o (Borrellietal, 2011
oo $oladl gai e Ll A5l 355 i (2001 ; Fercha & Gherroucha, 2014 ; Waall & Jeschlike, 1999
aaall sae of LS (Munns & Rawson, 1999) 2eall lesduopall 2slichl lazadl o pluii¥l (nas S
(Alam & Azmi1990) a>slll Juae Wl ae padss gadl e bl Galdl sae 5 wladl Jsb
(Igbal etal,1999) gl g (il s9sye (i dmsleld boyall iUl

oldls | ae (Termaat et al,1986) alexill ael 3l Juolell (o 538 Ao slell meall Copziug
oAl Aols Bgiaall olsl) (any 5 Y 2aShe D oo @i Jpally pody > Adyabe
.(Fercha & Gherroucha, 2014 ; Fercha etal, 2011 ; Fercha, 2011) L ,sCudly
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L] T T T T
2010-2011 2011-2012 2012-2013 2013-2014 2014-2015

W glell meddl il Bylmiwly caial 1 g Aol Olgins ekl 3 @ipdd I YL sue 17 US4
2014/11/01 o5, e 5,21 (GOOGle sChOIAr ) sucls e slaze¥ly jomil
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galsall glysial Joll Jmall

Growth stage
Germination/

I N

&n.a.” Q}MJ‘ f-Lq'a-Gij).AUé.A alides g\.& 3\."3.\.6.\.' @J.w.”ﬁ‘l.‘i.” 5‘_]3..\.':-

Embryo, radicle, coleoptile, seed

seedling growth reserves, etc.

Adult growth

Reproduction

Shoot (meristem, nodes,
internodes, ramification,
elongation, etc.)

Leaf (number, surface, elongation,
etc))

Root (meristem, ramification,
elongation, etc.)

Grain yield, spike, flour quality,
etc.)

Organ/Tissue/process References

El Malki et al. (2007); Fercha & Gherroucha (2014); Gholamin &
Khayatnezhad (2013); Sharifi et al. (2014); Sourour et al. (2014); Zhou
etal. (2010); Qiao et al. (2013); Akbarimoghaddam et al. (2011); Sun et
al. (2004); Fabian et al. (2011); Kahrizi & Sedghi (2013); Kashem et al.
(2000); Soltani etal. (2006)

Ahmad et al. (2014); Aldesuquy et al. (2013); El Malki et al.(2007);
Fercha & Gherroucha (2014); Kahrizi et al. (2013); Mojid et al.(2014) ;
Raoetal. (2013); Sharifi et al. (2014); Sourour et al. (2014); Qiao et al.
(2013); Akbarimoghaddam et al. (2011)

Aldesuquy et al. (2014); Arif & Tomos (1993); Caruso et al. (2008);
Harvey & Thorpe (1986); Hu & Schmidhalter (2007); Hu et al.(2005);
lgbal (2003a); Igbal (2003b); Igbal (2005); James et al. (2002); Mguis et
al. (2013); Semenova etal. (2014)

Cuinetal. (2011); Kara & Kara (2010); Pahlavan-Rad et al. (2010); Shafi
etal. (2010); Tahira etal. (2006)

El Malki et al. (2007); Kahrizi et al. (2013); Grieve et al. (1992); Sipos et
al. (2014); Toyosaki & Sakane (2013); Houshmand et al. (2014); Katerji
etal. (2005)

(oadl @ Jiolarll) zedll § seill slincl g yallse alti (e 3ol wil dulyty cactal G &l e (oo
2014/11/01 5, et 5,21 ( GOOGle sChOlAr) 5ucls e slaxe¥ly somsi
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W gloll pedll daglie @ alsaill ozl jany .6 Joux

2 GPX Chloroplastic anti-oxidative improve salt and H,0, tolerances in Arabidopsis Zhaietal. (2013)
system

LEA Stress proteins/defense induced by salinity Bhagi et al. (2013)

Pl4K Signal transduction confers tolerance to drought and salt in Arabidopsis Liuetal. (2013)

TaACO1 Aminocyclopropane-1- negatively regulates salinity stress in Arabidopsis thaliana Chenetal. (2014)

carboxylate oxidase, involved in
ethylene synthesis using ascorbate

TaCIPK29  Signal transduction confers salt stress tolerance in transgenic tobacco Dengetal. (2013)

TaERF3 Ethylene response factor promotes tolerance to salt and drought stresses in wheat Rongetal. (2014)

TaHPS a-amylase inhibitor improves the salt and drought tolerance of transgenic Xiaoetal. (2013)
Arabidopsis

TaMYB19  R2R3type of MYB transcription enhanced abiotic stresses in Arabidopsis Zhangetal. (2014)

factor

TaNHX3 Vacuolar Na+/H+-antiporter enhances salt stress tolerance in tobacco Luetal. (2014)

TaRUB1 Ubiquitination improves the salt and drought tolerance of transgenic Zhangetal. (2013)
Arabidopsis

TaSIP Transcription factor enhance drought and salt tolerance in transgenic Duetal. (2013)
Arabidopsis and rice

TaSK5 Signal transduction confers salt and drought tolerance in transgenic Arabidopsis ~ Christov et al. (2014)

TaSOS1 lon transporter increased in salt tolerant cultivars Ramezani etal. (2013)

TaSOS4 lon transporter increased in salt tolerant cultivars Ramezani etal. (2013)

TaSRHP Transcription factor contributes to enhanced resistance to salt stress in Houetal. (2013)
Arabidopsis thaliana

TaSRK2C1  Signal transduction increases tolerance to dehydration, salt, and low Duetal. (2013)
temperature in transgenic tobacco

TaSTG Salt tolerance gene induced by salinity Wang et al. (2013)

Ta-UnP Unknown function enhances salt tolerance in transgenic Arabidopsisand rice  Liang et al. (2014)

TdERFL Ethylene response factor potentially involved in salt-stress responses. Makhloufietal. (2014)

TdSOS1 Na+/H+- antiporter confers high salt tolerance to transgenic Arabidopsis Fekietal. (2014)

V-ATPase Vacuolar H+-pump induces salt tolerance in Arabidopsis thaliana Heetal. (2014)

VP Vacuolar H+-pyrophosphatase improves the salt and drought tolerance of transgenic Lietal. (2014)
tobacco

Google scholar bl sucls e sleze¥t (2014/2013) clal,udt 2usY (axle
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> galsall glysial Joll Jmall

gl g 9l L) .3

e LesSd 28Layly cLayladily &yddl bladl IS5 Ay (2 bl wle 3 (8lss 5f 2>) 3,40
ez ol Ll e 5,01 Capal 5asll (ape e CsSE Aadme Ly oo Blie (29 eldall 5 281U
Ssl) 508 sy Blis Bl Gt 0 Bl 0558 Bpe Sl ol 05K Al § ko (EMBIYON)
& aie Almdie o coumll slial Lam § Lje 055 I A8IAAN @lsall e S e (18 U
YLl doY Wl @ 5,0l camgs (ENAOSPEIM mjces i) 8,0l slse suud ools mewd
G W LpopmonsDN 5,0l § 2aldadl slsll ol m Apesoss] el 2ol 3y uapisas)
(http://ar.wikipedia.org/wiki/s i) cuzatatl

Structure and germination of a cereal grain (caryopsis): Triticum aestivum - wheat

Embryo:

Coleoptile (shoot sheath)
Plumule (foliage leaves)
Shoot apical meristem

Wheat (Trificum aestivurm) grain and seedling:
(A) Troll (1937) Vergleichende Morphologie
der héheren Pflanzen, Gebriider Bomntriger,
Berlin. (B-E) Julius Sachs (1887) Vorlesungen
Uber Pflanzen-Physiologie, Verlag von Wilhelm
Engelmann, Leipzig. (F) Schmeil (1932) Leit-
faden der Pflanzenkunde, Verlag von Quelle
& Meyer, Leipzig.

Scutellum

Radicula (embryonic root)
Calyptra (root cap)

Coleorrhiza (root sheath) ©2007 Gerhard Leubner

The Seed Biology Place

http:/f'www.seedbiology.de Wheat ear

(-http://www.seedbiology.de/structure.asp)

Lyt clhawdl o0 %40 Jlg> Jais 3] sl 9 oladd oldall jolas pal o sodddl s

oo ASY 5l gl S5 LS (Balyan et al, 2013) Lusy olus! Lalizy 31 clissoll o % 20

oo N 70 Jls> pnddl g 59 5,01 cmedll oo IS S (ol Y sl oo % 90) aSlaudl 2oLzl 55U

el S allail 3 oged! HLaT Al e obilgmdly il LSleun &) Mg 2sliall il

yay Lo dodS Aalaie (g (13 USa)) cavasdl INN G asmsll ) Ael 3l s L Ladll cus

Glow § Lo Brund 24003 348 (29 Lile 10000 e Jay ¥ Lo 8 L0031y cabaaldy Glyally LS LlL>
Jones etal.,, 2013) iLusy! a5l

28


http://ar.wikipedia.org/wiki/
http://www.seedbiology.de/structure.asp

7 galsall glysial Joll Jmall

s9adl asbla) 1-3

5oL ) il Jsis 9 8yl cuis G 5 28Ll Byidl s ls ouid) Lewindy &1 G9Sad! 3,8 iy
e LS5 Al ludl Loy ddl ey Azl 9 Auls 1l Loy ddl (e sue 4895 ) zlims Leld LolS ol ] @
bl s wlew (a9 csaall 9 (uguddl (oo Laadlasg Byl s il igum L piadl ¥ JUL Juie
oan) & elen o1 (ADSCISSIC ACI) clivua™! (iaas i (o 4) Alaill g gaidd AmglSI slsll (oo Ligmlins
Al g lall 4 8955 G diliss (pasiny 9 Byl U1 08l Als 8 eladl e ol el 5ol
sl Byl 96 guall Anlgy U3 g « gl dagtll sloll clls A1) (e Leli] daay ol oo S 9 5L
Of Lt s LS il Jals § 4515 o) Aaselgy bl Jto — Atll olgell 35lie slge 31,30
Hartmann et ) et sia 3 Lewl> 193 olak (H207) Gz sus™ God sl 5 (ASA) el Sl Janes
(al, 2011

Jie Lslunl @ 2585 cilmtd Gl oo camaS¥g sleall soddl pobiate] (Lol adslall Lo, adl ¢y
QN 5uall Jgimg 99 Jemi ud Al myls Aahy Bl soddl glosl pamy o 5 Bals « paull 9 5yl
9 Aadall Sl LAl e Uiy 3ydull bl Aadall clls yo3 ooF way ¥ izl J) caseaS ¥ sl 000
Lillae (s aay ) el conay 48 el sda Jie 5 Lduied e ol (@1 20 9,SCll o asleasSTI
sl 2% Jlg> Laasill 5l Siloyd of ¢ gl Lyl of cbodzma Byl el § Lads o Llus of (sl
(Hartmannetal., 2011) plui 6 9 4 o 7ol

Loys cal a¥ (gl paasis) bl clamlgll sWl 4895 Llols dumylidl Loy adl oo L

G oumll Jl dgumgll (e camaS¥ dnd Laslad] I 6552 45 Ul Dol o2 (¥ G Hually (LYl

conalil) 3eLaYls Bl Sloys conmasSYl oo SIS Huall ae3 UiSy (ol BLasl) 85dll dsls

Hartmann et al,, ) sl Jiaay 53 (andl Liw s giall @ Lelo) lee Laais Hodddl (any o el
il ey ae Jll 5o LS (2011

Lel) oLl G 8yl e Tolas @1 olpad!.2-3
DUl 03l & (Ulre ) SlobY1 2D 8305 ety 9 wslell 325 sda iyady 9l bl Ty
L gl e el J> LA Caimgs g £(19 JSCadl) 158 sske (e el oliatal § MY (e ais 5gdl)

o Slilee bdis g sWl (olatel cangay et (sbsiul) sgua al>ye Ly, O
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) galsall glysial Joll Jmall

iyl gad g el il Eilusl cdlas .19 Uil
sLsT sslud! Cagylally 2ualSIl 2udysll Jolgall (e Iolezel amlad Bue J) el Sue oo i JSI U1 gl sy
(Bewley, 1997; Nonogaki etal., 2007) e oLl 18559 85yl dznys Apolsng Ll

Slazbll Sl leslall e assl) cpizdl 5 5yddl I GUW agll e lileall sda azad
(Bewley & Black, 1993 ; Bewley, 1997; Rajjou et al., 2012 ;L1

‘Water Uptake by Imbibition o,z s Wl sobatel - Jo¥ al Ll

ar Gl aa ells e iy Lemiai wie (%10 ga J8T dsb )l Juns) il Ll elane s9dy 0583
Goally Aagye Aimy Aslind Al 9o sl (MPa) Jwtine 350 - 5 100 - J) dumy a8 misis
ol A 53K sda T clgwe sloll 33541l Lol e ALl Lol § Sy (MALiC forces) wg.idl
2335 30 ) 10 gl 3.(19 JSCadl) cnnisl cmshas 3 il iy bolid o1 098 Wl § At
Abs Alee LpsSh et 9 3yddl amad¥ o day Jlo Sulas Bglasell slia Ly W) oliatal 585 oY1
el 5508 D9l el (el 10 g 5) lelus Bue 5 Spiiall sodell Al Zelus Jlg> asutsg

zeall > 3 LS (Hartmannetal, 2011)
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‘Lag Phase of Germination clsy! ¢igeS s po -aslid| a1 |
blady s Ll ¥ eleld 5oddl Aol @ sl azlil srews 358 O9aSdl Aye 058 o0 w2l e
5.0l Byl Lo datiad 3 adiye il bolady 1em Asye g3 (Hartmannetal, 2011) Jle s slsiws
UL Apagdall Cag lall § soddl i) § dewldl Liglidl Al i) (e

(Mitochondria Maturation) «lyuasll zas =k

Sliasay SSAD o9 l) Gt 3 Byl 540 Aagiganl lasd! AT 3ymes lonis ! Gelis e

Bl lisg ! pamy of LS el ol Bl (b @) aLlall clelad) Ggune 3 Bas

o9l Lo By piaT (gaSdl Aye ¢l 3l &l

Ll iall s all clige ads clegs] syl sda § badds 3ydell 280040 @l all (2as) g

ol Al (ales¥E (sl sl b g BBl LY 35858 Joatad (@I daped! LelisSe ]

S sl 76 o @19 (5,50l i) Lsganad Aaiiddl Il 2] e Ll el sl

el § 9 ol aatael Cpizell

ozl Al 515 2ealall Lslsadl jumdl sl dalaill L Logas iols clasl] g 4
(embryo-surrounding tissues) caieelly dagell 2euit § of (€MDIY0)

-

Radicle Protrusion ysizes! ¢ g3 -alldl al> L
Jo WUl Bl J) 13 3 Janall oy 5 apiel) Sl e Apalls 28 Jsf judnll 350 s
pluds] blad dapu pudadl §950 of o o2l e (BarrGeo et al., 2005; Haber et al., 1960) Lolus!

LuSlate S35 (e Azaase 2BLL il § o5y sy (Hartmann et al, 2011) izt 268 § Lsxle sls
(20 USadt) 4 Aozl 2eas™ Lo 31 2loall Aaglall o il (3 gail) 5,08 (29 W1 colmi™ 3

Bpade @ ol lady gl ABA (uSe jans clidy!
el e pdzdl

ol A b saills 8 8

5 Al LSS Al

pian oless) blas ady il ABA s« jams alidpz!
Byded) AALeY Wolidl yumll

(Hartmann etal,, 2011) izl § 935 § &Sl ands il Jolgatl .20 JSCad!
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gyl G3lsnll g seddl i) 33

Sl e Lpad e dladlaall 098w Al 3 Dol (A oladl L e 30l g lall cums
G 8501 Jalgall s ore (Miransari & Smith, 2014) .l aedte AST g lall mas Lodie s Laiw
J2> 0sS o w2 )l e (Gragber etal, 2012) cUs & 135,L s 2sladl ligeyd! caals gl sas Bl
esi e ezl sda @ nSA i Sholdl g 9 s9ddl i) el @ gs el Ausladl wlige sl
(s Jlash) clidpad) cliwan™! (aes Lea o ¥ o add Cpaelud

Bl @ o) Amadl Jals caSly @ alsall (pxa) dad ddee Sums oyl s
Sl g 28Ul 8y0ld) @ oo 9 il s95 whaall sda wuas Laas I (medll wie clugaull)
oo daall Zulaall sda & paluy (PhOtO-ULOLrOPhIC) aissl 213 5,0l muas of J) sl 2y a1l
Sl of 83 oY1 § sl (21 USadl) gl 5Ll 1S 5 Sl all «3lawasSelall e adl olasss)
st paes Bl coxd ady 5 Slo¥l eibais e I deny ondlines cnmaliyy Judidy 3303 59l
cladnzdl Blapad aas Loy 9 ABA (e Jatus ga 5 sl Al wdais e U gelindl Jony Loty
(Holdsworth et al., 2008)

.(Nonogaki, 2008) cLa¥ dlee (LT 8,0l @y e aai .21 a0
LI Lelys e Aad g eLall 3,0l 03 5 ) Snlgmdl el (1)
213 3 Aealud) laop¥l s sLadd) duloes Joe ~()
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Dol sl g cluspeSl pmes 43

LlesS Bale Lams @ Loy (1 oyl J1asT (1928) (oalll ¢yall e clinydiall yolgl § 48LadS) dia
SuuS soball daslas sLizwly (Davies etal, 1991) slaa¥l o clo sl paes 4 Jas Ly 31
Arrigoni & De Tullio, ) 1ia Lws: Jl zooe cloysSedl (aes iy oo Jlgadl Jiy ¥
ALl 3 Lladl o leged ASY clall camll 30uSY sl ASA sy (2002; Herschbach et al,, 2010
dadal] 380,e Jolao g¢d Apaatl 2all Lloal ety (Chinoy, 1984; Gallie, 2013 ; Zhang, 2013 ) astadi
Chinoy, 1984; Gallie, 2013 ; Zhang, ) ssls! waiadl s sl Jitedd! Gulos @ J5uts «Dlop¥l o
L (Prescott & John, 1996; Pastori et al., 2003) asladl cligepd! cre dpdall Galses § J5az LS (2013
oo dall gLl e ueluy WS (De Tullio & Arrigoni, 2003) clwaua™ pans 5 ludasdl s
Lolsdl 4aeY) sy sl JodsSes lY 5 0auilisle aulidl wpuaS Aadl Lglsll 5usY wilslas
(Smirnoff, 2011)

Reid, ) coriadl 0yall Sty die Laumrbis] 9 SULall gas @alass § closoSat ae> Zueal ol
Garg & Kapoor, ) clall seid elaieS Lola 1yss caly paesd! i of catsldl e paall jus 5 (1937
Gelss 3ax=, (Garg & Kapoor, 1972) cas s il cautsy dopdadl aaall a3 3 ylag «if 3) (1972
55! oY1 § Ausladl el Hgels azda o o(PhICE, 1966) jlasy! wlaz, (Bharti & Garg, 1970) ARNm
Davey etal., 2000; ) asgspadl o lagd Sguadl Jetarll dles @ilats § Lala 1o caly ASA o1 L)l s
Shalata & ) ebldall cbladl caliee e sl sl ddadl HBY) 4=aa ((Barth et al, 2006
Fercha ) cduatt zeall .(Al-Hakimi & Hamada, 2001; Athara et al., 2008) it zeadi.(Neumann, 2001
... (Azooz etal, 2013) Jsal o (Khan etal, 2013) uasdl 5lss (Agami, 2014) s s o (etal, 2011

0585 (Sl Sl 7 omolid) SlosSal gyl o Lad AL 4eS e Goint 4> &

G Lot dpzmay diglies 3 g,ad gl o ASA e Lyas s caloy! Js (Orthodox) "ataslell” il

SlygSa! Jie sl Slesss) wlee ae ASA Lt 38155, ola¥ 2l & (De Garaetal, 1997) Loyt

2o oalie Sy Ladss Tag o (JK&T 253 (e 0585 a1 <(Ascorbate peroxidase or APX) 3l.uss n
[(De Tullio & Arrigoni, 2003) ASA 5.lxs

OnmaSo¥l pagl el 3 Ly e Leh il pex medll Doy azied (oY) @ Leayd dymay

Lo Sga> § cudy Zolaadl slsll o) aupedl @SN ROS il o 5yl sgdaddl Balses die iy gl

Goime e 5L o agaall ROS 5 85l ol s (21 US1) "suiSH sla " aule pllaiay

elbull Laelasl Ladass @ 15) sl us () Axad) (6355 a3 5 cgeall pales¥l cnlisg all (i)
(Ishikawa et al., 2012) .S 550l
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" palall g ool o o ssSul jaes 1 &=l
& Jlaall dalall sylizely 21734 ale s el ysSel ae> Ciye
(SCUNVY) Logs, Sl (o yas LaY! om0 nme ol SLasddl g aST5all pumc

Sall 5 cudall Jleel Jinay clls
HO

P Ho oS (+1794-1716) James Lind gl
HO ? O o €Y clelall dalel sme 53] dugn dy
= (Chick, 1953) ¢,Le31 oy cniy3
HO OH
SOLEISY duad

Albertvon Szent s 5ee iy 05 ol Gyl Lgumdl slasSI Wle

oyl pa @l JWll (o Jo¥) Badll § ol5 o> AalKs (Lo GYollYi

Jyeme 03,8 uliee ;S 3lasll 5 ] BLAIST e oLl Lagey

S sloss ccyall mecl e aead Jlaedd (rmzall) ezl asl 281 Loie 5. INOSE" "Jggamb | Sl o] dle 3llol (agds]!
e Laeaus 5,38 Bolll i dneend @ AT Lale” 05y of die iy 5 apie oe JWL 4] sledd "g0AN0SE" "elel
«Since the exact constitution of the reducing substance is unknown, | propose to refer to it as a hexuronic acid. »" e g gt
an Legd Lgaend e 3asl @1 o (SCUNVY) Logu, Sl (one ads @l all) o o) wlsiwe 4 ) a5 o (SzENE-GyoOrgyi, 1928)
Ascorhic acid, ASA 0U ) o ysSedl (aemms callall Bl 3 Lpsod ot «cliig rpausedl paem ¥ Aaaxdl § (2 Lo "Vit. C" 2 cnolrally
A1937 2 s 333l> e Lo S Juammy o (SViTbely and Szent Gyosrgyi, 1932) . ssla casss s s o slarlls (ASC

Q@ ey 9 BuwSELI Slsll @S155 ] eaiadl bl 9252 (Lo LI B g lall S 1895 wie (S

& Logmas 50usSH salas ssle sylacly ASA J aopudl galseddl dusal 50 L e g (Elzadly s

el @ (luall eaws) 2wl saadl wss (De Tullio & Arrigoni, 2003) wlayt e Jo¥1 cilelud!

(&) 529l cCalazdl (2> 5LK) (S9oM sl Slalez) oo g5 (6T ) Lunpad e oMzadl of Aamll

il J) 28layl ROS s 2ielaudl Lealasl canias 5 ROS aulss 5,09 Lead gylads U 2l
sl wlolez] (0 go5 US4 Aalaill dpe gl

Geard!l aidl 3 ROS s e e clssS oo dealus (] Aa> clulys ojlal
& Jsam ASA i g Yeetal (2012) ,Laf eus (21 osadr) (Lee etal, 2010; Ye etal, 2012) Loid! sy
ascorbate 53! oof 4 Chenetal. (2014) ,Lai LS il cls) e GAS 9 ABA I LuSlasll wilall eulsss
ABA ROS wilise o Jelanl Losty 9 30w sla] oo utugduns¥l oy o= (APXB) peroxidase 6
Sl ulass 3 rusSe¥l
leMad) e Ladls ol e Ul alaY BT 5-3

e ol 555 OF Lo 31 47 95 dglaall) zesll § el sallan > (e Lo 1355 o dmslell (Sas
Lo ln) oo ams JWL 5 (Hameed et al, 2008) wlead! gas o s of (Al-Karaki, 2001) Loidl )
1a5 Lgsd 9 Lages «Dadl sLady Lewl> Ao (p el ool (Paulsen, 1987; 2001 .ax,s) meall

oo oyl 0SS G ool payal cuwn lldy cadedl Slala¥ Lucuss J=1, AST o ol Ao e
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oo Logal alea) i of =l sl (S, (Hamdy, 1999) st spi8 of 4Sialion aiy J) calasdl
gl 1S5 8ol ae paasis SlaY! c¥aas b8 die 5 o dead] d Wl EAPNY oSy s
(Almansouri etal., 2001 ; Fercha etal,, 2014) 5,354l

s paais 3 GA 5 ABA (NO Hy0; oo lermll cdlsluall jruial pde giges 22 JSJI
.dﬁ;,s_w%‘ o> dhulgs dllall uay 3i Jd Ll Bzl 51 Goladl Ggylall § Hoddl wlal
(Liuetal,, 2010 e  uuiia)

de Layl e WS NO Gl bldds ae ABA Al (e H,0, 5 NO 5 H,0, oo Lalgime g lasyl I eddl cadoys (050 Bzl ae aglall 3
olass cliele Bugzell Caglall § soddl cili] 9 0sSer (bl Lo Olsall ol 14 (GA salss Lt e ABA S pas Ll 58500 Jaay GA (ulss Laiis
Ssizma glasy) J) LUl WD Cise § s Leo ASA (e datiall 308 slall bladll azlys 108 5 Lagdss syl 2t NO 5 HyOp ¥ias
Amlill Sl GuSay ol 58 s Uy 2l s (aamy Blolall die ol Sli] giny Les sleld odull oliatel cans i ABA (o sodll
¥ e Lol delug Les Lebias ) 9% cuay Les Asslll (e
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zies «(OSMOLIC SHrESS) (g spal wr 315 ok e Lol goall 5 La¥! (e H355 o Aoglell (S
a3 oS @l (NG Loguas) clsd aaladl HEY gob oe ol slll oliatel e cuinll
G gddl e caasll uay ol Jesi Al e z3seiS Laylael (AtaK et al, 2006) cnidl
e Aoglie @Il Bugdr Gliol shi e aclude @ LeaYl (o Andie Aeglie (g
(Eskandari & Kazemi, 2011) > g Lot

18 Al 080 Dl lane e AST (Il ole2d meall Jio Bogrid) Jusolmll (oyans ddl e
2l capall had P 5l Juas plasyl 2l I3 9 5601 sda 3 ¥ o Alle ol e Gy
zlsl e Jgwaslt (1 Js2di Maghsoudi-Moudi & Maghsoudi, 2008) o1 mlaw ) Hle¥! el
AU dad NS (e Aeyu 9 Body yad O DA e cazmy 9 ol s o ey Al B9 el 3 aipe
5o odladl geall gl ol cagylall sda Jbb § (Huang et al, 2003) skl wd e eladl 5 200 3
Jrsolmall ) sl Glasst ca¥l 2agall

Almansouri et al. jals zeall sody clsl e 1l ASY =l sleaY aull 6f el Wglma
ol ot G o oSe ¥ o geall sody ol sl e Lazé (ead Aluzall 25510 o1 Jf (2001)
&l 5,Lall 5B of LS asliall lsall el s J) (Salt-iduced dormancy asl! ¢gSedt) 5ol
popdgiall @lisy] Logas Aaludl @lig myuddl @SHUL dlo o3 08G u8 aguogeall wyslS
3 ey 18 oo BuuSHll slgll (S1,5 3 s 2ol oF LasY measl 3 (Almansouri et al,, 2001)
oo o9l Slal bads asslll of Ll mast (22 USadt) (Zheng et al, 2009) Lese 5 WA qosd
Hameed et al., 2014 ;) Lo )5S (aes e deiall Logias 5uwSW slall ol allss (aas JSs
(Huetal,2012; Gargetal., 2012

el Slyals gl 5 ol e A glll 00 cdolis Q1 clulyuld jasle gzl
Seed germination  Bread wheat (T. aestivumL)  Xu et al. (2011); Francois et al. (1986); Zheng et al. (2009); Sarin &
Narayanan (1968) ; Xu et al. (2006) ; Lei et al. (2005); Kaya et al. (2009)
Durum wheat (T. durum Desf) ~ Fethi et al. (2013); Sayar et al. (2010) ; El Malki et al. (2007) ; Sourour et
al. (2014); Mammadov (1999); Berrebbah & Réda, M. (2013) ; Fercha &
Gherroucha (2014)
Seedlinggrowth ~ Bread wheat (T. aestivumL)  Sarin & Narayanan (1968); Lei etal. (2005) ; Kaya et al. (2009)

Durum wheat (T. durum Desf)  Francois et al. (1986); Sayar et al. (2010) ; EI Malki et al. (2007); Sourour
etal. (2014) ; Berrebbah & Réda, M. (2013); Fercha & Gherroucha (2014)
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lajass g gl 895 4

e Byuall sda o oo el e Aaltie ue @l e aSH1 e 5318 el 06S5 cala¥t P>
Lotd e el oo opdddl oSt Lo Dol Bolae B @ 51 9 lpld) e slidh mewd Sl
(el 2zy0) Aslysll vy ) szeall I im0l oSey 511N, 2005) (it JSis (Lesd) 200 S0
ozl oY 3 sgiadll Mo oS0 (&l esSadl 2zps) Aazslsrusll o (ol ) Bslall
LA Ao gley 1o @ Sld) (§ Lolsg Ausl Aely3ll (§ Led sy e Aiio (2 Sholdl sai 9 Lol
i) oLl Gyl s (553) Shaldl sas 5 Sla¥l elsl s Gr9mall oed U 5 (Irfan, 2005)
oo Agendl Sz gJeiSll o wiiny 5 oSl o wylile suad Aslisll SlelasM &uls 5 Blside wilse
(McDonald, 2000) cau i lia szt mews ."s€60 PIIMING” Loil nazes

Lagddl 848 14

udlmill 5 gl § 951 e 8yuill sumi W patbasdl clli Lel e 59ddll 558 Canyai (Say
Lotie (og4>) Ls3 soidl Aegazme 655 .(AOSA, 1983) " Losugll b9,bs Cailiseo cromr Al cdlidh zLuif 5
a3 (FAO, 2011) 4 wiis o) Ll goall 2IULI pe Cag lall § G B Bygemy (ALY (oo (Sams
o @ Al g lall s el @l ellac] 5 Sla¥) e Lodddl 8yu8 e g Lde Slal) B
Solall b g slll wd e sladly § o3l oasl e Ly (VIQOT INAEX o (ulas) soddl 853 ulas
O1azall) s9ddl s5aus (pe Asls Bulaad (Js¥ vl 5) 851 Bolasell (2 LYl e 850l ()luas sl
G 5yaall olugd S Giums 630 Lzglyuall Slaaall g seddl 558 & palasYl (Lgeel) (gl
(FAQ, 2011) 2aiass 01585 Lisd (ST Vg L] sodl s a3 i) culiy!

ool (e Hoddl slaml ol (A 5 B ol 13] Y] Az glondl Lasllay (oyles oF o) oSy ¥
13 sl 393 (0 058w pglia O ol 9 g Lo ciial (@ oIS gl el i) Gliad! il
(0raing) 8y cne Gyall Lgelys die Sla¥l § sodall sia gz @ 13] of Gladiie s9ddl 3589 Slo¥l o
Aaldl Lol ccouis ¥ 08 5 s a8 JoY1 o 9 el 5las Azg e (SBMENCE) 8,04 5 Zumslous Slas g (0
LG Ll sl claslll ge sa soddl wlsl Jaae plas) old cadl 1] s of e
(FAO, 2011 ; McDonald, 2000)

9| pazes 2-4

g5 <588 INVIGOTation ,giudl dugas) sgaudl pdos Auias < jy sl AN Slgiadl e e
oo bl oo LY Lawsll clalz] 850a) & saely duzmaliu) laylacels (seed conditioning Led
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Ss3 el e sdhe 5 (2 aull) plad¥l 5 Amdl e il 093 susdl a2 5 Bgunl Sl calins
(Goellner & Conrath, 2008) Las 5 s5um; wliludl Bulext A8l 99 Jlady ($3 ls Lol pams 2uas

Aaylie BuuSH sl>! 9 Sguadll 5Lyl ilayng Agllly CBlaxt Lawgdl cilalx] 0986 Lo WLe
Jadd ol e S § deguill ol sda ol Ui &gy AS5w Dol § cuuds 5 Lo Logd
(Bajguz & Hayat, 2009) 23 Jsadl duasel LS alilars Lgls clilerul o wlLay! Jaud olylus

o= e dony LS gaill (0 8,81 dBAE @ 8Ly & whilus oy dds 59dudl amad (S

b Sy dgyae ab el e ¢y AadW sl SLIY Las U3 aes wlall gud Lol Aalss

LS gtz patd WA (a,at o J) Aels (a0 @lla) wlusgy oS4 b adldl s ol adza 5

o e dl 635 Lea BLAY) musiad Siamd Slisg Ml sded wauds i ) 05s gl e oid! sl
(Conrathetal., 2007) aelsidl cllriu) 23LS § A s Alad

(Bajguz & Hayat, 2009) wzel! cbad! 4 5,lay Jas wiKdd ale z3ged .23 JSA!
BRs, brassinosteroids; ET, ethylene; JA, jasmonic acid; SA, salicylic acid. ABA, abscisic acid;
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b= L. ol s
Glsdl Gpadall LY Le U Jd bl 0all Jl Leblay ssal Al Agas eddl ass
1600 sle § 5 tesall ae Lelnlas (o ST 2oy cais ¢lll 3 Aegaall Ll sods of Theophrastusus” !5
Jall 8 Caamall @3 elll § case Bl paddl of zaall oy aas duaal Olivier de SEres susi,all ael 3l wlle Cawmg
S (o padl s Uy Cmnd ST Ay a3 Acgaall ol of JI LAl LS " S Ladl's Lalow o Laydy Jud
Gipanl it s Allaisl J) syl shLaS A 1855 a8 5 (Taylor et al, 1998) "o alsa L oo
O9ls Loy o> lall £ 15 Blyaned) petl) pwat] AansS el slea e ool Jlanl 2pie] Hllsy Lalyal 2, 3 e (Allan, 1977) 50
G Ale Rep il 9 ! 5o S latamy Gl Uy st Agh 850 Bl g AL oLl G eladl Jomss o il slie G Aegaall soadl o
o g Leadi a9l it o Jams) cidgll i § i sl § Begaill @lobaladl 5oy ] § s EIIS 15 1963 ale § 5.l
st 3sle Jleazal, Heydecker etal. o5 1973 aiw 3 5.(Hanson, 1973) " aahl caramtlly” dipens e mlasol L 1iag (May etal, 1962) LsLs)

(Heydecker etal.,, 1975) il delim Jlee & "sEEA PrMING" duaz, aloxa¥l Ty camell 23 din g <ol amst PEG JsSile ol

& Jelmill g Balyully ULl sa jallse (o S0 Jolis «slaseyl duals (o3 287-372) Lilisy cdguulid ccaulydsss -

ool le 5 Sladl ol Lunge ata <l o6 ( De Causis Plantarum gHistoria de Plantis ) «.,s
Lo A5¥lEa (0 e duaB pE (o el janes 5,allal (1882-1809) oyl shLas Glas -

- Darwin CR. 1855. Vitality of seeds. Gardeners' Chronicle and Agricultural Gazette 46, 758.

- Darwin CR. 1855, Effect of salt-water on the germination of seeds. Gardeners' Chronicle and Agricultural Gazette

47,773

- Darwin CR. 1855. Does sea-water kill seeds? Gardeners' Chronicle and Agricultural Gazette 15 and 21, 242 and

356-357.

oaliayall e aall s A8 L] Ao a9 5ol 898 (e szl A8l pusad]

Lol Loy 5 Sleaps¥l paaay Gulins Bole] 5 Joaas asldall @lysall 2ual (e soddl uams axdy
(Nascimento & West, 1998) RNA ¢ DNA 2 sgall (oles™ ulies

9l 893 50503 ) 6350 ey Lodull elial (e Aar il Yl (any Dol e deluy sodddl ams WV
(Arifetal., 2008) 55aLl

Sllee damay gl e il ol sl I35 (1ag Phase) slsiudl 578 oo Hoddll jams Alee Jas W
(Brayetal, 1989) Loyl 4ie 9 DNA 5 izl
e Leaebud cld 9 Gls go5 S pe calidy Sy Do) ams b el deal ziali Gow Los
(8 Jamll) erdl Lol iy calisne Alne
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o2 (25 5 24 JSAY) seedally izl zlewdl 093 Sl (o JSY Slibaadl Gigaimy Loidl Hames mesy
29l Caams pasdll Ao JLaaS| wie dagll GUI gzl ol wdgll 3 @Sl I (o ) Hoqls aie
S slold Dol i e Blaudd Aalise Blias pusiad 9. Jo¥ 4wl J] byl (e slgine Juay G
Lo 20— 5 10 — o o 050 b Bole GWI aex (1) gaer < pameild 2wl Cag)lall 4355 clalall sda
Lespis oSes o9y e Jgwasd! () 5 +8gie 2253 255 18 o 351 320 (©) (0L 20— 41 10 -) Uil
(Bruggink, 2005) (e sl 2 oo ST ssle (ST Logy 20 ) Juas) Ayl ibiad slaly

(8 Jsuzedt) saed! ¥ JULI atas e Lga LS5 5ol pamdd Wl et cliis s lia
(PEG) ol ellna § soidl aii:OSMOPHMING sipedt suinals .1
s> 3 el sodd! cuboys Hydropriming it/ sl 3
Lo libs oY1 of Zpagdall 2Ll ligaydl Jlonzaoly i HOIMONE-PIIMING igo el sadecll 4
Awgyte SIS pssgiall LoyelS mlo Jto P oltseiwl, HAIOPIMING ol ua=2st.5

9! ams (e Aarr bl AileasSoud! olpad! 34

4l g JUL Jor Jad 35l 9 2lasSondl Sliaall oo apaall 5oddl =y dulae cslias
Bloall 28laSoud) Sl bais Sum= LS (Bray et al, 1995) DNA siss § cauibs glasy) Gy
(Bewley & Black, 1994) clsg adl 5 2gsill (ales™ Galss M5 oo s Sliaall popud sl
Arora, 2011; Bailly & Chiu et al., 2006; Chen ) suws sball glaall allss cpwms I oo Ll Ly 9
[(etal., 2000 ; Amooaghaie, 2013

G ool Gl @ oodddl i (Bl gulael by Lajlaely 5 clusodl Galsed dwdlly
e &gand) pazmill Jomy syl sda aie (Cheung et al, 1979) slold Lepss aay 3l8s iy gt
gl eadd o) g Aesaill 5ol Aplas 4y dhmll Axud¥ g umll 3 ool Balss Ades Cady
el ey Saaladl Blae s3amll soddl culoy 2asMI >l § Guondl Geltll 559 clls day pasdl
s Loyt 00985 B3all Jalall oy il ¢ (rage day aaliell by adl 2eS oF J) oLl Al Salons]
G ol Slisgn 5855 plas) Lassd LS (Bray, 1995) ali 4 sy s3amll ne sedidl Liabss (@) 4801
wie Lyl cdasgl 5oLl sda (Chen et al, 2011) ¢3saudt nax=sdl uay (Spinacia oleracea L) szl
@ Lalml g caly of oSay pamill 0L 2se Los ccaramill o1 B39 A6 Lasgll slaM 5oddl sy
Sl @Bl Jases
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Plant species

Ajowan (Carum copticum)
Alfaalfa (Medicago sativa L.)
Barely (Hordeum vulgar L)
Basil (Ocimum basilicum L)
Broad bean (Vicia fabaL.).
Bromus (Bromus tectorum L)
Canola (Brassica napusL.)
Chickpea (Cicer arietinum L.)
Coriander (Coriandrum sativum L.)
Cotton (Gossypium hirsutum L)
Cumin (Nigella sativaL.)

Faba bean (Vicia faba minor)
Fennel (Foeniculum vulgare)
Lentil (Lens culinarisL.)

Lettuce (Lactuca sativaL.)

Maize (Zea mays L)

Melon (Cucumis melo L)

Millet (Panicum miliaceum L)

Mung bean (Vigna radiata L)

Mustard (Brassica juncea L.)

Pepper (Capsicum annuum L)
Pumpkin (Cucurbita pepovar. styriaca)
Safflower (Carthamus tinctorius)
Salicornia utahensis

Smooth vetch (Vicia dasycarpalL.)
Sorghum bicolor (L.)

Sugarcane (Saccharum arundinaceum)
Sunflower (Helianthus annuus,L)
Tomato (Lycopersicon esculentumL.)
Wheat (Triticum aestivumL.)

Wheat (Triticum durum Desf))

Priming method
Priming with chitosan

Osmopriming (mannitol), hydropriming, Hormone-priming (brassinolide)

Halo-priming; On-farm priming
Hydro-priming, halo-priming

Vitamine-priming (ascorhic acid and nicotinamide)

Osmopriming (PEG)

Halo-priming and priming with KNO;
priming with zinc sulfate

Halo-priming

Hydro-priming and priming with KNO3

Hormone-priming (SA) and priming with KNO3

Hormone-priming (salicylic acid)
Hormone-priming (SA)
Hydro-priming and priming with KNO3

Hydro-priming+ priming with KNO3 and Hormone-priming (GA3)
Halo-priming; priming with KNO3; Hormone-priming (24-epibrassinolide or SA); Seed priming, chemical priming (CuSO4

ZnS04), on-farm seed priming

Halo-priming
Hydro-priming and KNO3

Hormone-priming (SA) and priming with KNO3; Halo-priming
Hydropriming, Halo-priming, Hormone-priming (ABA)
Hydro-priming and Haloprimine; Hormone-priming (ABA)

Vitamine-priming (AsA)
Halo-priming
Hormone--priming
Hormone-priming (SA)

Osmopriming (PEG), Halo-priming (NaCl) and Hormone-priming (SA)

Halo-priming (NaCl)

Hormone-priming (IAA, GA3 cytokinin(6-BA)); Arginine-Priming; Sodium Nitroprusside ; Hydro-, osmopriming (KNO3)

Halo-priming (NaCl), KNO3

Halo-priming, Hormone-priming (GA3, KIN, BAP) and Hydro-priming.

Vitamine-priming

A gloll SbLall Calizes Jom jshat) Susiall jadd! s Gyl alize .8 Jouzl!
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& 2006 Gerhard Leubner - The Seed Biology Place - hitp:fiwww.seedbiology.de - Redrawn/modified from:
Bradford KJ, Bewley JD (2002). Seeds: Biclogy, Technology and Role in Agriculture, Chapter 9, pp. 210-239.
In: Plants, Genes and Crop Biotechnology (eds Chrispeels MJ, Sadava DE), Jones and Bartlett, Boston.
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Lgliedl BuwsSH (335320 A
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(Scandalios, 2005) 5. sabakl cleloud! calzizal of (ROS o 5511 cliszadl M5 e 03lsdll
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s 598l ez Lalelas pe gl clala¥ aeel 3l Sbladl daglie caus .9 Joun

Salinity Faba bean (Vicia faba L.) Mohsen etal. (2014), Azooz et al. (2013)
Rice (Oryza satival) Wang,(2014) ; Hua etal. (2003)
Tomato (L. escumantum L) Shalata & Neumann, (2001)
Canola (Brassica napusL.) Dolatabadian et al,(2008)
Chick pea (Cicer arietinum L) Mohamed, (2008)
Wheat (Triticum durum Desf)) Ferchaetal. (2011); Ferchaetal. (2014)
Wheat (Triticum aestivum L.) Athar etal. (2008) ; Athar et al. (2009) ; Farouk, (2011)
Sugarcane Munir & Aftab, (2013).
Drought Matricaria aurea L Behjou etal. (2014)
Chickpea (Cicer arietinum L.) Farjam, (2014)
Rapeseed (Brassica napusL.) Razajietal. (2014)
Wheat (Triticum aestivum L.) Hamada, (2000) ; Faroog et al. (2013); Malik & Ashraf, (2012)
Heat Munghean (P. aureus Roxb.) Kumaretal. (2011)
Festuca arundinacea Zhaoetal. (2008)
Wheat (Triticum aestivum) Kumar et al. (2013)

(Scandalios, 2005) aglsetl caslisgll e 5uws¥ sl Ancud! ,5¥1.27 JSAI

9l a9 il (e D74

Bt wleSs Laln) @ny &) Lgsaadl SLSL e 2lall seidl clalaie of 2ladl Sligaydl aal
‘3 el ngi s Ldar Loo Jolell 4a i) 9 yslat 9 g0 yi=s ‘3 Lla 190 caalsy culsladl ‘3 (RES
i3 3 L oshaill g gl plas @ ALl Slsaydl oo (GAS) clidpadl Atumdl Aeel 31 oluylall
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Magome et al,) ;Las¥! sgls 1S 5 B1o¥1 § 952 9 Olacud! Ulazwly (PeNg & Harberd, 2002) 59 )
Lmyls 63T 5 sehatll dagpe 2ulsls aliaml Lletwl Slubpsll Goud! Galedl bl (lais (2004
[(Hedden & Phillips, 2000; Kaya et al., 2009 ; Kohli et al., 2013) 2l dalaze

Slol 33 psdy cum blas J8Y sadl plais (GAg) clbnadl paes axy (BAS poaz o (0
(Miransari & Smith, 2014) ssil ¢S 830 5ams 9 B1osM pax> (30

Miransari & Smith, )cLul,udl ce douadl @ 3 s uB 5 el SlsY G950 Slidpd! Gelses

V) Sl oo el clidazdl Galis e 808l 1885 Sy 5811 @blabll ol of Lamgl 2us (2014

I e el ol alidpl jaxs (Hilborst & Karssen, 1992) iyl (aes Lals LY Cilay o

(2ale¥ 5 clugadl) il Al Arad¥l maa e delad @l Lo lop¥l o duall Laids

vl 3 gaddl Bl Lo s Jugud 9 2liadl Slyaull 413] e Jond LS ) (00 cyally Loguas-
(Finch-Savage & Leubner-Metzger, 2006 <21 (Sal) caised! 05 9 Lled! alasuel jams o

D9dl) g8 53 e Ll 855 @) 2ol )Ll cubidaad! Jldnal 5 Galis gloe oo S 3l

Al c¥aae o (Stratification gdashl adee 3 § L) 5yl el S0 Jalsall sda 3l oo

(GAs7 GA3 Logias olenl S e sls @1) clid asll (bl Jleara (Siddiqui et al,, 2008)
(Miransari & Smith, 2014) ;eil 058 § 1557 Lamy 3] e e luay

ot bl sei g oldl orwss e Sbadpl Byude dabadl cluludl (o agaadl ol
medll Hods Aalaa of TUIKYIIMAZ (2012) y0f JUll Joso dad (10 Jouzedl Hlasl) Zalesll wlal2y!
bl it Bl § Ll e Amslell 2ol U ass e aelun (10-20 ppM) clbyed! pae
22 590l Bylie Aadtye i) o g cldopsll ae Spa=ll el o1 Bahrani & Pourreza (2012)
gbo Sl Lasad die 83a=l
BLa| s «JulisaloSI ool (0 i35 5 59l bl e paases Slidisadl 068 oo gl e
dglll sl o0 OA Jloasaal aisey LS gelll sleadl &zyall wlaldl @ JeagadsSO o yadnl) 93 000 GA

Ules @Bl (e dsaxll @3 (Bahrani & Pourreza, 2012) JuisdsSl o jadeedl oo JSI 28l 13630 e
(Gherrouchaetal., 2011 :2001 .2a,3) 2Ll Lslalys &
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Salinity

Drought

Chilling
Heat shock
Cadmium stress

gt e Lalolas pe Tawgll cilalay cblad! daglae cnuses .10 Jgus

Brassica juncea L.
Beta vulgaris L.
Brassica napus L.

Lycopersicum esculontum L.

Lens culinaris L.

Phaseolus vulgaris L.

Stevia rebaudiana

Salicornia europaea L.

Satureja hortensis L.
Triticum aestivum L.

Triticum durum Desf.

Vicia sativa L.
Boehmeria nivea L.
Cicer arietinum L.
Prunus ssp.
Hordum vulgar L.

Vigna unguiculata L

Siddiqui et al. (2008)

Jamil & Rha (2007)

Jamil etal. (2009)

Xue & Wu (2011)

Khavarinegad et al. (2014)

Saeidi-Sar etal. (2013)

Liopa-Tsakalidi etal. (2012)

Pingetal. (2011)

Nikee etal. (2014)

Shaddad et al. (2013; Ashraf et al. (2002)
Fercha (2002; Gherroucha et al. (2006, 2011)
Abdel & Al-Rawi (2011)

Liuetal. (2013)

Kauretal. (2000)

Wang etal. (2012)

Grindstaff et al. (1996)
Al-Rumaih et al. (2003)

Germination

Growth

Reproductive

thy}'&s}..dl Gylatl calizes Jleaiwls a,,.w medll daglin cpus 11 Jsux

o Stge et

Antioxidants Ascorhic Acid (AsA)

Hormones Indole-3-Acetic Acid (IAA) ; Kinetin; Salicylic Acid
(SA) ; Spermine

Antioxidants Ascorbic Acid (AsA)

Prooxidants Nitric Oxide (NO), H,0,

Hormones 24-Epibrassinolide; Brassinolide
Gibberellic acid (GAs); Indole-3-Acetic Acid (IAA);
Jasmonic acid (JA); Salicylic acid (SA)

Osmoprotectants Proline, glycinebetaine, trehalose

Chemical elements

Liquid Extract
Inoculation

Transgenesis

Hormones

Chemical elements
Inoculation
Transgenesis

Silicon ; calcium ; N; K; zinc

Seaweed; leaves extract

Halotolerant bacteria; Plant growth-promoting
rhizobacteria; arbuscular mycorrhizal fungi
Expressing AINHX1 gene

Overexpression of GmDREB1

Rice stress-responsive NAC
24-Epibrassinolide; Gibberellic acid (GAs);

Salicylic Acid (SA)
NandK

Plant growth-promoting rhizobacteria
Expressing the Arabidopsis AINHX1 gene

Fercha etal. (2013); Fercha et al. (2014)

Abdoli et al. (2013); Aldesuquy et al. (2014); Yousof & El-Saidy
(2014); Aldesuquy et al. (2014).

Chang etal. (2013); Ferchaet al. (2013) ; Fercha et al.(2014).

Kausar & Shahbaz (2013); Gondimet al. (2013)

Talaat & Shawky (2013); El-Feky & Abo-Hamad (2014); Igbal &
Ashraf (2013); Shaddad et al. (2013); El-Samad (2013); El-Samad
(2013); Igbal & Ashraf (2013); Abdoli et al. (2013); Qiu etal. (2014) ;
Lietal. (2013); Howladar & Dennett (2014); Mutlu & Atici (2013)
Talatetal. (2013); Chen & Heuer (2013); Mostofaet al.(2014)
Alietal. (2014); Morgan etal. (2013); Khan et al. (2013); Xu et al.
(2014)

Latique et al. (2014); El Baky etal. (2014)

Ramadoss et al., (2013); Upadhyay & Singh (2014); Talaat & Shawky
(2014)

Sharaf etal. (2014); Jiang et al. (2014); Saad et al. (2013)

lgbal & Ashraf (2013); Howladar & Dennett(2014); Yousof & El-
Saidy (2014); Talaat & Shawky (2013)

Khanetal. (2013)

Upadhyay & Singh (2014)

Sharaf etal. (2014)

(2013 Laile dize) gileall SousT e sleze¥ly Jotell s jlms) o5
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(JleS zmlll sleaY) dosusll lala¥ Sbladl Blatul 2ulys § Slagassndl 395 5

28 Lolane 3 (a5 oS5 Sl g plaald Alas Aadasl wblall cogls 2l sl e Jolazl]
pssig A slas et &las] sl sla¥! Lo G bl e (Nouri etal, 2011) e (i Lasean
deds Bl o lall ae @Bl 5 oo Blesdl U2l e el 5 Ao glell-Blata¥l Bl Galis 9 Lol
plasialy (=l sl aladl cbleial dwhud Awsbg il cMld=dl o S sue ez ool uzall
2o Biolsy casuiondl dulaall lias § puanll e (2-DE) cadl dsls Jladl e 2L, S0 8y ) aias
UL o paall agisp e Bylall laaall Judat) lahuall o duall coyai "ShOIGUN" 2uas 55l
93 960 (o AST ums @3 U amls 5 (12 Jsunll) Bgumdl e sl Bl o el 3l
3 Lajsgoy wiliusg il sda casllsy o LiSepw caid L ¥ Lo 9 .(ZhANG et al, 2012) 2 plall-2lomiul
Sobhanian et al., 2011;) Il sl bladl Aeglie cracet) Sl Jowo Adss (o 5L Ja5 lSek
a=alll sa 9 .(Singh & Jwa, 2013; Kosova et al,, 2011 ; 2013; Zhang et al., 2012; Hakeem et al., 2012
Bl eal (alaialy asdi B yadll

oo olnbetll @ sblall (3 mll) clusasoy @ bousll clolez] Al ds> clahall dsl cupi
wils e S Klose 5 OFarrell U o 21975 i 2L 1S 5yl 2aas yughas 3 e @alll 0,4l
Slalydl sda oF Y] 289yas oS5 @ L bl wlane ol o @)l (es (Vincent & Zivy, 2007)
ol (Hurkman & Tanaka, 1987) suuus cliussy @ulss e SaodMl sla¥ 4l e A8ya0y comane
Lleiwl G Sy Bdlasl 3529 @lal 138 o (HUrkman et al,, 1988) aalesll aae¥ gyrue e a3\l
Edman ) olesy gl Judedd! 2inyde Jloazwls (ZIVY, 1987) pgu9 A1l soiadl e slaM bl
oM sl Jady Laglss o @1 cluse ) e 25l ausy o oLl (Sl (MicTrosequencing
syl (Mass Spectrometry) alssil a.aldas a5 5l a0 5 (Costa et al. 1998; Riccardi et al. 1998)
sl e Chang et al. (2000) aulys suas . alll sk 5he e sl Blanadl clisgy dubs Las
Ll 19008 s clasgdl ilslea¥ ULl Lletal duld Buanll sda Led cdeatul &l @lalyull
oSo LS (ANOXIA) camuSs¥ ads oo el sla¥ Lusyad wie 51 clwsy de Bl ol
3LaSiul e (Matrix assisted laser desorption ionisation time-of-flight) MALDI-TOF a5 Jlesiwl
Jleriwls slalall alazal 5 gaddl 5 Jiaddl oilaas Hshas ae olaY ae Sbladl @Bl juds @I LY
(12 Szl Jlasl) Lasogl ulaly bl Joos gvadn) (ogsso ll Jelzesll

Goiondl dul=ill Bb aliza pe Asglell Sblall Bleial 2uhuy Sl g wuall Cetal
2ol Raglin 3 Asaall liso ! e douall s § olalyall s cuele 18 5 (12 Jouzdl Las)
3 Glial seda @ lanSys wi olussy b wazmw Salekdeh et al. (2002) »5 . Jull Juw Jab
sball gludl § ehlas Lel sy s (Jfdse (o 100 @3 50) bl zelll sLaD L pad e Aaglall
BauSY sl s Jiadl 8ygemy Aamme LigST (3555 Aaglall CaluaYl ol I3 (e Tgmmiinwld (BuwsSSU
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U3 8 Loy ol sl e oSl s (o S0l g 9,401 1ia smi] o 3 808 JL S 5 P(Human Genome Project HGP) g, aull asiuel

on S clrlis dimla @Al psinll e shai] ollayal
LS ol @ile (waly <Jasa Lll 25 lusY) @ wlimsll sue of Ly
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5 il 25 ety V" s " Sl e W 13 ellas A, S L5
lia e LMW aguondl 5 gyde § eadly clalall gylud 1Lati 50 3541
'k Logd "Brian Schmidt” $,a9 @Ilall dpmsed il caasall Jlgadl
o Led A5 Ogulsys Ble 5,8 S Blect G o go 4BLAIST Wy e )"
gl LU Al gl 51909 13 Le Al cliosaelly cliaso il Juless 3329 catsys (o o ¥ O IS slia 4t cnigm S g5
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—t o oS cpsimll i e (go1xs 2l SN S S8 sl L) glosl (he p93 S G Bunlgall
> ;;\‘%—“‘“j‘ clanll aer @a "GENOME asinll” G 13ls wiiols Slossisy $sins (Lalans 51) LS
tiea| el DU La3ya5 &) cliusg all gaazme 52" PIOTEOME aguis i old ol W5 3 2l
2B e ol e phi s dsiaill 6o sl O 15 Lol oo Aaliall Sl Jok

- S e Bl o lasilill e o e e all s Sleslae e Gyt asaiaall” Ol AslesS]!

A gy Of pand) pes LS PIOt0S Js¥1” say sl "oatsy” wlhime J) 392 of Linke “agiig Al Sae

JISE 9T 3Lt e Bl o sl O PIOtEE oligall 2 ol el (0 Rt tia (a5 2eS

o0id ilisll 855k i) sin 4ltes LS 5 asnllan o wiaed) i G B2 JE2Y STy

G 5 JEEH § Vg Legis ligadl g Aine¥) pales¥l (0 Legd cnpdie (o 0955 LesS (10

ndiall 0pal § Lre CaaS @ ) AsleasSIl 5 Aslinall Luslss ) el § 392

M "_Omic <Lasil”

(clags ) Aler 2ulys) cliagaisall ((Slizd) Aoz 2ualys) ool S Bgunnll Luadsgll allaoll Aala Bualys IS Lo J] loosl AalS Blias
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http://www.onislam net/arabic/newsanalysis/ assti e ssdie Jlao «Jals ,lb(1)
(2)- International Human Genome Sequencing Consortium. (2004). Finishing the euchromatic sequence of the human genome. Nature, 431(7011), 931-945.
(3)- Arabidopsis Genome Initiative. (2000). Analysis of the genome sequence of the flowering plant Arabidopsis thaliana. Nature, 408(6814), 796.
(4)- Wilkins M.R., Sanchez,).C., Gooley, A. A., Appel, R.D., Humphery-Smith, I, Hochstrasser,D.F.,et al .(1995). Progress with proteome projects: why all proteins
expressed by agenome should be identified and how to do it. Biotechnol. Genet. Eng. Rev. 13, 19-50.
(5)- Vickery HB. The origin of the word Protein. Yale ] Biol Med 1950;22:387—93
(6)- Calvete, J.J., Bini, L., Hochstrasser, D., Sanchez, J. C., & Turck, N. (2014). The magic of words. Journal of proteomics, 107, 1-4.
(7)- Finkelstein, R., Reeves, W., Ariizumi, T., & Steber, C. (2008). Molecular Aspects of Seed Dormancy. Plant Biology, 59(1), 387.
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Wheat

Maize

Soybean

Rice

Technique used

2-DE

iTRAQ & 2D-DIGE
2D-DIGE

2-DE

2-DE

2-DE

2-DE

Shotgun proteomics
Shotgun proteomics
2-DE

Shotgun proteomics

Shotgun proteomics
2-DE

LC-MS

2-DE

2-DE & blue native PAGE

2-DE
2-DE
2-DE
2-DE
2-DE
iTRAQ

2-DE

2-DE

Shotgun proteomics
2-DE

2-DE

iTRAQ

2-DE

2-DE

Trait studied

Desiccation
Drought
Salinity

Senescence and oxidative stress

Flooding stress
Metabolism post anthesis
Fusarium head blight
Salinity

Salinity

Desiccation
Photosynthesis

Desiccation

Drought

Greening of etiolated leaves
Tolerance to Phytophthora
Flooding stress

Oxidative stress

Heat stress

Flooding stress

Osmotic stress

Salinity

Enhancing water and nutrient
uptake after inoculation with
Bradyrhizobium

Response to selenium
Embryogenesis

Grains development

Heat stress

Drought stress

Cold stress

Salinity

Salinity

Plant part

Embryo

Leaves

Leaves

Stem

Root

Endosperm amyloplast
Kernels

Leaves

Kernels

Embryo

Chloroplast thylakoid
membrane

Embryo

Xylem sap in root and stem
Leaves

Hypocotyls

Roots and hypocotyl
Leaves

Leaves

Roots, Hypocotyl, and leaves
Roots

Seeds

Roots

Leaves

Embryo

Grains

Spikelet

Rice peduncles
Leaves

Stem and Leaves
Leaves and root

Reference

Irar etal. (2010)
Fordetal. (2011)
Gaoetal. (2011)
Bazarganietal. (2011)
Kong etal. (2010)
Dupont (2008)
Foroud et al. (2008)
Capriotti et al. (2014)
Ferchaetal. (2014)
Huang et al. (2012)
Liuetal. (2011)

Amaraetal. (2012)
Alvarez etal. (2008)
Shen etal. (2009)
Zhangetal. (2011)
Komatsu et al. (2011)
Galantetal. (2012)
Wangetal. (2012)
Khatoon etal. (2012)
Toorchi etal. (2009)
Maetal. (2014)
Nguyen etal. (2012)

Gongetal. (2012)
Zietal. (2012)

Lee & Koh (2011)
Jagadish et al. (2010)
Muthurajan etal. (2011)
Neilson etal. (2011)
Ghaffari etal. (2014)
Liuetal. (2014)

laLaY! jan ae (2013)Eldakak etal, s

W)ll) Gl psion e Alolxdl Slpasll aasz Parker et al (2006) Al lilee 3wl @

(pLl 7 51 ps) Wiglane cliad oS35 (I ge o O0) adsin (gelo sla¥ Lwasyad i 3541 cdlad (el
e o O 093 3L 355 i Sl oo Lol T amy 809 o Ladd wiliwsgy 9 5S35 585 sla¥l (o0 pgw as
SauSS slall seall § Jsazll SOD @il «dsshall 9 sumdll gall e lapSys ol @l @lus s |
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Lasassd e allgol & Slusg il oo gandl e S o asuiodl Jededl dalys caSe
Leaall olwss, (Late-Embryogenesis Abundant) LEA clwsgaS ool aleind) ol

Lane 5 (Heat Shock Proteins) HSP «,1,-J1

(G slaY Gagyls 3 Lolyal @S15G (g 3aand 2l 2Y T (e Llexdl by LEA cilisgy sl
olal (Goyal et al, 2005) (¢3sendt Loaall 5 el Gilys e Ladles g culiso ) Bolamy p3ds >

Seed maill wluwsgy « DHN (uyiadi€ Ledlie 5 LEA clisgys 0815 Ul et all laddl o syl

Ford et al., 2011; Zhang et) (s3ses! sLeM Lo a3 e zedll sLnel § Maturation Proteins (SMP),

o 200 5i 100) 2>51t1 i Capriotti et al. (2014) cuzy coaiall medll (e 2> lalys & .(al, 2014

ontsall degazl wihy o0l WCDRA10 s, o815 § s ((FOrdetal, 2011) catasedt e <(J/¥50
(el sl2Y Jady Eazll g 35amdl sL2Y) (o medll Blogl oles (3 Lola 1590 Uiy caaly

(2015/2014) as,leet aicdt I35 ijomil 1 Apaguss Wl Slualpud! ga¥ (asels 13 Jouzl

g st

Flowers
Leaves

Roots

Seeds

Shoots

Dico/Arabidopsis thaliana
Dico/Arabidopsis thaliana

Dico/ Kandelia candel
Dico/Sesuvium portulacastrum
Dico/Sunflower (Helianthus annuus)
Mono/Brachypodium distachyon
Mono/Rice (Oryza sativa)
Mono/Sugarcane (Saccharum officinarum)
Mono/Wheat (Triticum durum)
Dico/Arabidopsis thaliana

Dico/ Cowpea (Vigna unguiculata)
Dico/Arabidopsis thaliana

Dico/ Amaranth (Amaranthus cruentus)
Dico/Soybeans (Glaycine max)
Mono/Barley (Hordum vulgar)
Mono/Rice (Oryza sativa)
Dico/Soybeans (Glycine max)
Mono/Wheat (Triticum durum)
Dico/Citrus (Citrus reticulata)
Dico/Halogeton glomeratus
Mono/Rice (Oryza sativa)

Kongetal. (2014)

Mano etal. (2014)

Wang etal. (2014)

Yietal. (2014)

Messaitfa et al. (2014)
Lvetal. (2014)

Liuetal. (2014) ; Zhang, (2014)
Murad et al. (2014)
Capriottietal. (2014)

Kong etal. (2014)

De Abreu etal. (2014)
Guoetal. (2014)
Huerta-Ocampo et al. (2014)
Maetal. (2014)

Mostek et al. (2014)

Liuetal. (2014); Zhang, (2014)
Yinetal. (2014)

Ferchaetal. (2014)

Tanou etal. (2014)

Wang etal. (2014)

Ghaffari et al. (2014)
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Cotyledons
Dormancy

Germination

Leaves

Seedling vigor, pathogen resistance
Seeds

Seed vigor

Several tissues

Somatic embryo

Soybean
Arabidopsis thaliana
Wheat

Maize

Alfalfa

Arabidopsis thaliana

Barley

Cress

Pea

Maize

Magnolia sieboldii
Rice

Soybean

Wheat

Wheat

Maize

Barley

Sugarbeet
Arabidopsis thaliana
Brassica

Jj_i.g.”}}é:dji/j 391 QLH! Sldes Ewa..U (.rﬁ.'ijjg.” e‘.Lé;Lw‘ 14 J_g.x.'g:”

flooding stress

fungal infection

priming, vigor

a-amanitin (inhibition of transcription)/ hydro- or
osmopriming/ GAs treatment ; SA and salt stress
germination and radicle elongation

Hormone

H,0, pretreatment ; osmotic stress
heterosis/development

seed germination

high temperature and ABA treatment/development
development/ NaCl-stressed

priming, salinity

salinity

maturation drying

grain filling and seed maturation

Kamal etal. (2015)

Chibani et al. (2006)

Gao etal. (2013)

Campoetal. (2004)

Yacoubi etal. (2011)

Rajjou etal. (2004)/Gallardo et al. (2001) ; Gallardo et al. (2002) ; Rajjou et al. (2006) ;
Galland etal. (2014)

Bansager etal. (2007)

Miller et al. (2010)

Barba-Espin etal. (2011) ; Brosowska-Arendt et al. (2014)
Fuetal. (2011); Guoetal. (2013)

Zhangetal. (2014)

Liuetal. (2014);Kimetal. (2009) ; Han et al. (2014)
Hanetal. (2013); Yinetal. (2014)

Ferchaetal. (2013); Fercha etal. (2014)

Capriotti et al. (2014), Caruso et al., 2008

Wang etal. (2013)

Finnie etal. (2002)

Catusse et al. (2008)

Fuetal. (2005)

Hossain etal. (2014)
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Interactive effects of salinity and seed-priming with GAz and AsA on durum wheat
seed germination and seedling growth.

sl

i g (psuassall sl Jse o 250) amglll e (S sl 6Ll By e Ayl sin oy
o 0.5 .GAg) clibyael (aems (JJse o 0.5 ASA) el S (s alaszul, (SE6d Priming) s.id!
Was Awlys Ll ewes (Triticum durum, var, Waha) _lall meall clysly sas 5 5sds bl e (U Jse
aezr OF d @l s oMl of medll e @ 28 wb,Sadly Slasg Al @ S1s g el Slyse
ASA+) mlls Logas 55amll medll Loy oyl (el 3 Asslll Jady Ll 3G U8 dugyall ulall
G Loy S3amll ool syl cels e 3dles hald) sai 598 5 il paibas § Leisly s (GAg
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Abstract

In this study, we have examined the interactive effects of salinity (250 mmol/L, NaCl) and pre-sowing
seed treatment (or seed priming) using Ascorbic acid (AsA, 05.mmol/L) and Gibberellic acid (GAs,
0.5mmol/L) on durum wheat (Triticum durum var. Waha) seeds germination and seedlings growth.
Seed reserves mobilization, soluble proteins and sugars accumulation in wheat embryo/seedling were
also analyzed. Results indicate that all the studied parameters were adversely affected by salinity.
However, the primed wheat seeds particularly, with the mixture (AsA+GAs) exhibited improved
germination characteristics and seedling vigor. Also, the results show that post-priming germinating
seeds under salt stress exhibited an improved seed reserves mobilization and accumulation of soluble
proteins and sugars compared to untreated stressed seeds. Altogether, these results indicate that seed-
priming was effective in improving wheat salt tolerance.
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The interactive effects of salinity and seed priming with GA; and AsA on
durum wheat seedlings growth and metabolism

ozl

(J/Jse o 0.5 (ASA) o 558l aas daselyy a jazs of Zely3ll JiB soiedl dlalas ,0l Aulys dute 2yt sia cioya
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sl g Bypmtll slhas @ ol oo Gregead dny S s M Jldge o 200 3SR o gyl 3l Jdge o
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pdn Loy (g cnolind Jio) 5 Slabitnes Dpdll jams o Jsall oSey plisedl & alll sl sheal Julis e Jaall
Llazl g 2ol dady Sumll 5uusSY slz) (o sl (Ggan! O3lsall aumdd M (o ccuiall madll § gl Jazsl)

s G315l glansial of

Abstract

This study was carried out to examine whether seed priming or pre-sowing seed treatment with Ascorbic acid (AsA, 0.5
mmol/L) and Gibberellic acid (GAs, 0.5 mmol/L) can improve salt-stress tolerance in durum wheat (Triticum durum, var.
Waha). Twenty-day-old plants growing in pots (2Kg) were subjected to salt stress by adding 50 ml of a saline solution
(NaCl) at 150 mmol/L of concentration for one week, then at the concentration of 200 mmol/L during the second week.
After two weeks of stress, plants were harvested and the different parameters were measured. Effects of salt stress in the
presence and absence of the treatments on the growth of leaves, the amount of relative water content, chlorophylls,
carotenoids, free proline, water soluble carbohydrates, hydrogen peroxide as well as MDA were assessed. It has been
established that the effects of salt stress on the different parameters analyzed were alleviated by the pre-sowing
treatments, particularly by AsA-priming. It has been presumed from the discussion of results the existence of synergistic
effect between AsA and GA; on the alleviation of salt stress. In conclusion we can say that seed priming with
antioxidants (such vitamin C) can improve salt tolerance in durum wheat, through osmotic adjustment, protective effect
against salt-induced oxidative stress and, as a result, by maintaining or recovering hormonal balance.
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Seed priming has been successfully demonstrated to be an efficient method to improve crop
productivity under stressful conditions. As a first step toward better understanding of the
mechanisms underlying the priming-induced salt stress tolerance in durum wheat, and to
overcome the limitations of the gel-based approach, a comparative gel-free proteomic analysis
was conducted with durum wheat seed samples of varying vigor as generated by hydro- and
ascorbate-priming treatments. Results indicate that hydro-priming was accompanied by
significant changes of 72 proteins, most of which are involved in proteolysis, protein synthesis,
metabolism and disease/defense response. Ascorbate-priming was, however, accompanied by
significant changes of 83 proteins, which are mainly involved in protein metabolism,
antioxidant protection, repair processes and, interestingly, in methionine-related metabolism.
The present study provides new information for understanding how ‘priming-memory’
invokes seed stress tolerance.

Biological significance
The current work describes the first study in which gel-free shotgun proteomics were used to
investigate the metabolic seed protein fraction in durum wheat. A combined approach of
protein fractionation, hydrogel nanoparticle enrichment technique, and gel-free shotgun
proteomic analysis allowed us to identify over 380 proteins exhibiting greater molecular
weight diversity (ranging from 7 to 258 kDa). Accordingly, we propose that this approach could
be useful to acquire a wider perspective and a better understanding of the seed proteome. In
the present work, we employed this method to investigate the potential biomarkers of
priming-induced salt tolerance in durum wheat. In this way, we identified several previously
unrecognized proteins which were never been reported before, particularly for the
ascorbate-priming treatment. These findings could provide new avenues for improving crop
productivity, particularly under unfavorable environmental conditions.
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Fig. 1 — Seed germination and seedling growth of durum wheat. (A) Interactive effect of salt stress (250 mM NaCl) and priming
treatments (Materials and methods) on the seed germination time-course of durum wheat. (B) Interactive effect of salt stress
and priming treatments on seedling growth of durum wheat. UP, un-priming; HP, hydro-priming; AP, ascorbate-priming.

1. Introduction

Wheat is the most widely grown crop in the world, which
provides about 20% of the daily protein and of the food calories
for more than 4.5 billion people (http://www.wheatinitiative.
org/). It is the second most important food crop in the world
owing to its unique characteristics and the fact that large
quantities of grain can be produced, harvested, stored, and
transported in an efficient way [1]. Durum is a tetraploid species
of wheat, which produces higher yield than normal wheat in
areas with reduced precipitation. However, even though durum
wheat is the most widely cultivated crops in the Mediterranean
basin where ~75% of the world's durum grainis produced [2], its
production remained low probably because of the poor seed
germination and stand establishment, mainly due to drought
and soil salinity [3].

Seed priming is a seed pre-sowing imbibition treatment that
is widely used to improve seed performance with respect to rate
and uniformity of germination [4]. This is very important under
salt stress conditions, because there is general agreement that

seed germination and early seedling growth are critical stages
during which salt stress is especially damaging to yield [5].
Seed priming particularly with antioxidant compounds such as
ascorbic acid (AsA) seems to be an efficient method to overcome
seed germination problems and to improve seedling growth in
the field, especially under salinity (see review in Hasanuzzaman
et al. [6]). The agricultural relevance of priming in plants, as it is
a simple, short-term, harmless, and low-cost technology that
enhances the ability of plant to cope with stress, has motivated
scientists to unravel the underlying cellular and molecular
mechanisms [7]. In the past decade, several major studies, using
transcriptome, metabolome and proteome approaches, have
attempted to identify the molecular/biochemical mechanisms
of seed priming [7-13]. The major processes potentially involved
in seed priming can be described as cell cycle associated-events
[9], endosperm weakening [10], mobilization of storage proteins
[11] lipid and starch mobilization, protein synthesis and the
methyl cycle[12,13] (see review in Rajjouet al. [8]).

The aforementioned processes suggest that primed seeds
presumably possess molecular mechanisms that allow them to
memorize previous priming events, which can be recruited later

Table 1 — Metabolic proteins identified according to two protocols, one comprising a standard in-solution trypsin digestion,

and the other one in which an enrichment step by NIPAmM/CB core VSA shell particles (HG) was added.

Un-primed Un-primed with HG Combined Overlap Not overlap Un-primedonly Un-primed with
HG only
Proteins 292 197 323 166 157 126 31
Hydro-primed Hydro-primed with HG Combined Overlap  Not overlap Hydro-primed only Hydro-primed with HG
only
Proteins 286 230 327 189 138 97 41
Ascorbate-primed  Ascorbate-primed Combined Overlap  Not overlap Ascorbate-primed  Ascorbate-primed with
with HG only HG only
Proteins 252 225 302 175 127 7 50
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when seeds are exposed to stresses during germination [14].
More recently, it has been proposed that priming increases seed
vigor and stress tolerance through at least two different
strategies. First, priming initiates the germination-related
processes that facilitate the transition from the quiescent
state into the germinating state and lead to improved germina-
tion potential. Secondly, priming allows the growth-arrested
seeds to reinforce their capacity to mount adaptive defense
responses useful to withstand environmental stress conditions
during seedling establishment [8,14]. It is therefore interesting
to apply comparative proteomic analysis in seeds treated with
chemical priming agents before the imposition of abiotic stress
conditions [7].

Quantitative proteomics represent an important extension
to identification proteomics, enabling the comparison of changes
in protein levels across different samples or treatments [15]. This
requires sensitive and accurate assays for identifying proteins in
complex mixtures and quantifying their abundances. The most
commonly used approach for comparative proteomic analy-
sis of plant tissues is the application of 2DE-gels, whereby
differences in protein abundances were determined by com-
paring stained protein spot volumes followed by identifica-
tion of proteins by mass spectrometry (MS). However, this
method is limited in sensitivity, has a low dynamic range,
and it is inefficient when analyzing proteins with very high or
low molecular mass [16].

Gel-free shotgun proteomics are alternative approaches for
the identification and quantification of proteins in large-scale
studies [17,18]. Although it has become feasible to rapidly
identify proteins from crude cell extracts using MS-based
shotgun proteomics, it can be difficult to elucidate low-
abundance proteins of interest in the presence of a large

excess of relatively abundant proteins. Therefore, for effective
proteome analysis it becomes critical to enrich the sample to be
analyzed in subfractions of interest. Sequential extraction is a
method particularly suited for the subfractionation of wheat
endosperm proteins, because it takes advantage of the specific
solubility properties of the different classes of endosperm
proteins.

Moreover, a novel method suitable for high throughput
MS-based proteomics that make use of hydrogel nanoparticles
for selective protein enrichment in complex mixtures has been
introduced recently [19]. Hydrogel nanoparticles, in particular
Poly(N-isopropylacrylamide/Cibacron Blue) core vinylsulfonic
acid (Poly(NIPAM/CB) core VSA) shell particles, were chosen on
the basis of our previous work [20], because they can perform a
further step of enrichment for less abundant proteins capable to
interact with the Cibacron Blue [21].

Here we describe an LC-MS/MS platform for analysis of
metabolic proteins from seeds of durum wheat using solubility-
based protein fractionation [22] and protein enrichment
combined with label-free quantitative tandem MS with a
high-performance hybrid mass spectrometer, LTQ-Orbitrap
XL. In addition, the present work aimed to investigate the
possible changes in metabolic protein profiles during seed
priming treatment. To the best of our knowledge, this is the
first time that gel-free, label-free shotgun proteomic approach
has been used to investigate the change in the metabolic
proteins of durum wheat seeds in response to priming. This
study could explain some of the biochemical processes
involved in wheat seed priming, which could be very useful
for improving crop production by characterizing the genes/
proteins potentially involved in enhancing seed germination
and seedling vigor, particularly under stress conditions.

Fig. 2 — Venn diagrams and functional classification of wheat proteome in both primed seeds compared to control un-primed
seeds. (A) Venn diagrams display the overlap between the proteome of primed and un-primed durum wheat seeds (see Materials
and methods). (B) Functional classification of proteins shown in (A). The number of identified proteins is indicated. (C) Functional
classes accordingto Bevanet al. [30]. Up, up-regulated; Dn, down-regulated.
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2. Materials and methods

2.1 Seed treatment, germinationassay and seedling growth

Seed priming treatments were performed essentially as de-
scribed by Jafar et al. [23]. The ratio of seed weight to the volume
of solution employed for priming was 1:5 [24]. For each seed
priming treatment 50 g of wheat seeds was soaked in 250 mL
aerated distilled water or ascorbate solution (0.5 mmol L™) for
12 h. During soaking period, continuous aeration was provided
using a small aquarium pump. After soaking, seeds were washed
three times with distilled water and then re-dried, up to almost
their original weight, keeping them under shade with forced air
at 27 + 3 °C; after drying they were sealed in paper bags and
stored until use. Untreated dry seeds were taken as a control.

Seeds of durum wheat (Triticum durum Desf. var. Waha),
cultivar moderately resistant to salinity and widely cultivated in
Algeria, both treated and untreated, were surface sterilized with
sodium hypochlorite (5% w/v) for 3 min, washed several times
with sterile water and dried in an oven. Thirty dried seeds were
placed in each Petri-dish containing two layers of Whatman
no. 1 filter paper initially moistened with 10 mL of saline
solution (NaCl 250 mmol L) or distilled water (control). Seeds
were germinated in darkness in a temperature-controlled
chamber held at 22 + 0.5 °C. The number of germinated seeds
was counted every day until day 7. Growth measurements were
taken prior to harvest (7-day-old seedlings).

2.2. Extraction and quantification of metabolic seed proteins

Metabolic seed proteins were extracted using the method
developed by Hurkman and Tanaka [22] with some modifica-
tions. Briefly, wheat seeds were ground to a fine powder in
a household coffee grinder, and then 75 mg of flour was
suspended in 300 uL of cold KCI buffer (Tris-HCI50 mmol L™,
KCI 100 mmol L™*, EDTA 5 mmol L™%, pH 7.8). The suspension
was incubated on ice for 5 min with intermittent mixing
and then centrifuged at 14,500 g for 15 min at 4 °C. The
KCl-soluble fraction was collected and 5 volumes of cold
100 mmol L™ ammonium acetate solution in methanol were
added at room temperature and incubated overnightat 20 °C.
The methanol-insoluble fraction was pelleted by centrifuga-
tion at 14,500 g for 15 min at 4 °C. The pellet was rinsed three
times with cold acetone (500 pL) to remove the ammonium
acetate, and solubilized with 200 uL of urea/ammonium
bicarbonate (8 mol L™%/50 mmol L™%). Metabolic proteins were
quantified by Bradford assay using BSA standard [25]. Three
experimental replicates were performed for each seed type.
For each extraction, the protein mixture was divided into two
aliquots and processed according to two protocols, one com-
prising a standard in-solution trypsin digestion, and the other
one in which an enrichment step by NIPAmM/CB core VSA shell
particles was added, and then in-solution trypsin digestion
was performed.

2.3. In solution trypsin digestion and off-line desalting

For each sample, protein aliquots, 100 pg (1 pg pL™?), were
reduced, alkylated, and digested with trypsin as described

by Capriotti et al., with some modifications [26]. Reduction
of disulphide bonds was performed with 2.5 uL of DTT
(200 mmol L™%), under slight agitation, in incubation at 37 °C
for 1 h. Carbamidomethylation of thiol groups was performed
by addition of IAA (10 pL, 200 mmol L™*) and incubation for
1 hin the dark at room temperature. To consume any leftover
alkylating agent and to avoid trypsin alkylation, 10 puL of DTT
(200 mmol L™!) was added and samples were incubated at
37 °C for 1 h, under slight agitation. The samples were then
diluted with ammonium bicarbonate (50 mmol L) to obtain
al mol L™ final urea concentration. Sequencing grade-modified
tryspin was added (1:20, enzyme:protein ratio) and the samples
were incubated overnight at 37 °C. Enzymatic digestion was
quenched with formic acid. Digested samples were desalted
using SPE C18 cartridges conditioned with acetonitrile (ACN) and
rinsed with 0.1% TFA. Peptides were eluted from the SPE column
with 500 pb ACN/ddH,O (50/50, v/v) containing 0.05% TFA and
were dried in a Speed-Vac SC 250 Express (Thermo S 164 avant,
Holbrook, NY, USA). Each sample was re-constituted with 0.1%
HCOOH aqueous solution and stored at —80 °C until LC-MS/MS
analysis.
2.4, Enrichment of proteins by hydrogel nanoparticles

200 pL aliquot of NIPAM/CB core VSA shell particles (equivalent
to 2 mg dry weight) was washed by centrifugation with deionized
water. Briefly the hydrogel nanoparticles were centrifuged at
15,000 g for 7 min, the supernatant was removed and the
pellet was resuspended in 200 pL of deionized water.
Following centrifugation the hydrogel nanoparticle pellet
was resuspended in 400 pL protein solution (750 pg) in urea/
ammonium bicarbonate (8 mol L™ /50 mmol L™'). The mix-
ture was incubated under slightagitation for 15 min at room
temperature. The protein—hydrogel nanoparticle complexes
were then separated by centrifugation at 15,000 g and
washed once with 200 uL of a solution NaSCN 250 mmol L%,
and twice with 200 pL of ddH,O to remove NaSCN.Proteins
bound to the hydrogel nanoparticles were eluted twice with
200 pL of ACN:ddH,O:NH,OH (70:27:3, v/v/v) and the eluates
combined in the same vial, dried in a vacuum concen-
trator and solubilized with urea/ammonium bicarbonate
(8 mol L™*/50 mmol L%) for the subsequent digestion with
trypsin as described in the previous paragraph and subse-
quent LC-MS/MS analysis.

2.5. NanoHPLC-MS analysis

Tryptic peptides were analyzed by a Dionex Ultimate 3000
nano-HPLC system (Sunnyvale CA, USA) connected to a hybrid
LTQ-Orbitrap XL mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with a nanoelectrospray ion source.
Peptide mixtures were separated on in-house manufactured
20 cm fritless silica microcolumn, 75 pm id., packed with
ReproSil-Pur C18-AQ 3 pm resin. The flow rate was 250 nL min™*
and the LC gradient was optimized to detect the largest set of
peptides, using H,O/HCOOH (99.9/0.1, v/v) as phase A and
CH;CN/HCOOH (99.9/0.1, v/v) as phase B. After an isocratic
step at 5% B for 5 min, B was linearly increased to 30% within
75 min; afterwards, B was increased to 80% within 5 min, and
to 95% within the following 10 min to rinse the column.
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Table 2 — Wheat metabolic proteins whose abundance varied in hydro-primed seeds.

No Protein name Accessionno Organism MW Function category Function description
212 Glutamate decarboxylase 1 DCE1_ARATH Arabidopsis thaliana 57 01 metabolism 01.01 amino acid

147 Succinate-semialdehyde dehydrogenase. SSDH_ORYSJ Oryza sativa 56 01 metabolism 01.01 amino acid

3022 3-isopropylmalate dehydrogenase LEU3_BRANA Brassica napus 43 01 metabolism 01.01 amino acid

309 Arginase ARGI1_ARATH Arabidopsis thaliana 37 01 metabolism 01.01 amino acid

311 Methylthioribose-1-phosphate isomerase MTNA_HORVU Hordeum vulgare 39 01 metabolism 01.01 amino acid

332 Adenylate kinase A KAD1_ORYSJ Oryza sativa 26 01 metabolism 01.03 nucleotides

115 Malate dehydrogenase MDHC1_ARATH Arabidopsis thaliana 36 01 metabolism 01.05 sugars/polysaccharides
289 Probable sucrose-phosphate synthase 4 SPS4_ORYSJ Oryza sativa 119 01 metabolism 01.05 sugars/polysaccharides
3242 Alpha-galactosidase AGAL_ORYSJ Oryza sativa 46 01 metabolism 01.05 sugars/polysaccharides
2207 Fructose-1,6-bisphosphatase, F16P2_SACHY Saccharum hybrid 37 01 metabolism 01.05 sugars/polysaccharides
2742 Acetyl-CoA carboxylase 2 ACC2_ORYSJ Oryza sativa 258 01 metabolism 01.06 lipid and sterol

231* Phospholipase D alpha 1 PLDA1_CYNCA Cynara cardunculus 92 01 metabolism 01.06 lipid and sterol

2682 Pyridoxal biosynthesis protein PDX1.1 PDX11_ARATH Arabidopsis thaliana 33 01 metabolism 01.07 cofactors

389 Triosephosphate isomerase TPIC_SECCE Secale cereale 32 02 energy 02.07 pentose phosphate
2617 Glucose-6-phosphate 1-dehydrogenase G6PD_SOLTU Solanum tuberosum 58 02 energy 02.07 pentose phosphate

195 P Aconitate hydratase ACOC_CUCMA Cucurbita maxima 98 02 energy 02.10 TCA pathway

308 Isocitrate dehydrogenase [NAD] catalytic subunit 5 IDH5_ARATH Arabidopsis thaliana 41 02 energy 02.10 TCA pathway

123 Phosphoenolpyruvate carboxylase 1 CAPP1_ARATH Arabidopsis thaliana 110 02 energy 02.30 photosynthesis

2877 Phosphoenolpyruvate carboxylase 2 CAPP2_ARATH Arabidopsis thaliana 110 02 energy 02.30 photosynthesis

239 Glycine-rich RNA-binding protein blt801 GRP_HORVU Hordeum vulgare 16 04 transcription 04.22 mRNA processing

156 60S ribosomal protein L17-2 RL172_HORVU Hordeum vulgare 20 05 protein synthesis 05.01 ribosomal proteins

199 40S ribosomal protein S8-2 RS82_ARATH Arabidopsis thaliana 24 05 protein synthesis 05.01 ribosomal proteins

202 40S ribosomal protein SA RSSA_VITVI Vitis vinifera 34 05 protein synthesis 05.01 ribosomal proteins

203 40S ribosomal protein S16 RS16_ORYSI Oryza sativa 17 05 protein synthesis 05.01 ribosomal proteins
3417 60S ribosomal protein L13-3 RL133_ARATH Arabidopsis thaliana 23 05 protein synthesis 05.01 ribosomal proteins
313 60S ribosomal protein L23 RL23_ARATH (+1) Arabidopsis thaliana 15 05 protein synthesis 05.01 ribosomal proteins
2422 60S ribosomal protein L24 RL24_HORVU (+1) Hordeum vulgare 18 05 protein synthesis 05.01 ribosomal proteins
208 60S ribosomal protein L7a RL7A_ORYSJ Oryza sativa 29 05 protein synthesis 05.01 ribosomal proteins
2917 60S ribosomal protein L18a RL18A ORYSJ Oryza sativa 21 05 protein synthesis 05.01 ribosomal proteins
343 60S ribosomal protein L30 RL30_EUPES (+7) Euphorbiaesula 12 05 protein synthesis 05.01 ribosomal proteins

257 60S ribosomal protein L22-2 RL222_ARATH Arabidopsis thaliana 14 05 protein synthesis 05.01 ribosomal proteins

276 60S ribosomal protein L10-1 RL101_ORYSI Oryza sativa 25 05 protein synthesis 05.01 ribosomal proteins

281 60S ribosomal protein L23a RL23A_DAUCA Daucus carota 18 05 protein synthesis 05.01 ribosomal proteins

331 60S ribosomal protein L6 RL6_MESCR M. crystallinum 26 05 protein synthesis 05.01 ribosomal proteins

280 Eukaryotic translation initiation factor 5A-1 IF5A1_ARATH (+16) Arabidopsis thaliana 17 05 protein synthesis 05.04 translation factors

272 Eukaryotic translation initiation factor 3 subunit K EIF3K_ORYSJ Oryza sativa 26 05 protein synthesis 05.04 translation factors

D
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225 °
2622
2377
2837
196
358
315°
288"
223°
246
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1657
190
2047
3057
318
314
265
2647
235
344
159
205%
2417
161
271
167
334
335
1917
116°
260?
198
92
245
267

Elongation factor 1-alpha

Elongation factor 1-delta 2

DNA damage-binding protein la

17.4 kDa class | heat shock protein

Heat shock protein 90-4

Heat shock protein STI

24.1 kDa heat shock protein, mitochondrial
Chaperone protein ClpB3, mitochondrial
Proteasome subunit alpha type-4-1

Proteasome subunit alpha type-1

Ubiquitin-fold modifier-conjugating enzyme 1
Proteasome subunit beta type-2

Prob. 26S proteasome non-ATPase regulatory sub 3
26S protease regulatory subunit 10B homolog A
26S protease regulatory subunit 6B homolog

26S proteasome non-ATPase regulatory subunit 2 1A
V-type proton ATPase subunit C

GTP-binding protein SAR1

Prob. voltage-gated potassium channel sub-beta
Coatomer subunit gamma-2

Coatomer subunit beta-1

Histone H2A.1

Prob. UDP-arabinopyranose mutase 2

Actin-11

14-3-3-like protein GF14-6

14-3-3-like protein GF14-D

Ser/thr-prot phosphatase 2A 65 regulatory sub A beta
Subtilisin-chymotrypsin inhibitor WSCI

1-Cys peroxiredoxin

Alcohol dehydrogenase class-3

DEAD-box ATP-dependent RNA helicase 15
NADP-dependent alkenal double bond reductase P1
Serpin-Z1B

Alpha-amylase inhibitor 0.53

Alpha-amylase inhibitor 0.28

HMG1/2-like protein

EF1A2_HORVU
EF1D2_ORYSJ
DDB1A_ARATH (+1)
HSP17_ARATH
HS904_ARATH
STIP_SOYBN
HS24M_ORYSJ
CLPB3_ORYSJ
PSA4A_ORYSI (+1)
PSA1_ORYSJ
UFC1_ORYSI
PSB2_ORYSJ
PSMD3_DAUCA (+1)
PS10A_ARATH
PRS6B_ARATH (+1)
RPNIA_ARATH
VATC_HORVU
SAR1_TOBAC
KCAB_ORYSJ
COPG2_ORYSJ
COB21_ORYSJ
H2A1_WHEAT (+2)
RGP2_ORYSJ
ACT11_ARATH
14331_MAIZE
14334_ORYSJ
2AAB_ARATH
ICIW_WHEAT
REHY_MEDTR
ADHX_MAIZE
RH15_ARATH
P1_ARATH (+1)
SPZ1B_WHEAT
IAA5_WHEAT
IAA2_WHEAT
HMGL_WHEAT

Hordeum vulgare
Oryza sativa
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Glycine max

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Daucus carota
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Hordeum vulgare
Nicotiana tabacum
Oryza sativa

Oryza sativa
Japanese rice
Triticum aestivum
Oryza sativa
Arabidopsis thaliana
Zea mays

Oryza sativa
Arabidopsis thaliana
Triticum aestivum
Medicago truncatula
Zea mays
Arabidopsis thaliana
Arabidopsis thaliana
Triticum aestivum
Triticum aestivum
Triticum aestivum
Triticum aestivum

49
25
121
17
80
64
24
109
27
30
20
23
56
45
46
98
40
23
36
99
103
16
39
42
30
29
66
9
24
41
48
38
43
13
17
17

05 protein synthesis

05 protein synthesis

06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
06 protein destination/storage
07 transporters

07 transporters

07 transporters

08 intracellular traffic

08 intracellular traffic

09 cell structure

09 cell structure

09 cell structure

10 signal transduction

10 signal transduction

10 signal transduction

11 disease/defense

11 disease/defense

11 disease/defense

11 disease/defense

11 disease/defense

12 unclear classification

12 unclear classification

12 unclear classification

12 unclear classification

05.04
05.04
06.01
06.01
06.01
06.01
06.01
06.01
06.13
06.13
06.13
06.13
06.13
06.13
06.13
06.13
07.22
07.99
07.01
08.07
08.07
09.13
09.01
09.04

translation factors
translation factors
folding and stability
folding and stability
folding and stability
folding and stability
folding and stability
folding and stability
proteolysis
proteolysis
proteolysis
proteolysis
proteolysis
proteolysis
proteolysis
proteolysis
transport ATPases
others

ions

vesicular

vesicular
chromosomes

cell wall
cytoskeleton

10.0407 phosphatases

11.02
11.04
11.03
11.05
11.05

defense-related
stress responses
cell death
stress response
stress response
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No, protein number; MW, molecular weight (kDa); R., ratio control/hydro-priming; ®Proteins specifically affected by hydro-priming; ®Proteins differentially affected by both treatments (up-regulated by

AsA and down-regulated by water); U, up-regulated proteins; D, down-regulated proteins.
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Table 3 — Wheat metabolic proteins whose abundance varies specifically in ascorbate-primed seeds.

No Protein name Accessionno Organism MW Function category Function description R.
163 S-adenosylmethionine synthase (AdoMet) METK_WHEAT Triticum aestivum 43 01 metabolism 01.01 amino acid D
326 Adenylosuccinate synthetase (Fragment) PURA_WHEAT Triticum aestivum 51 01 metabolism 01.03 nucleotides U
247 2.3-bisphosphoglycerate-independent phosphoglycerate mutase PMGI_MAIZE Zea mays 61 02 energy 02.01 glycolysis D
354 Glucose-6-phosphate isomerase G6PI_ARALP Arabidopsis thaliana 62 02 energy 02.02 gluconeogenesis U]
259 Citrate synthase CISY_FRAAN Fragaria ananassa 52 02 energy 02.10 TCA pathway U
207 Prob. succinyl-CoA ligase [ADP-forming] sub alpha. SUCA_ORYSJ Oryza sativa 34 02 energy 02.10 TCA pathway D
294 Pyruvate phosphate dikinase. Chloroplastic PPDK_FLABI (+1) Flaveria bidentis 104 02 energy 02.30 photosynthesis D
240 Cell division control protein 48 homolog D CD48D_ARATH Arabidopsis thaliana 90 03 cell growth/division 03.22 cell cycle D
347 40S ribosomal protein S3a RS3A_TORRU Tortula ruralis 29 05 protein synthesis 05.01 ribosomal proteins U
151 40S ribosomal protein S15a-1 R15A1_ARATH Arabidopsis thaliana 15 05 protein synthesis 05.01 ribosomal proteins D
150 60S ribosomal protein L3 RL3_ORYSJ Oryza sativa 44 05 protein synthesis 05.01 ribosomal proteins D
197 60S ribosomal protein L38 RL38_ARATH (+2) Arabidopsis thaliana 8 05 protein synthesis 05.01 ribosomal proteins D
297 Eukaryotic peptide chain release factor subunit 1-1 ERF1X_ARATH Arabidopsis thaliana 49 05 protein synthesis 05.04 translation factors D
248 Protein-L-isoaspartate O-methyltransferase PIMT_WHEAT Triticum aestivum 25 06 protein destination/storage 06.01 folding and stability D
253 Chaperone protein ClpB2. Chloroplastic CLPB2_ORYSJ Oryza sativa 109 06 protein destination/storage 06.01 folding and stability D
252 Protein disulfide isomerase-like 2-3 PDI23_ORYSJ Oryza sativa 47 06 protein destination/storage 06.01 folding and stability D
263 T-complex protein 1 subunit alpha TCPA_ARATH Arabidopsis thaliana 59 06 protein destination/storage 06.01 folding and stability D
273 Stromal 70 kDa heat shock-related protein HSP7S_SPIOL Spinacia oleracea 65 06 protein destination/storage 06.01 folding and stability D
285 70 kDa peptidyl-prolyl isomerase FKB70_WHEAT Triticum aestivum 62 06 protein destination/storage 06.01 folding and stability D
304 Prob. protein disulfide-isomerase A6 PDIA6_MEDSA Medicago sativa 40 06 protein destination/storage 06.01 folding and stability 6]
348 RuBisCO large subunit-binding protein subunit alpha. RUBA_PEA Pisum sativum 62 06 protein destination/storage 06.10 complex assembly D
227 Proteasome subunit alpha type-5 PSA5_ORYSJ Oryza sativa 26 06 protein destination/storage 06.13 proteolysis D
153 Ubiquitin-activatingenzyme E1 1 UBE11_WHEAT Triticum aestivum 117 06 protein destination/storage 06.13 proteolysis D
176 Ubiquitin-NEDD8-like protein RUB1 RUB1_ARATH (+4) Arabidopsis thaliana 17 06 protein destination/storage 06.13 proteolysis D
244 Alpha/beta-gliadin clone PW1215 GDA6_WHEAT Triticum aestivum 34 06 protein destination/storage 06.20 storage proteins D
200 ADP.ATP carrier protein 1. mitochondrial ADT1_WHEAT (+1) Triticum aestivum 36 07 transporters 07.16 purine/pyrimidines D
376 Actin-7 ACT7_ARATH Arabidopsis thaliana 42 09 cell structure 09.04 cytoskeleton U
137 Histone H2B.10 H2B10_ORYSI (+22) Oryza sativa 17 09 cell structure 09.13 chromosomes U
319 Histone H3.2 H32_ARATH (+5) Arabidopsis thaliana 15 09 cell structure 09.13 chromosomes 6]
333 Signal recognition particle 19 protein SRP19_ORYSJ Oryza sativa 15 10 signal transduction 10.04 mediators D
370 Ser/thr-protein phosphatase PP2A-4 catalytic subunit PP2A4_ORYSJ Oryza sativa 36 10 signal transduction 10.0407 phosphatases U
169 Cysteine proteinase inhibitor 12 CYT12_ORYSJ] Oryza sativa 27 11 disease/defense 11.02 defense-related D
340 Selenium-binding protein 1 SEBP1_ARATH Arabidopsis thaliana 54 11 disease/defense 11.04 stress responses U
282 Dehydrin Rab15 DHR15 WHEAT Triticum aestivum 16 11 disease/defense 11.04 stress responses D
269 Em protein H5 EM4_WHEAT Triticum aestivum 10 11 disease/defense 11.04 stress responses D
350 Prob. NADPH:quinone oxidoreductase 1 NQR1_ORYSJ Zea mays 21 11 disease/defense 11.06 detoxification D
209 Alpha-amylase/trypsin inhibitor CM16 IAC16_WHEAT Triticum aestivum 16 12 unclear classification D
210 Carbonic anhydrase. Chloroplastic CAHC_HORVU Hordeum vulgare 35 12 unclear classification D
s Serpin-ZX SPZX_HORVU Hordeum vulgare 43 12 unclear classification D
78 Lactoylglutathione lyase/glyoxalase LGUL_ORYSJ Oryza sativa 33 20 secondary metabolism 6]

No, protein number; accession no, accession number accordingto the Swiss-Protdatabase; MW, molecular weight (kDa); R., ratio control/ascorbate-priming; U, up-regulated proteins; D, down-regulated
proteins.

494

987 (€102) T6 SOINO3ILOYd 40 1TVNHNOTL

661



90

JOURNAL OFPROTEOMICS 91 (2013) 486-499

493

Finally, B was lowered to 5% over 1 min and the column
re-equilibrated for 24 min (120 min total run time). MS
spectra were collected over an m/z range of 400-1800 Da at
60,000 resolutions, operating in the data dependent mode to
automatically switch between Orbitrap-MS and LTQ-MS/MS
acquisition. MS/MS spectra were collected for the five most
abundant ions in each MS scan (“TOP5 strategy”) using a
dynamic exclusion limit of 2 MS/MS spectra of a given mass
for 30 s with exclusion duration of 100 s. CID was performed
with normalized collision energy set at 35 V. In order to
assess the additional variation introduced into the measure-
ments by the technical procedure and to increase the
number of identified proteins, we performed three technical
replicates (LC-MS/MS runs) for each of the three experimen-
tal replicates.

2.6. Database searching and protein identification

Raw MS/MS data files from Xcalibur software (version 2.0.7
SP1, Thermo Fisher) were submitted to Proteome Discoverer
software version 1.3 (Thermo Scientific) for peptide/protein
identification. The searches were performed against Swiss-Prot
database (version57.15). Thermo Finnigan LCQ/DECA RAW file
data import filter was used. The search was limited to proteins
from species of the Viridiplantae (green plant) taxonomy entries
and performed using the built-in decoy search option of Mascot.
Enzymatic digestion with trypsin was selected, with maximum
2 missed cleavages, peptide charges +2 and +3, and a precursor
mass tolerance of 10 ppm and 0.8 Da fragment mass tolerance;
acetylation (N-term), oxidation (M)and deamidation (N, Q) were
used as dynamic modifications; carbamidomethylation (C) was
used as static modification.

2.7. Scaffold analysis

Scaffold software (version 3.1.2, Proteome Software Inc.) [27]
was used to validate MS/MS based peptide and protein
identifications and for label-free relative quantitation based
on spectral counting. Spectral counting calculates the number
of MS/MS scans that are attributed to the same peptide ion.
The frequency of these MS/MS scans correlates with the
abundance of a given peptide from a protein in the sample.
The number of spectra matched to peptides from a protein is
used as a surrogate measure of protein abundance. Normal-
ization will standardize the spectral counts by multiplying
some fractional amount across samples so that the total
number of spectra is the same within each category and then
across all categories, as from Scaffold's manual. The addi-
tional X! Tandem search engine (The GPM, Cyclone version
2010.12.01.1) was also chosen, keeping the same parameters
previously used for Mascot. According to the Peptide and
Protein Prophet algorithms [28,29] implemented into Scaffold,
the peptide probability was set to minimum 95%, whereas the
protein probability was set at 99%, with at least two identified
peptides, resulting in a false discovery rate (FDR) for peptides
and proteins <0.2% (where only 1 decoy hit was observed).
Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped
to satisfy the principles of parsimony. Fisher's exact test
was used to identify statistically significant differences

between unprimed seeds and primed seeds (hydro-primed
or ascorbate-primed). Proteins, which had at least a two-fold
difference for the mean ratio, as well as a Fisher's p-value
<0.05, a relative standard deviation (RSD) of experimental
replicates <40%, and appear in more than one biological
replicate, were considered present in the two samples in
significant different quantities.

2.8. Functional classification
Gene Ontology (GO) data about the biological processes of

identified proteins were obtained by means of Scaffold's
built-in option and accordingto Bevanet al. [30].

3. Results
3.1 Design of the experiment and proteomic approach

As a first step toward characterizing proteins that potentially
associated with priming-induced salt stress tolerance in durum
wheat, a comparative gel-free proteomic analysis was carried
out using primed and unprimed seeds. In this work, we are also
interested in examining whether the effects of seed priming can
be considered as an advance in germination corresponding to
the realization of germination-related processes (i.e., water
uptake, cell divisions), or involve other particular mechanisms.
Toward this goal, we used durum wheat seeds of varying vigor
as generated by hydro- and ascorbate-priming treatments.

As expected, seed germination and seedling emergence of
durum wheat are significantly (p < 0.05) improved by seed
priming (Fig. 1A). The primed seeds also showed an advance
in germination time as compared to untreated controls.
Ascorbate-priming seems to be more effective than hydro-
priming in induction of salinity tolerance in durum wheat.
The results also showed that seed priming, especially with
AsA, enhanced all the growth parameters of the durum
wheat seedlings, particularly the coleoptile growth, which
appears to be the most affected by salinity stress (Fig. 1B).

Given the importance of the sample preparation step for
the analysis of MS-based proteomics, in this study, it has
been decided to combine two methods. First, a fractionation
method based on the specific solubility properties of different
classes of wheat seed proteins, since fractionation is essential
to uncovering low-abundance proteins in complex protein
mixtures [31]. Second, an enrichment method for less abundant
proteins using hydrogel nanoparticles, which may further
increase the number of identified proteins as revealed in our
previous study [20]. This approach has proved to be effective,
and a large number of proteins have been identified. The
combination of the two protocols, standard in-solution trypsin
digestion and hydrogel nanoparticle enrichment (see Materials
and methods), allows us to identify a total of 380 proteins using
the average of 1830 distinct peptide sequences per sample
(Supplement Table S1). Furthermore, the choice of an
enrichment step, followed by an in-solution digestion, repre-
sents a fast and simple protocol allowing us to increase
significantly the number of identified proteins, as shown in
Table 1, providing additional information to that obtained by
the standard.
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To ensure the accuracy, reproducibility, and reliability of
protein identification, three experimental replicates and three
technical replicates were performed [32]. In order to check the
correspondence among technical replicates, the unweighted
spectral counts of each replicate from the same experimental
sample were plotted against each other and evaluated using
Scaffold's built-in option. The same assessments were applied
to the experimental and control groups.

3.2. Proteomics of durum wheat seed metabolic proteins

Of a total of 380 identified proteins, 182 were significantly up- or
down-regulated in response to priming (Supplementary
material Table S1). However, applying the other conditions
(i.e., at least a two-fold difference for the mean ratio; protein
identified in more than one biological replicate) the number of
identified proteins was reduced to 155. Of these, 72 proteins
were differentially accumulated in hydro-primed seeds, among
which 43 were up-regulated and 29 were down-regulated (Fig. 2
and Table 2). However, 83 proteins were found to be differen-
tially accumulated in ascorbate-primed seeds, 30 of these were
up-regulated and 53 were down-regulated (Fig. 2 and Table 3).

3.3. Functional protein classification

Tables 2 and 3 (summarized in Fig. 3) list 112 proteins among
the 155 identified (43 are redundant proteins). These proteins
were grouped into 13 functional categories according to
Bevanet al. [30]. In certain cases, subcategories were devised
for clarity. The graphical view highlights five biochemical
processes — central metabolism (amino acids, lipids and
carbohydrates), energy, protein synthesis, protein folding/
assembly and storage, and stress-related proteins - that
comprised ~80% of the total of proteins identified (Fig. 3). 6%
of the proteins have been unclassified.

Fig. 3 — Functional distribution of the 121 proteins identified
in hydro-primed and ascorbate-primed wheat seeds. Up,
up-regulated proteins; Down, down-regulated proteins.
Functional classes according to Bevanet al. [30].
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3.4. Comparative analysis of identified proteins

Fig. 4 shows a comparative view of the 112 proteins whose
abundance varied in response to seed priming. Among them, 43
were equally affected by both seed pretreatments (Table 2;
Supplementary material Table S2). Of these, 41 proteins showed
similar changes in their abundance, whereas two were differ-
entially affected. Hydro-priming specifically affects the abun-
dance of 29 proteins most of them belonging to the metabolism
(particularly lipid metabolism) and protein synthesis categories
(Figs. 2 and 4; Table 2 and Supplementary material Table S3).
However, besides the 43 shared proteins, ascorbate-priming
specifically affects the abundance of 40 proteins; most of
them belonging to energy, protein destination and storage,
and disease/defense protein categories (Figs. 2 and 4; Table 3
and Supplementary material Table S4).

4, Discussion

Salinity is probably the major abiotic stress that threatens
crop productivity worldwide [5,6]. Poor seed germination and
seedling emergence are among major consequences of salinity
[33]. Seed priming, however, has been successfully used to
improve germination and emergence in seeds of many crops
[10-13,23,24,34]. This is of particular importance for wheat,
since it seems to be more sensitive to salinity during the early
seedling stage [23,33]. Consistent with this, priming durum
wheat seeds resulted in an improved germination and seedling
growth (Fig. 1). Since the improvement of seed vigor is both of
academic and economical interest, a great deal of research has
been done in the last few years trying to test, develop and
eventually promote seed priming for improving the germina-
tion rate and uniformity of growth of many vegetables and field
crops [10,13,22,23]. Nevertheless, the molecular mechanisms of
priming as it relates to stress tolerance in germinating seeds
remain largely unclarified. In the last decade, many compara-
tive studies have been performed using gel-based proteomic
approach to identify potential biomarkers of seed vigor under
primed and non-primed conditions [11-13,35]. Although the
results achieved to date are impressive, this goal remains
elusive [7,14] mainly because of the high dynamic range in the
abundance of particular proteins (i.e., storage proteins) [13] and
the limited resolving power of gel-based approach, which only
allows separation of proteins within certain isoelectric point (Ip)
and molecular weight restrictions [36]. Gel-free proteomic
approach is able to overcome most of these difficulties [32]
and consequently, provide strong impetus to gain better
understanding of the underlying mechanisms of seed vigor
and priming-induced stress tolerance [7,10,11]. Here we
report, for the first time, a comparative gel-free shotgun
proteomic analysis of metabolic proteins extracted from
durum wheat seeds of varying vigor as generated by hydro-
and ascorbate-priming treatments.

4.1. Proteomics of wheat hydro-primed seed
metabolic proteins

This study disclosed 72 proteins that were differentially
accumulated in wheat seeds during hydro-priming (Table 2;
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Fig. 4 — Venn diagrams and functional classification of wheat proteome in hydro-primed seeds compared to ascorbate-primed
seeds. (A) Venn diagram displaying the overlap in the proteome of primed durum wheat seeds (hydro-priming vs.
ascorbate-priming). (B) Functional categories of proteins shown in (A). Up, up-regulated proteins; Dn, down-regulated proteins.
The number of identified proteins is indicated. (C) Functional classes according to Bevan et al. [30]. *2 proteins among them
were differentially regulated by both priming treatments.

Supplementary material Table S2). Among these, proteins In wheat, albumins and globulins constitute about 11% of
belonging to the functional category of “proteins destination total flour protein and have mainly metabolic activity or
and storage” were highly represented (Figs. 2 and 3; Table 2). structural functions [22]. Even though wheat seed storage

Fig. 5 — Scheme showing the possible changes in methionine metabolism induced by ascorbate-priming. Enzymes: (1) SAM
synthase; (2) SAM-dependent methyltransferase; (3) S-AdoHcy hydrolase; (4) S-AdoMet:Hcy methyltransferase; (5) SMM: Hcy
methyltransferase; (6) selenium binding protein 1; (7) Met synthase; (8) FTHF-ligase; (9) methylthioribose-1-phosphate
isomerase. See text for details. SAM: S-adenosylmethionine; SMM: S-methyl-methionine; S-AdoHcy:

S-adenosylhomocysteine; S-AdoMet: S-adenosylmethionine; Hcy: homocysteine; FTHF: formate-tetrahydrofolate.
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proteins were not considered in this study, the hydro-priming
treatment resulted in the up-accumulation of proteins involved
in proteolysis (protein nos. 165, 190, 204, 305, 318) as well as
transport, and intracellular trafficking (protein nos. 235, 264,
265, 314, 344). Interestingly, among these proteins, V-type
proton ATPase (protein no. 314, identified for the first time) is
described as involved in the regulation of the proteolysis of
stored proteins by acidification of the protein storage vacuole
[37]. This finding indicates that hydro-priming promotes
the mobilization of storage proteins, as previously suggested
[11-13]. This initial mobilization of the storage proteins is
probably required to facilitate their further proteolytic degrada-
tion during seed germination and seedling emergence [10-13].
Furthermore, in this functional category several heat shock
proteins (HSPs) and a DNA damage-binding protein were
identified as changing in abundance during hydro-priming
(Fig. 3; Table 2; Supplementary material Table S2). The HSPs
are involved in diverse cellular processes, including regula-
tion of protein degradation during seed germination [38]
and probably during seed priming [12,13,39]. However, DNA
damage-binding proteins are a component of the E3 ubiquitin-
protein ligase complex, and seem to be essential for normal
seed germination and post-germination growth, as recently
reported in Arabidopsis [40]. In this study, the up-regulation of a
small heat shock protein (17.4 kDa class | HSP) and a DNA
damage-binding protein (DDB 1a, previously unidentified pro-
tein), along with a GTP-binding protein SAR1 (protein no. 265),
suggests that mobilization of seed storage proteins during
hydro-priming is likely to be under control.

In the “protein synthesis” category, several proteins were
found to be up-regulated during hydro-priming (Table 2;
Supplementary material Table S2). Previously, it has been
reported that protein synthesis increases substantially during
priming, and this including both the quantity and the type of
the proteins being synthesized [41]. Also, it has been revealed
that within a few minutes after rehydration, the number of
single ribosomes declines, as they become recruited into
polysomal protein-synthesizing complexes [42,43]. Even though
initial protein synthesis is dependent on extant ribosomes,
newly synthesized ribosomes are produced and used within a
few hours after completion of the initial polysome assembly
during germination [43,44]. Consistent with this, while six
individual ribosomal proteins (protein nos. 276, 257, 281, 291,
331, 343) were down-regulated after hydro-priming, eight other
ribosomal proteins (protein nos. 203, 199, 202, 156, 341, 313, 241
and 208) were found to be up-regulated by this process (Table 2
and Supplementary material Table S2). Furthermore, in this
functional category, several elongation factors (EF) and eukary-
otic translation initiation factors (elF) have been found to
changes in abundance in response to hydro-priming (Table 2
and Supplementary material Table S2), consistent with results
obtained in Arabidopsis [39], sugar beet [12] and alfalfa[13] seed
during priming. In this study, the abundance of elF3K, elF4A
and many EF (protein nos. 44, 128, 225, 262) was found to be
up-regulated in hydro-primed seeds (Table 2). However, it is
interesting to note that elF5A-1 was down-regulated during this
treatment. This initiation factor, previously unidentified, is a
highly conserved factor and thought to be necessary for
selective mRNA stabilization and translation. In line with this,
the stability of stored mRNAswas shown to be an important

determinant of seed vigor [45]. Therefore, it will be very
interesting to investigate the potential involvement of this
initiation factor in seed vigorand invigoration.

In the “metabolism” category, abundance of fifteen proteins
was found to be affected by hydro-priming treatment. Among
them, six proteins are involved in carbohydrate metabolism
(Fig. 3; Table 2; Supplementary material Table S2). In seeds,
galactose-containing oligosaccharides (raffinose family, RFOs)
and polysaccharides (galactomannans) are among the most
prominent soluble sugars, and serve as an essential source
of rapidly metabolizable carbon for early germination [46] and
seed priming [13,47]. Thus, it is not surprising that the
abundance of a-galactosidase and sucrose-phosphate synthase
4 (SPS4), which plays a pivotal role in the conversion of starch or
fatty acids into sucrose [48], was strongly up-regulated during
hydro-priming. Also, in this functional category, the abundance
of five proteins involved in amino acid metabolism was found
to be changed by hydro-priming (Fig. 3; Table 2; Supplementary
material Table S2). Methionine (Met) is a fundamental amino
acid as the building block for the biological universal
methylating agent, S-adenosylmethionine (AdoMet), and as
the precursor of polyamines, the plant-ripening hormone
ethylene, and the vitamin biotin [8]. Previous reports sug-
gested that the methyl cycleis activated during seed priming
[12,13]. In agreement, in this study the abundance of three
enzymes involved in sulfur amino acid metabolism (protein
nos. 147, 212, 311) as well as a pyridoxal biosynthesis protein
(PDX1.1), which is involved in biotin metabolism, was found
to be up-regulated in response to hydro-priming. In addition,
two enzymes involved in lipid metabolism (protein nos. 274,
231) were specifically up-regulated by hydro-priming treat-
ment (Fig. 3; Table 2; Supplementary material Table S2).
Similar results were reported in previous studies [12,13].
These findings presumably reflect an initiation of seed
storage mobilization in response to hydro-priming.

In the “disease/defense” category, many proteins were
found to change in abundance during hydro-priming (Table 2;
Supplementary material Table S2). Previous reports revealed
that priming up-regulates the abundance of several proteins
associated to detoxification and stress response [12,13,39].
In the present study, three stress-related proteins (protein
nos. 161, 191, 260) were found to be up-regulated during
hydro-priming. Interestingly, the abundance of 1-Cys
peroxiredoxin (1-CysPrx) was down-regulated. This enzyme
is a peroxidase specifically and highly produced in seeds,
localized in nuclei of scutellum and aleurone cells [49] and
seems to be involved in the inhibition of germination
particularly under salt, osmotic and oxidative stress condi-
tions [50]. Together, these findings confirm and extend
previous observations that seeds experience osmotic stress
in the limiting water conditions (i.e., restricting the period
of germination on water, using osmotic solution) used in
priming treatments [13,39].

4.2. Proteomics of wheat ascorbate-primed seed
metabolic proteins

Ascorbic acid is one of the most important metabolites
involved in cell division, osmotic adjustment [51], and plays
vital role during the onset of germination [52]. To date, only
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few reports are available regarding the biochemical effects of
ascorbate-priming or pretreatment on the germination of
wheat seeds, most of them are in disagreements [53-55]. To
further characterize the mechanisms involved in improving
seed vigor by ascorbate-priming treatment as shown in this
study (Fig. 1) and many others [23,55,56], we carried out for the
first time a comparative analysis between the proteome of
hydro-primed seeds with that of ascorbate-primed seeds.

As shown in Fig. 3 and Table 2, ascorbate-priming treatment
displayed both similarities and differences compared with the
hydro-priming treatment. Besides the 43 proteins whose
abundance varied in common with hydro-priming treatment
and for whose significance was discussed above, 40 proteins
showed significant change (>2-fold; p <0.05) in their abun-
dance during ascorbate-priming (Table 3; Supplementary ma-
terial Table S4). Among these proteins, there were 29
down-regulated proteins (Fig. 4).

Dehydration and rehydration during seed development and
germination are associated with high levels of oxidative stress,
resulting in DNA and protein damage [8]. These detrimental
conversions can lead to the recognition, tagging, and destruction
of the altered proteins [57]. In the present study, the abundance of
many proteins involved in the protection, repair of damaged
proteins, such as protein-L-isoaspartate O-methyltransferase
(PIMT), protein disulfide isomerase-like 2-3 (PDIL2-3) and HSP7S,
which are able to protect the cell from oxidative damage [13],
was found to be decreased during ascorbate-priming (Fig. 3,
Table 3, Supplementary material Table S4). On the contrary, the
lactoylglutathione lyase (LGL) or glyoxalase I, which is involved
in the glutathione-based detoxification of methylglyoxal (MG)
especially during oxidative stress [58], was found to be increased
in abundance in response to ascorbate-priming. In similar way,
nucleoside diphosphate kinase 1 (NDK 1) was found to be
up-regulated during ascorbate-priming (Table 3; Supplementary
material Table S4). Interestingly, it has been reported that
oxidative stress conditions strongly induced the NDK gene
expression, the over-expression of which reduced the accumu-
lation of ROS [59]. Altogether, these findings corroborate recent
data [12,13,39], suggesting that seed priming initiates an
oxidative stress, which is presumably attenuated by the
ascorbate treatment.

The methionine biosynthesis pathway is essential for cell
viability in that it provides building blocks for proteins and
generates the precursor to S-adenosylmethionine (AdoMet),
which is the main methyl group-donating compound in cells
[8]. Previously, it has been reported that Met metabolism plays
an important role during seed filling, seed germination and
priming [13,39,60]. Consistent with this, in this study, the
abundance of many proteins/enzymes involved in methyl
cycle (protein nos. 117, 163, 169, 193, 248, 326, 340) was found
to be affected by ascorbate-priming treatment (Tables 2 and 3;
Supplementary material Table S2 and S4). However, it is
interesting to note that adenosylhomocysteinase (AdoHcy
hydrolase) was up-regulated whereas S-adenosylmethionine
synthetase was down-regulated during ascorbate-priming
(Table 3, Supplementary material Table S4). AdoHcy hydrolase
catalyzes the production of AdoHcy (Fig. 5). AdoHcy is the product
of all AdoMet-dependent biological transmethylation reactions
and is a potent competitive inhibitor of S-adenosylmethionine-
dependent methyl transferase reactions that are crucial to

growth and development including seed germination [61]. This
enzyme, presumed to play a key role in the control of DNA and
other substrates methylation, may influence the expression of
certain genes, such as genes related to seed germination and
dormancy [62]. Thus, it will be interesting to investigate the
possible role of AdoHcy hydrolase in seed priming, as previously
performed in seed germination [63].

In similar way, ascorbate-priming appears to strongly
enhance the abundance of selenium binding-protein 1
(>5-fold), which binds cadmium and mediates lower sensi-
tivity to stress requiring glutathione (GSH) for tolerance [64].
In animals, selenium deficiency is shown to decrease specifi-
cally the activity of betaine homocysteine methyltransferase
that catalyzes the conversion of homocysteine to methionine,
suggesting the involvement of selenium binding-protein in
methionine biosynthesis [65]. In plants, numerous studies
reported the importance of selenium in seed germination,
seedling growth, and many metabolic processes notably under
stress conditions [66-68], suggesting the possible involvement of
selenium binding-protein 1 in methyl-methionine cycle (Fig. 5).

Furthermore, the level of methylthioribose-1-phosphate
isomerase, which catalyzes the biosynthesis of methionine via
salvage pathway or Yang cycle [69], appears to up-regulate
during ascorbate-priming (Fig. 5). Finally, there was a decrease
in abundance of the enzyme formate-tetrahydrofolate ligase
(FTHF-ligase) that catalyzes the interconversion of THF with
10-FTHF, which functions as one-carbon donor and plays a
critical role in thymidine and purine biosynthesis (Supplemen-
tary material Table S4). This is consistent with a decreased
abundance of FTHF-ligase during seed priming [12], and
suggests that THF was used for the recycling of Met.

Altogether, these findings underpin the importance of
the ROS-scavenging and the antioxidant defense system in
improving germination and seedling growth of durum wheat
under salt stress, and suggest a possible role of methionine in
seed invigoration by seed priming with ascorbate.

5. Conclusions

Our study presents a proteomic pipeline for extensive charac-
terization of metabolic proteins from durum wheat seeds using
solubility-based protein fractionation and protein enrichment
combined with gel-free, label-free quantitative tandem MS
(LTQ-Orbitrap). The application of an enrichment method,
such as hydrogel nanoparticle fractionation, has enhanced
the identification of a large part of the metabolic proteins.
Accordingly, we propose that this approach could be used to
acquire a wider perspective and a better understanding of the
seed proteome.

Furthermore, the above approach was successfully applied
to investigate the possible biomarkers of priming-induced salt
tolerance in durum wheat. The results give evidence that
priming enhanced wheat seed vigor under salt stress condi-
tions not only by advancing germination-related processes,
but also by affecting the abundance of many proteins, most of
which are involved in protein metabolism and stress response.
More interestingly, besides the initiation of oxidative stress
defense, ascorbate-priming appears to specifically affect the
methionine-related metabolism.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.08.010.
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understanding the potential mechanisms underlying this priming effect a gel-free shotgun
proteomic analysis was performed comparing unprimed to ascorbate-primed wheat seed
during germination under saline and non-saline conditions. Since seed germination is the
result of interplay or cross-talk between embryo and embryo-surrounding tissues, we
studied the variation of metabolic proteome in both tissues separately. 167 of 697 identified
and 69 of 471 identified proteins increase or decrease in abundance significantly in
response to priming and/or salinity compared to untreated, unstressed control in embryo
and embryo-surrounding tissues, respectively. In untreated wheat embryo salt stress was
accompanied by change in 129 proteins, most of which are belonging to metabolism,
energy, disease/defense, protein destination and storage categories. Ascorbate pretreat-
ment prevents and counteracts the effects of salinity upon most of these proteins and
changes specifically the abundance of 35 others proteins, most of which are involved in
metabolism, protein destination and storage categories. Hierarchical clustering analysis
revealed three and two major clusters of protein expression in embryo and embryo-
surrounding tissues, respectively. This study opens promising new avenues to understand
priming-induced salt tolerance in plants.

Biological significance

To clearly understand how ascorbate-priming enhance the salt tolerance of durum wheat
during germination, we performed for the first time a comparative shotgun proteomic
analysis between unprimed and ascorbate-primed wheat seeds during germination under
saline and non-saline conditions. Furthermore, since seed germination is the result of

Abbreviations: UP-H,0, UnPrimed control; UP-NaCl, UnPrimed salt stressed; AP-H,O, Ascorbate-Primed non stressed; AP-NaCl,

Ascorbate-Primed salt stressed.
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interplay or cross-talk between embryo and embryo-surrounding tissues we analyzed the
variation of metabolic proteome in both tissues separately. 1168 proteins exhibiting greater
molecular weight diversity (ranging from 5 to 258 kDa) were identified. Amongthem, 167 and

69 proteins were increased or decreased in abundance significantly by priming and/or salinity
as compared to control, in embryo and embryo-surrounding tissues respectively. Ascorbate
pretreatment alleviates the effects of salinity upon most of these proteins, particularly those
involved in metabolism, energy, disease/defense, protein destination and storage functions.

Hierarchical clustering analysis revealed three and two major clusters of protein accumula-
tion in embryo and embryo-surrounding tissues, respectively. These results may provide new
avenues for understanding and advancing priming-induced salt tolerance in crop plants.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Salinity is a major abiotic stress that adversely influences
plant growth and crop productivity. Seed germination and
early seedling growth are the stages that most likely affect
plant establishment and subsequent crop yield. Unfortunate-
ly, in many cereal crops such as wheat, seed germination and
early seedling growth are the stages most sensitive to salt
stress [1,2]. Wheat production is obviously limited by the
availability of water resources and soil salinity, which are the
primary cause of crop loss worldwide, reducing the average
yields for most crop plants by more than 50% [3]. Therefore,
understanding the molecular basis of abiotic stress responses
is necessary for genetic improvement of stress tolerance in
wheat crop [4,5]. A key to achieving this is the elucidation of
the molecular mechanisms underlying seed germination and
vigor in this species, especially under stress conditions.

It is well-documented that the wheat germination process is
highly disturbed by salt and osmotic stress [6-8]. To date, several
transcriptomic and proteomic studies have sought to identify
both candidate gene and gene products in a range of crop and
model plants under normal and stress conditions [9-14]. Cereal
embryos have been largely used as a model system to study
stress tolerance [15]. Seed protein content is of high value for
defining the end-use quality of wheat grain [16], and it also
determine the plant's performance during germination and
affect the final crop productivity. Unlike storage proteins,
albumins and globulins are proteins that control metabolic
and cellular processes; therefore, they are of high interest when
investigating germination under salinity stress [17].

Seed priming is a pre-sowing treatment that improves seed
performance and alleviates the negative effects of environ-
mental stresses on seed germination and seedling establish-
ment [1]. To gain insights into the gap of knowledge on the
molecular features of seed invigoration in wheat, we have
previously used gel-free proteomic approach to investigate
the metabolic proteome changes in quiescent dry seeds
triggered by seed-priming treatments [18]. It has been
reported that ascorbate-priming was accompanied by signif-
icant changes of 83 proteins, most of which are involved in
protein metabolism, antioxidant protection, repair processes
and in methionine-related metabolism.

In orthodox seeds (such as wheat seeds), neither ascorbate
(AsA) nor ascorbate peroxidase (APX) activity exist at the
quiescent stage, however, they appear within a few hours
after the imbibition [9,19]. The rapid recovery of both AsA

biosynthesis and APX activity is crucial for seed germination
and early development of seedlings [20]. It is worth noting
that the high dose of AsA suppress germination as reported
for wheat [21] and rice seeds [22,23]. Despite its role as a
substrate in gibberellins (GAs) biosynthesis, it has been
reported that expression of GAs biosynthesis genes was
suppressed by the low levels of AsA in abscisic acid
(ABA)-treated rice seeds [22,23].

The ability of a seed to germinate has been described as a
balance between the growth potential of the embryo under
promoting conditions and the restrictions imposed by the
embryo-surrounding tissues [14]. To date, the proteome
analyses of endosperm, aleurone and embryo has been
extensively studied in many monocot plants [9,15,24]. Never-
theless, limited information is available about salt-responsive
proteins/genes in wheat seed during germination or post-
priming germination, and the study of protein abundance and
localization changes in response to salinity may therefore
help identify the associated genes and provide a detailed
network of the stress adaptation mechanisms in this impor-
tant staple food crop [2,25]. Thus, to extend our understanding
of the underlying mechanisms of seed vigor and seed
invigoration, we carried out a comparative analysis between
the metabolic proteome of unprimed and AsA-primed seeds
during germination under control and salt stress conditions.

2. Materials and methods
2.1. Seed treatment and germination

Seed priming with AsA solution (0.5 mmol L™) was performed
essentially as previously described [18]. Thirty dried seeds of
durum wheat (Triticumdurum Desf. var. Waha), high yielding
genotype moderately resistant to salinity at growth stage and
widely cultivated in Algeria, both treated and untreated, were
placed in each Petri-dish containing two layers of Whatman No.
1 filter paper initially moistened with 10 mL of saline solution
(NaCl 250 mmol LY or distilled water (control). Seeds were
germinated in darkness in a temperature-controlled chamber
heldat 24 + 0.5 °C until germination sensu stricto (about 42 hours).

2.2. Extraction and quantification of metabolic seed proteins

After 42 hours from the incubation, the embryo (embryonic axis
and scutellum) was separated from the embryo-surrounding
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tissues (embryo-ST, endosperm, aleurone layers and pericarp)
and both of them were analyzed independently. Metabolic seed
proteins were extracted using the method developed by
Hurkman et al. [26] with some modifications. Briefly, the embryo
and the embryo-ST from the wheat seeds were separately frozen
in liquid N, and ground to a fine powder using a ceramic mortar
and pestle. Seventy-five mg of the resulting powder was used to
extract proteins as previously performed [18]. Metabolic proteins
were quantified by Bradford assay using BSA standard [27]. Three
experimental replicates were performed for each seed type.

2.3. In solution trypsin digestion and off-line desalting

For each sample, protein aliquots, were reduced, alkylated,
and digested with trypsin. Reduction of disulphide bonds was
performed with DTT (200 mmol L™) in incubation at 37 °C for
1 h, under slight agitation. Carbamidomethylation of thiol
groups was performed by addition of 1AA (200 mmol L% and
incubation for 1 h in the dark at RT. To consume any leftover
alkylating agent and to avoid trypsin alkylation, DTT
(200 mmol L% was added and samples were incubated at
37 °C for 1 h, under slight agitation. The samples were then
diluted with ammonium bicarbonate (50 mmol L™*) to obtain
a 1molL ' final urea concentration. Sequencing grade-
modified tryspin was added (1:20, w/w, enzyme to protein
ratio) and the samples were incubated overnight at 37 °C.
Enzymatic digestion was quenched with TFA. Digested sam-
ples were desalted using SPE C18 cartridges conditioned with
ACN and rinsed with 0.1% TFA. Peptides were eluted from the
SPE column with 500 uL ACN/ddH,O (50/50, v/v) containing
0.05% TFA and were dried in a Speed-Vac SC 250 Express
(Thermo S 164 avant, Holbrook, NY, USA). Each sample was
re-constituted with 250 uL of 0.1% HCOOH aqueous solution
and stored at -80 °C until LC-MS/MS analysis.

2.4. NanoHPLC-MS analysis

LC-MS/MS analysis was performed on Orbitrap Elite hybrid ion
trap-Orbitrap mass spectrometer (Thermo Scientific, Bremen,
Germany) equipped with a nanoelectrospray ion source.
Peptide mixtures were separated by RP chromatography
using the Dionex Ultimate 3000 (Dionex Corporation Sunny-
vale, CA, USA). The LC system was connected to an in-house
manufactured 25 cm fused-silica nano-column, 75 um i.d.,
packed with Acclaim-C182.2 um silica microparticles, with
outlet frit prepared using Kasil. Peptide mixtures were
enriched on a 300 pum i.d. x 5 mm Acclaim PepMap 100 C18
(5 um particle size, 100 A pore size) p-precolumn (Dionex),
employing a premixed mobile phase ddH,O/ACN98/2 (v/v)
(from loading pump) containing 0.1% (v/iv) HCOOH at a
flow-rate of 10 uL min *. LC gradient was optimized to detect
the largest set of peptides, using ddH,0/HCOOH (99.9/0.1, v/v)
as phase A and ACN/HCOOH (99.9/0.1, v/v) as phase B. After an
isocratic step at 5% B for 5 min, B was linearly increased to
15% within 2 min and then to 35% within 120 min; afterwards,
phase B was maintained at 35% within 10 min, and increased
to 80% within the following 10 min. Then, phase B was
maintained at 80% for 10 min to rinse the column. Finally, B
was lowered to 5% over 1 min and the column re-equilibrated
for 19 min (177 min total run time). MS spectra were collected

over an m/z range of 380-2000 Da using a resolution setting of
60000 (FWHM, m/z 400), operating in the data dependent mode
to automatically switch between Orbitrap-MS and LTQ-MS/MS
acquisition. MS/MS spectra were collected for the twenty most
abundant ions in each MS scan. Rejection of +1, and un-
assigned charge states was enabled. All MS/MS spectra were
collected using a normalized collision energy of 30%, and an
isolation window of 2 m/z. lon trap and Orbitrap maximum ion
injection times were set to 100 and 200 ms, respectively.
Automatic gain control (AGC) was used to prevent overfilling
of the ion traps and was set to 1 x 10° for full FTMS scan, and

1 x 10* ions in MS" mode for the linear ion trap. To minimize

redundant spectral acquisitions, dynamic exclusion was en-
abled with a repeat count of 1 and a repeat duration of 30 s with
exclusion duration of 70 s. In order to increase the number of
identified proteins, we performed three technical replicates
(LC-MS/MS runs) for each of the three experimental replicates.

2.5. Database searching and protein identification

Raw MS/MS data files from Xcalibur software (version 2.2
SP1.48, Thermo Fisher Scientific) were submitted to Proteome
Discoverer software version 1.3 (Thermo Scientific) with the
Mascot search engine for peptide/protein identification. The
searches were performed against Swiss-Prot database (Re-
lease 2012 05, Number of sequences: 538585). Thermo
Finnigan LCQ/DECA RAW file data import filter was used.
The search was limited to proteins from species of the
Viridiplantae (green plants) taxonomy entries and performed
using the built-in decoy search option of Mascot. Enzymatic
digestion with trypsin was selected, with maximum 2 missed
cleavages, peptide charges +2 and +3, a precursor mass
tolerance of 10 ppm and 0.8 Da fragment mass tolerance;
acetylation (N-term), oxidation (M) and deamidation (N, Q)
were used as dynamic modifications; carbamidomethylation
(C) was used as static modification.

2.6. Scaffold analysis

Scaffold software (version Scaffold 3.1.2, Proteome Software
Inc., Portland, OR.) [28] was used to validate MS/MS based
peptide and protein identifications, and for label-free relative
quantitation based on normalized spectral counting. The
additional X! Tandem search engine (The GPM, Cyclone
version 2010.12.01.1) was also used, keeping the same
parameters previously used for Mascot. According to the
Peptide and Protein Prophet algorithms [29,30] implemented
into Scaffold, the peptide and protein identifications were
accepted if they could be established at greater than 95% and
99% probability, respectively, and contained at least 2 unique
identified peptides, resulting in a false discovery rate (FDR) for
peptides and proteins of all samples < 0.6% (including <5
decoys). Proteins that contained similar peptides and could
not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. ANOVA test
was used to identify statistically significant differences
between different treatments and control. Proteins, which
had at least a two-fold difference for the mean ratio, as well as
a P-value<0.05, a relative standard deviation (RSD) of
experimental replicates < 40%, and appear in more than one
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experimental replicate, were considered present in the two
samples in significant different quantities.

2.7. Functional classification
Gene Ontology (GO) data about the biological processes of

identified proteins were obtained by means of Scaffold's built
in option and accordingto Bevanet al. [31].

3. Results
3.1. Wheat embryo metabolic proteome

Of a total of 697 identified proteins, 167 were increased or
decreased in abundance significantly in response to priming

and/or salinity compared to untreated, unstressed control
(see Fig. 1A). Among these proteins, 129 proteins (82 specifi-
cally affected) were found to be differentially accumulated in
unprimed salt stressed wheat embryo (UP-NaCl vs. UP-H,0),
45 among them were increased, and 84 were decreased in
abundance (Fig. 1C and Table 1, Supplementary material
Table S1). On the other hand, 51 proteins were differentially
altered in AsA-primed non-stressed wheat embryo (AP-H,O
vs. UP-H,0),among which 12 were increased and 39 were
decreased in abundance (Fig. 1C and Table 1, Supplementary
material Table S1). However, 77 proteins were found to be
differentially changed in AsA-primed salt stressed wheat
embryo (AP-NaCl vs. UP-H,0), 34 of these were increased and
43 were decreased in abundance (Fig. 1C and Table 1,
Supplementary material Table S1). Functional classification
grouped the 167 identified proteins in 13 functional categories

Fig. 1 — Metabolic proteome signature in Embryo of germinating primed and unprimed wheat seeds under salt stress as
compared to control (UP-H,0). A. Venn diagram based on the differentially accumulated proteins in primed and unprimed

stressed seeds compared with controls; B. Functional classification of proteins according to Bevan et al.

distribution of proteins.

[31]; C. Functional
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Table 1 -Embryo proteome of unprimed and ascorbate-primed wheat seeds during germination under saline and

non-saline con

104

No Identified Proteins Entry name MW P-Value Functional Functional R1 R2 R3
(kDa) Category Description
1 Formate dehydrogenase, mitochondrial FDH_SOLTU 42 <0.0001 20 Secondary 20 Secondary | N N
metabolism metabolism
2 Cationic peroxidase SPC4 PER1_SORBI 38 <0.0001 11 Disease/defense 11.06 Detoxification N N |
3 Actin-2 ACT2_ORYSI 42 <0.0001 09 Cell structure 09.04 Cytoskeleton D D D
5 Pyruvate decarboxylase isozyme 2 PDC2_ORYSI 65 <0.0001 12 Unclear 12 Unclear | N
classification classification
6 Avenin-like bl AVLB1 WHEAT 33 <0.0001 06 Protein 06.20 Storage proteins N D D
destination/storage
7 Serine carboxypeptidase 2 CBP2_WHEAT 50 <0.0001 06 Protein 06.13 Proteolysis | D D
destination/storage
8 Peroxidase PER1_WHEAT 32 <0.0001 11 Disease/defense 11.06 Detoxification D N D
9 Oxalate oxidase 2 0OX02_HORVU 23 <0.0001 11 Disease/defense 11.05 Stress responses D N N
10 Basic endochitinase A CHIA_SECCE 34 <0.0001 11 Disease/defense 11.02 Defense-related | N N
11  Chaperone protein ClpB1 CLPB1_ORYSJ 101 <0.0001 06 Protein 06.01 Folding and | N
destination/storage  stability
12 DEAD-box ATP-dependent RNA RH21_ORYSJ] 85 <0.0001 11 Disease/defense 11.05 Stress responses | D N
helicase 21
15 Fructose-1,6-bisphosphatase, cytosolic F16P2_ORYCO 38 <0.0001 02 Energy 02.02 Gluconeogenesis | N 1
17  Probable xyloglucan XTH_WHEAT 33 <0.0001 09 Cell structure 09.01 Cell wall D 1 |
endotransglucosylase/hydrolase
20 S-adenosylmethionine synthase 3 METK3_HORVU 43 <0.0001 01 Metabolism 01.01 Amino acid D N N
21 Cysteine proteinase EP-B 1 CYSP1_HORVU 40 <0.0001 06 Protein 06.13 Proteolysis N D D
destination/storage
22 Serine/threonine-protein PPP5_ARATH 60 <0.0001 10 Signal 10.0407 Phosphatases D D D
phosphatase 5 transduction
26  RuBisCO large subunit-binding protein RUBA_WHEAT 58 <0.0001 06 Protein 06.10 Complex D N N
subunit alpha, chloroplastic (Fragment) destination/storage  assembly
27  Calreticulin CALR_ORYSJ 48 <0.0001 06 Protein 06.01 Folding and D N N
destination/storage  stability
28  Acetolactate synthase 1, chloroplastic ILVB1_ORYSJ 69 <0.0001 01 Metabolism 01.01 Amino acid D N N
29 Protein SGT1 homolog SGT1_ORYSJ 41 <0.0001 11 Disease/defense 11.05 Stress D N D
responses
31 Alpha-amylase inhibitor 0.28 IAA2_WHEAT 17 <0.0001 12 Unclear 12 Unclear N D N
classification classification
32 Wheatwin-2 WHW2_WHEAT 16 <0.0001 11 Disease/defense 11.02 Defense-related N D D
34  S-adenosylmethionine synthase 1 METK1_TRIMO 43 <0.0001 01 Metabolism 01.01 Amino acid D N N
36 Guanine nucleotide-binding protein GBLPA_ORYSJ 36 <0.0001 11 Disease/defense 11.02 Defense-related D N N
subunit beta-like protein A
37 Alcohol dehydrogenase 1 ADH1_PENAM 41 <0.0001 11 Disease/defense 11.03 Cell death | N
39 Dehydrin COR410 CO410_WHEAT 28 <0.0001 11 Disease/defense 11.05 Stress responses D N D
40 Aldehyde dehydrogenase family 2 AL2B4_ARATH 59 <0.0001 11 Disease/defense 11.05 Stress responses D D D
member B4, mitochondrial
41  L-ascorbate peroxidase 1, cytosolic APX1_ORYSI 27 <0.0001 11 Disease/defense 11.06 Detoxification D N N
43  Probable phospholipid hydroperoxide GPX4_CITSI 19 <0.0001 11 Disease/defense 11.06 Detoxification N 1 N
glutathione peroxidase
45 Glutamate decarboxylase 2 DCE2_ARATH 56 <0.0001 01 Metabolism 01.01 Amino acid | N N
46  T-complex protein 1 subunit alpha TCPA_ARATH 59 <0.0001 06 Protein 06.01 Folding and N D N
destination/storage  stability
47  Wheatwin-1 WHW1_WHEAT 16 <0.0001 11 Disease/defense 11.02 Defense-related N D N
48  Fructan 6-exohydrolase 6FEH_WHEAT 66 <0.0001 01 Metabolism 01.05 Sugars/ | N N
Polysaccharides
49  Small ubiquitin-related modifier 1 SUMO1_ARATH 11 <0.0001 06 Protein 06.07 Modification D N N
destination/storage
51 Dynamin-related protein 1B DRP1B_ARATH 68 <0.0001 01 Metabolism 01.03 Nucleotides N |
53  Avenin-like a2 AVLA2_WHEAT 20 0.0001 06 Protein 06.20 Storage proteins N D N
destination/storage
54  Mitogen-activated protein kinase 3 MPK3_ORYSJ 42 0.00011 10 Signal transduction 10.0404 Kinases | N
56 Oxalate oxidase GF-3.8 GER3_WHEAT 24 0.00012 11 Disease/defense 11.05 Stressresponses D D N
60 Linoleate 9S-lipoxygenase 1 LOX1_HORVU 96 0.00013 01 Metabolism 01.06 Lipid and sterol | N N
61  Serine—tRNA ligase SYS_ARATH 52 0.00013 05 Protein synthesis  05.10 tRNA synthases N D N
62 Phenylalanine ammonia-lyase PAL1_ORYSJ 75 0.00013 20 Secondary 20.1 Phenylpropanoids/ D N N
metabolism phenolics
63  Serpin-Z1A SPZ1A_WHEAT 43 0.00013 | N N
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No Identified Proteins Entryname MW P-Value Functional Functional R1 R2 R3
(kDa) Category Description
06 Protein
destination/storage
67  Tryptophan synthase beta chain 1 TRPB1_MAIZE 43 0.00015 01 Metabolism 01.01 Amino acid D N N
(Fragment)
68 Probable lactoylglutathione lyase, LGUC_ARATH 39 0.0002 20 Secondary 20 Secondary | N
chloroplast metabolism metabolism
69  Alcohol dehydrogenase 1 ADH1_HORVU 41 0.00021 11 Disease/defense 11.03 Cell death | N N
70  Glutamine synthetase leaf isozyme, GLNA2_HORVU 47 0.00022 01 Metabolism 01.01 Amino acid D N D
chloroplastic
74 Alpha-1,4-glucan-protein synthase UPTG_MAIZE 41 0.00029 09 Cell structure 09.01 Cell wall D N D
[UDP-forming]
78 Pyruvate, phosphate dikinase 1, PPDK1_MAIZE 103 0.00035 02 Energy 02.30 Photosynthesis D N D
chloroplastic
79  Transketolase, chloroplastic TKTC_SOLTU 80 0.00035 02 Energy 02.07 Pentose | N N
phosphate
80 Defensin-like protein 2 DEF2_WHEAT 5 0.00035 11 Disease/defense 11.05 Stress responses | D |
82  Glucose-6-phosphate isomerase, G6PI_MAIZE 62 0.00038 02 Energy 02.01 Glycolysis | N N
cytosolic
83 Histone H2B.4 H2B4_MAIZE 15 0.00040 09 Cell structure 09.13 Chromosomes D N D
84  V-type proton ATPasesubunit C VATC_HORVU 40 0.00040 07 Transporters 07.22 Transport | | |
ATPases
86 Trypsin/alpha-amylase inhibitor IACX1_WHEAT 14 0.00041 12 Unclear 12 Unclear N D N
CMX1/CMX3 classification classification
88  Monothiol glutaredoxin-S10 GRS10_ORYSJ 18 0.00041 11 Disease/defense 11.06 Detoxification D D N
89 Catalase isozyme 2 CATA2_HORVU 57 0.00042 11 Disease/defense 11.06 Detoxification D N N
91  Proliferating cell nuclear antigen PCNA_ORYSJ 29 0.00045 03 Cell growth/ 03.16 DNA synth/ D N N
division replication
92  L-ascorbate peroxidase 2, cytosolic APX2_ORYSJ 27 0.00046 11 Disease/defense 11.06 Detoxification D N D
94  Dnal protein homolog DNJH_CUCSA 46 0.00055 06 Protein 06.01 Foldingand N D N
destination/storage stability
99 U1 small nuclear ribonucleoprotein C RU1C_ARATH 22 0.00066 12 Unclear 12 Unclear D D D
classification classification
101 Late embryogenesisabundant protein LE193 HORVU 15 0.00067 03 Cell growth/ 03.30 Seed maturation N D D
B19.3 division
102 Succinate dehydrogenase [ubiquinone] DHSA1_ARATH 70 0.00067 02 Energy 02.20 E-transport D N |
flavoprotein subunit 1, mitochondrial
104 Chaperone protein ClpB2, CLPB2_ORYSJ 109 0.00075 06 Protein 06.01 Foldingand N D N
chloroplastic destination/storage stability
105 Flavone O-methyltransferase 1 FOMT1_WHEAT 39 0.00076 11 Disease/defense 11.06 Detoxification D N N
109 Fructan 1-exohydrolase wl 1FEH1_WHEAT 67 0.00089 01 Metabolism 01.05 Sugars/ D N D
Polysaccharides
111 Alpha-1,4-glucan-protein synthase UPTG2_SOLTU 42 0.00097 09 Cell structure 09.01 Cell wall D N N
[UDP-forming] 2
113 Phenylalanine ammonia-lyase PAL2_ORYSI 7 0.00098 20 Secondary 20.1 Phenylpropanoids/ D |1 |
metabolism phenolics
114 Sucrose synthase 2 SUS2_ORYSJ 92 0.001 11 Disease/defense 11.05 Stress D D D
responses
115 ATP-dependent (S)-NAD(P)H-hydrate NNRD_SORBI 41 0.001 12 Unclear 12 Unclear | N N
dehydratase classification classification
118 Linoleate 9S-lipoxygenase 2 LOX2_ORYSJ 97 0.0012 01 Metabolism 01.06 Lipid and sterol D N N
121 Acyl-[acyl-carrier-protein] desaturase 2, STAD2_ORYSI 45 0.0012 01 Metabolism 01.06 Lipid and sterol N N
chloroplastic
122 Sulfite reductase [ferredoxin], SIR_MAIZE 70 0.0014 12 Unclear 12 Unclear D D D
chloroplastic classification classification
127 60S ribosomal protein L13a RL13A_PICMA 24 0.0017 05 Protein synthesis 05.01 Ribosomal D N D
proteins
128 5-methyltetrahydropteroyltriglutamate- METE_CATRO 85 0.0017 01 Metabolism 01.01 Amino acid D N N
homocysteine methyltransferase
129 Eukaryotic translation initiation factor IF5A1_SOLTU 17 0.0018 05 Protein synthesis 05.04 Translation D N N
5A-1/2 factors
132 Serpin-Z2A SPZ2A_WHEAT 43 0.0019 06 Protein | D N
destination/storage
133 Coatomer subunit beta’-1 COB21_ORYSJ 103 0.002 08 Intracellular traffic  08.07 Vesicular N N D

(continued on next page)
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134 Histone H3.2 H32_MEDSA 15 0.002 09 Cell structure 09.13 Chromosomes D
135 Regulator of nonsense transcripts 1 RENT1_ARATH 137 0.002 04 Transcription 04.22 mRNA processing |
homolog
137 Methionine S-methyltransferase MMT1_HORVU 120 0.0022 01 Metabolism 01.01 Amino acid |
138 Serpin-Z1C SPZ1C_WHEAT 43 0.0022 06 Protein |
destination/storage
140 Ubiquitin-conjugating enzyme E2 7 UBC7_WHEAT 19 0.0022 06 Protein 06.07 Modification N
destination/storage
141 Putative diaminopimelate epimerase, DAPF_ORYSI 38 0.0022 01 Metabolism 01.01 Amino acid D
chloroplastic
142 Uridine 5'-monophosphate synthase UMPS_TOBAC 50 0.0022 01 Metabolism 01.03 Nucleotides |
(Fragment)
144 Histone H2A.1 H2A1l WHEAT 16 0.0026 09 Cell structure 09.13 Chromosomes D
145 Chaperone protein ClpB3, CLPB3_ORYSJ 109 0.0026 06 Protein 06.01 Folding and D
mitochondrial destination/storage  stability
148 DNA replication licensing factor MCM32_MAIZE 85 0.0028 03 Cell growth/ 03.16 DNA synth/ D
MCM3 homolog 2 division replication
152 Bowman-Birktype proteinase IBB2_WHEAT 6 0.0032 12 Unclear 12 Unclear |
inhibitor 11-4 (Fragment) classification classification
153 Chaperonin CPN60-1, mitochondrial CH61_CUCMA 61 0.0033 06 Protein 06.01 Folding and D
destination/storage  stability
154 Fumarate hydratase 1, mitochondrial FUM1_ARATH 53 0.0033 02 Energy 02.10 TCA pathway D
157 Probable eukaryotic translation IF5Y_ARATH 49 0.0034 05 Protein synthesis 05.04 Translation D
initiation factor 5-1 factors
158 Non-specific lipid-transfer protein NLTP1_WHEAT 12 0.0034 07 Transporters 07.13 Lipids N
(Fragment)
160 Serine carboxypeptidase 3 CBP3_HORVU 56 0.0034 06 Protein 06.13 Proteolysis D
destination/storage
164 40S ribosomal protein S3a RS3A_ORYSJ 30 0.0038 05 Protein synthesis  05.01 Ribosomal D
proteins
167 Glutamate-1-semialdehyde GSA_HORVU 49 0.0041 01 Metabolism 01.01 Amino acid D
2,1-aminomutase, chloroplastic
168 Gamma-gliadin (Fragment) GDB3_WHEAT 27 0.0041 06 Protein 06.20 Storage proteins N
destination/storage
169 12-oxophytodienoate reductase 1 OPR1_ORYSJ 42 0.0041 11 Disease/defense 11.05 Stress D
responses
171 Aldehyde dehydrogenase family 7 AL7A1_BRANA 53 0.0043 11 Disease/defense 11.06 Detoxification |
member Al
172 2,3-bisphosphoglycerate-independent PMGI_MAIZE 61 0.0044 02 Energy 02.01 Glycolysis D
phosphoglycerate mutase
175 S-adenosylmethionine synthase 4 METK4_HORVU 43 0.0051 01 Metabolism 01.01 Amino acid D
181 Protochlorophyllide reductase A, PORA_WHEAT 41 0.0054 20 Secondary 20 Secondary N
chloroplastic metabolism metabolism
184 Acyl-[acyl-carrier-protein] desaturase, STAD_HELAN 45 0.0056 01 Metabolism 01.06 Lipid and sterol D
chloroplastic
187 GTP-binding protein SAR1 SAR1_TOBAC 23 0.006 08 Intracellular 08.07 Vesicular |
traffic
188 Nucleoside diphosphate kinase IV, NDK4_ARATH 26 0.0061 01 Metabolism 01.03 Nucleotides D
chloroplastic/mitochondrial
189 Probable acetyl-CoA acetyltransferase, THIC2_ARATH 43 0.0061 12 Unclear 12 Unclear |
cytosolic 2 classification classification
191 Probable UDP-glucose 6-dehydrogenase 2 UGDH2_ARATH 53 0.0064 01 Metabolism 01.03 Nucleotides D
192 NADH dehydrogenase [ubiquinone] NDUS1_ARATH 82 0.0064 02 Energy 02.20 E-transport D
iron-sulfur protein 1, mitochondrial
196 Aconitate hydratase 2, mitochondrial ACO2M_ARATH 108 0.0072 02 Energy 02.10 TCA pathway |
197 17.4 kDa class | heat shock protein HSP17_ARATH 17 0.0075 06 Protein 06.01 Folding and |
destination/storage  stability
198 Probable methionine—tRNA ligase SYM_ORYSJ 89 0.0076 05 Protein synthesis  05.10 tRNA synthases D
199 4-alpha-glucanotransferase DPE2 DPE2_ORYSJ 108 0.0082 01 Metabolism 01.05 Sugars/ N
Polysaccharides
202 Arginase ARGI1_ARATH 37 0.0091 01 Metabolism 01.01 Amino acid D
203 Endoplasmin homolog ENPL_ARATH 94 0.0098 06 Protein 06.01 Folding and D
destination/storage  stability
204 Glutathione S-transferase 1 GSTF1_WHEAT 26 0.010 11 Disease/defense 11.06 Detoxification |
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205 Aspartate carbamoyltransferase 2, PYRB2_PEA 44 0.011 01 Metabolism 01.03 Nucleotides N
chloroplastic
206 40S ribosomal protein S30 RS30_ARATH 7 0.011 05 Protein synthesis  05.01 Ribosomal N
proteins
209 Actin-8 ACT8_ARATH 42 0.012 09 Cell structure 09.04 Cytoskeleton D
214 ATP-citrate synthase alpha chain ACLA3_ORYSJ 47 0.013 01 Metabolism 01.06 Lipid and sterol D
protein 3
215 NADH dehydrogenase [ubiquinone] NDUV1_ARATH 53 0.013 02 Energy 02.20 E-transport D
flavoprotein 1, mitochondrial
219 Agglutinin isolectin 3 (Fragment) AGI3_WHEAT 19 0.013 12 Unclear 12 Unclear N
classification classification
221 Histone-binding protein MSI1 homolog ~ MSI1_ORYSJ 48 0.014 09 Cell structure 09.13 Chromosomes D
224 U-box domain-containing protein 72 PUB72_ORYSJ 58 0.014 06 Protein 06.07 Modification D
destination/storage
227 Phosphoethanolamine PEAM1_ARATH 56 0.014 01 Metabolism 01.06 Lipid and sterol D
N-methyltransferase 1
228 17.0 kDa class Il heat shock protein HSP23_MAIZE 17 0.015 06 Protein 06.01 Foldingand N
destination/storage stability
230 Protein-L-isoaspartate PIMT_WHEAT 25 0.015 06 Protein 06.01 Foldingand |
O-methyltransferase destination/storage stability
232 Em protein CS41 EM2_WHEAT 10 0.016 11 Disease/defense 11.05 Stress responses |
233 Phospholipase D alpha 1 PLDAL_MAIZE 92 0.016 01 Metabolism 01.06 Lipid and sterol |
234 Acetyl-CoA acetyltransferase, THIC1_ARATH 41 0.017 20 Secondary 20.2 Terpenoids N
cytosolic 1 metabolism
235 Phosphomannomutase PMM_WHEAT 28 0.018 01 Metabolism 01.03 Nucleotides D
238 Heat shock protein 82 HSP82_MAIZE 82 0.018 06 Protein 06.01 Foldingand D
destination/storage  stability
240 Histone H1 H1 WHEAT 24 0.018 09 Cell structure 09.13 Chromosomes D
241 60S ribosomal protein L34-2 RL342_ARATH 14 0.018 05 Protein synthesis  05.01 Ribosomal |
proteins
243 Lactoylglutathione lyase LGUL_SOLLC 21 0.019 20 Secondary 20 Secondary N
metabolism metabolism
244 Ferredoxin-dependent glutamate GLTB_ORYSJ 175 0.020 01 Metabolism 01.01 Amino acid N
synthase, chloroplastic
245 Probable L-ascorbate peroxidase 6, APX6_ORYSJ 34 0.020 11 Disease/defense 11.06 Detoxification D
chloroplastic
246 Splicing factor U2af large subunit B U2A2B_WHEAT 61 0.021 04 Transcription 04.22 mRNA D
processing
248 Elongation factor Tu, chloroplastic EFTU_PEA 53 0.022 05 Protein synthesis  05.04 Translation D
factors
250 GTP-bindingprotein yptV4 YPTV4_VOLCA 24 0.023 08 Intracellular traffic  08.07 Vesicular N
251 Probable phosphoglucomutase, PGMC2_ARATH 63 0.023 01 Metabolism 01.05 Sugars/ |
cytoplasmic 2 Polysaccharides
252 Glucose-6-phosphate isomerase 1, G6PIP_ARATH 67 0.023 02 Energy 02.02 Gluconeogenesis N
chloroplastic
253 Heat shock 70 kDa protein, HSP7M_PHAVU 73 0.024 06 Protein 06.01 Foldingand N
mitochondrial destination/storage  stability
254 Lon protease homolog, mitochondrial LONM_MAIZE 106 0.024 06 Protein 06.13 Proteolysis D
destination/storage
257 Malate dehydrogenase, cytoplasmic MDHC_MAIZE 36 0.024 02 Energy 02.10 TCA pathway N
258 GDP-mannose 3,5-epimerase 2 GME2_ORYSJ 42 0.025 01 Metabolism 01.07 Cofactors D
260 Anthranilate synthase component I-1, TRPE_ARATH 66 0.026 01 Metabolism 01.01 Amino acid D
chloroplastic
262 Phosphoenolpyruvate carboxykinase PCKA_CUCSA 74 0.027 02 Energy 02.02 Gluconeogenesis |
[ATP]
263 Pyrophosphate—fructose 6-phosphate PFPA_SOLTU 67 0.027 02 Energy 02.01 Glycolysis D
1-phosphotransferase subunit alpha
265 Thioredoxin reductase NTRA NTRA_ORYSJ 38 0.028 11 Disease/defense 11.06 Detoxification D
271 Actin-related protein 4 ARP4_ORYSI 48 0.032 09 Cell structure 09.04 Cytoskeleton |
272 6-phosphofructokinase 4, K6PF4_ARATH 58 0.032 02 Energy 02.01 Glycolysis |
chloroplastic
275 Adenine phosphoribosyltransferase 1 APT1_WHEAT 20 0.033 01 Metabolism 01.03 Nucleotides D
278 Dihydrolipoyl dehydrogenase 1, DLDH1_ARATH 54 0.036 11 Disease/defense 11.05 Stress responses N

mitochondrial

(continued on next page)
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279 Pyruvate dehydrogenase E1 ODPB_PEA 39 0.037 02 Energy 02.01 Glycolysis D |1 |
component subunit beta,
mitochondrial
280 Asparagine synthetase ASNS_ASPOF 66 0.038 01 Metabolism 01.01 Amino acid N N
[glutamine-hydrolyzing]
281 Coatomer subunit gamma-1 COPG1_ORYSJ 99 0.038 08 Intracellular traffic  08.07 Vesicular | N
283 Methylenetetrahydrofolate reductase 1 MTHR1_MAIZE 66 0.039 01 Metabolism 01.01 Amino acid D | N
284 Probable 26S proteasome non-ATPase PSMD3_TOBAC 56 0.040 06 Protein 06.13 Proteolysis | | |
regulatory subunit 3 destination/storage
285 COP9 signalosome complex subunit 4 CSN4_ARATH 45 0.040 10 Signal 10.04 Mediators | N N
transduction
286 Late embryogenesis abundant protein1  LEA1_ORYSI 36 0.040 03 Cell growth/ 03.30 Seed maturation | N N
division
288 Villin-like protein ABP41 (Fragments) ABP41_LILDA 16 0.042 12 Unclear 12 Unclear D N D
classification classification
292 1-Cys peroxiredoxin REHY_MEDTR 24 0.045 11 Disease/defense 11.06 Detoxification | N N
293 Probable protein phosphatase 2C 69 P2C69_ARATH 38 0.047 10 Signal 10.047 Phosphatases N D N
transduction
295 Protein disulfide-isomerase like 2-1 PDI21_ARATH 39 0.048 06 Protein 06.01 Folding N D N
destination/storage and stability
296 3-isopropylmalate dehydrogenase, LEU3_SOLTU 40 0.048 01 Metabolism 01.01 Amino acid D D N
chloroplastic
297 Phospho-2-dehydro-3-deoxyheptonate ~ AROG_ORYSJ 59 0.049 01 Metabolism 01.01 Amino acid D N N
aldolase 2, chloroplastic
298 Dynamin-related protein 1E DRP1E_ARATH 70 0.049 01 Metabolism 01.03 Nucleotides N |

Embryo proteins found to be differentially expressed in unprimed and ascorbate-primed wheat seeds during germination under saline and
non-saline conditions, as described in Materials and methods section and identified by MS, with relative expression ratios. Ratio salinity/
control (R1), ratio ascorbate-priming/control (R2), ratio salinity x ascorbate-priming/control (R3) are reported, where the proteins that were
decreased in abundance are indicated with D, not changed proteins with N, and the proteins that were increased in abundance with I.

(Fig. 1B). The most over-represented ones are those of
metabolism (14-23%), energy (5-15%), protein destination
and storage (9-22%) and disease/defense (19-23%). Compara-
tive functional distribution however revealed 5 classes that
represented the most variation observed between the three
treatments versus the control (Fig. 1B).

3.2. Wheat embryo-ST metabolic proteome

As expected (since endosperm is a dead tissue), of a total of 471
identified proteins only 69 proteins were significantly accumu-
lated (Fig. 2A,Table 2, Supplementary material Table S2). Of
these proteins, 53 (17 specifically affected) were found to be
differentially altered in wunprimed salt stressed wheat
embryo-ST (UP-NaCl vs. UP-H,0), 26 of these were increased
and 27 were decreased in abundance (Fig. 2C and Table 2,
Supplementary material Table S2). On the other hand, 49
proteins (13 specifically affected) were differentially accumulat-
ed in AsA-primed non stressed wheat embryo-ST (AP-H,O vs.
UP-H,0), among which 26 were increased and 23 were
decreased in abundance (Fig. 2C and Table 2, Supplementary
material Table S2). However, 48 proteins were found to be
differentially changed in AsA-primed salt stressed wheat
embryo-ST (AP-NaCl vs. UP-H,0), 23 of these were increased
and 25 were decreased in abundance (Fig. 2C and Table 2,
Supplementary material Table S2). Functional classification
grouped the 69 identified proteins into 11 functional categories
(Fig. 2B). The most over-represented categories are those of

metabolism (15-21%), energy (9-12%), protein synthesis (15—
21%), protein destination and storage (16-24%) and disease/
defense (13-15%). Comparative functional distribution however
revealed 2 classes that represented the most variation observed
between the three treatments versus the control (Fig. 2B).

3.3. Hierarchical clustering of AsA- and salt stress-responsive
proteins

In order to identify proteins with similar accumulation
patterns, a two-way hierarchical clustering methodology
known as Ward's method [32] was applied using PermutMatrix
software (http://www.atgc-montpellier.fr/permutmatrix/; [33,
34]). In embryo, at least, three major clusters of protein
accumulation were found, with the first containing proteins
that were less abundant in embryo of salt stressed wheat seeds
with or without AsA pretreatment (60 proteins), the second
consisting of proteins that were more abundant in embryo of
UP-NaCl wheat seeds but less abundant in embryo of AP-H,O
and AP-NaCl wheat seeds (50 proteins), and finely the third
cluster include proteins that were less abundant in embryo of
UP-NaCl seeds but more abundant in AsA pretreated seeds (57
proteins), compared to control group (Fig. 4). On the other hand,
the protein accumulation patterns of UP-H,O, AP-H,O and
AP-NaCl treatments were clustered together reflecting the
close similarity between these treatments; however, the
protein accumulation pattern of UP-NaCl treatment was put
in a separate cluster. This result was confirmed by principal
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Fig. 2 — Metabolic proteome signature in embryo-ST of germinating primed and unprimed wheat seeds under salt stress as
compared to control (UP-H,0). A. Venn diagram based on the differentially accumulated proteins in primed and unprimed
stressed seeds compared with controls; B. Functional classification of proteins accordingto Bevanet al. [31]; C. Functional

distribution of proteins.

component analysis Supplementary Fig. S1), where the main
factor contributing to PC1 was UP-NaCl treatment.

In embryo-ST, however, hierarchical clustering of protein
accumulation profiles resulted in two major clusters, with the
first consisting of proteins less abundant compared to control
and the second of proteins whose abundance increased in
embryo-ST of the both AsA-primedand unprimed wheat
seeds during germination under salt stress conditions as
compared to untreated, unstressed control (Fig. 5).

4, Discussion

High salinity is a major abiotic stress in agriculture worldwide.
Seed germination is a pivotal developmental process in the

plant life cycle and the most critical under salt stress
conditions [1]. Salinity may affect seed germination osmoti-
cally, by decreasing the uptake of water by seeds, and
ionically, by facilitating the accumulation of ions that are
toxic to embryonic activity [35]. Presumably the effect of
osmotic stress on imbibition, due to salinity, is the main
cause for delaying germination. Similarly, salinity also
increased the ABA level and decreased the level of gibberel-
lins in germinating seeds [36]. Recently, it has been demon-
strated that AsA plays a role in germination particularly
under stress conditions by mediating the antagonism
between ABA and gibberellins [22,23]. Consistent with this,
our results revealed that AsA may play an important role in
increasing the salt tolerance or mitigating the adverse effect
of salinity (Fig. 3)
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No Identified Proteins Entry Name MW P-Value Functional Functional R1 R2 R3
(kDa) Category Description
1 Fructan 1-exohydrolase w1l 1FEH1_WHEAT 67 <0.0001 01 Metabolism 01.05 Sugars/ N N
Polysaccharides
2 V-type proton ATPase catalytic VATA_MAIZE 62 <0.0001 07 Transporters 07.22 Transport | N N
subunit A Fragment ATPases
3 Alpha-amylase type B isozyme AMY2_HORVU a7 <0.0001 01 Metabolism 01.05 Sugars/ D N N
Polysaccharides
4 Calmodulin CALM_WHEAT 17 <0.0001 12 Unclear D D D
classification
5 HMG1/2-like protein HMGL_WHEAT 17 <0.0001 12 Unclear N N D
classification
6 Defensin Tk-AMP-D4 DEF4_TRIKH 5 <0.0001 11 Disease/ 11.02 Defense-related N D N
Defense
7 Alpha-amylase type B isozyme AMY6_HORVU 48 <0.0001 01 Metabolism 01.05 Sugars/ N | N
Polysaccharides
8 Beta-amylase AMYB_WHEAT 57 <0.0001 01 Metabolism 01.05 Sugars/ N N |1
Polysaccharides
9 Alpha-glucan phosphorylase, H PHSH_WHEAT 94 <0.0001 01 Metabolism 01.05 Sugars/ | | |
isozyme Polysaccharides
12 Glucose-1-phosphate GLGS_HORVU 56 <0.0001 06 Protein 06.20 Storage proteins | N N
adenylyltransferase small subunit destination/storage
17  60S ribosomal protein L38 RL38_ARATH 8 0.00015 05 Protein synthesis 05.01 Ribosomal proteins | D 1
20  Wheatwin-2 WHW2_WHEAT 16 0.00023 11 Disease/Defense 11.02 Defense-related D N N
22  Clathrin heavy chain 1 CLH1_ORYSJ 193  0.00033 08 Intracellular traffic 08.07 Vesicular | | |
24 Rubberelongation factor protein REF_HEVBR 15 0.00037 13 Unclassified N D D
27  Peroxisomal fatty acid beta- MFP_ORYSJ 78 0.00041 01 Metabolism 01.06 Lipid and sterol | | |
oxidation multifunctional protein
29  Phosphoenolpyruvate PCKA_CUCSA 74 0.00045 02 Energy 02.02 Gluconeogenesis | | |
carboxykinase [ATP]
30 Elongation factor 1-alpha EF1A2_HORVU 49 0.00048 05 Protein synthesis 05.04 Translation factors | | |
34  26S protease regulatory PRS6B_HELAN a7 0.00067 06 Protein 06.13 Proteolysis N |
subunit 6B homolog destination/storage
36  60S ribosomal protein L23a RL23A_DAUCA 18 0.00082 05 Protein synthesis 05.01 Ribosomal proteins D D D
38  60S acidic ribosomal protein PO RLAO_ORYSJ 34 0.00095 05 Protein synthesis 05.01 Ribosomal proteins | | |
42 Fructokinase-2 SCRK2_ORYSI 36 0.0010 01 Metabolism 01.05 Sugars/ D D D
Polysaccharides
43  Tubulin beta-2 chain TBB2_ELEIN 50 0.0011 09 Cell structure 09.04 Cytoskeleton | | N
44 60S ribosomal protein L12-1 RL121_ARATH 18 0.0012 05 Protein synthesis 05.01 Ribosomal proteins D D D
45 DEAD-box ATP-dependent RNA RH52C_ORYSJ 66 0.0012 12 Unclear | N D
helicase 52C classification
47  Serine carboxypeptidase 3 CBP3_WHEAT 55 0.0013 06 Protein 06.13 Proteolysis D N N
destination/storage
54  Sulfite oxidase SUOX_ARATH 43 0.0022 11 Disease/Defense 11.06 Detoxification D D D
55  Tubulin alpha-2 chain TBA2_HORVU 50 0.0023 09 Cell structure 09.04 Cytoskeleton | | N
56  40S ribosomal protein S13 RS13_MAIZE 17 0.0024 05 Protein synthesis 05.01 Ribosomal N D N
proteins
58  Uridine 5'-monophosphate UMPS_TOBAC 50 0.0034 01 Metabolism 01.03 Nucleotides | | |
synthase Fragment
60  Peptidyl-prolyl cis-trans isomerase CYPH_MAIZE 18 0.0036 06 Protein 06.01 Folding and D N D
destination/storage stability
63  Ubiquitin-activating enzyme E1 1 UBE11_WHEAT 117  0.0037 06 Protein 06.13 Proteolysis | | |
destination/storage
64  3-isopropylmalate dehydrogenase LEU32_ARATH 43 0.0037 01 Metabolism 01.01 Amino acid N D N
2, chloroplastic
65  Cysteine proteinase EP-B 1 CYSP1_HORVU 40 0.0037 06 Protein 06.13 Proteolysis D N N
destination/storage
68  Sucrose synthase 1 SUS1_ORYSJ] 93 0.0039 11 Disease/Defense 11.05 Stress response | | |
69  Alpha-galactosidase AGAL_ORYSJ 46 0.0040 01 Metabolism 01.05 Sugars/ | | |
Polysaccharides
75  Alpha/beta-gliadin clone GDA6_WHEAT 34 0.0049 06 Protein 06.20 Storage proteins N D N
PW1215 destination/storage
77  Formate dehydrogenase 1, FDH1_ORYSJ 41 0.0059 12 Unclear D N N

mitochondrial

classification
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Table 2 (continued)

No Identified Proteins Entry Name MW P-Value Functional Functional R1 R2 R3
(kDa) Category Description
78  Guanine nucleotide-binding GBLPA_ORYSJ 36 0.0061 11 Disease/Defense 11.02 Defense-related N | |
protein subunit beta-like protein A
80  Regulator of ribonuclease-like RRAAL_ARATH 18 0.0062 12 Unclear D N D
protein 1 classification
81  23.6 kDa heat shock protein, HS23M_ORYSJ 24 0.0069 06 Protein 06.01 Foldingand D D D
mitochondrial destination/storage stability
82  Malate synthase, glyoxysomal MASY_MAIZE 62 0.0069 02 Energy Glyoxylate pathway N 1 |
83  16.9 kDa class | heat shock HS16B_WHEAT 17 0.0074 06 Protein 06.01 Foldingand | N 1
protein 2 destination/storage stability
86 Gamma-gliadin B GDBB_WHEAT 33 0.0082 06 Protein 06.20 Storage proteins D D N
destination/storage
88 70 kDa peptidyl-prolyl isomerase FKB70_WHEAT 62 0.0093 06 Protein 06.01 Foldingand D N D
destination/storage stability
91  Triosephosphate isomerase, TPIS_MAIZE 27 0.011 02 Energy 02.01 Glycolysis D D D
cytosolic
92  Adenosine kinase 2 ADK2_ARATH 38 0.012 01 Metabolism 01.03 Nucleotides N D N
94  Lactoylglutathione lyase LGUL_SOLLC 21 0.014 20 Secondary N D D
metabolism
95  40S ribosomal protein S15a-4 R15A4_ARATH 15 0.015 05 Protein synthesis 05.01 Ribosomal D | |
proteins
96  Superoxide dismutase [Mn] 3.1, SODM1_MAIZE 26 0.015 11 Disease/Defense 11.06 Detoxification D N N
mitochondrial
98  Phosphoenolpyruvate CAPPC_FLATR 111 0.016 02 Energy 02.02 Gluconeogenesis | | |
carboxylase 2
102  40S ribosomal protein Sa-1 RSSA1_ARATH 32 0.017 05 Protein synthesis 05.01 Ribosomal proteins | | |
104 Chaperone protein ClpB2, CLPB2_ORYSJ 109 0.018 06 Protein 06.01 Foldingand D D D
chloroplastic destination/storage stability
105 Ferredoxin—-NADP reductase, FNRR2_ARATH 43 0.020 02 Energy 02.20 E-transport D D D
root isozyme 2, chloroplastic
108 Chaperone protein dnad 2 DNAJ2_ARATH 46 0.022 06 Protein 06.01 Foldingand D D D
destination/storage stability
115 Importin subunit alpha-1a IMA1A_ORYSJ 58 0.024 08 Intracellular traffic ~ 08.01 Nuclear | | |
116 Probable N-acetyl-gamma-glutamyl- ARGC_ORYSJ 45 0.024 01 Metabolism 01.01 Amino acid | N D
phosphate reductase, chloroplastic
118 Putative heat shock protein 1 HSP01_PSEMZ 2 0.025 06 Protein 06.01 Foldingand D 1 D
Fragment destination/storage stability
119 Probable LL-diaminopimelate DAPAT_ORYSJ 50 0.026 01 Metabolism 01.01 Amino acid | D N
aminotransferase, chloroplastic
120 40S ribosomal protein S27-1 RS271_ARATH 9 0.026 05 Protein synthesis 05.01 Ribosomal proteins | | N
122 Defensin Tk-AMP-D1.1 DEF11_TRIKH 5 0.027 11 Disease/Defense 11.02 Defense-related D D D
130 Cationic peroxidase SPC4 PER1_SORBI 38 0.032 11 Disease/Defense 11.06 Detoxification N N D
132 60S ribosomal protein L24 RL24_HORVU 18 0.035 11 Disease/Defense 05.01 Ribosomal N D D
proteins
133 N-carbamoylputrescine amidase AGUB_ORYSJ 33 0.035 20 Secondary 20.5 Amines D N D
metabolism
134 Calnexin homolog CALX_HELTU 61 0.036 06 Protein 06.01 Folding and | N |
destination/storage stability
136 GTP-binding protein SAR1 SAR1_TOBAC 23 0.038 08 Intracellular traffic 08.07 Vesicular | | |
137 Probable calcium-binding protein CML7_ORYSJ 17 0.039 12 Unclear D N D
CML7 classification
138 L-ascorbate peroxidase 1, APX1_ORYSI 27 0.040 11 Disease/Defense 11.06 Detoxification D |1 D
cytosolic
141 Isocitrate lyase ACEA_GOSHI 65 0.045 02 Energy Glyoxylate pathway | | |
145 Peroxiredoxin-2C PRX2C_ORYSJ 17 0.048 11 Disease/Defense 11.06 Detoxification D D N

Embryo-surrounding tissues proteins found to be differentially expressed in unprimed and ascorbate-primed wheat seeds during germination
under saline and non-saline conditions, as described in Materials and methods section and identified by MS, with relative expression ratios.
Ratio salinity/control (R1), ratio ascorbate-priming/control (R2), ratio salinity x ascorbate-priming/control (R3) are reported, where the proteins
that were decreased in abundance are indicated with D, not changed proteins with N, and the proteins that were increased in abundance with I.

Upon imbibition, embryonic cells switch from quiescence to
highly active metabolism [10]. Consistent with this, comparative-
ly to our previous study where we examined the effect of seed

priming on the metabolic proteome of quiescent durum wheat
seeds [18], in this study we have identified more than two-fold
metabolic proteins (Table 1, Supplementary material Table S1).

111



112

250 JOURNAL OF PROTEOMICS 108 (2014) 238-257

4.1. Metabolic proteome of embryo as affected by salinity and
AsA-priming

In this study, when compared between stressed and/or
treated and control samples, the abundance of 167 proteins
was significantly changed (Table 1, Supplementary material
Table S1). Among these, proteins belonging to the “metabo-
lism and energy”, “protein destination/storage”, “cell
ture” and “disease/defense related-proteins” categories are
highly represented (about 75%, Fig. 1B).

As shown by clustering analysis (Fig. 4), this discussion will
focus mainly on proteins the abundance of which was
differently affected by AsA-primingand salt stress (clusters
Il and Ill), in attempt to explain the improved tolerance
exhibited by AsA-primed wheat seeds toward salinity. How-
ever, given the fact that the genotype selected for the present
study is sensitive to NaCl at germination stage (Fig. 3), the
proteins that were decreased in abundance by NaCl applica-
tion will be more considered [37,38]. Therefore, the change in
protein abundance will be discussed in the context of
previously well-defined biochemical and metabolic aspects
of salt tolerance.)

struc-

4.1.1. Metabolism

Forty five proteins belonging to “metabolism” category were
differentially accumulated in response to salt stress and/or
AsA-priming (Table 1; Supplementary material Table S1); of
these, 32 were decreased and 13 were increased in abundance
(Fig. 1). AsA-priming, however, significantly affects the
abundance of 24 proteins in presence or absence of NaCl

Al

salinity. Proteins involved in amino acids metabolism are the
most affected class with 18 proteins. Methionine metabolism
plays a central role in seed germination (for review sees Rajjou
et al., [39]). Methionine plays a multiple levels role in cellular
metabolism not only as substrate for protein synthesis, or
initiation of mMRNA translation, but also as a regulatory
molecule in the form of S-adenosylmethionine (SAM). Proteo-
mic analysis of Arabidopsis thaliana germinating and developing
seedlings has shown that methionine synthase and SAM
synthetase accumulate differentially during seed germination
[10], and the specific inhibitor of methionine biosynthesis, D,
L-propargylglycine, strongly inhibits seed germination [40].
Previously it has been reported that overexpression of the
genes involved in methionine biosynthesis or methionine
supplementation enhances salt tolerance [41]. More recently,
investigating how the methionine biosynthetic pathway is
regulated under saline conditions at the transcriptional level in
A. thaliana plants at germination and early growth stages,
Ogawa and Mitsuya [42] have been found that the expression of
homocysteine methyltransferase (HMT) and methionine meth-
yltransferase (MMT) genes in S-methylmethionine (SMM) cycle
had altered toward increasing Met production by the presence
of NaCl. Consisting with these findings, our results revealed
that at least six proteins involved in methionine metabolism
(proteins no. 20, 34, 128, 137, 175, 283) were affected by salinity.
Interestingly, methionine S-methyltransferase (proteinno. 137)
was increased but the SAM synthesis-related proteins (proteins
no. 20, 34, 175) were decreased in abundance. SAM serves as a
precursor for many metabolites including glycinebetaine,
methylated polyols, polyamines and ethylene which

=1

UP-H20 UP-NaCl

AP-H20 AP-NaCl

Fig. 3 — Effect of NaCl on wheat seed germination. A. final germination percentage (%)and mean germination time (day).
B. Wheat seeds at 42 hours post imbibition. Results are presented as the average of three replicates + SE.
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Fig. 4 — Hierarchical clustering of accumulation patterns of differentially regulated proteins in Wheat Embryo. Log2 based fold
changes after exponential transformation of the quantitative values was used to create the heatmap. Differencesin protein

accumulation are shown in coloras per the lower scale.

accumulate in response to salt stress in a wide range of plants
[43]. Taking into account the salt-sensitivity of the present
genotype, it is not surprising to find that salinity decreases the
abundance of SAM synthesis-related proteins. Similar results
were reported in tomato [44]. Also, it has been reported that
salinity decrease the production of ethylene in cucumber [45]
and many other species [43] during germination.

Salinity affects also the glutamate/glutamine metabolism, by
up-regulating glutamate decarboxylase (GDA, protein no. 45) and
down-regulating glutamate-1-semialdehyde 2,1-aminomutase
(GSA, protein no. 167) and glutamine synthase (GS, protein no.
70). However, in addition to the up-regulation of asparagine

synthetase (AS, protein no. 280) and ferredoxin-dependent
glutamate synthase (Fd-GOGAT; protein no. 244), AsA seemed
to mitigate the effects of salinity. Previously, it has been reported
that exogenous L-Glu evoked ethylene release from imbibed
seeds and attenuated the reduction in ethylene production
induced by salinity [45]. The enzyme Fd-GOGAT (EC 1.4.7.1)
catalyzes an essential step in the pathway of glutamate
biosynthesis. The enzyme AS (EC 6.3.5.4) catalyzes the adenosine
triphosphate (ATP)-dependent transfer of the amino group of
glutamine to a molecule of aspartate to generate glutamate
and asparagine [46]. Thus, in addition to the alleviation of the
negative effects of NaCl on glutamate synthesis-related
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Fig. 5 — Hierarchical clustering of accumulation patterns of
differentially regulated proteins Wheat embryo-surrounding
tissues. Log2 based fold changes after exponential
transformation of the quantitative values was used to create
the heatmap. Differences in protein accumulation are shown
in coloras per the upper scale.

enzymes, the induction of the last two enzymes could provide
the embryo with glutamate required for the proline synthesis
which is a common response to salt stress [47]. This is in
agreement with the increase of proline content in wheat
seedlings issued from AsA-primed seeds (data not presented).
On the other hand, three proteins involvedin tryptophan
biosynthesis (proteins no. 67, 260, 297) were found to be
decreased in abundance in UP-NaCl but not in AP-NaCl
sample (Table 1; Supplementary material Table S1). Trypto-
phan (Trp) is an essential amino acid in plants that plays a
major role in the regulation of plant development and defense
responses. A tryptophan synthase f chain 1 (TSB1, protein no.
67) is responsible for the final step of Trp synthesis pathway.
Previously, it has been reported that the over-expression of

TSB1 in A. thalianaand tomato confers tolerance to cadmium,
which is associated with low lipid peroxidation [48]. Anthra-
nilate synthase (protein no. 260) is the key enzyme for Trp
synthesis, which is the main substrate to produce auxin via a
single intermediate, indole-3-pyruvic acid [49,50]. Recently, it
has been postulated that auxin plays major role as an
integrator of the activities of multiple phytohormones to
control plant growth in response to environmental stress [51],
suggesting that the up-regulation of anthranilate synthase
could play a role in overcoming growth inhibition by salinity.

Nine proteins involved in nucleotides metabolism and
cofactors biosynthesis were found to be significantly affected
by salinity and AsA-priming treatments (Table 1; Supplemen-
tary material Table S1). It is widely recognized that embryos
from dry seeds of durum wheat are completely devoid of AsA,
while the de novo biosynthesis of AsA starts in the wheat
embryos after 8-10 h of germination [52]. Salinity leads to the
reduction in AsA content [53], thus pre-treatment with
appropriate concentrations of AsA leads to improves salt
tolerance in wheat plants, as showed in the present study
(Fig. 3) and in other previous works [54,55]. So, it is not
surprising that, in our results, at least three proteins involved
in AsA biosynthesis (proteins no. 142, 191, 235, 258) were
decreased in abundance by salinity, while AsA pre-treatment
mitigates the adverse effect of NaCl on AsA metabolism.
Among these proteins, the GDP-d-mannose 3',5'-epimerase
(GME, EC 5.1.3.18, pro. 258), which converts GDP-d-mannose to
GDP-l-galactose, was generally considered to be a central
enzyme of the major AsA biosynthesis pathway in higher
plants [56]. Over-expression of GME genes leads to AsA
accumulation and improves oxidative stress, cold, and salt
tolerance of tomato plants [57].

Seven proteins involved in lipids metabolism were found
to be changed in abundance (Table 1; Supplementary material
Table S1). Acyl-[acyl-carrier-protein] desaturase acts as the
first enzyme in the conversion of stearic acid to an unsatu-
rated fatty acid. Unsaturated fatty acids are involved in
membrane fluidity and normal functioning of critical integral
membrane proteins [58]. Previously, it has been reported that
over-expressed Acyl-ACP desaturase improved freezing toler-
ance significantly [59]. Because unsaturated fatty acids are the
favored target of reactive oxygen species (ROS), the higher
levels of unsaturated fatty acids might decrease the possibil-
ity of ROS damage to membrane lipids [60]. In agreement,
while one Acyl-ACP desaturase (proteinno. 184) was found to
be decreased in abundance by salinity, two acyl-ACP
desaturases (proteinsno. 184, 121) were found to be increased
in abundance by AsA-priming, a situation which may lead to
an increase in unsaturated fatty acid content and enhances
membrane resistance towards ROS.

4.1.2. Energy

Sixteen proteins belongingto “energy” category were found to
be changed in abundance, with eight of them decreased in
abundance by salinity. Interestingly, AsA supply do not only
partially or completely alleviates the adverse influences of
salinity upon these proteins, but also increases the abun-
dance of many of them. An early event during germination is
the resumption of energy metabolism. Mitochondrial respira-
tion and energy production are processes which resume very
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rapidly following imbibition of dormant seeds [61]. However,
such processes may be affected by salinity. For instance, in
durum wheat, it has been reported that succinate-dependent
oxidative phosphorylation was significantly damaged by
salinity, which may be related to the stress-induced alteration
in inner mitochondrial membrane permeability, as indicated
by changes in AY profiles [62]. In agreement, four mitochon-
drial/chloroplastic proteins involved in electron transport
(proteins no. 78, 102, 192 and 215) were found to be decreased
in abundance by salinity (Table 1, Supplementary material
Table S1). In the plant mitochondria, electron transfer along
the respiration chain is coupled to the formation of ATP, and
the redundant electron leads to the formation of ROS if the
ATP synthesis is blocked [63]. Glycolysis provides intermedi-
ates for energy supply upon seed germination. In our study, 4
enzymes involved in glycolysis/Krebscycle pathway were
decreased by salinity but increased in abundance by AsA
pretreatment (Table 1, Supplementary material Table S1). In
line with this, it has been reported that enzymes involved in
the Krebs cycle were decreased in abundance in cucumber
subjected to salt stress [64]. In such circumstance plant cells
inevitably undergo fermentation to fulfill the demand for
energy which increases under salinity stress condi-
tions [43,65]. Previously, it has been revealed that stress
conditions such as cold, desiccation, and salinity leads to
increased alcohol dehydrogenase transcripts [66]. In agree-
ment, our results revealed that, at least, four proteins
involved in fermentation, namely alcohol dehydrogenase
(proteins no. 37, 69), formate dehydrogenas (protein no. 1),
pyruvate decarboxylase isozyme 2 (protein no. 5) and alde-
hyde dehydrogenase family 2 member B4 (protein no. 40),
were increased in abundance by salinity (Table 1, Supplemen-
tary material Table S1). Thus, the enhancement of glycolysis/
ATP synthesis could increase the tolerance to salinity in
wheat. In agreement, the over-expression of a cytosolic
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
leads to a high germination rate of rice seeds under salt stress
[57].

4.1.3. Protein synthesis/cell growth and cell structure

Protein synthesis during seed germination is generally de-
creased under salt stress conditions [7]. In agreement, among
the nine protein synthesis-related proteins identified in our
study, six of them (proteinsno. 127, 129, 157, 164, 198 and 248)
were found to be decreased in abundance by salinity. In
contrast, the effect of NaCl was partially or completely
alleviated by AsA-priming (Table 1, Supplementary material
Table S1). It is recognized that during germination the
translation machinery reforms rapidly following imbibition
[67]. In line with this, three proteins were identified as
translation initiation factors (proteins no. 129, 157 and 248).
These results support the presumption that the rapid trans-
lation of stored transcripts is the main mechanism whereby
the processes of early germination get underway [14,68]. In
addition, by analyzing the transcriptome of wheat embryo,
Wilson et al. [14] found that some of the mMRNAs that
accumulated in the embryo during germination, encoded
carbohydrate metabolizing enzymes. Some of them are
obviously involved in the synthesis of new cell walls.
Consistent with this, two enzymes (proteins no. 17 and 111)

involved in cell wall biogenesis were found to be decreased by
salinity but increased in abundance by AsA-pre-treatment. In
similar way, two enzymes (proteins no. 91 and 148) involved
in cell division were also decreased by salinity and increased
in abundance by AsA-priming. These findings obviously
suggested that AsA attenuated salt stress-induced cell growth
arrest (Fig. 3).

4.1.4. Protein destination and storage

Wheat germination was accompanied by an increase in
mobilization of storage proteins [69]. Salinity, however, delay
the mobilization of storage proteins [70]. In agreement, the
quantitative analysis of germinating embryos under salinity
showed that they are more abundant in proteins belonging to
“protein destination and storage” category than embryos
germinated in the absence of salt stress (Fig. 1; Table 1,
Supplementary material Table S1). Likewise, salinity increases
the abundance of three serpin Z proteins (proteins no. 63, 132
and 138), which are likely to use their irreversible inhibitory
mechanism in the inhibition of proteinase capable of breaking
down seed storage proteins [71]. Also, salinity decreases the
abundance of a Bowman-Birk type proteinase inhibitor 11-4
(protein no. 152) and two ubiquitination-related proteins
(proteins no. 49 and 224), each of which belongingto a unique
protein degradation system utilized by eukaryotes to effi-
ciently degrade detrimental cellular proteins and control the
entire pool of regulatory components [72]. By contrast, most of
the effects of NaCl were mitigated by AsA-priming (Table 1,
Supplementary material Table S1). On the other hand, under
control conditions, AsA pretreatment induces the decrease in
abundance of seventeen proteins, most of which involved in
the protection, repair of damaged proteins, such as chaperons
and heat shock proteins (proteins no. 104, 145, 238, 253 and
228), protein disulfide-isomerase (protein no. 295), serpin Z
proteins (proteins no. 132 and 138) and proteases inhibitors
(protein no. 152). Similar results were obtained in our previous
study [18].

4.1.5. Stress response

ROS production by germinating seeds has often been regarded
as a cause of stress that might affect the success of
germination [73]. However, ROS such as H,O,and NO can be
beneficial or harmful for the germination, depending on the
accumulation level within the embryonic cells [20]. The
maintenance of the cellular ROS homeostasis requires a
fine-tuned balance between ROS production and scavenging
[74]. Therefore, antioxidant compounds and enzymes have
been widely regarded as being of particular importance for the
completion of the germination [73]. Wheat seed cells have
varying protection mechanisms against oxidative stress that
occurs during germination [19,20], but they seem to be
disturbed by salinity [53]. Consistent with this, our results
revealed that salinity decreases the abundance of several
H,O,-scavenging enzymes, with three L-ascorbate peroxi-
dases (proteins no. 41, 92 and 245) among them. By contrast,
AsA-priming partially or completely alleviates the effects of
salinity upon these enzymes. On the other hand, salinity
up-regulates two enzymes involvedin detoxification, namely
1-Cys peroxiredoxin (1-Cys Prx, protein no. 292) and glutathi-
one S-transferase (protein no. 204). Seed germination and
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seedling salt tolerance were improved after over-expression
of GST in arabidopsis [75] and tobacco [76]. Previously, it has
been suggested that the higher amount of oxidized glutathi-
one (GSSG) in dry embryos compared to germinating seeds
could contribute to prevent the germination process, since in
dormant wheat embryos GSSG seemed to blocks protein
synthesis [77]. 1-Cys Prx is localized in the nuclei of aleurone
and scutellum cells [78]. This enzyme is a peroxidase
specifically and highly produced in seeds and seems to be
involved in the inhibition of germination particularly under
salt, osmotic and oxidative stress conditions [79]. Interesting-
ly, AsA-primingseems to decrease the abundance of the last
two enzymes under stress conditions.

4.2. Metabolic proteome of embryo-ST as affected by salinity
and AsA-priming

As expected, only 69 proteins were identified as changed in
abundance in embryo-ST, thus reflecting a minor effect of
salinity and AsA pre-treatments on these tissues. In agree-
ment, Almansouri et al. [6] revealed that isolated embryos are
more affected by salinity than whole seeds. Based upon the
cluster analysis and the functional distribution of identified
proteins only two protein categories represented the most
important variation in proteins accumulation between the
treatments. However, it is worth noting that the detection of a
small number of storage proteins reflected the efficiency of the
fractionation procedure adopted in this study, and indicating
that the samples were not contaminated with one another.

In wheat, the non-gluten protein classes, albumins and
globulins, represent a smaller percentage of total endosperm
protein and have mainly metabolic activity or structural
functions [26]. Even though wheat seed storage proteins were
not considered in the present study, salinity down-regulates
nine proteins involved in proteolysis and folding stability
(proteins no. 81, 88, 104, 108, 60, 118, 86, 65 and 47). By contrast,
AsA-priming mitigates partially or completely the effect of NaCl
on six of them (Table 2, Supplementary material Table S2). As
mentioned above, seed germination was accompanied by
mobilization of storage proteins, which is decreased in salinity
condition [70]. Also, seed imbibition was accompanied by the
loss of desiccation tolerance which may explain the decrease in
abundance of proteins induced by all the treatments examined.

Previously, it has been postulated that oxidative status is
more pronounced in the embryosthan in the endosperm [77].
In line with this, in embryo-ST, only eleven proteins belonging
to the “disease/defense” category were found to be changedin
abundance. Of them, seven proteins were decreased in
abundance by salinity, most of which are involved in
detoxification, such as superoxide dismutase [Mn] 3.1 (SOD,
protein no. 96), L-ascorbate peroxidase 1 (APX, protein no.
138), sulfite oxidase (protein no. 54) and peroxiredoxin-2C
(protein no. 145). In wheat, seed imbibition and germination
are believed to be associated with enhanced cellular capacity
to detoxify H,O, [20]. For this detoxification the operation of
AsA peroxidase together with the AsA-regenerating enzymes
appears to be of particular importance [80]. These increases,
particularly for AsA peroxidase, were much higher in the
embryo than in the endosperm [80]. Consistent with this,
compared to the embryo, in embryo-ST all the enzymes

involved in ROS-scavenging were decreased in abundance by
salinity. The negative effect of salinity on SOD activity was
reported in several salt-sensitive species or varieties such as
in rice [81], pea [82], and cowpea [83]. Thus, given the
salt-sensitivity of the wheat genotype used in the present
study, it is not surprising to find that salinity decreasesthe
abundance of many ROS-scavenging enzymes such as SOD
and APX. However, it is noteworthy that in absence of stress,
AsA decreases considerably (9.5-fold) the abundance of
peroxiredoxin-2C (protein no. 145). Similar results were
obtained in Arabidopsis [84].

5. Conclusions

In this study, the impact of ascorbate priming upon wheat
seed metabolic proteome during germination under saline
and non-saline conditions was evaluated using shotgun
proteomic approach. The results revealed that the decrease
in germination induced by salinity was accompanied by a
significant variation in metabolic protein abundance, which
presumably explain the salt-induced dormancy of wheat
seeds. However, given the protective effects of ascorbate on
salinity damage, it is suggested that ascorbate pretreatment
lead to partial reorganization of embryo-gene expression
allowing germinating embryos/seedlings to survive early salt
stress. Methionine, auxin (maybe other phytohormones)
metabolism, ROS managing and signaling seem to play an
important role in the modulation of this process.
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2014.04.040.
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found, in the online version.
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Descriptor CIMMYT datasets
Country (Y of release) Algeria (1986)

Variety name WAHA
Synonym

Wheat type Durum Wheat
Growth habit Spring

Semidwarf (Rht gene) Yes

Grain color Unknown
Grain hardiness Unknown
Pedigree PLC"S"/RUFF"S"//GTA"S"/RTTE"S"
Selection history CM17904

Breeding program

Accession number

CID (Cross ID) 123343
SID (Selection ID) 16
Origin CIMMYT segregating line or population

CIMMYT breeding line  FRIGATE
Genes
Suitable ME4A

megaenvironments
Notes

GRIS dataset
DZA (1979)

WAHA

CM-17904-B-3M-1Y-1Y-0SK-0AP-0DZA; CM-17904-
B-3M-1Y-1Y-OSK; CHAM-1,

TR.DR

S

CM-17904-B-3M-1Y-1Y-0SK-0AP-0DZA; CM-17904-
B-3M-1Y-1Y-OSK; CHAM-1;

P1-519541

Data obtained from the website: Wheat Atlas (http://wheatatlas.org/varieties/detail/20632). 17. Nov. 2014.

We can browse information about more than 10,000 wheat varieties provided by Wheat Atlas and GRIS (Genetic

Resources Information System for Wheat and Triticale) databases.
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Summary

This study aims to investigate the importance of accumulation of
osmoprotectants and activities of some key antioxidant enzymes in
genotypic variation (GV) observed among durum wheat genotypes
in response to increasing NacCl salinity (0-200 mmol/L) at seedling
stage. Germination and seedling growth traits of all the genotypes
were significantly decreased by salinity. Mohamed Ben Bachir, the
more salt-tolerant genotype, exhibited the lowest reduction in final
germination percentage (FGP, <18%) and seedling growth (<60%,
based on dry biomass), the lowest increase in proline (PRO) and water
soluble carbohydrates contents but the highest increase in catalase
(CAT) and ascorbate peroxidase (APX) activities. Correlation and
principal components analysis revealed that the most important
variables distinguishing salt tolerant vs. salt non-tolerant genotypes
were root to shoot ratio (R/S, 36.1%), CAT (30.6%), APX (12.5%)
and FGP (5.74%). Although PRO and WSC could play a key role in
salt tolerance by mediating osmotic adjustment, these compounds do
not seem to be significantly involved in genotypic variation (GV) for
salinity tolerance in durum wheat.

Introduction

Salinity which affects more than 800 Mha of world’s land area
(FAO, 2008), is nowadays, one of the most damaging environmental
factors that limit growth and productivity of crop plants (MUNNS and
TESTER, 2008). In Algeria, for instance, more than 3.2 Mha of arable
land already suffer from salinisation (BENMAHIOUL et al., 2009).
Overall, salinity adversely affects plant growth and development not
only through imposition of osmotic stress, ion toxicity, but also by
secondary effects such as oxidative stress and hormonal imbalance
(ASHRAF et al., 2012).

Even though durum wheat (Triticum durum Desf.) is regarded as one
of the most widely cultivated crops, especially in the Mediterranean
basin where about 75% of total durum wheat production is provided
(HABASH et al., 2009), its production is often limited by poor seed
germination and stand establishment, mainly due to drought or soil
salinity (SAYAR et al., 2010). Hence, it is imperative to develop
wheat genotypes with improved salt tolerance. This is of obvious
importance in the case of tetraploid wheat, which lacks the D genome,
making it less tolerant to salt stress (MuUNNs et al., 2012).

Proper seed germination and seedling emergence are required traits
to achieve a high grain yield in wheat (PAULSEN, 1987). Therefore,
it has been established that under arid conditions, the most valu-
able cultivars are those, which are emerging rapidly because
rainfall after sowing may result in a soil crust that prevents seedling
emergence (TAHIR, 2010). In addition, the early emerging and the
fast growing crops are able to take full advantage of the soil moisture
leading to better seedling establishment and grain yield. Although
the major variation in the coleoptile length is genetic, environmental
conditions can significantly affect this trait (HAKIZIMANA et al.,
2000). Accordingly, identifying the physiological and biochemical

* Corresponding author

attributes associated with a more vigorous and rapidly growing
seedling, particularly under stress conditions will be very meaningful
(RASHID et al., 1999).

Seed germination and seedling emergence are well-regulated pro-
cesses characterized by high metabolic activity mediated by reactive
oxygen species (ROS) in the cell (BAiLLy, 2004). Antioxidants
act to scavenge ROS, and therefore play an important role in the
regulation of growth processes that occur during germination such
as radicle protrusion or coleoptile emergence (BAILLY, 2004). While
superoxide dismutase (SOD) is the most important antioxidant
enzyme synthesized in response to oxidative stress, its effectiveness
was dependant on the H,O,-scavenging enzymes activity notably that
of ascorbate peroxidase (APX) and catalase (CAT). The combined
action of these two enzymes seems to play an important role in plant
growth and production since seed filling was associated with a high
potential of the H,0O,-detoxification, often due to APX and CAT
activities (CosTa et al., 2010).

In recent years, numerous studies have been conducted to investi-
gate whether there are differences between several durum wheat
genotypes in their response to salinity (MUNNs et al., 2012; RASHID
et al., 1999; SAYAR et al., 2010). However, to the best of our
knowledge no work has been done to investigate the difference
in responses to salinity of wheat genotypes used in the present
study, particularly with respect to their H,O,-scavanging capacity
and osmoprotectants accumulation. Therefore, this study aimed to
investigate the genotypic variation (GV) for salinity tolerance among
three durum wheat landraces selected based on their good adaptation
to drought-stressed Mediterranean environments.

Materials and methods

Experimental details and treatments

Germination assay and growth measurements: The present in-
vestigation was performed in a randomized complete design (RCD)
with two factors and three replications. Certified seeds of durum
wheat (Triticum durum Desf.) vars. Mohamed Ben Bachir (MBB),
GTA-dur and Waha were surface sterilized with sodium hypochlorite
(5% wi/v) for 3 min, washed several times against sterile water and
dried in oven. Thirty dried seeds were then placed in each Petri dish
containing two layers of Whatman. No. 1 filter paper moistened with
10 mL of one of the prepared solutions (100 or 200 mmol/L NaCl)
or distilled water (control). Seeds were germinated in darkness in a
temperature-controlled chamber held at 22 + 0.5 °C. The number
of germinated seeds was counted every day until day 7, when there
were no more germinated seeds. Final germination percentage (FGP)
was calculated at the end of the germination period (7 days). Mean
germination time (MGT) was calculated according to ELLIS and
ROBERTS (1981):

MGT =3YDn/¥n

Where n is the number of seeds germinated on day D, the number
of days counted from the beginning of germination. Final length
of shoot (coleoptile) and root of seedlings seven days post-sowing
were measured and used for vigor index (VI) estimation according
to ABDUL-BAKI and ANDERSON (1973):
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VI =FGP x SL
where SL is seedling length (cm). The salt tolerance index (ST) was
calculated according to CANO et al. (1998):
ST = (FW in NaCl-saline solution) x 100/(FW in NaCl-free solution)
where FW is fresh weight.

Physiological and biochemical changes

Physiological and biochemical measurements were in general based
on shoot (coleoptile) samples of three 7-day-old seedlings of uniform
size from each cultivar.

Relative water content: Shoot relative water content (RWC) was
determined according to BARR and WEATHERLEY (1962):

RWC = (FW - DW) x 100/(TW - DW)
where FW is fresh weight, DW is dry weight and TW is turgid
weight.

Proline and water-soluble carbohydrate content:

Quantitative determination of free proline (PRO) content was
performed according to BATEs et al. (1973). The optical density
of the solution is read on a spectrophotometer at a wavelength of
528nm. The proline concentration was determined using a cali-
bration curve of known L-proline concentration. Water-soluble
carbohydrates (WSC) content was determined according to DuBoIS
et al. (1956). Absorbance was measured at 485nm. The WSC
concentration was determined using a calibration curve of known
D-glucose concentration.

Hydrogen peroxide and lipid peroxidation assays: H,0, content
was determined according to VELIKOVA et al. (2000). Approximate-
ly 100 mg of fresh shoot samples were homogenized in 0.1%
5 mL of trichloro-acetic acid (TCA), and centrifuged for 15 min at
12,000 rpm. A 0.5 mL of the supernatant is then mixed with 0.5 mL
of buffer (Potassium phosphate 10 mM pH 7) and 1mL of 1 M KI.
The absorbance reading was taken at 390 nm. Lipid peroxidation
(LPO), however, was estimated as malondialdehyde (MDA) ac-
cording to HEATH and PACKER (1968). Approximately 500 mg of
fresh shoot samples were homogenized in 10 mL of 0.1% TCA and
the homogenate was centrifuged for 15 min at 15,000 rpm. To a
1.0 mL aliquot of the supernatant, 4.0 mL of 0.5% thiobarbituric
acid (TBA) in 20% TCA were added. The mixture was heated at
95 °C for 30 min, and then cooled in an ice bath. After centrifugation
for 10 min at 10,000 rpm at 4 °C, the absorbance of the supernatant
was recorded at 532 nm on a spectrophotometer. The MDA content
was calculated according to its molar extinction coefficient of
155 mM-1 cmL,

H,0,-scavenging enzymes extraction: About 200 mg of fresh
shoot tissues were collected from stressed and control seedlings and
quickly frozen in liquid nitrogen and ground to a fine powder using
a prechilled mortar and pestle. The exact weight of each powdered
sample was determined before it was thoroughly homogenized in
1.2 mL of 0.2 M potassium phosphate buffer (pH 7.8 with 0.1 mM
EDTA). The samples were centrifuged for 20 min at 15,000 rpm at
4 °C. The supernatant was removed, the pellet resuspended in
0.8 mL of the same buffer, and the suspension centrifuged for another
15 min at 15,000 rpm at 4 °C. The combined supernatants were
stored on ice and used to determine antioxidant enzyme activities
(ELAVARTHI and MARTIN, 2010).

H,0,-scavenging enzymes activity assay: The activity of CAT
(EC 1.11.1.6) was measured according to the method of CHANDLEE

and SCANDALIOS (1984) with little modification. The assay mixture
contained 2.6 mL of 50 mM potassium/phosphate buffer (pH 7.0),
0.4 mL of 15 mM H,0, and 0.04 mL of enzyme extract. The de-
composition of H,0, was followed by the decline in absorbance at
240 nm. The enzyme activity was expressed in units mg protein
(U = 1 mM of H,0, reduction min™* mg™ protein). The extinction
coefficient of H,0, (40 mM-1cm™ at 240 nm) was used to calculate

the enzyme activity that was expressed in terms of mM of H,0O, per
minute per gram fresh weight.

APX (EC 1.11.1.11) activity was assayed using a modified method
of NAkANO and AsApA (1981). APX activity was determined
by measuring decreased absorbance at 290 nm due to ascorbate
oxidation. The assay mixture (1 mL) contained 50 mM potassium
phosphate buffer (pH 7.0), 0.5 mM ascorbate, 0.5 mM H,0,, and
10 pl of crude extract. H,O, was added last to initiate the reaction,
and the decrease in absorbance was recorded for 3 min (U =1 mM
of Ascorbic acid reduction minl mg?® protein). The extinction
coefficient of 2.8 mM™1 cm™ for reduced ascorbate was used in
calculating the enzyme activity that gram fresh weight. The enzyme
protein was estimated by the method of BRADFORD (1976).

Statistical analysis

For statistical analysis, the data of germination percentage were
transformed by arcsine transformation. Data were subjected to ana-
lysis of variance (ANOVA) procedures, while the least significant
difference (LSD) test at o = 0.05 level of significance was used
to compare the differences among treatment means. Correlation
analysis and principal component analysis (PCA) were carried out
to examine the relationships between and among the factors and
variables using the statistical software package STATISTICA 8.0
(HiLL and Lewicki, 2007).

Results

Germination assay: As shown in Fig. 1A, final germination
percentage (FGP) was adversely affected by NaCl salinity. The
decrease in FGP caused by moderate salinity (100 mM) was less than
9% in all the genotypes, whereas high salinity (200 mM) induced
substantial reduction in FGP especially in the genotype Waha, which
has lost nearly 70% of its germination capacity. Statistical analysis
revealed a significant effects for both factors (salinity ‘S’ and
genotype ‘G’) and their interaction (P<0.001) (Tab. 1), suggesting
the existence of a genetic variation. Unlike the FGP, the mean
germination time (MGT) was only marginally affected by moderate
salinity, whereas high salinity resulted in a more pronounced increase
of MGT, especially in the genotype Waha.

Growth Analysis

Shoot and Root lengths: NaCl salinity decreased more or less
significantly shoot and root lengths in all genotypes in a concen-
tration-dependent manner (Fig. 1B). With the exception of the de-
crease in root to shoot ratio (R/S) recorded by the genotype Waha
at 200 mM NaCl (> 40%), salinity seems to increase significantly
the R/S (Fig. 1C). It was noteworthy that the genotype MBB had the
highest R/S.

Total dry weight and Vigor index: Among the tested wheat
genotypes, the total dry weight (DW) was affected more or less to the
same extent by salinity (Fig. 1C). This effect was more pronounced
when the concentration of NaCl becomes higher. Whilst root growth
(particularly in genotype MBB) was much less affected, which
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Fig. 1: Effect of salinity (mM) on (A) final germination percentage (FGP) and mean germination time (MGT); (B) shoot (SL) and root lengths (RL); (C)
root:shoot ratio (R/S) and total dry weight (DW); (D) salt tolerance index (ST) and vigor index (V1) of durum wheat genotypes. VValues are means of

three replicates + SE.

Tab. 1: F and LSD values of the effects of salinity (S), genotype (G) and the interaction between them (SxG) on the dependent variables.

Variation F LSD

Salt Genotype Interaction Salt Genotype
FGP 73.53*** 12.03*** 6.45%** 0.16 0.19
MGT 55.07*** 6.95** 8.40%** 0.35 0.137
SL 107.8*** 0.60 ns 1.35ns 4.2 ns
RL 67.60%** 2.01ns 3.69* 10.32 ns
R/S 4.95* 5.50* 8.25%** 111 0.87
DW 83.53*** 457 * 0.88 ns 2.34 1.33
VI 136*** 3.43ns 3.29* 16.01 ns
ST 775.9%*%* 18.0%** 8.24%** 30.75 7.83
RWC 22.63*** 3.33ns 2.49ns 7.49 ns
PRO 1200*** 8.27** 47.69*** 67.6 8.76
WSC 210.3*** 10.58 ns 3.41* 62.66 ns
MDA 16.33%** 7.62** 0.43 ns 0.34 0.23
H,0, 25.92%** 26.11%** 1.58 ns 11.96 5.83
CAT 6.90** 5.93** 10.65*** 0.99 0.93
APX 13.3*** 6.55** 5.87** 8.57 6.18

*P< 0.05; **P< 0.01; ***P< 0.001; ns = not significant.

explains the high R/S, high salinity (200 mM) had reduced plant
biomass by 50% to 70% compared to control groups. Increasing
salinity induced a significant linear decline in seedling vigor index
(VI) and salt tolerance index (ST) of all tested cultivars (Fig. 1D).

Physiological and biochemical parameters:

Relative Water Content: As shown in Fig. 2A, RWC of wheat
seedlings, especially in genotype GTA (~84%) showed only slight
and non-significant decrease with increasing NaCl concentration.
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Proline and Water Soluble Carbohydrates contents: According
to Fig. 2A, salinity induced a significant (P<0.001) increase of
proline content of all genotypes. However, genotype GTA treated
with 200 mM NaCl showed the highest amount of proline content
(up to 3-folds compared to control) (Tab. 1). In all genotypes,
NaCl induced a significant (P<0.001) accumulation of WSC in a
concentration-dependent manner (Fig. 2A). While WSC content
does not appear to differ significantly from one genotype to another,
the existence of a significant interaction genotype x salt stress
(Tab. 1) gives rise to conclude that these genotypes respond dif-
ferently with increasing salt level.

Hydrogen peroxide content and Lipid peroxidation: From the
Fig. 3A it is apparent that the amount of H,O, increased in response
to increasing salinity. Fig. 3A shows also that under both salinity
levels, lipid peroxidation occurs in seedling tissues of all wheat
cultivars.

Ascorbate Peroxidase and Catalase activity: Unexpectedly salt
stress affected the activity of APX independently of NaCl con-
centration and differently from one genotype to another (Fig. 3B).
Nevertheless, at 200 mM salt stress increased the activity of APX
in the three genotypes with respect to their respective controls. On
the other hand, salinity had not only affected differently the activity
of CAT, but regardless of its concentration (Fig. 3B). However,
at 200 mM, unlike genotype Waha CAT activity increased in the
genotypes GTA and MBB.

Multifactorial analysis: Results of multifactorial comparison
generalized over the entire set of data (432 entries) using the
principal components analysis (PCA), were given in Fig. 4A and
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Fig. 2: Effect of salinity (mM) on (A) proline content (PRO), water soluble
carbohydrates (WSC) and relative water content (RWC) of durum
wheat genotypes; (B) Relationships of RWC with PRO and WSC
contents. Values are means of three replicates + SE.

4B. It is noteworthy that every single genotype was presented by
9 points (3 levels of salinity x 3 repetitions). PCA results revealed
that the factor 1 (first principal component or PC1) explained
63.69% of the total data variation and had positive correlation with
the growth/germination performance under both stress and non-
stress environments (Fig. 4A and Fig. 1A-D). Thus this component
was able to separate the genotypes according to their growth/
germination potential under the three different stress treatments.
The PC 2 explained 11.04% of the total data variation. The first
two PCs accounted for 74.73% of total variation. Considering the
projection of the variables, it appears that the mean values of proline
and water-soluble carbohydrates decreased from the negative side
of PCL1 to its positive side (Fig. 4B). This reflects the highly signifi-
cant negative relationships among proline, WSC and all the growth
parameters (r over to - 0.8, P<0.001). PCA results also indicated
that the indices could discriminate the tolerant genotypes are the
R/S ratio (36.1% of contributions), CAT (30.6%), FGP (5.74%),
which showed positive correlations with salt tolerance, and APX
(12.5%), which showed a negative correlation with tolerance to
salinity (Fig. 4B).
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Treatments: TO, T3, T6: control; T1, T4, T7: 100 mM NaCl; T2, T5, T8: 200 mM NaCl.

Variables codes: FGP: final germination percentage; MGT: mean germination time; DW: dry weight; RL: root length; SL: shoot length; R/S: root to
shoot ratio; ST: salt tolerance index; VI: vigor index; PRO: proline; RWC: relative water content; WSC: water-soluble carbohydrates; APX: ascorbate
peroxidase; CAT: catalase; HPX: hydrogen peroxide; MDA: malondialdehyde.

Discussion

It is evident from the results that NaCl salinity significantly de-
creases the percentage of germination (FGP) and delay the ger-
mination (MGT) in all the genotypes (Fig. 1A and Tab. 1). In this
respect, Waha appears to be the most affected genotype. These results
are in line with previous findings (ZHANG et al., 2010). Salinity
can affect germination of seeds either by imposing osmotic stress,
which prevent water uptake, or by ion toxicity, which inhibits the
metabolism of dividing and expanding cells, delaying germination
and even leading to seed death (ZHANG et al., 2010). The first visible
evidence of germination is the protrusion of the radicle through the
seed coat. This is the result of cell enlargement and, to a lesser extent,
cell division (HABER and LuippoLD, 1960), both of which are very
sensitive to dehydration, suggesting that salinity indirectly reduces
growth of seminal roots by water privatization. Indeed, our results
support this finding, since the decrease in germination performances
was correlated to the decrease in RWC, particularly in Waha, and
because a RWC of about 80% may trigger the accumulation of ABA
that inhibit germination and radicle protrusion.

As on germination, salt stress decreases almost all of growth
parameters (Fig. 1D) in all the wheat cultivars, which is may be
attributed to either or both the osmotic and toxic effects of salinity
as previously reported (RASHID et al., 1999; SAYAR et al., 2010). In
contrast to MBB, Waha appears to be the most affected by salinity.
Increasing salinity causes the reduction of cell turgor and the rate of
shoot and root elongation (MuNNs and TESTER, 2008). To maintain
cell turgor by osmotic adjustment (OA), plants synthesize and
accumulate several kinds of compatible osmolytes, such as PRO and
WSC. Indeed, substantial increase in PRO content in all the geno-
types was recorded under salt stress (P<0.001; Fig. 2A). However
MBB, which exhibited the highest ST index, showed the lowest
amount of PRO. On the other hand, the strong negative correlation
found between PRO and RWC (r = -0.64***; Fig. 2B), from one side,
and since the genotype GTA which exhibited the highest RWC at
200 mM NacCl, showed the greatest PRO accumulation from the other
side, suggests that PRO is involved in OA. Besides OA, PRO plays
an important role in stabilization of enzymes/proteins and protection
of membrane integrity (ASHRAF and HARRIS, 2004; ASHRAF et al.,

2012). In line with these findings, correlation analysis revealed
a strong positive relationship between H,0, and PRO (r = 0.49%;
Fig. 3C) which corroborate recent suggestion that PRO could act as
an antioxidant counteracting H,O, (ASHRAF et al., 2012).

Increase of WSC content has been considered as an adaptive re-
sponse of plants to salt stress conditions (PARVAIZ and SATYAWATI,
2008). WSC not only acts as an energy source, but it is also important
to increase the biomass and provide the carbon backbones essential
for the synthesis of numerous compounds that are involved in osmotic
or anti-oxidative protection (CouEtk et al., 2006). In agreement with
this, NaCl induced a significant (P<0.001) accumulation of WSC
in all genotypes in a concentration-dependent manner (Fig. 2A).
Moreover, WSC content showed a strong negative correlation with
RWC (r = -0.7***; Fig. 2B) and a positive correlation with H,0,
(r=0.53**),

Consistent with our results, salinity induces the accumulation of
H,O, in a concentration-dependant manner (AsSHRAF et al., 2012;
LEeE et al., 2001). Despite its role as a signaling molecule, H,0O, itself
is toxic at high concentrations (CosTA et al., 2010). In agreement
with our results (Fig. 3A), salt-induced oxidative stress causes the
lipid peroxidation (LPO) resulting at cellular level in membranes
degradation, suggesting that salt-induced LPO occurs early in the
seedling tissues of all wheat cultivars. Correlation analysis also
revealed the significant positive relationships among MDA vs.
PRO (r = 0.58**) and MDA vs. WSC (r = 0.43%), suggesting the
involvement of PRO and WSC in anti-oxidative protection.

To withstand salt-induced oxidative stress, plants evolved enzymatic
and non-enzymatic antioxidant defense systems. Among the ROS-
scavenging enzymes, CAT and APX are primarily involved in the
elimination of H,O, and the most important antioxidant enzymes
produced in different plant organelles (CosTA et al., 2010). Our
results support these aforementioned findings, showing that over-
all salt stress increases substantially the activity of APX in the
three genotypes (Fig. 3B). Growing evidences suggests that ROS-
scavenging enzymes are involved in the salt stress tolerance
(ASHRAF et al., 2012). While salt stress may result in a rapid increase
in the activity of antioxidant enzymes, high concentration or long-
term of salt stress inhibit the antioxidant enzyme activities (ASHRAF
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et al., 2012), which is partially in line with our results (Fig. 3B).
Interestingly, Lee et al. (2001) showed that the overproduction
of H,0, promotes the induction of specific APX isoforms under
catalase deactivation. Consistent with these findings, APX activity,
but not CAT, was found positively correlated with the levels of both
of H,O, (r = 0.46*) and MDA (r = 0.70%) (Fig. 3C).

Based on PCA results it appears that the indices could discriminate
the tolerant genotypes are the R/S (36.1% of contribution), CAT
(30.6%), FGP (5.74%), which showed positive correlations with
ST, and APX (12.5%), which showed a negative correlation with
ST (Fig. 4B). This is in agreement with the fact that the most salt-
tolerant cultivars are those with high germination rate, an important
vigor index, able to maintain a vigorous root growth (high R/S) and
showed relatively high antioxidant activity (ASHRAF et al., 2012;
RASHID et al., 1999; SAYAR et al., 2010). In this case, MBB met the
requirement.

Conclusion

Altogether, these results revealed that salt stress affects almost
all studied aspects of germination and seedling growth in durum
wheat in a concentration- and genotype-dependent manner. PCA
results indicated that the most important variables that contribu-
ted to genotypic variation (GV) in salt tolerance among the tested
genotypes were R/S ratio (36.1%), CAT (30.6%), APX (12.5%)
and FGP (5.74%). While PRO and WSC have been shown to play
a key role in salt tolerance by inducing osmotic adjustment (OA),
these compounds do not appear to be involved in the GV for salinity
tolerance among the tested genotypes. According to the response of
wheat genotypes to high salinity (200 mM NaCl), it is suggested that
MBB is the most tolerant genotype while Waha is the less tolerant
one.
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THE ROLE OF PHYTOHORMONES AND ANTIOXIDANTS

IN SALT TOLERANCE OF DURUM WHEAT

Abstract:

Soil salinity is one of the major and increasing problems of the agriculture worldwide,
particularly in wheat growing areas. Durum wheat (Triticum durum Desf.) is an important
cereal crop and source of staple food for many countries, where its production is mainly
threatened by salinity. The present study was conducted for two purposes. The first one
was to promote the salt tolerance of durum wheat by priming seeds with hormones (GAs3)
and/or antioxidants (ascorbic acid). The results indicated that the effect of salinity upon
almost all the germination, growth and metabolism parameters of wheat embryo or
seedling can be alleviated by seed priming using GAsz and/or AsA. The second was to
investigate the potential biomarkers of mechanisms underlying salt tolerance induced by
ascorbate-priming by using proteomic technology. Our results revealed the involvement of
more than 160 metabolic proteins on the determination of seed vigor or priming-induced
salt tolerance, predominantly those involved in oxidative stress defense, protein synthesis
and turnover and phytohormones biosynthesis namely auxin. Altogether, these results
extend our understanding about salt stress tolerance in plants, and provide valuable

information for breeding programmes to improve salt tolerance in durum wheat.

Keywords: Salt stress, Seed priming, Gibberellic acid, Ascorbic acid, Gel-free proteomic,

Triticum durum Desf.



ROLE DES PHYTOHORMONES ET DES ANTIOXYDANTS
DANS LA TOLERANCE DU BLE DUR A LA SALINITE

Résumé :

La salinité du sol est I'un des plus grands et croissants probléemes qui menacent lI'agriculture
a travers le monde, particulierement dans les régions productrices de blé. Le blé dur
(Triticum durum Desf.) est une céréale importante et source d'aliment de base pour de
nombreux pays, ou la salinité des sols met en péril sa production. La présente étude a été
réalisée pour deux raisons: la premiere était de promouvoir la tolérance au sel de blé dur
par l'induction des semences avec les hormones (GAj3) et/ou les antioxydants (acide
ascorbique). Les résultats indiquent que I’effet adverse de la salinité sur I’ensemble des
parameétres de germination, de croissance et le métabolisme peut étre atténué par le
traitement pré-germinatif des semences avec I’AG; et/ou AsA. La seconde étant I’utilisant
de la technologie protéomique pour étudier les bio-marqueurs potentiels des mécanismes
impliqués dans la tolérance a la salinité induite par le ‘seed-priming’ (cas de l'acide
ascorbique). Nos résultats ont révelé I’implication de plus de 160 protéines métaboliques
dans la détermination de la vigueur et la tolérance au sel induite par seed-priming, plus
particulierement celles impliquées dans la protection contre les espéces d’oxygene
réactivées (ROS), la synthése et le turnover des protéines, la synthése des phytohormones
telles que I’auxine. Ensemble, ces résultats permettent une meilleure compréhension de la
tolérance au sel induite, et fournissent également des informations clés pour les
programmes d’amélioration génétique en vue d’améliorer la tolérance au sel chez le blé
dur.

Mots-clés: Stress salin, I’induction des semences, acide gibbérellique, acide ascorbique,

Triticum durum Desf.
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