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|. Introduction
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Figure 1. La plante et son environnement hydrique. L’eau absorbée dans le sol par les racines est conduite dans
toutes les parties de la plante. Une partie est éliminée dans I'atmosphere par la transpiration. A droite, sont notées
les valeurs du potentiel hydrique en Méga-Pascal (MPa) des différents partenaires. © Biologie et Multimedia
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Quand la plante est-elle en déficit hydrique ?

Déficit hydrique :  quantité d’eau transpirée supérieure a la
guantité d’eau absorbée.

Les réactions des plantes a la sécheresse dépendent :

- de la vitesse d’évaporation de 'eau,
- de la durée du déficit hydrique,
- de I'espece (mais aussi de la varieté, donc du géenotype)

Au niveau cellulaire , les réactions varient en fonction de :
- 'organe considere,

- du type de cellule,

- du stade de developpement de la plante.



Sécheresse (drought stress)
Salinité de 'eau (salt stress)
Froid (cold-freezing stress)

| |

Stress hydrigue, osmotique

Réponses communes
Réponses specifiques




La salinité

* 6 % de la surface terrestre sont affectés par la salinité (notamment
20% des cultures irriguées)

 Salinité naturelle
Remarque : Eau de mer :
Na* :10g/kg 470 mM
Cl-: 20 g/kg 550 mM

 Salinité induite par l'agriculture



La salinité

En général : les plantes n’utilisent pas le Na* ni le CI-

Salinité -> hyperosmolarité et toxicité ionique

Glycophytes

Halophytes :

- besoin de plus d’électrolytes pour une croissance optimale
([NaCl]sol: 20 a 500 mM), utilisation comme osmoticum

- extrusion du Na+ (cellules spécialisées)

- compartimentation vacuolaire

- transport vers les parties aériennes jeunes (limitation du Na+ au
niveau racinaire)

Ll 4 mmm pglétuvier
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Le froid
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=>» Protection membranaire indispensable



Distribution de I'eau dans la plante

=Bois : 60%
sFeuilles de blé : 12%
=Fruit de tomate : 94%

»Graines d’'orge : 20 %
sGraines de blé : 12 %
sCacahuete : 5%



Fonctions mécaniques et physiologiques chez les pla ntes

=>Nécessaire pour :
= La photosynthese (donneur d’électrons)
=» La croissance
=>» Les transports de solutés
=>» Le port érigé (turgescence)
=» Les mouvements
=> Le refroidissement par évapotranspiration



L 'eau traverse la racine en empruntant 3 voies:

a. En passant é. traverS |a Paroi cellulaire Membrane piasmique Plasmodesme
membrane des cellules = 3
voie transcellulaire

b. En passant de cellule en -
cellule par les (b)
plasmodesmes = voie
symplaste. ie)

c. En passant entre les ,
cellules ou dans les Symplaste Apoplaste

cellules mortes = voie
apoplaste.



Les parois des cellules de | 'endoderme sont imprégnées de cire
(subérine) = bande de Caspary . L 'eau ne peut pas sy infiltrer par

apoplaste.

Avant d ’'atteindre le xyleme, | 'eau doit absolument traverser une
membrane au moins une fois = filtre .
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Il. Les effets du stress hydriqbe

Il. 1. Réponses au stress hydrique : Végétaux non ada  ptés

Expansion cellulaire _ll | |

Synthése protéique —

Activité nitrate réductase _

Augmentation de 'ABA ll_

Diminution des cytokinines _

Fermeture des stomates .I_
Diminution de la photosynthése illll_
Diminution de la respiration I D I
Flétrissement Bl

Sénescence HE

o
»

Diminution du potentiel hydrique du sol



Rappel
Les stomates

Siege des échanges gazeux (O,, CO,) et lieu de la transpiration
(évaporation de I'eau sous forme de vapeur d’eau).

La transpiration : stomates ouverts, fixation du CO,
atmosphérique (sous forme dissoute, pour la photosynthése)

Fermeture des stomates lors d’un stress hydrique




e Au niveau cellulaire :

- Degats mécaniques liés a la perte de turgescence

- Modifications structurales : macromolécules, membranes,
...organites...
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Fig. 6.62. Possible orientation of lipid and protein components in membranes in relation to
their degree of hydration. Hydrated state {/eft) orientation of the hyvdrophilic poles (heads)
of the phospholipids and of the membrane proteins (stippled areas) toward the external
aqueous medium, Dehydrated state (right) reversed orientation of the polar ends of phos-

pholipids and proteins toward interior water channels of the membrane. (Bewley and
Krochko 1982)

- Modifications du métabolisme, production de radicaux libres...



Il. 2. Réponses au stress hydrique : Végetaux adaptés  (Xerophytes)

= Adaptations anatomiques et morphologiques

v'Systeme racinaire de surface

v'Systeme racinaire profond
v'’Accumulation d’eau

v'Réduction surface foliaire



v'Protection des stomates




= Adaptations meétaboliques

* Photosynthese (CAM)

» Biosynthese de composeés protecteurs (osmotiques, structuraux)

* Mise en place de systemes de détoxification (des especes réactives
d’oxygene).

» Systemes de reparation



Plantes au métabolisme CAM

CAM = Crassulacean Acid Metabolism

Une modification du métabolisme C4:
la capture de la CO, et la photosynthése sont séparés dans le temps,

plutét que dans ['espace

La nuit:
* Quverture des stomates.
* Absorption de CO,.

« CO, réagit avec un composc a 3C (pyruvate) pour former un
compos¢ acide a 4C (oxaloacétate et puis malate).

COLATE i »  C4 (malate)

*  Le malate s'accumule dans les vacuoles au cours de la nuit

Le jour:

* Les stomates se ferment (ce qui limite la perte d'eau).

* Le malate est converti en un composé a 3C (pyruvate) et en CO, (=2 Calvin),

Ce type de métabolisme est présent
dans de nombrewses aures familles
de plantes (- 20 familles ),

Ex. Cactus, Ananas, Orchidees

50




Ill. Les modeles d’étude du stress hydrique

1. Les plantes reviviscentes

=» Tolérance a la dessiccation,
= Réhydratation

e Lichens : 13.000 especes

e Mousses : 10.000 especes dont Tortula ruralis

e Fougeres : 70 especes (Selaginelles...)

* Angiospermes : 60 especes sur 250.000 connues.

Ex : Craterostigma plantagineum
Plante de la résurrection



Tolérance a la déshydratation : Plante de la résurrection
Craterostigma plantagineum

Hydratée Déshydratée (7 J) Réhydratée (24 h)
Les plantes reviviscentes. Biofutur, Fév. 2000, p39-41



Fig- 3. Green, frash (a)
and purple, dried {)
Craterostigema pumiliim
[Scrophulariscess) plant
Theis: andgicspenm
resumection plant
accumislates
anthocyaning during
dehydration, witlch are
thought to e invalved n
the defenss agairst
oxidative strass™, The
plant originates from the
MGt ERgomn region in
Kerya Scabe bars =1 om.

Trends in plant science
2001:vol6, n9: 431-438




Ill. Les modeles d’étude du stress hydrique

Ill. 2. Les graines orthodoxes

Dessiccation des graines

Pré-requis pour la survie et I'accomplissement du cycle
complet de développement

Intervient au cours de la maturation des graines

Stades de développement des graines



Développement des semences

Phase 1

Phase 2 Phase 3

ABA

Grandissement

Matiere
fraiche

: cellulair

Divisions

cellulaires :

Matiere
seche

Temps apres la fécondation

Phase 1: embryogénénese
Phase 2: accumulation des réserves
Phase 3: deshydratation

v




Ill. 3. Les plantes modeles

Approche de genetique classique :

Recherche de mutants hypersensibles ou hyper-résistants
Clonage positionnel de la mutation

Approche de génétique inverse : tester les hypotheses



V. Parametres decrivant le statut hydrique deatpé

La quantité relative d’eau (RWC : relative water conte  nt)

RWC = [(pf-ps)/(pf turg.-ps)]x100

pf : poids frais, ps : poids sec, turg. : turgescent*

RW(C feuilles qui transpirent normalement : 85 %
Seulil critique : environ 50% : mort

Plantes tolérantes : perte de la quasi-totalité
de I'eau protoplasmique : anhydrobiose



le potentiel hydrique

Wy =W + W,

J : potentiel du aux solutés

lié au nombre de particules solubles dissoutes dans I'eau
[solutés] 1t : Y diminue, donc Y, diminue

Y, : potentiel de pression

Forces physiques exercées par I'eau sur I’'environnement
Tension: Y ;<0
Turgescence ¢ ,> 0

Le transport de I'eau s’effectue si :
y ,, racines < ,, milieu extérieur



Osmose et potentiel hydrique

Osmose = diffusion de | 'eau

Milieu Milieu
hypotonique hypertonique

| Eau se déplace du milieu hypotonique
au milieu hypertonique



L’ajustement osmotique
=>» Maintien de la turgescence des cellules
= Accumulation dans le cytoplasme de composés osmoprotecteurs

(osmolytes) N N N
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=>Reéponses a la perte de turgescence
Plantes adaptées

Régulation du transport des ions H*, K+
>

OSMOREGULATION

Proline

Glycine béta'l'ne>

Accumulation de sucrss

Modification de |I'expression

Du génome

10 102 103 10% 10° 106

>

Temps (s)



V. Les osmolytes

= Osmoprotectants, = Composes osmoprotecteurs
= Composes solubles compatibles (compatible solute)

- Composes organiques
- Propriétés physiques et biologiques compatibles , méme a forte
concentration, avec les fonctions meétaboliques

- Molécules trés solubles
- Molécules neutres au pH physiologique
(non ionisées ou dipoles)

Contraire des solutés inorganiques = ions :
leur accumulation est toxique pour les cellules :
dénaturation des protéines

Mise en évidence chez les bactéries



Les osmolytes

A. Fonction : protection contre les stress abiotiques

1= Ajustement osmotique

2% Stabilisation des membranes

3% Stabilisation de la conformation des protéines

4% Proprietes : antioxydants ?



Intermediate

Dry {glassy)

Fully hydrated

Fig. 2. Memboane behavior at different stages of water 1oss_ bn Tully
hydrated cells (a), membrane lipids are inan wndssturbed Bouid-
crystalline state. Lpan water loss fintermediste water contents),
cytoglasmic amphiphilic compownds Morease in concentration and
partition to membranes, wisich can be comsiderad &5 a preferential
Itesaction. This causes menmbrane disturbamse inboth olerant (B} and
senEiive (¢ celis, Amphiphile partiticning into membsanes i completa
walth e dissipation of Bulk water, [nthe tesnme diate water rangs, e
presenes of preferentislly excleded solutes Sugars) in tolersat cells k)
ket meimbrane s foce prefesentially iyndratead (indicated by the
biue Band) snd prevents membrane fusion. The atsence of these
solutes i e sensitive calls (e might result in membrans fusion, &5 in
micsed aemibrans systenrs. On further drying Below 0.3 1g HO) g dry
woaighty ", the sugar molecudes intolerent cells replace waters inthe
Ivpeleation shell of the membranes, therely malndaining the spacing
betwean phasphobipid maecubes. The Dilayer Femains in the liguid-
cryataliine phase_ insensitive cell, the removal of water from the
Fyddrathon shell i e abserce of suigars resulls in packing of the
phrospholipid molecubes, which lesds to & phase ransition o the gel
prease, This might lesd wo lsteral phasa separatkons and imeversible
imermbsrane darmage. Below 001 6g HLO) i dry weight)-, eytoplasmic
commponents are immaobilized ina glassy matrix, whid might diffes in
properties betwesan tolerant (d) and sensitive () calls. Whesther
prefereatial eoduesbon Bas an ifluence on amphiphile pafitioning Bto
rnembsranas i< not known. The arows indicete the reversibality of the
processes during refygdration. The slow repaitioning of amphipibes
Froom mesmbranes into the cytopiasm on refwdeation might cause

1= ROle protecteur des sucres
au niveau membranaire

Trends in plant science
2001:vol6, N9: 431-438



3% Les osmolytes : role dans le maintien de la confo rmation des proteines

Perturbhing .

10ns
Compatible solutes

(e.g., proline)

4@
5;%

Eﬁi@ '
Disrupted protein (Fewer Intact protein (Highly ordered
ordered H;O molecules H, 0 molecules surround protein,

hound to protein, entropy high)  entropy low)




Intermediate

Diry {glasay)
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Trends in plant science
2001:vol6, n9: 431-438

Fig- 1. Meachanisms of protein structune stabilization st diferent stages ol water oss. bn fully bydrated
cells (a), the native (fodded) form of a protein (N) is thermodynamically Tavorabbe. Molecular crovading
during water loss increases the probability of the cytoplasmic solutes interacting with the protein
surface. Insensitive cells (), the lack of compatible solutes for example, proline and swugan) causes
preferential binding to domirate over preferential exclusion, which keads to protein unfolding and
denaturaticn (D). Preferentially bownd molecules act as destabilizers. Intolarant cells (o), preferential
eclusbon from the protein surface dominates aver preferential binding, which maintains proteins in
their native conformiation at the intermeadiate water contents, Preferential exclusion of compatible
solutes causes a preferential hydration of the protein surface (indicated as the bluee ring around the
protein). With the dissppearance of the water shell fram the proteins below 0.3 g HLO0 (g dry weight}-,
susgar moleciles that wers previously excluded from the protein suface replace water via hydrogen
hending, thus stabilizing the native protein strecture in the dried (glassy) cytoplasm in tolerant cells
(). Compatible solubas other than sugars fail to stabilize proteins inthe drisd state. Ih dried, Sensitive
calls (e, the previowsly formed undolded conformation (D is Meed in a cytoplasmic glass. The
reversibility af the processes occuring during dehydration and rehypdration is indicated by anmosws.



B- La structure chimique de guelques osmolytes

Compatible osmolytes

Amino acicd:
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|
v x.l ;
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Tertiary sulfonium compaound:
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= Accumulation : biosynthese (irréversible ou non),
modifications de du catabolisme, du transport :

- des acides aminés et de leurs dérivés
- des sucres

- de divers alcools

=>» distribution dans le regne veégétal
Large : proline

Restreinte : glycine bétaine



(a) Chloroplast
r-:cm's——{> Betald ———=>> GlyBet
codA
pid-EA - ptdMME =p> ptd-DME => pﬁt}d-Cho
CDP-EA  CDP-MME  CDP-DME CDP-Cho Cho == Betald =——==> GlyBet
[f . cdh : cdh 4
g
PEA => P-MME => P-DME => P-Cho
peamt Storage
Cho
(b) Sucrose

Treha!ose-aP myo-mosrtol -1P
top || *
Trehalose myo-moarlol
imt1
D-ononitol

Sucroae- Gng
ﬁ Fructose lL @ @
UTP
DPG i

-
:} ) FGP '—-_——DHBP G Dpho:;ﬁ:tes

e L

Sorbitol-6P

G1P<H>Gap

JL Glycolysis/

Fructose Krebs cycle

Mannitol-1P

i' -

Mannitol

Current Opinion in Plant Biology

Metabolic pathways associated with GlyBet, polyol and trehalose
synthesis. (a} GlyBet synthesis (modified from [12"]) and (b) polyol
and trehalose synthesis. The osmoprotectants are given in bold.
Abbreviations are CDP-, cytidyldiphospho-; EA, ethanolamine; MME,
monomethylEA; DME, dimethylEA; Bet ald, betaine aldehyde; cmo,
choline monaoxygenase; nsdh, endogenous non-specific aldehyde

dehydrogenase activity; cdh, Cho dehydrogenase; codA, Cho oxidase;
peamt, P-EA-N-methyltransferase; mtidh, mannitol dehydrogenase;
s6pdh, sorbitol dehydrogenase; imt1, inositol methyltransferase;

tps1, trehalose-6-phosphate synthase; tpp, trehalose-6-phosphate
phosphatase. Reactions with an asterisk (*) are non-specific
phosphatase activity.




=» Localisation intracellulaire
compartimentation - cytoplasme majoritairement
composeés toxiques : stockés dans la vacuole

Salt-stressed spinach leaf cell

Chloroplast

Glycine betaine = 300 mM
Cl' < 50 mM
Na’< 50 mM
K™ =120 mM
Organic acids = 60 mM

Vacuole Cytosol



1= Les Sucres

Composeés et distribution

v' Animaux, champignons, levures, bactéries :
trehalose

Fig. 1. Structure of trehalose.

v’ Plantes : saccharose + autres sucres

ex : plante de la résurrection :
saccharose et 2-D octulose
tréhalose



Table 1 Major sugars (mg g~ ' of lyophilized material) found in Craterostigma
plantagineum leaves®

Rehydrated leaves
Fresh  Dried
Sugar leaves leaves 4h 21h 28 h 5 days
Glucose 10(1)°  13(3) 96(32)  178(30) 60(12) 4(1)
Fructose 10(2) 8(2) 60(20) 128(21)  184(36) 3(1)
Sucrose 25(5) 374(90) 140(42) 151(27) 5(1) 7(2)
2-Octulose 430(89) 17(4) 3(1) 73(12) 215(42) 352(94)
Myo-inositol 5(1) 4(1) 2(1) 6(1) 14(3) 4(1)
Other sugars tr tr tr 54(9) 30(6) 3(1)

Total 480 416 301 580 508 373

—

“Means of three determinations each made on samples of several different plants.
®Percentages (in parentheses) are rounded off to the nearest percentage unit.
tr = traces.



ROle protecteur des sucres

v Vitrification du cytoplasme

v" Protection des protéines : stabilisation de la conformation

v Protection des membranes

Ex : Le tréhalose :

The function of trehalose biosynthesis in plants
Wingler A. (2002) Phytochemitry 60:437-440

Trehalose metabolism in plants :
Goddjin et al., (1999) Trends in plant Science 4:315-319

Building stress tolerance through over-producing trehalose in plants
Penna S, (2003)Trends in plant Science 8:355-357



pas de tréhalose chez les plantes sauf certaines plantes
de la résurrection :

-> introduction de la voie de biosynthese du tréhalose chez
les plantes a partir de genes d 'origine procaryotique

TPS1 (yeast)
TPS (E. coli, OtsA)

LICH
UDP-glucosa + Trehalose-6-
plucose-G-phosphate phosphate
Trahalose
finsphats TPS2 (yeast)
phosphata 3 P :
synthasa rahamse-b- 1! TPP (E CO||, OtSB)
nhosphate ;
nhosphatasa
- Trahalase — NB - Yeast :
x Glucose rahalose , :
’ TPS3 : su requlatrice
TREMNDE i Piaal Soienoce




Fig. 2. The expression of the E cofi oisd {rehalose-6-phosphate
synthase activity) gene in tobacco leads to enhanced trehalose

biosynthesis and also results in various pleiotropic effects. The
oisA transgenic plant {right) has small, dark-green, lancet-shaped,
thick leaves and a reduced senescence compared with the wild-
type control plant (lefi).

-> Effets plelotropiques



Table 1. Expression of trehalose biosynthetic genes in transgenic plants

stress dependant
labscisic acid inducibia)

miineral balanca (under salt, drought and low temparature stress)
and more trehaloss. Increased stress tolarancea

Origin Gene used Promoter Target  Prominent effects Refs
plant
E. coli oisd, oisE  Constitutive {Caly3Es) Tobacco  Improved growth under stress conditions, morphological alterations . [3,12]
Yeast TPs Tissue-specific rbcs Tobacco  More trehaloss levels [B]
Yeast TP51 Constitutive {CaMV355) Tobacco  Stunted growth, lancst-shaped leaves, reducad sucross content and  [E]
impraved drought tolerance
E. coli TPs Tubsar spacific {Patatin} Potato Mo trehalose levals detectad [3]
E. coliand yeast TP5 Constitutive {CabV3ES) Tobacco  Enhanced rate of photosynthasis (TPS) [13]
TFFP Reducad photosynthesis {TPP)
E. coli ofsA, otsB  Tissue specific (rbeS) and  Rics Sustained plant growth, less photo-oxidative damage, favorable |91




Chez Arabidopsis : pas de tréhalose mais :
- forte activite trehalase
- mise en évidence de genes de biosynthese du trehalose :

-> 1998 : complémentation d 'un mutant de levure tps2
avec une banque d 'ADNc d 'Arabidopsis (ARNmM issus
d 'un mélange de tissus).

- complémentation du phénotype thermosensible du mutant
- MEE de tréhalose par HPLC et diminution du pool de tréhalose 6-P
(mais partielle par rapport au gene TPS2)

-> 2001 : analyse bioinformatigue du génome
d 'Arabidopsis : 11 genes putatifs codant TPS/TPP
-> R0le physiologique ?
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Trehalose accumulation in rice plants confers high
tolerance levels to different abiotic stresses

Ajay K. Garg*, Ju-Kon Kim!, Thomas G. Owens*, Anil P. Ranwala®, Yang Do Choi", Leon V. Kochian*/, and Ray J. Wu*-**

Departments of *Molecular Biology and Genetics, *Plant Biology, and SHorticulture, Cornell University, [thaca, MY 14853 tDepartment of Bioclogical Scienca,
Myongji University, Yongin, Kyonggi-Do 449728, Korea; "School of Agricultural Biotechnology, Secul National University, Suwon 441-744, Korea; and
.5 Department of Agriculture-Agriculture Research Service, Plant, Soil, and Mutrition Laboratory, Cornell University, lthaca, NY 14853

Trehalose is a nonreducing disaccharide of glucose that functions
as a compatible solute in the stabilization of biological structures
under abiotic strass in bacteria, fungi, and invertebrates. With the
notable exception of the desiccation-tolerant “resurraction
plants,” trehalose is not thought to accumulate to detectable levels
in most plants. We report here the regulated oversxpression of
Escherichia coli trehalose biosynthetic genes (otsd and otsE) as a
fusion gene for manipulating abiotic stress tolerance in rice. The
fusion gene has the advantages of necessitating only a single
transformation event and a higher net catalytic effidiency for
trehalose formation. The expression of the transgene was under
the control of either tissue-spedific or stress-dependent promoters.
Compared with nontransgenic rice, several independent trans-
genic lines exhibitad sustainad plant growth, less photo-oxidative
damage, and more favorable mineral balance under salt, drought,
anc low-temperature stress conditions. Depending on growth
conditions, the transgenicrice plants accumulate trehalose atlevels
3-10times that of the nentransgenic controls. The observation that
peak trehalose levels remain well below 1 mg/g fresh weight
indicates that the primary effect of trehalose isnot as a compatible
solute. Rather, increased trehalose accumulation correlates with
higher soluble carbohydrate levels and an elevatad capacity for
photosynthesis undear both stress and nonstress conditions, con-
sistent with a suggested role in modulating sugar sensing and
carbohydrate metabolism. These findings demonstrate the feasi-
bility of enginesring rice for increasad tolerance of abiotic stress
ancl enhancad productivity through tissue-specific or stress-depen-
dent overproduction of trehalose.
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Fig. 1.  Schematic representation of the expression vectors and DNA-blot
hybridization analysis. Two binary plasmids, each containing the trehalose
biosynthetic fusion gene (TP5P) that includes the coding regions of the E. coli
otsd and otsE genes (encoding TPS and TPP, respectively), were constructedd
and transformed into indica rice, as described in Materials and Methoos.
(A1 pSBT09-TPSP plasmid. (&) pSB-RTSP plasmid. Shaded boxes represent pro-
moter elements (ABA, ABA-inducible; rbch, rice rbes; 355, cauliflovwer mosaic
virus 3553 RB and LB represent T-DMA border on the right and left sides,
respectively. Shown is DNA-blot hybridization analysis from nontransformed
control (NTC) plant, and representative transgenic plants of nine A-lines ()
and five R-lines (D) that wera transformed with the plasmid pSB109-TPSP and
P5B-RTSP, respectively. The rice genomic DMA was digested with Hindlll (a
unigue site in the plasmid pSB109-TPSP, whereas two sites are presentin the
plasmid pSB-RTSP) and DNA blot hybridization analysis was performed with
the 2.2-kb TPSP fusion gene as the probe. Molecular sizes (kb) are indicated.



NTS RBO A05 NTC 1[]0| D
1] 3 1] EG‘—I
+ B0 A4
m
< 40 -
LB
04 = M5 amt
NTS R&0 A0S NTC
50
E
40 4
5 -1-I a0
s B 20
= 10 4
o
T )] . 1
z NTS RBO A0S NTC
g "
F

o :
® |
C e
kp R8O A0S NTS = ;
m - ! T
= I
88— — 0 I iJJ‘: ..*| ]

NTS RBO ADS5 NTC

Fig. 2. Salt tolerance of rice plants and changes in mineral nutrition caused
by salt stress. (&) Plant roots after 4weeks of continuous 100 miad MaCl stress;
the plants were not stressed in NTC. (B) Dry weight of shoots (black barsiand
roots fwhite bars) of plants groven under salt stress (NTS, R&80, and A05) orno
stress (NTC) conditions. () Western blots of leaf extracts (20 wg of proteins)
immediately after salt stress of plants. {0-F) Plantmineral nutrient contentin
shoots (black bars) and roots fwhite bars) undersaltstrass (NTS, B30, and AD5)
or no stress (MTC) conditions, (£ Na*, (&) K. (F) Na* /K~ ratio. The ionic
concentration is presented as mg/g dry weight. Values are the means = 5D
n =5l
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Fig. 2.  Appearance of plants and chlerophyll fluorescence parameters
during drought stress, Five-week-old nontransformed and Ty generation
transgenic (RA0 and A0S seaedlings groven insoil were subjectad to two oycles
of 100h of drought stress followed by watering for 3weeks. (&) Plants growen
under well waterad conditions (NTC, nontransgenic plants). (B) Plants of the
same age after two ovcles of drought-stress treatment (NTS, nontransgenic
plants after drought strass), (C and O Chlarophyll fluorescence measurements
on young, fully expanded leaves during the first cycle of 100 h of continuous
drought stress. (O depsy, a measure of the efficiency of PS5 || photochemistry
under ambient groveth conditions. (09 Decreases in Bv/Fm are a measure of
photooxidative damage to PS 1L &, nontransformed plants; B B20; @ ADS,
Dotted lines represent the range ofvalues for nonstressed controlplants of all
lines. Data represent means = 30 (n = 5) from independent plants.
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Fig. 4. Trehalose content in shoots of transgenic (R80 and AO0%) and non-
transgenic plants with or withoutstress. Trehalose accumulation under non-
stressed fwhite bars), salt-stressed (100 mM NaCl for dweeks, hatched bars), or
drought-stressed {100 h, black bars) conditions.



2% Les polyols

Polyalcools :
Bactéeries marines, algues, levures, plantes, animaux

* Aliphatiques :

Mannitol précurseur : mannose nombreuses plantes
Sorbitol=glucitol glucose Pomme

Dulcitol =galacticol galactose Melon

e Cycligues :

myo-inositol, D-ononitol, D-pinitol



Ex 1 : Le mannitol

Source de carbone chez le céleri et d’autres plantes.
(50% mannitol, 50% saccharose)
-> Constitue une source importante des photoassimilats

Biosynthese du mannitol a partir du fructose-6-P

;m: +|::-|£-r_r. CHLOH
)' NADpT HO=—C—H @ Ho—¢—H

U HO—C —H _/’ HO—C —H
| -

@ocH, o OH

M HO N T H—C—on H—C—0OH

H CH_OH Phospho- | HO OH | Mannose-6 | ' Mannitol-1-
mannose | phosphate He—C —(H phosphate H—C—0H

OH H iSO redluct ase | phos phatase

CHOH CHOH
Fructose &-phosphate Mannose 6-phosphaie

M 6 P R MMannitel 1-phosphane Mannitol



Métabolisme du mannitol chez le céleri

——
Source ”_',-----Transp‘ort ~""--.. Sink
phloeme Salt stress
’ Osmotic stress

' ' Low Pi

Mannitol Mannitol ,@/ High sugar
i Bak @ 1, ~Fi NAD : —
NADP Mann
C>< NADPH M-6-PR ATP ose \®\Pathogen attack
Triose-P . D © Salicylic acid

Mannose-6-P ADP High Pi

l @ Mannose-8-P Low sugar
CcO -
2 5 3 BGA: —— Triose-P—= Fructose-6-P l ©
o o :-.f‘"&.‘. \ P i1y . g
AR R N T Y —~UDP-Glucose
L | 7 A Pi @ s Fructose-8-P
Sucrose-6-P 1
Pi-% @ Storage compounds
Sucrose Carbon skeletons for growth
Glycolysis and energy
Chloroplast Cytosol Cytosol

Fig. 4. Biosynthesis, transport and catabolism of mannitol in plants. On the left, the biosynthetic pathway via mannose-6-
phosphate reductase (M-6-PR) is shown (source tissues). The chloroplast outer membrane is represented. On the right, the catabolic
pathway via mannitol dehydrogenase (MTD) is shown (sink tissues). Other enzymes involved are: (1) phosphomannose isomerase;
(2) mannose-1-phosphate phosphatase; (3) hexokinase; (4) sucrose-6-phosphate synthase; (5) sucrose-6-phosphate phosphatase;
and (6) non-reversible triose-phosphate dehydrogenase. Factors that down-regulate (~) or up-regulate (+) MTD expression are indi-
cated. Abbreviations: PGA, phosphoglyceric acid; P, phosphate; Pi, inorganic phosphate. -
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Fig. 3. Effect of mannitol on salt tolerance in celery (Apium
graveolens) suspension cells. Celery suspension cells were
grown under increasing concentrationg of NaCl in medium
containing either sucrose (filled circles: solid line) or man-
nitol (open circles: dashed line) as the sole carbon source.
The I;s (NaCl concentration at which growth was inhibited
by 50%) were 0.17 M for sucrose-grown cells and 0.32 M for
mannitol-grown cells. Bars indicate the standard error of
three replicates. Reproduced, with permission, from Ref. 18.




Biosynthese du mannitol a partir du fructose-6-P
Chez E. coli: 1 gene mtlD pour 2 réeactions
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mtID
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Introduction du gene mtlD chez le blé

-> céreéale ne produisant pas de mannitol
comme source de carbone

Tolerance of Mannitol-Accumulating Transgenic Wheat to
Water Stress and Salinity’

Tilahun Abebe®, Arron C. Guenzi®, Bjorn Martin, and John C. Cushman®

Plant Physiology (2003), vol 131, 1748-1755



Uki-1 Ubi-1
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Figure 1. Plasmids used for wheat transformation. Plasmid pAHC20 contains only the selectable marker bar. Plasmid pTAZ2
contains bar and the E. coli mt/D) gene for biosynthesis of mannitol-1-phosphate. Both genes were under the control of the
maize (Zea mays) ubi-1 promoter. Calli and plants transformed with pTA2 were used as mannitol-accumulating lines
(+mtlD), and those transformed with pAHC20 served as negative controls (—mtlD).




MaCl Stress
= mtiD + mtiD

Unstressad
{-0.4 MPa)

Figure 2. Effect of osmotic stress on the growth of transgenic wheat
calli. The mannitol-accumulating callus line C2-20 (+mtl) and the
nonaccumulating line C1-11 (—mtlD) were grown in Murashige and

Skoog medium containing PEG 8,000 (—1.0 MPa) or 100 msm MNaCl
for 60 d.
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Figure 3. Effect of water stress and salinity on the growth of +mtlD
and —mtlD plants. The mannitol-accumulating transgenic wheat line
P2-19-1 i+mtlD) and the nonaccumulating P1-13-1 (—mtlD) were
stressed by withholding water (A) or by supplementing the nutrient
solution with 150 mm NaCl (B) for 30 d. Pictures were taken 30 d
after the imposition of water stress and 20 d after NaCl stress. In the
absence of stress, —mtlD and +mtlD plants were similar in size; thus,
for unstressed controls, only the —mtlD plants are shown.



Ex 2 : Le pinitol

Mesembryanthemum cristallinum
Ice plant (Halophyte)

Désert de Namibie
Croissance en milieu sec, salin et froid
Modele d’étude du stress hydrique

Régulation de I'absorption des ions
Compartimentation des osmolytes

Osmoprotection

Evite les effets toxiques des sels




Mesembryanthemum cristallinum

Ice plant (Halophyte)

4

Gradient : maximum tissus jeunes
Vacuole

-

[D-pinitol] 1
Cytoplasme et chloroplastes

Cellules épidermiques : 1 Taille
Cellules polyploides
->2 um volume cellulaire -> 3 pl
[D-pinitol] élevée -> 700 mM
[Na*] > 1M




biosynthese du pinito

Ex 2 : Le pinitol
| . voie induite par le stress

myo-Inositol

myo-Inositol
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Mesembryanthemum cristallinum
2-3 Semaines

10 Jours




4 Semaines 8 Semaines









3% Les acides aminés et leurs dérivés

Molécules zwitterions

Acides aminés : proline

Dérivés des acides aminés >N+ COO
* QAC (Quaternary ammonium compounds)
Glycine bétaine
Choline-O-sulfate, B-alanine bétaine, proline-bétaine,
Hydroxyproline-bétaine
» TSC (tertiary sulfonium compounds) \5+/\/COO_

DMSP 3-diméthylsulfoniopropionate



Ex 1. La proline
Voies de biosynthese
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La proline
Voie de biosynthese principale lors d 'un stress osmotique

PC5 synthétase PC5 réductase
PC5S PC5R
L-GLU » GSA » PCS5 » L-PRO
< < <
PC5DH ProDH

PC5 Déshydrogénase Pro Déshydrogénase



Deshydratation Réhydratation

XABA; + /

(SBénti ,F;C5 Gene PC5
ynle ase Réductase
PC5S PC5R

!

L-GLU——= GSA—— PC5 —— L-PRO

1 1

PC5DH ProDH
Gene PC5 Gene Pro
Deshydrogénase Deshydrogén;\se

+/|;ro

Réhydratation = Deshydratation



Kishor P.B.K.et al., 1995
Plant Physiol., 108:1387-1394
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[ P5CS transgenic plants
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Figure 6. Comparison of the wild-type (open box), pBI121 (stippled
box), and P5CS transgenic plants (solid box) in root length (A), root
dry weight (B), pod number (C), and seed number (D). The plants
were grown to maturity in Metromix, supplied with 0.5 m NaCl. Ten
independent transgenic lines (T,) with six plants each were used for
this analysis, and only an average value is shown.



Kishor P.B.K.et al., 1995
Plant Physiol., 108:1387-1394

Figure 7 A, Phenotype of control and P5CS transgenic plants treated with salinity stress. Plants of wild type and transgenic
line 22 (T,) were grown in vermiculite, and at the four-leaf stage, the pots were transferred to trays containing 0.4 m NaCl
and allowed to stand in the solution for 3 weeks. B, Root phenotype of wild type and transgenic line 22 (T,) treated with
drought stress. The plants were potted in Metromix, and 6-week-old plants were subjected to drought conditions until
flowering. The roots at the time of flowering were washed and photographed.



L 'accumulation de la proline est aussi contrblée
au niveau post-traductionnel :
-> inhibition de la PC5S par la proline

Plant Physiology, April 2000, Vol. 122, pp. 1129-1136, www.plantphysiol.org © 2000 American Society of Plant Physiologists

Removal of Feedback Inhibition of A'-Pyrroline-5-
Carboxylate Synthetase Results in Increased Proline
Accumulation and Protection of Plants from Osmotic Stress’

Zonglie Hong, Karuna Lakkineni, Zhongming Zhang, and Desh Pal S. Verma*

Department of Molecular Genetics and Plant Biotechnology Center, The Ohio State University,
1060 Carmack Road, Columbus, Ohio 43210-1002



PSCS =——CGAT ACC GAT TTT CGA GAT=—
D N D F R D

F129A —GAT ACC GAT GCC CGA GAT—
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Figure 1. Mutation site of P5CS that removed feedback inhibition by
Pro, and restriction map of pBI-P5CSF129A. Codon TTT at nucleotide
positions 421 to 423 of the V. aconitifolia P5CS ¢cDNA {Hu et al,,
1992) was changed to GCC by site-directed mutagenesis so that Phe
(F) at amino acid position 129 of the P5CS peptide is replaced by Ala
{Al, generating P5CS5F129A. The mutant enzyme retains similar ki-
netic characteristics as the wild-type P5CS, except that its allosteric
regulation by Pro is eliminated (Zhang et al., 1995).
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Figure 2. Pro levels in independent P5CSF129A transgenic lines.
Seeds of five independent PRCSF129A lines were germinated on MS
medium containing no NaCl {control; white bars) or 200 mm NaCl
(black bars). The plants were grown under constant light at 24°C in
a growth room. Plants transformed with vector pBI121 and P5CS
served as controls. Pro content was measured in leaf extracts.



Figure 4. Phenotype of 6-week-old wild-type, P5CS, and PSCSF129A seedlings as affected by salinity (200 mm NaCl) stress.
Seeds were germinated and maintained on MS medium containing 200 mm NaCl. The plates were kept in a controlled
environment at 24°C under constant light.
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Ex 2. La glycine bétaine

V. Les autres facteurs importants pour la
résistance au stress hydrique

1= Les protéines LEA

2% Les aquaporines



Autres molécules protectrices : des protéines hydro philes
Les proteines LEA

LEA : late embryogenesis abundant proteins
Protéines tres solubles et tres hydrophiles
Mise en évidence

» Maturation des graines (phase de dessiccation)
» Plantes soumises au stress hydrique

Classification

« 5 groupes : séguence primaire en acides aminés
et conformation

Fonctions proposees
Role structural dans la protection cellulaire aux dommages liés a la dessication :

* liaisons avec des molécules d’eau—~> maintien d’'un état d’hydratation en des sites déterminés
(solvatation de structures cytoplasmiques).

* molécules chaperonnes
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DORIGIMAL ARTICLE

Maria Jesus Raelrig o - Chiristine Bockel
Anne-Saphic Blervacqg - Dorothea Bariels

The novel gene CpEdi-9 from the resurrection plamt C. plamtagineum
encodes a hydrophilic protein and is expressed in mature seeds
as well as in response to dehydration in leaf phloem tissues
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Les aquaporines

MIP : Major Lntrinsec P_rotein

v TIP : sur la membrane vacuolaire
v PIP : sur la membrane plasmique = plasmalemme

v Quand les aguaporines sont-elles synthétisées en condition normale ?

Etude par promoteur TIP (tonoplastic intrinsec protein) fusionné a un
- cellules méristématiques
- cellules en extension

v Sont-elles synthétisées en condition de stress ?

Arabidopsis thaliana : RD 28
Forte accumulation des ARNm lors d’'un stress hydrique

Mesembryanthemum cristallinum :
Criblage différentiel plantes normales/ + 400 mM NacCl
5 MIP identifiées



Northern-blot

Expression des aquaporines
lors d’un stres salin (400 mM NacCl)
Ice plant

Control Stressed
Hours

after -
treatment 6 30 78 126 6 30 78 126
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Turgescence des cellules



