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R Avant-propos e

Les travaux présentés dans cette thése ont été réalisés en partie au sein du département
d’agriculture (Dipartimento di Agraria), laboratoire de« Chimie Agricole » (Biologia Applicata
ai Sistemi Agro Alimentari e Forestali, curriculum: Ecofisiologia delle specie vegetali) a
[Université Méditerranéenne de Reggio de Calabre, Italie et en partie au laboratoire
« d’amélioration des légumineuses alimentaires» a [Ecole Nationale Supérieure Agronomique

d’El Harrach, Alger, Algérie. Ce travail a été soutenu par trois projets:

Un projet PNR.: sous le théme "AMELIORATION DES LEGUMINEUSES ALIMENTAIRES
POUR LA TOLERANCE AU STRESS HYDRIQUE."

Un projet CNEPRU portant sur « L'amélioration de la culture de [arachide sous contrainte

hydrique ».

Un @Projet Scientifique de Coopération Interuniversitaire (BSCI) financé par [ Agence
Universitaire de la Francophonie (AUF) ayant pour objectif général le développement de la

culture de Carachide et de [extension de la culture du niébé en Algérie.

L'objectif de ces projets de recherche est [étude de comportement en miliew controlé des
associations (plante-rhizobium) wvis-a-vis du stress hydrique et cela par une étude
morphologique, physiologique, agronomique, moléculaire et technologique des populations

d’arachide collectées et leurs rhizobia.

Les perspectives de ce projet visent d définir une stratégie dynamique de conservation et une
exploitation raisonnée de la diversité génétique de ces populations collectées a travers le

territoire algérien.
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Etude des mécanismes impliqués dans la tolérance au stress hydrique chez quelques

populations agrophysiologiques, morphologiques et moléculaires locales d arachide

(Arachis hypogaea L.)

Résumeé

Le déficit hydrique affecte considérablement lassance des plantes : c’est, sans doute (avec la
température), I'un des facteurs majeurs qui lifdtproduction végétale en conditions naturelles.
En dépit du niveau de résistance assez importardlaj@pe par I'arachideAfachis hypogaea
L.), sa production dans les écosystemes secs festéd par des périodes de déficit hydrique
survenant au cours du cycle de croissance. L'abgkrtette thése est de mettre en évidence, les
réponses au déficit hydrique faible, modéré puiede dix populations d’arachides d’origine
locale inoculées par un isolat rhizobien, en videdtifier des critéres pour la sélection au sein
de ces populations locales qui proviennent de rdiffies conditions pédoclimatiques
représentatives du territoire algérien, cellesiex adaptées a la sécheresse.

Les mécanismes étudiés ont porté principalemeneswaspects agro-physiologiques (hauteur de
la tige, surface foliaire, nombre de ramificatians branches, nombre de feuilles, poids frais et
sec des feuilles, teneur totale de la chlorophidlel)), aspects morphologiques et topologiques
profonds des racines (la longueur, le diameétrly stirface des racines), aspects morphologiques
et topologiques des nodules ( le diametre, le nepmarforme, le poids frais et sec des nodules),
aspects hydriques de la plante (la teneur relativeau (TRE), potentiel hydrique foliaire (PHF),
résistance stomatique (RES),température du cowegetal (TCV), la quantité en dioxyde de
carbone (CQ et la vapeur d'eau des taux de change,la coatiemren CQ ambiant et la
densité des flux photosynthétiques,la conductaolizire et le potentiel hydrique de la feuille au
point de perte de turgescenc’lp) et le potentiel osmotique a la pleine turgesee par des
courbes pression-volume, aspects biochimiques riesaux et les activités de métabolites
antioxydants, y compris l'acide ascorbique, le glion réduit (GSH) ainsi que des enzymes
antioxydantes, tel que la superoxide dismutase (SfDDétaient mesurés, aspects moléculaires (
pour I'enzyme antioxydante, a savoir la superoxigenutase SOD, les effets des traitements sur
I'abondance des transcrits d'ARNmM ont étaientedgaht évalués, des isolements ont étaient
réalisés selon les techniques d’amplification etséquencage des séquences nucléotidiques
spécifiques classiques et cela par des analysecolaiées et des protocoles standardisés. Les
principaux résultats obtenus montrent que les gmpulations Berrihane et Tonga, montrent

une tolérance au stress hydrique, contrairemenpapylations Oum Tboul, Boumalek et El



Frin qui se sont avérées sensibles aux conditiendéficit hydriqgue. En raison des différentes
provenances de ces populations d’arachide étudiggss une ample variabilité au sein de la
collection pour cela elle peut étre considérée cenmum inventaire utile des stratégies et des
mécanismes agro-physiologiques, morphologiquesoédaulairesdéployés pour la tolérance au
stress hydrique. De plus, la variabilité génétiquematériel végétal vis-a-vis du stress hydrique
ne semble pas liée a l'origine géographique desulptipns d’arachides, mais plutét a leur
phénologie et a leur morphologie. Cette étude patuservir a la définition de critéres pertinents
de résistance a la sécheresse utilisables enieéleariétale. Ce travail a permis de constituer la
premiere collection d’arachidéxachis hypogaed.) dédiée a I'étude de 'adaptation des plantes

aux conditions environnementales stressantes.

Mots clés Arachide, diversité, populations naturelles, sgrieydrique, tolérance, sélection



Study of agrophysiological, morphological and molecular mechanisms involved in

tolerance to water stress in some local populations of peanut (Arachis hypogaea L.)

Abstract

The water deficit significantly affect plant growtit is probably (with temperature), one of the
major factors limiting crop production under natunditions. Despite the fairly large
resistance level developed by the peaAsac¢his hypogaed.), its production in dry ecosystems
is affected by periods of water deficit occurringridg the growth cycle. The objective of this
thesis is to highlight the responses to the lowewaeficit, moderate and severe of ten local
peanut populations from local origin inoculateddne rhizobial isolate, to identify criteria for
selection within of these populations, who comanfrdifferent soil and climatic conditions
representative of the Algerian territory, thosetla@mpted to drought.

The studied mechanisms focused on agro-physiologgects (stem height, leaf area, number
of branches, number of leaves, fresh and dry weaflgaves, total content of chlorophyll (Chl)),
deep morphological and topological aspects of twsr (length, diameter, and root surface),
morphological and topological aspects of noduleanféter, number, shape, fresh and dry
weight of nodules)water aspects of the plant (the relative water eainfRWC), leaf water
potential min), stomatal resistance (r), leaf canopy tempeeatine amount of carbon dioxide
(C0O,) and vapor water exchange rate, the ambient €@@centration and density photosynthetic
flux, leaf conductance and leaf water potentidlegor loss point'¥tlp) and osmotic potential at
full turgor by curves of pressure- volume, biochesthiaspects (the levels and activities of
antioxidant metabolites, including ascorbic aciggduced glutathione (GSH) and antioxidant
enzymes, such as superoxide dismutase (SOD) wexsumegl, molecular aspects (for antioxidant
enzyme, namely the superoxide dismutase SOD, feetefof treatments on the abundance of
MRNA transcripts have also been evaluated, isaiatiovere performed according to
amplification techniques and sequencing conventiosgecific nucleotide sequences by
molecular analysis and standardized protocols.

The main results show that both Tonga and Berrif@omulations show a tolerance to water
stress, unlike populations of Oum Tboul, Boumale# &l Frin which proved sensitive to water
deficit conditions. Due to the different origins thfese studied peanut populations, there is a
wide variability in the collection of peanut, foni¢ reason, it can be considered as a useful
inventory of strategies and agro-physiological, pmaiogical and molecular mechanisms

deployed for tolerance to water stress. In additibve genetic variability of plant material



towards water stress does not seem related toetbgrgphical origin of peanut populations, but
to their phenology and morphology. This study cobtl used to define relevant criteria of
drought resistance for using in varietal selectiims work allowed to create the first collection
of peanut Arachis hypogaeal.) dedicated to the study of plant adaptation steessful
environmental conditions.

Keyswords: Peanut, diversity, natural populations, watersstréolerance and selection.
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Liste des abbréviatins

AD: Adrar

ADN : Acide désoxyribonucléique

ADNCc : ADN complémentaire

APX: Ascorbate Peroxidase

ARN: Acide ribonucléique

ARNmM: ARN messager

AsA: Ascorbic Acid

ATP: Adénosine Tri-Phosphate

BER: Berrihane

BLAST : Basic Local Alignment Ssearch Tool
BMK : Boumalek

CAT: Catalase

CTAB: Hexadecyltrimethyl-Ammonium Bromide
DAS: Days After Sowing

DHA: Dehydroascorbate

DHAR: Dehydroascorbate Reductase
dNT: Désoxy Nucléotide Tri Phosphate
DTT : Dithiothreitol

EDTA : Ethyléne Diamine Tétra Acétate
EST : Expressed Sequence Tag

FAO : Food and Agriculture Organization
FR: El Frin

FSN: Fixation Symbiotique d'Azote

GR: Glutathione Reductase

GSH: Reduced Glutathione

H.O,: Hydrogen Peroxide

kDa: kiloDalton

LEA: Late Embryogenesis Abundant

m/v : Masse/Volume

MDA : Malondialdehyde

MDHAR : Monodehydroascorbate Reductase
MET : Metlili

NBT: Nitro Blue Tetrazolium

NCBI : National Center of Biotechnology Information
O2e-: Superoxide Anion Radical

102 Singlet Oxygen

OS: Oued Souf

OT: Oum Thoul

pb : Paire de Base

PCR : Polymerase Chain Reaction

PVPP: Polyvinylpoly-Pyrrolidone

RACE: Rapid Amplification of cDNA Ends
RNase Ribonuclease

ROS:. Reactive Oxygen Species

SDS Sodium Dodecyl Sulfate

SEB: Sebseb

SOD: Superoxide Dismutase

SSTE: Sodium Chloride SDS TE

TAE : Tris acide Acétiqgue EDTA




Liste des abbréviatins

TBS : Tris Buffer Saline

TCA: Trichloroacetic Acid

TE: Tris EDTA

TIM : Timimoun

TO: Tonga

UV : Ultra-Violet

v/v : Volume/Volume

X-Gal: 5-Bromo-4-Chloro-3-Indolyl-3-D-Galactoside
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Introduction générale

L’eau a un role fondamental dans la vie des plarttass la mesure ou elle conditionne leurs
activités physiologiques et métaboliques et serddevecteur aux éléments nutritifs de la plante
(Riou, 1993) ; elle est, de ce fait, le principal facteur liamt de la production végétale dans les

régions arides et semi-arides.

Au cours de leur cycle végétatif, les plantes st les conditions du milieu ambiant dans

lequel elles vivent. Elles réagissent en s'adapala variation de ces conditions lorsqu'elles
deviennent défavorables. La variation des condstid@ croissance a pour origine les stress qui
sont de nature biotiques ou abiotiques. Dans ldgeuri arides et semi-arides les stress

abiotiques tels que les déficits hydriques imposkestlimites au développement de la plante. La
résistance a ces stress est dépendante du génagtypedéveloppe des mécanismes

morphologiques, physiologiques et/ou biochimiquesrpechapper (esquiver), éviter ou tolérer

la contraintgLevitt, 1982).

Chez les légumineuses ces contraintes s’appliquamtseulement sur la plante mais aussi sur
leurs symbiotes. Les deux partenaires réagissétetnment en réponse au stress hydrique. Les
nodosités qui ne possédent pas de mécanismeseffida tolérance sont les premiéeres affectées
et souvent leur capacité a fixer 'azote est indilo& facon irréversibl€Ounane, 2004) En
effet, la contrainte hydrique et les perturbatioemotiques qui en découlent, peuvent affecter la
symbiose rhizobium-légumineysen diminuant la croissance et la survie des rhizabidans le
sol, en réduisant la colonisation de la rhizospleéresn inhibant totalement ou partiellement le
processus d’infection et de développement des nigédos

L’arachide @Arachishypogaea) est I'une des plus importantes oléagineusevéels dans le

monde, notamment dans les régions arides et séamaisate I'Afrique(Wani et al.,1995)

Plastique et rustique, l'arachide présente l'agent@gronomique d'exiger peu d'intrants, de
couvrir trés vite et donc de protéger le sol paépais tapis herbacé (sur une hauteur de 20 a 70
cm).Son succes réside également dans le fait st ghe oléo-protéagineuse aux nombreuses
utilisations alimentaires et fourragéres (graiheile, tourteaux, fanes et coques). Elle peut
fournir jusqu'a 30 % de l'azote nécessaire a lafglanais la quantité d’azote fixée est tres
variable car l'activité symbiotique est influencgar plusieurs facteurs tels que la souche
bactérienne, la plante h6te et les conditionsduemifWani et al., 1995) La recherche de
couplesplante/rhizobium tolérants capables de fomeer dans ces conditions difficiles permet
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d’identifier et de comprendre les parametres et reanismes physiologiques liés a ce

caractere, et pouvant servir de base a I'établiseene criteres de sélection de cette association.

La plupart des travaux effectués sur I'arachidesdancadre de I'amélioration génétique de la
tolérance au stress hydrique, se sont donnés penoagtemps pour objectif primordial
'augmentation de la productivité, une approcheébasur les performances agronomiques.
Actuellement, les programmes d'amélioration deathide s’intéressent de plus a I'amélioration
génétique de la tolérance au stress hydrique. @etédioration exige d’étudier, d’identifier et de
vérifier les caractéres phénologiques, morpho piggiques et biochimiquesliés au rendement
en condition de stress hydriqEfeiffer et al., 2000) . De méme, I'étude génétique par la
recherche de marqueurs moléculaires du mode demission et de I'héritabilité des caractéres
repérés, comme bons indicateurs de la tolérancdrass hydrique est nécessaire pour faciliter
I'utilisation de ces caractéeres dans les progranmaeesglectioriPfeiffer et al.,2000)

L’objectif de ce travail est de caractériser lexamsmes agro morphologiques, physiologiques,
biochimiques et moléculaires pouvant étre a I'mgd’une tolérance accrue au stress hydrique
des plantes par I'évaluation de leur comportemenst <ette contrainte a travers des essais en
conditions contrblées tout en essayons de répandegtaines questions de recherche a savoir :
-Existe-t-il une variabilité de réponses (agro-pblygiiqgues et morphologiques) chez les
différentes populations d’arachide étudiées vissade la contrainte hydrique?

-La capacité de développement racinaire constiele2tun mécanisme important d’adaptation a
la sécheresse ?

-Quels sont les mécanismes antioxydants impligaés th tolérance ou la sensibilité vis a vis du
stress hydrique?

-Et enfin, quels sont les genes différentiellemexprimés entre ces populations sensibles voir
tolérant lors du stress hydrique?

Ce travail nous permettra donc de rechercher lgsilpbons d’arachide les plus performantes,
ayant la capacité de tolérer les déficits hydriggeispeuvent se produire a un stade critique de
développement de cette espéece. Il porte essentitiesur :

# L’étude de la variabilité de réponses (agro-pHggiigues, morphologiques, biochimiques)
chez les différentes populations d’arachidevissaed la contrainte hydrique ;

% L'identification des populations d’arachide lesipltolérantes a la sécheresse et I'étude de leur
capacité de développement racinaire qui constituaécanisme important d’adaptation a la
sécheresse ;

& La caractérisation des mécanismes de réponséfait thydrique, ayant trait aux systémes
antioxydants,
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# La détermination des mécanismes antioxydantsnpeliement impliqués dans la tolérance
ou la sensibilité vis a vis du stress hydrique ;

& L’analyse de l'expression des génes induitsgaoitrainte hydrique.

Le présent travail comporte cinq chapitres. Le peenchapitre rapporte une synthese
bibliographique sur la problématique du déficit hgde et seseffets sur la croissance et le
développement des plantes en général et de la sgmlarachide-rhizobia en particulier. Le
deuxiéme chapitre traiteles mécanismes agrophyggqles et morphologiques qui contribuent a
la tolérance au stress hydrique chez I'arachidadhishypogaed..) Le troisieme chapitre porte
sur l'implication des meécanismes antioxydants erajgnes et non enzymatiques dans la
tolérance au stress hydrique. Ensuite, le quatriémagitre est consacréa I'étude de I'expression
des genes impligués dans la réponse austress hgdriEnfin, « L'intérét agricole, socio-
economique et cultural des especes autochtonegasitulier les populations locales de
légumineuses alimentaires, en Afrique du Nord »stitare le cinquiéme chapitre de cette these

de doctorat.
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Dans le contexte de l'adaptation des légumineudesemtaires au stress abiotique plus
particuliéerement le stress hydrique, ce travail slmthése a pour but de résumer les
connaissances actuelles concernant l'importan€ardehide d’une part en tant que légumineuse
a graines trés consommée dans le monde, mais pogsison extéme plasticité et rusticité
(arachisracin.htm). L'arachide peut se contenter de sols trés légemméme tres pauvres.
Fixatrice d'azote, l'arachide peut méme enrichgulestrat en cet élément souvent déficient dans
les sols. La symbiose rhizobium-légumineuses stuevent l'arachide dans la succession des
cultures en tant que culture restauratrice d'umiaice fertilité. On la cultive donc aprés des
plantes plus "épuisanteqarachisracin.htm). Dans le cadre d’'une agriculture durable, le
développement de cultivars tolérants et performaess 'une des approches les plus
envisageables pour réduire les effets délétéregivases contraintes biotiques et abiotiques.
L’adaptation aux différentes contraintes abiotigestsun phénoméne complexe qui intéegre aussi
bien des modifications agromorphologiques que flegfeaments physiologiques biochimiques et
moléculaires dont le stress hydrique, par exemplgesente une thématique largement abordée
par kes équipes tEcophysiologigPfeiffer et al.,2000)

1. Importance des Iégumineuses alimentaires

Les légumineuses alimentaires, telle que l'araclif@chis hypogaed.) sont des cultures
importantes dans les pays en développement degjues) en particulier en Afrique sub-
saharienne, en Asie et en Amérique Centrale etwtl(Singh et al., 1997) et dans certaines
zones tempérées, y compris la région de la Méditée et le sud des Etats-UiiRasquet,
2000)

Les légumineuses alimentaires constituent une ceane essentielle pour la nutrition humaine
et animale ainsi que pour le maintien de la fegtiles systemes de production dans les zones
arides et semi arides. Elles représentent une leamiine grande importance économique et
occupent le second rang apres les céréales comtuneecalimentaire dans le mon@®ochester

et al., 2001) Leur intérét réside dans leur richesse en pretede qualité, et constituent en
association avec les céréales, la base de l'alatientde milliards de personnes et une source
importante de fourrage et de produits natur@derner et Newton, 2005) Depuis la
restructuration du secteur agricole et sa libéatibs en 1987, ces cultures ont connu des

perturbations dont les conséquences se traduiaening réduction de la superficie, une chute
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de la productivité et une marginalisation accenfugide manque de soutien et d’encouragement

a ce secteur jusqu’a I'avenement du plan natioeaéVeloppement agricole en 2000.

En paralléle, les importations ne cessent d’augengyuur satisfaire les besoins de plus en plus
croissants de la consommation humaine en accenfiesi notre dépendance vis-a-vis de

I'extérieur pour notre approvisionnement.

Les légumineuses alimentaires sont cultivées sems€mble des zones agro-écologiques
d’Algérie. En effet, de la zone littorale jusqu’abauts-plateaux, on peut trouver 'ensemble des
especes telles que la féve et la féverole, le glishe, le pois, le haricot, la lentille ainsi que

I'arachide.

La production de I'arachide en Algérie n’est pagliggable mais connait des fluctuations, un
minimum de 25 510 Qx est enregistré en 2013 et aximum de 46 21Qx en 200lavec une
moyenne dépassant 34 921 Qx entre 2000 et 2013luCasgtions sont liées essentiellement a
des variations des superficies consacrées a adttee; mais ces dernieres n'ont pas beaucoup
influé sur I'évolution des rendements durant la re@mériode. Celles-ci tourne autour de 11,54
Qx/Ha (MADR, 2013). Les régions d’El-Tarf, EI-Oued, Ghardaia, AdBechar et el Bayadh
sont les régions productrices d'arachide en Algé@emauvaise répartition des précipitations
dans I'espace et dans le temps représente le gainfeicteur limitant la production en culture
pluviale. En année séche, des surfaces considérable déclarées non productives, ce qui
provoque des fluctuations inter-annuelles des sasfaemblavées. Cette situation rend, dans
certains cas, les agriculteurs hostiles a l'intotioth des Iégumineuses alimentaires dans leur
assolement. Le tableau 1.1. donne I'evolution sigserficies, des productions et des rendements
des Iégumineuses alimentaires en Algérie durapétede 2000-2013 d’aprés les statistiques de
la FAOSTAT,2015.
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Algérie durant [a période 2000-2013 (EAOSTAT, 2015).

Tableau 1.1. Evolution des superficies, des productions et des rendements des [égumineuses alimentaires en

N €S 2000 | 2001| 2002 2003 2004 200 2006 2007 2008 200910 2 2011 2012 | 2013
Espéces
Lentille 690 920 920 840 862 1090 1218 873 1 369 2588 3042| 6900 6 250 5546
Pois-chiche 19480 | 19290 | 19330 | 22850 | 23079 | 23348 | 21252 | 20681 | 20361 | 22274 | 25520 | 32000 | 30580 | 29321
Féve 34250 | 31450 33610 34050 36777 35082 33537 2881 | 30688 | 32278| 34210 3450 36848 3766
Pois sec 7170 | 6570 | 7070 | 8680 | 9328 | 8299 | 9157 9184 7 556 8 487 8 860 9200 9900 11 096
Haricot sec 1280 | 1180 | 1190| 1560 1994 1208 1 494 1394 4010| 1616 1210 1200 1575 1427
Arachide 4020 | 4250 | 3750 | 3380 | 4080 | 2830 | 2720 2680 2 840 2570 2520 2558 2293 | 2249
-~ Producton(® [ [ |
Lentille 194 458 435 490 613 423 654 561 1081 269 4590 0007 | 5738 6318
Pois-chiche 6661 | 12312 14971 | 19102 | 16367 | 13727 | 12706 | 14294 | 11211 | 17840 | 23470 | 29000 | 27675 | 34 980
Féve 12895| 21230 22933 30700 32053 26886 242p8 9727 | 23521 | 36495| 36620 3700 40507 42386
Pois sec 1593 | 3674 | 4304 | 6342 | 7371 | 5339 | 5381 6 243 3618 5969 6610 7 300 9178 10 586
Haricot sec 419 734 864 1096| 1581 666 915 917 544 1159 840/ 00 8 | 1024 1362
Arachide 3894 | 4621 | 4616 | 3842 | 4269 | 3304 | 2995 3319 3222 3057 3385 3037 2778 | 2551
. Rendement(@xha) [ [ |
Lentille 2.18 4.97 4.72 5.83 7.11 3.88 5.36 6.42 7.89 10.4p 10.85 10.14 9,18 11.39
Pois-chiche 3.41 6.38 7.74 8.36 7.09 5.87 5.97 6.91 5.50 8.00 9.19 9.09 9.05 11.93
Féve 3.76 6.75 6.82 9.01 8.71 7.66 7.24 8.94 7.66 11.30 10.70 10.72 10.99 11.25
Pois sec 2.22 5.59 6.08 7.30 7.90 6.43 5.87 6.79 4.78 7.03 7.46 7.93 9.27 9.79
Haricot sec 3.27 6.22 7.26 7.02 7.93 5.52 6.11 6.57 5.23 7.17| 946 | 6.66 6.50 9.54
Arachide 9.68 10.87 | 12.30 | 11.36 | 10.46 | 11.64 | 11.01 12.38 11.34 11.89 13.43 11.90 12.11 11.34

La culture des légumineuses alimentaires en Algéske soumise a un certain nombre de

contraintes tant techniques et économiques qu’'@gionnelles qui limitent sa production, son

développement et son extens{@RAA, 2006), (Figure 1.1.).
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Figure I.1. Les conséquences de faible rendement des l[égumineuses alimentaires en Algérie

(INRAA, 2006).
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2. L’arachide (Arachis hypogaed..)

Les Iégumineuses sont des plantes de la familleLdgeminosaeu Fabaceae qui ont une
distribution mondiale estimée entre 18 000 et 20 €§peces reparties dans environ 750 genres
(Vincent, 1970) Les taxonomistes, sur la base de différences #syaint divisé cette famille en
trois sous familles distinctes, les Caesalpinacé&®), les Mimosacées (13%) et les
Papilionacées (84 %]De Faria et al., 1989) La famille des Leguminosae renferme de
nombreuses especes comestibles (arachide, féeveclpiche, pois, soja, haricot), ornementales
(genét, glycine, etc.), fourrageres (trefle, samfduzerne, gesse)Les légumineuses sont
souvent cultivées en alternance avec d'autres espéar elles sont capables de fixer I'azote de
I'air et de réduire ainsi les apports d’engraisyuhues.

2.1. Origine et diffusion mondiale

L’Arachide est originaire de I’Amérique tropicat®a dissémination s’est faite a partir de la céte
Péruvienne en direction de 'Extréme — Orient d’ynaet, et a partir de la céte Brésilienne en
direction de I'Afrique de I'Ouest d’autre part. lpgemiere introduction en Europe aurait été

faite a partir du Brési{lClavel et Gautreau, 1997; Schillinget al.,1997)

hY

Par la suite, elle a couvert la totalité des zotrepicales a partir de deux centres de
diversifications secondaires de I'espece, I'Afriqae I'Ouest et le Sud-est Asiatique.

Actuellement, cette culture déborde trés largensamt aire d'origine, puisqu'on la retrouve

jusqu'aux 40 eme paralléles nord et sud et sur tesscontinents lorsque les étés chauds
permettent a la plante de boucler son cycle madgiatitude élevé€Schilling, 2003)

2.2. Caractéristiques géeneétiques, systématique gpes variétaux

L’espéce sauvag@rachis monticolatétraploide, est considérée comme I'ancétre pitebdb
I'arachide cultivégClavel et Gautreau, 1997)

D’aprésKrapovickas et Rigoni (1957)cités parClavel et Gautreau (1997) et Schillinget al
(1997) l'arachide cultivée est un allotétraploide (2n=48), hybride interspécifique, entre deux
parents sauvages diploides inconnus, stabilis@rpdoublement chromosomique.

Toutes les variétés cultivées appartiennent a éesprachis hypogaeac’est la seule espéce
cultivée du genrérachiset sa variabilité intraspécifique est trés grande.

Elle méme, divisée en deux sous espédugspgaea hypogaeaorrespondant au type Virginia, et
hypogaea fastigiata correspondant aux types Valancia et Spar(Bemol et al., 2002;
Schilling, 2003).

La diversification variétale est considérable, 00 Dariétés maintenues dans la collection
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mondiale. L’ensemble des variétés cultivées estgdement classé, en fonction de critéres aisés
a déterminer, en trois grands types; Virginia, $gfaet Valencia, dont les caractéristiques et la
position taxonomique sont données par le tabl€au |.

Le type Virginia differe sensiblement des typeseviaia et Spanish de point de vue disposition

des organes reproducteurs. Ceux-ci sont distrisuédes rameaux latéraux de facon alternée
chez le type Virginia faisant succéder deux boungeeégétatifs, deux bourgeons fructiferes,

alors que chez les types Valencia et Spanish oaranaine série de bourgeons fructiferes

(Schilling, 2003)

Tableau 1.2. Classification et principales caractéristiques de [espéce Arachis hypogaea

(Schilling, 2003).
Genre Arachis
Espece Hypogaea
Sous-espéeces hypogaea Fastigiata
Variétés Hypogaea Vulgaris Fastigiata
Types Virginia Spanish Valencia
Port Erigé/rampant Erigé Erigé
Ramification Alterné Séquentielle Séquentielle
Fleurs sur tige principale  Non Oui Oui
Couleur feuillage Vert foncé Vert clair Vert clair
Cycle 120-150J 90J 90J
Dormance Oui Non Non
Gousses (cavites) 2cC. 2c. 3-4 c.

2.3. Morphologie et développement de la plante

L’arachide cultivée est une légumineuse annuellerbdcée appartenant a la famille des

Fabacée<t la sous-famille da3apilionacées

Une famille qui renferme plus de 17 000 espécesstitaant ainsi le groupe de végétaux

supérieurs le plus abondant et le plus diversifié.

La partie aérienne comprend une tige principalgtos érigée et deux ramifications primaires,

Chapitre 1



Synthese bibliographique

erigées ou rampantes (Figure 1.2.). Le systemeaaei comporte un pivot a chevelu abondant,
qui peut s’enfoncer a plus de 1,30 metre de prafanet peut porter des nodules sur les racines
primaires et secondaires, essentiellement surdewe premiers centimetres (Figure 1.3.). Leur
nombre peut varier entre 800 a 4 000 et leur dimanzeut aller de la taille d’'une téte d’épingle
a environ 4 mm(Gillier et Sylvestre, 1969) Les feuilles sont nombreuses, pennées avec deux
paires de folioles elliptiques opposées et sublesstes fleurs jaunes - orangées papilionacées,
prennent naissance a l'aisselle des feuilles. lcarfdation a lieu avant I'épanouissement des
fleurs (Cleistogamie) bien gqu'il existe un certpourcentage d'allogamie de 1 a 4.

Apres la fécondation, la base de l'ovaire s'allopger donner naissance a un organe appelé
gynophore qui porte I'ovaire vers le fagissuwaet al., 2001) La gousse prend une position
horizontale entre 2 & 7 cm sous la surface duHd. est composée d'une coque indéhiscente
contenant de 1 a 4 grain@illier et Sylvestre, 1969)

La graine est dormante dans le groupe Virginia, sdanmante chez les Valencia et Spanish. Elle
leve au bout de trois a cing jours. La plante aléveloppement végétatif limité jusqu’au début
de la floraison (25 a 30 jours apres le semi'ititensifie ensuite avec émission de fleurs puis
formation des gousses. La floraison dans les donditnormales de croissance passe par un
maximum entre 40 et 60 jours aprés semis pour endacroitre, sans cesser totalement, jusqu'a
la récolte. La plante émet de 400 a 1 000 fleurst A6 a 20 % donneront des gousses qui ne
parviendront pas toutes a maturif&chilling, 2003) Seules les premieres formées,
correspondant a la floraison « Utile ».

Dans les conditions optimales des cultures plusjdlarachide acheve son cycle en 90 jours
pour les variétés hatives, en 120 jours pour lesi-tardives et en 140 jours pour les tardives
(Schilling et al.,1997)
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Figure I.3. Nodulation provoquée par Bradyrhizobium sp. chez [arachide
(Encyclopédie, 2015)

2.4. Utilisation et importance économique de I'ardude

L’arachide est une oléoprotéagineuse qui se pré@eroombreuses utilisations alimentaires. Sa
graine a la fois riche en huile (50%) et en praé26%) fait I'objet d’emplois trés diversifiés
selon les pays producteuiSchilling et al., 1997; Clavel et Gautreau, 1997)Son fruit connu
sous la dénomination de « cacahuéte » peut étswooné directement (sans aucune préparation
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particuliere) ou aprés une trés légere torréfactidimuile d’arachide est tres appréciée pour la
fabrication de certains produits alimentaires eisora de sa trés bonne tenue aux hautes
températures et sa stabili(€chilling et al., 1997) Le tourteau, contenant prés de 50% de
protéines est un aliment du bétail apprécié degeals et des fabricants d’aliments concentrés
(Clavel et Gautreau, 1997)Les coques vides, résultant du traitement dessgsy est un sous
produit non négligeable.

En Afrique de I'Ouest, elles fournissent une padéel'énergie aux huileries locales (1Kg de
coque= 1KWh)Schilling et al.,1997).

La valeur fourragére des fanes d’arachide est atpnte a celle de la luzerg8chilling et al.,
1997) Leur valeur marchande peut avoisiner celle da¢hide en coque a certaines périodes de
I'année dans les régions tropicales et subtromd¢@lavel et Gautreau, 1997)

La quasi totalité des transactions internationalegraines ou en coques porte sur I'arachide de
bouche, lI'arachide d’huile étant le plus souveiturite sur place dans les pays producteurs
(Schilling et al.,1997)

Les superficies occupées par la culture de l'adeché’étendent sur prés de 25 millions
d’hectares dans I'ensemble de la zone tropicalas raassi en zone tempéré@eAOSTAT,
2015) Sa remarquable plasticité face aux températuteaug besoins en eau explique
I'extension de sa culture dans des zones margi(@tdslling et al.,1997; Clavel et Gautreau,
1997).

La production mondiale d’arachide non décortiguéescoque) a dépassé 45 millions de tonnes
en 2013 avec un rendement de 18 gx/ ha. Elle aucone progression remarquable ces derniéres
annees. Elle est dominée par cing pays qui couarentx seuls 61% de la production mondiale.
La chine vient en premiére position et fournit 3@@ocette production, elle dédie a cette culture
prés de 5 millions d’hectares. L’Inde vient en deme position et contribue pour 15%, avec une
superficie de plus de 5 millions d’hectares. Led\ig, les USA et I'lndonésie viennent ensuite
et contribuent respectivement avec 7%, 4% et 3&gpadduction mondiale.

Pour ce qui est du rendement, la moyenne mondalelps cing derniéres années est d’environ
17 gx/ ha.

2.5. Situation de la culture d’arachide en Algérie

La culture d’arachide est trés ancienne. En Alg@&lie s’est développée au cours des années 80,
sans pratiquement aucun appui de la part de 'Egpendant, il s’agit de culture des variétés
d’arachide de bouche dont le débouché naturel pastia transformation par I'industrie. Selon
les statistiques dMADR (2003-2013)(Tableau 1.3.), on constate que la productionataide
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est en fluctuations continue d’une année a unes asitrrtout pour les années 2012 et 2013, ou
I'on constate une diminution nette de la productidme a un rétrécissement presque de moitié
des superficies réservées a cette culture par ragpo autres années.

La culture de cette espece est menée durant ladeéeistivale dans toutes les régions d’Algérie.
Cependant, les surfaces dédiées a cette cultutepsasipalement localisées au Nord-Est (El
Tarf), au Sud-Est dans les Oasis (GhardaiajualiOuest (El Bayadlet au Sud (Adrar, Bechar
et EI-Oued) ou la nature des sols et le régimentlygre répondent le mieux aux exigences de
I'arachide (Tableau I.4. et Figure 1.4.).

Tableau 1.3. Evolution des superficies, rendements et productions d arachides en Algérie
(MADR, 2003-2013).

Anneée 2003 2004 2005 2006 2007 2008 2009 2010 2012012 2013

Superficie 3380 4081 2837 2718 2680 2840 2570 2520 2558 2293 2249
(ha)

Rdt. (gx/ha) 11,40 10,50 11,60 11,00 12,38 11,34 11,89 13,43 9011,12,11 11,34

Pro. (gx) 38.420 42.690 33.040 29.950 33.190 32.220 30.570 33.850 30.370 27.780 25.510

Tableau 1.4. Evolution des superficies, rendements et productions d arachides au niveau des principales
zones productrices en _Algérie (MADR, 2013)

2013
Wilaya Superficie (ha)  Production Rendement gx/ha
(@x)
Adrar 164 2614 15,90
Bechar 3 50 16,70
El- Bayadh 2 20 10,00
El- Tarf 1250 11 500 09,20
El-Oued 564 7 340 13,00
Ghardaia 266 3990 15,00
Total Algérie 2 249 25514 11,30
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3. Généralités sur les rhizobiums

3.1. Définition et intérét

Rhizobiumsignifie étymologiquement « ce qui vit dans lesiras »; ce sont des bactéries du sol
appartenant a la famille déthizobiaceagclasse de®roteobacteriy. Elles sont capables de
reconnaitre, d’'infecter et de noduler les racines kgumineuses pour établir une interaction
symbiotique dans le but de fixer biologiguementdi. L'infection se traduit par la formation
d’'un organe appelé nodule, dans lequel elles vigenime endosymbiotes et réduisent I'azote
atmosphérique en ammonié&BSchultze et Kondorosi, 1998 ; Albrechtet al., 1999) forme
facilement assimilable par les plantes, en échdagplante h6te procure a la bactérie un
microhabitat favorable et les substrats carborgssisle la photosyntheg@ommergueset al.,
1999)

Cette association est largement exploitée danpdgs ou les sols sont trés pauvres en azote et
I'utilisation des engrais azotés chimiques, tréfiteose (Leena, 2002) Dans ce contexte
I'association rhizobiums-légumineuses peut remplaffecacement les engrais azotés chimiques

a la fois tres onéreux et polluai@anadian, 1993)

3.2. Principales caractéristiques

Les rhizobiums constituent 0.1 a 8 % de la floreté@enne totale du sdlSadorwsky et
Graham, 1998) ils se présentent sous forme de coccobacillesnduétonnets réguliers de 0.6 a
0.8 um de large sur 1 a gm de long(Dommergues et Mangenot, 1970 ; Vincent, 1974)
aérobies stricte@Pelmont, 1993) Gram négatives et asporul@ordan, 1984 ; Bekki, 1983)
généralement tres mobiles quand elles sont jeudes @ la présence d’un seul flagelle polaire
ou 2 a 6 flagelles péritrich¢Bergey’s, 1984)

Ces bactéries se trouvent soit a I'état libre détat symbiotique sous forme de bactéroides avec
une taille dix fois plus grande. Ces derniers om¢ torme en X, Y et TTDommergues et
Mangenot, 1970)

Sur milieu YEM gélosgVincent, 1970) ces bactéries forment des colonies de 2 a 4 mm de
diametre aprés 3 a 5 jours d’incubation, de coubdamchatres ou beiges, circulaires, convexes,
semi translucides ou opaques, élevées et mucilaggse(Figure 1.5.). Les rhizobiums sont des
bactéries mésophiles, leur température optimaleraissance se situe entre 25 et 3Q(Ean,
1992) Certaines especes peuvent se développer a dpsregares allant de 40,5 °C a 42 °C,
c’est le cas ddrhizobium melilotiqui peut se développer a 42 {Bffianha et Alexander,
1992)
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D’autres souches isolées des légumineuses lignaudésnya, en Inde et au Pakistan peuvent
croitre a des températures variant entre 44°C 08C HZahran, 1999) Cependant, la
température de croissance des rhizobiums varie oectibn de lI'espéce et de la région
d’isolement(Cacciari et al.,2003).

Si la plupart des rhizobiums préférent la neutdlibrdan, 1984) d’autres au contraire tolerent
des pH tres ba@/incent, 1977) c’est le cas dBradyrhizobium japonicurqui supporte des pH
de l'ordre de 3.5 a dDommergues et Mangenot, 1970)

D’autre part il a été montré que des souchefRkdizobiumpeuvent croitre a des pH alcalins
allant jusqu’a 1ZKulkarni et al.,2000)

Figure 1.4. Aspect des colonies de Rhizobium sur milieu YEM gélosé.

On distingue deux groupes de rhizobium sur la dada vitesse de croissance :

Les rhizobiums a €roissance rapide», dont les colonies apparaissent trois a cingsj@pres
I'inoculation sur milieu YEMA. Ce groupe de rhizoioh est caractérisé par une forte production
de polysaccharides extracellulaires et tres souvisnacidifient le milieu de culturévincent,
1979)

Les rhizobiums a «roissance lente», dont les colonies apparaissent aprés sept jours
d’'incubation sur milieu YEMA Elles ont une tendance a alcaliniser le milieu diuce et

produisent peu de polysaccharides extracellul§irasent, 1979)

4. Généralités sur les Ilégumineuses
Les Légumineuses représentent une superfamillelebemngiospermes, comprenant plus de 750

genres et entre 16000 et 19000 espédesmergueset al.,1999) Elles sont divisées en trois
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sous-familles : les Mimosoidées, les Caesalpingidgeles Papilionoidéee@Jdvardi et al.,
2005) De nombreuses légumineuses constituent une souajeure de protéines,’hdiles
végétales et une importante source de nourritumeaine(Graham et Vance, 2003)

C’est la raison pour laquelle, elles sont largenogittivées sur I'ensemble de la planéte. On peut
citer par exemple : le haricoPljlaseolus vulgar)s le soja Glycine may le pois Pisum
sativun), le pois chiche Gicer arietinun), la feve Yicia fabg, I'arachide Arachis hypogaea
L.)....etc.

Ainsi, les légumineuses couvrent globalement 66%obdsoins de subsistance des communautés
rurales dans les pays en voie de développemerit,etolssurant, un maintien durable de la
fertilité des sols, utilisées comme précédent caltdes céréales, et un équilibre des écosystemes

(Dommergueset al.,2006)

La plus grande partie des légumineuses (88% dexesgtudiées) forme des nodules fixateurs
d“azote(Hirsch et al.,2001 ; de Fariaet al.,1989) De ce fait, les légumineuses sont parmi les
plantes les plus étudiég¢Ratriarca et al., 2004 ; Gageet al., 2004 ; Staceyet al., 2006)
notamment,’&€mergence de deux plantes modelestus japonicu§Handberg et Stougaard,
1992 ; Udvardi et al.,2005) et Medicago truncatuldBarker et al.,1990)a permis taccélérer

I’étude des mécanismes de mise en place de la synbios

5. Apercu géneéral sur le processus de la symbioseatrice d’azote

Le processus d’'une symbiose fixatrice d’azote a@uit par la capacité des rhizobiums a induire
la formation de nodosités au niveau des racinedesutiges d’'une plante héte particuliere. La
présence de nodosités chez les [égumineuses iStaitidquement bien connue, mais leur origine
était controversé&Voronin (1866) fut le premier a signaler I'observation des micn@anismes
ressemblant aux bactéries dans les nodositesgiausmutabilis Hellriegel et Wilfarth (1988)

ont montré que la formation des nodosités estdelti@ d’'une infection externe chez les espéces
Lupinus Phaseolus Ornithopus Vicia, et Trifolium. Mais, c’est Beyerinck qui a fourni la
premiére preuve que les bactéries sont a I'origiméa formation des nodosités, en préparant des
cultures pures d’organismes provenant des nododiéégicia fabaet en infectant avec ces
mémes cultures des plants de féve cultivés suolstérile(Beyerinck, 1888, 1890)

En fait, la formation de nodosités survient quaesl thizobiums pénetrent leurs hétes d’'une
maniere strictement coordonnée et contrblée. Légerges génétigues de la reconnaissance

spécifique sont partagées entre le rhizobium pldate héte. Chacun des deux partenaires

Chapitre 1 15



Synthese bibliographique

possede des geénes qui ne sont exprimés que dargsénce de l'autr@®jordjevic et al.,1987)

5.1.Etablissement de la symbiose fixatrice d’azote

On connait I'importance de I'azote dans la constitud’'un végétal (la chlorophylle, les acides
aminés, les alcaloides...ect.). On admet que I'apgimnement en azote assimilable est si
frequemment, un facteur limitant pour la croissatheg végétaux, que I'on a souvent et peut étre
trop couramment méme, parlé defaim d’azote »pour expliquer les croissances retardées
(Bouillard et al., 1962) Cependant, il faut envisager le cas particulies Egumineuses qui,
grace a une symbiose avec des microorganismesedipsatdazote moléculaire, appelés

Rhizobium synthétisent directement leurs tissus.

La symbiose se caractérise par la présefmgyahes particuliers, situés au niveau des racines,
appelés nodosités, au sein desquels la bactérigt réalzote atmosphérique en ammoniac,
assimilable par la plante. En contrepartie, la t@ldaurnit a son symbiote une niche écologique
et les substrats carbonés issus de la photosynth@ésessaires a son métaboligiiendorosi et
Kondorosi, 2000)

L’établissement de cette interactisgmbiotique entre bactérie et plante est tres fipaei et
résulte dun dialogue moléculaire entre les deux partengBesughton et al.,2003) schématisé

dans la Figure 1.8.a formation des nodosités suit plusieurs étapiggi(€ I.6.):

5.1.1. Préinfection

Dans un premier temps, les Rhizobiums sont attieés les poils racinaires par une large gamme
de substances, principalement par les Phénylpragesma@xsudés par la racifigape et al.,
1991) Une production plus importante est remarquéeoadition de carence azotééoronado

et al.,1995).

Les flavonoides présents dans les exsudats razsnaiduisent’éxpression des gendsod
bactériens qui gouvernent la production des fastdod, qui sont des lipochitooligosaccharides,

dont les formes variables déterminent la spédifide Ihote(Perret et al.,2000).

Ces facteurs induisent des changements morpholegjigunysiologiques et moléculaires chez la
plante hote(Wood et Newcomb, 1989)Les facteurs Nod, isolés de différentes espéeces de
Rhizobium possédent tous la méme structure de base : calesriipo-chito-oligosaccharides.
(Dénariéet al.,1996)
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5.1.2. Infection

Au cours de’Infection, la pénétration de la bactérie est femlipar la courbure du poil racinaire
qui crée une zone confinée dans laquelle la bactsSti entourée par la paroi végétale. Un cordon
d’infection qui est une structure tubulaire qui c@itintérieur de la cellule et dans laquelle la
bactérie prolifere est initié a partir de ce pagbatr hydrolyse de la paroi, invagination de la
membrane végétale et production de matériel papétala plantg Gage et Margolin, 2000 ;
Mateoset al.,2001 ; Gage, 2004).

5.1.3. Développement des nodosités

A la faveur dune lyse localisée de la paroi, les bactéries @sdom le cordon ‘thfection, qui
croit, progresse et se ramifie de cellule en celiulsque dans le parenchyme cortical de la
racine. Les cellules du cortex reprennent leurssidins et édifient une nodosi{Eoucher et
Kondorosi, 2000).

Au bout du cordon ’thfection, les bactéries entrent dans les celldassentourant tine
membrane péribacteroide, dérivée du plasmalemmetrassforment alors en bactéroides
(augmentation de leur taille et déformation). Cesnibrs, possedent en effet une enzyme, la
nitrogénase qui catalyse la réduction’dedte atmosphérique en azote ammoniacal utiligzble
les cellules végétalg®uhoux et Nicole, 2004) L’'azote offert par les bactéries est directement
utilisé par la plante, ainsi, il est moins susdaptia la volatilisation, la énitrification et au
lessivaggGarg et Geetanjali, 2007)

Les nodosités renferment un pigment rouge trés irvoide [I'hémoglobine, appelé
léghémoglobine. La dégradation de ce dernier cooras$ a I'arrét de la fixation de l'azote, et
son apparition dans les nodosités coincide avelérearrage de la fixation. Cette pigmentation
régle la pénétration de I'oxygéne qui se localigesdle cortex nodulaire interne et se dirige vers
le bactéroiddDommergues et Mangenot, 1970) Les nodosités ainsi formés peuvent adopter
plusieurs formes (Figure 1.7.) :

-Nodosités a croissance indéterminéa I'activité méristématique se maintient (caspais et

de la luzerne) et de nouvelles cellules apicale$ sontinuellement infectées pour donner une

forme cylindrique a la nodosité.

-Nodosités a croissance détermin@& l'activité méristématique cesse tét (cas dua,sde
I'haricot et de I'arachide). Les cellules infectémsgendrent d’autres cellules infectées et la

nodosité en grandissant par expansion acquiertanme sphérique.
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-Un troisieme type intermédiaira été identifié chez le gentepinuset Sesbania rostrataLes
divisions cellulaires se font soit dans le cortgteme soit dans le cortex interne, conduisant a la

formation de nodosités soit déterminées soit imd@teées)Hirsch, 1992, Hirschet al.,2001)

5.2.Infection chez I'arachide

Le mode d’infection 'Crack entry ”, est un mode d’infection intercellulaire spégife aux
légumineuses tropicales comi8esbania rostratat les légumineuses appartenant a la tribu des
Aschynomeneaérigure 1.8.). Le microsymbiote infecte I'h6te paoie fissurale ou par les
blessures épidermiqué¢€handler et al., 1982; Uhedaet al., 2001) Les fissures se situent,
généralement au point d’émergence des racinesliesédes cellules corticalésllen et Allen,
1950 cité par Dommergues et Mangenot, 1970 ; Scimlyj et al., 1997).1l n'y a pas de
formation du cordon d’infection. Les rhizobiums p&ent les cellules du cortex externe
vraisemblablement par le processud’endocytose”. Ce mécanisme serait vraisemblablement
celui de I'arachidéUhedaet al.,2001)

Les nodules sont de forme ovoide, ou arrondie (tgterminé) (Figure 1.9.).

5.3. Rhizobia associés a I'arachide

Les souches de rhizobium associées a I'arachidartigpnent au gent@radyrhizobiundans

lequel plusieurs espéces sont actuellement recenmradyrhizobium japonicun{Jordan,
1982) Bradyrhizobium elkani{Kuykendall et al., 1992) Bradyrhizobium liaoningensgu et

al., 1995) Ces trois espéces nodulent le soja.

Une nouvelle esped@radyrhizobium yuanmingereeété isolée du gentespedezdYao et al.,
2002; Euzeby et Findall, 2004) Les autres especes reconnues de ce groupe sont
Bradyrhizobium betaéRivas et al.,2004)et Bradyrhizobium canariens@/inuesaet al.,2005)
D’autres souches a croissance lente nodwaachis hypogedUrtz et Elkan, 1996) Lupinus
(Barrera et al.,, 1997) Astragalus Oxytropis et Onobrychis (Laguerre et al., 1997)
Amphicarpaea(Sterner et Parker, 1999) et autres sont encore non classées. Elles sont
désignées aussi pBradyrhizobiumsp. suivi du genre de la plante hote entre parsathePar
ailleurs, des travaux ont montré que l'arachide é&gilement nodulée par des souches a
croissance rapid@aurian et al.,2006)
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Figure 1.5. Dialogue moléculaire entre la plante et [a bactérie lors de la mise en place d'une association

symbiotique fixatrice d'azote (Broughton et al, 2003)
L5 A: Echange de signaux entre la bactérie et la plante.

L5.8 : Formule chimique des Flavonoides.
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qui attirent Rhizobium.
— - Filament FJ Rhizobium prolifére et forme
— infectieux un filament infectieux.

Ed Les cellules corticales
entrent en division.

de la racine.

j Le filament infectieux
/,L se développe dans le cortex

Les cellules bactériennes

qui sortent du filament
infectieux forment des
bactéroides dans les cellules de
la racine. Le facteur Nod sécrété
par les bactéries induit la

L division des cellules corticales. )

corticales infectées entraine

La division rapide des cellules
la formation du nodule.

Bactéroides

Figure 1.6. Schéma des différentes étapes conduisant a la formation du nodule.
(®erry et al., 2004).
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Figure 1.7. Coupe longitudinale schématique d"une nodosité de type indéterminé (4) et de
type déterminé (B).
I= Zone méristématique, 11= zone d infection, I1I-I111= zone fixatrice d azote,
I1V= zone de sénescence. Ce= cortex externe, E= endoderme, Ci= cortex interne, FV'= faisceau vasculaire,
CF= couche frontiére, TC= tissu central, CC= cylindre central de la racine, CI= cellule infectée, CN= cellule
noninfectée d aprés Franssen et al., (1992).
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crack entry/
intercellular
spreading
A
(A) Primary and lateral root sytems;
(B) Normal root hairs and axillary root hairs;
B (C) Root hair and crack entry infection;
(D) Infection thread spreading and intercellular
spreading;
(E) Central infected cores with small dispersed
C uninfected cells and with an array of uninfected
cells.
D
E

Figure 1.8. Les différentes étapes du mode d’entrée d’infection ‘« Crack entry »thez arachide d aprés
Fred et al., (1997).
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Figure 1.9. La symbiose rhizobium-arachide (arachisracin.htmy.
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6. L'inoculation pour I'agriculture et I'environnem ent

Dans les écosystémes semi-arides et arides, laressk et le manque de nutriments notamment
I'azote et le phosphore assimilables rendent l¢s [3eu fertiles, ajouté au pobléme de salinité
(Zahran, 1997) Ces facteurs rendent la récolte médiocre et démtile couvert végétal. Il
existe des moyens pour palier a ces contraintesnedr d’augmenter la fertilité de ces sols pour

les rendre plus productifs, tant en respectantifatilité de ces ecosystémes.

En effet, les légumineuses capables symbiotiquentefitker I'azote de I'air semblent une voie
prometteuse pour s’affranchir de l'untilisation desgrais azotés chimiques. Mais ceci n’est
possible que si les légumineuses peuvent s’asseffieacement avec des rhizobia adaptées
aux contraintes du milieu et spécifiqgues a la gambte. Souvent, les souches effectives ne
préexistent pas toujours dans ces sols. Il conaéars d’inoculer soit le sol, soit les graines
gu’'on seéme.

Obaton et Blachére (1965) estiment que l'inoculation peut etre raisonnaldeimconseillée
lorsque I'on veut établir une luzerniére en soldacichaulé depuis peu. La bactérisation des

semences a fait de gros progrés dans les paysogeésl

Donc, l'inoculation est une opération de bactéiosades semences ou du sol en vue de
I'amélioration de la fixation biologique de l'azohez une légumineuse a faible activité

symbiotique ou nouvellement introduite. Le recoaursette technique est expliqué par I'absence
des rhizobia spécifiques a cette Iégumineuse dassllou la nécessité de substituer les souches

indigénes par une nouvelle souche plus efficiente.

D’aprésBaraibar (2000), I'inoculation est la pratique qui consiste aadlwire les souches de
rhizobiaou Bradyrhizobiadans I'écosystéme plante-sol ; un inoculum étaetfarmulation des

souches en porteur solide ou liquide.

6.1. Choix des souches de rhizobia pour l'inoculatn

SelonHerridge, (2008) la recherche de nouvelles souches de rhizobia l[ipaculation est
continue et conduite dans le but de :

1- fournir les rhizobia aux nouveaux cultivars et eggede Iégumineuses ;

2- développer la culture des Iégumineuses dans dehtioos environnementales hostiles ;

3- optimiser la productivité des espéces cultivées.
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Brockwell et al.,(1995) ont énuméré les caractéres suivants comme diesinabur les souches
des rhizobia utilisées dans l'inoculation :

1-formation des nodules effectifs capables de fimazpte avec la |égumineuse inoculée ;
2-concurrencer les rhizobia existants déja dasslipour la formation des nodules ;
3-formation des nodules fixateurs d’azote mémeréagmce de nitrate du sol ;

4-persistance dans le sol, surtout pour les lIégensies pérennes ;

5-colonisation du sol méme en absence de la phaiiee;

6-tolérance aux stress environnementaux ;

6.2. Différentes techniques de I'inoculation

L'inoculation des légumineuses par les rhizobia peuaire par l'inoculation de la graine ou du
sol, bienque la méthode d'application de l'inocuttiange selon différentes pratiques et espéces

de Iégumineuses.

6.2.1. La méthode de mélange tourbe-inoculum (Dest)

Avant le semis, la graine est habituellement méarayec un substrat a base de to(dmaker

et al., 2004) mais cette technique d'inoculation n'est pasmacandée, parce que la majeure
partie de l'inoculum ne colle pas aux graines lgjee le mélange soit la plupart du temps fait
manuellement dans des boites ou dans des bétomnigiroculation d'une grande quantité de
semences peut étre également automatisée en nitililss semoirs équipés d'un réservoir
d'inoculum, d'une pompe et d'une chambre de mélsemgence-inoculurfDeaker et al.,2004)

La plupart des semences de légumineuses fourrag@megioculées a l'aide d'un tambour rotatif,

vue la rentabilité et la simplicité de cette tecjusi(Scottet al.,1997)

6.2.2. La méthode de la boue (Slurry)

La technique d’inoculation recommandée pour l'ination des graines est la méthode de la
boue. D'abord, l'inoculum est mélangé avec unetisallcontenant I'adhésif, cette boue est
mélangée aux graines jusqu'a ce qu'une couvertferme soit réalisée. Les graines sont
séchées dans des conditions fraiches avant le ggtnisgria et al., 2005) Les adhésifs
généralement utilisés incluent le sucrose (10 %), fangicide, un bactéricide, la gomme
arabique (40 %), la cellulose meéthyle-éthyliquelaetellulose méthyle-hydroxyle-propylique
(environ 2 a 4 %)Horikawa et Ohtsuka, 1996a) Le volume de boue dans le cas du soja ne

devrait pas excéder 300 ml par 50 kilogrammes dmgs.
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6.2.3. Enrobage des graines

L’enrobage des graines est employé quand les ¢onslile semis sont moins favorables (hautes
températures ou pH du sol acide). Dans ce prod¢gdgaine est inoculée en utilisant un adhésif
fort, tel que la gomme arabique 40 %, qui est aloésangé avec du carbonate de calcium, du
phosphate naturel ou de l'argile finement brg$énith, 1992 ; Thompson et Stout, 1992 ;
Horikawa et Ohtsuka ; 1996b)

En Australie, des micronutriments spécifiques dgt &galement ajoutés aux graines enrobées

dans le cas des sols acidElsingria et al.,2005)

Les graines inoculées peuvent étre stockées auggemps (1-2 ans) avant leur utilisation, mais
cette durée de conservation change selon les esgedégumineusg$mith, 1992 ; Gemellet
al., 2005)

Gemell et al, (2005)recommandent une durée de conservation des gliam@dées de 6 mois
pour la luzerne pérenne et les médics, 6 semamasl@ trefle souterrain et 2 semaines pour le
trefle blanc, rouge et les autres espéces de |éguses.

Le nombre de rhizobia par graine varie en fonctienla taille de la graine, i®hizobia par
graine pour les légumineuses de petites grainesneola trefle, les médics, la luzerne pérenne et
10° rhizobia /graine pour les légumineuses & grossesep comme le soja et le hari¢8mith,

1992 ; Lupwayiet al.,2000)

6.2.4. L'inoculation du sol

Pour les légumineuses a grosses graines tels cqgadgele haricot, et en particulier I'arachide,

I'inconvénient de l'inoculation de la graine esicbmpatibilité entre les rhizobia contenus dans
I'inoculum et les fongicides et insecticides apypdis| a la graine. Pour surmonter cette contrainte,
I'inoculum peut étre appliqué directement danolessus forme de granules, tourbe, ou liquide.

Les inoculums ne sont pas mélangés aux engraigemyyent étre nuisibles aux rhizobia, mais

séparément réunis dans le sol. L'inconvénient nmajeuce procédé est le codt plus élevé parce
gue la quantité d'inoculum utilisée est plus élayée celle utilisée pour l'inoculation des graines
(Hungria et al.,2005) La profondeur a laquelle l'inoculum est placéégtlement importante ;

la nodulation du soja est supérieure quand l'inouugst appliqué en sillon a une profondeur de

2,5 cm au-dessous de la graine comparée a unendeafod’application de 5 c®smith, 1992)
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L'inoculation directe des graines a la périodeatris avec les inoculums liquides ou granulaires
évite d'endommager la graine fragile et surmomfet’ nuisible des pesticides et fongicides
appligués a la graine enrobée par les rhiz(éeaker el al., 2004)

L'inoculation liquide du soja au moment du semiséggmlement mieux réussie que l'inoculation

de la graine avec la boue qui produit une noduigtios précocéBrockwell et al.,1988)

6.3. Origine des échecs de l'inoculation

Comme la fixation de l'azote est un processus sgtithie, des facteurs environnementaux
affectant la plante héte ainsi que hbizobia doivent étre optimaux pour I'établissement d’'une
symbiose effectiv§Somasegaran et Hoben., 1994)

L’inoculation des plantes avec dB&izobiumsélectionnés ne donne pas toujours I'effet positif
escompté sur les légumineuses fixatrices d’azatdéesquelles elle a été appliqu@runck et

al., 1991)

Une mauvaise connaissance du devenir des inoctdunceamp est I'une des causes des échecs

observés. En effet, la réponse a 'inoculation piEytendre :
De la qualité de I'inoculum :

- Un inoculum de mauvaise qualité : une densitéffismnte des microorganismes vivants, des
souches non compétitives ou bien non infectivexffectives.

- Contact de I'inoculum avec les engrais ou pedtigitoxiques.

Des propriétés du sol :

Milieu-sol défavorable : pH élevé ou faible, hunidinsuffisante, température anormale, exces
d’azote combinés, carence en certains €lémenGaRylo, Co, B) mais aussi des propriétés
physiques défavorables.

Des caractéristiques symbiotiques de la plantantplh6te non réceptrice, ou I'échec peut étre
dd a I'ensemble des composantes du systeme sdeptanroorganisme@runck et al.,1991)

7. Effet du stress hydrique et les stratégies d’ag#ation a la sécheresse

7.1. L'eau dans la plante

Parler de I'eau chez les végétaux est quelque cdeseommun. Chacun sait que pour se
développer une plante a besoin d’eau et quand-celient a manquer les conséquences peuvent
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étre grave¢Bernard, 2006) Elle s’y trouve naturellement a I'état liquideais aussi sous forme
de vapeur d’eau dans les chambres sous stomatigsdguillegLaberche, 2004) La richesse

en eau des plantes est variable selon les espesagganes et les milieux de vie. En effet, une
salade peut contenir 90 a 93% d’eau, une feuile@mposée souvent de 80 a 90% d’eau et le
bois fraichement coupé peut renfermer 30 a 50 éaufLeclerc, 1999) Il faut 1 500 litres
d’eau pour obtenir 1 Kg de blé, 500 litres d’eaunpd Kg de mais et 4 500 litres d’eau pour 1
Kg de riz(Bernard, 2006)

Les rbéles multiples assurés par I'eau au sein theggs en font le premier facteur limitant leur
fonctionnement. Parmi ces roles, on peut ¢itaberche, 2004)

- I'eau contribue au maintien de la structure decéflule et en particulier de la structure
colloidale du cytoplasme.

- elle est le siege des réactions métaboliquesntamvenant dans les réactions métaboliques
comme 'hydrolyse ou la photosynthese.

- elle permet la turgescence des cellules et pa€lae des tissus et des organes.

- elle véhicule les nutriments minéraux et les pitsddu métabolisme.

- par son rejet dans I'atmosphere sous forme dewaglle emprunte a la plante sa chaleur
latente de vaporisation. Elle permet a celle-csulgporter les rayonnements solaires et les divers

échauffements climatiques.

7.2. Notion de stress

Selon les définitions, le stress chez les plarmpeai@it avec des significations différentes en
biologie, qui convergent principalement vers n'impauel facteur environnemental défavorable
pour une plantéevitt, 1980). SelonJoneset al., (1989) un stress désigne a la fois I'action d'un
agent agresseur et les réactions qu'il entraine Barganisme agresse, une force qui tend a
inhiber les systemes normaux. D’autre part, lessstenvironnementaux nés de la fluctuation des
facteurs abiotiques (sécheresse, salinité, tempéjaaffectent les conditions de croissance, le
développement et le rendement des plafiesihava Raoet al.,2006)

7.3. Le stress hydrique

Le stress hydrique est I'un des stress environn@menles plus importants, affectant la
productivité agricol¢Boyer, 1982) C'est un probléme sérieux dans beaucoup d'emémants
arides et semi-arides, ou les précipitations chaing&année en année et ou les plantes sont

soumises a des périodes plus ou moins longuesfidé dgdrique (Boyer, 1982)
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Il y'a autant de définition du stress hydriquelgua d'utilisation de I'ea(Heathcotes, 1973 cité

par Bergaoui et Alouini, 2001) En agriculture, il est défini comme un déficit nopaé et ce
compte tenu des précipitations qui réduisent sigatitement les productions agricoles par
rapport a la normale pour une région de grandedasgiMckay, 1985 in Bootsmeet al., 1996)

En effet, on assiste a un stress hydrique lorsgjgemande en eau dépasse la quantité disponible
pendant une certaine période ou lorsque sa maugaaié en limite I'usagéMladhava Raoet

al., 2006)

Le stress hydrique a lieu chaque fois que la \@t@sstranspiration de la plante dépasse celle de
'absorption en eau; autrement dit, lorsque lesoinssen eau de la plante ne peuvent étre

satisfaits par la réserve en eau du(kaberche, 2004) Ce dernier se traduit généralement par

une réduction de la croissance, mais aussi demgebajazeux et du métabolisme général de la
plante. Il agit difféfremment en fonction de soremtité et du stade physiologig(i2zebaekeet

al., 1996)

7.4. Effet du stress hydrique sur la morphologie da physiologie de la plante

Les plantes percoivent et réagissent rapidementradifications de la quantité d’eau dans les
cellules a travers une série d’évenements paraltétedre anatomique, physiologique, cellulaire
et moléculairdChaveset al.,2009) L'effet du stress hydrique au niveau de la plamtiéee se

manifeste par la diminution de la croissance, deph@tosynthese et par l'altération du

métabolisme carboné et az@Bebaekeet al., 1996)

Le stress hydrique affecte pratiquement tous lggeas de la croissance de la plante en
modifiant son anatomie et sa morpholodia.croissance est I'un des processus physiologigues
plus sensible au stress hydrique, a cause de $aebdu potentiel de turgescer{&haoet al.,
2008) Le stress hydrique réduit considérablement leld@pement et la croissance des cellules
(Jalleel et al.,2007 ;in Lazali , 2009) L’allongement cellulaire et la division cellulaiet donc

la taille des feuilles et des entrceuds sont les premiers processus affectés pdefioit
hydrique(Wery et Turc, 1988) La croissance de la partie aérienne, et surlid des feuilles,
est généralement plus sensible que celle des sqditaajan et Tuteja, 2005) Chez le mais la
croissance des feuilles est fortement réduite lardg potentiel hydrique atteint — 0,45 MPa, et
totalement inhibée, a —1,00 MPa. En méme tempsplasance des racines est normale, jusqu’a
— 0,85 MPa, et n'est pas totalement inhibé a désuxade — 1,4 MPé&VNestgate et Boyer,
1985) Le stress hydrique réduit la hauteur et le diagnéé la tige, le nombre des feuilles ainsi
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que la surface foliaire chez les plantes d'une BranigénéraleShao et al., (2008) sur
Abelmoschus esculentunmontrent que le stress hydrique diminue la longuesr racines et des
tiges, la surface foliaire, le nombre de feuilles plant, la longévité des feuilles et la biomasse
verte et seche. En revanclirgndeyet al, (1984)indiquent que I'arachide soumis a un stress

hydrique développe un systeme dense et pivotampaort aux autres légumineuses.

Plusieurs études montrent que, le stress hydrique effet défavorable sur la photosynthése, la
nutrition minérale, le métabolisme, la croissantéeerendement de I'arachid®eddy et al.,
2003) La teneur relative en eau, la résistance stomnatigg potentiel hydrique foliaire, le taux
de transpiration, la température du couvert végétait des parametres importants qui
influencent le statut hydrique chez l'arachiBeddy et al.,2003) Chez les plantes d’arachides
soumises a un stress hydrique, la TRE est de €oddr 30 % par rapport aux plantes non
stressées qui ont une TRE de 'ordre de 85-9@Bé&bu et Rao, 1983)Black et al., (1985) ont
montré, que le stress hydrique diminue le potehtyerique foliaire, le potentiel de turgescence

et la conductance stomatique.

Le potentiel hydrique foliaire, le taux de trangfion et le taux de photosynthése diminuent
progressivement avec l'augmentation de la duréestdess hydrique(Subramaniam et
Maheswari, 1990). Babu et Rao (1983pnt examiné l'effet de la durée du stress hyeripb
jours) sur l'arachide entre le 20eme et le 55 @uegpres le semis ; sans restriction hydrique, le
potentiel hydrique foliaire varie entre — 0,15 etl1A5 MPa a 6,00 AM et 4,00 PM
respectivement. La teneur relative en eau varieeelrf@0 % et 87 % pendant le premier jour du
stress hydrique. A la fin de cette durée de laraamte hydrique, le potentiel hydrique foliaire est
de l'ordre de — 5 MPa, et la teneur relative enam@d9,7 %Bhagsariet al.,(1976) ont observe
une forte réduction de la photosynthése et de hawctance stomatique quand la teneur relative
en eau de l'arachide diminué de 80 a 75 %.

Le développement des feuilles est plus sensiblrags hydrique que la fermeture de stomates.
Le stress hydrique diminue la surface foliaire lpamalentissement de développement des feuilles
et par la réduction del'approvisionnement des daybrates. Un stress hydrique sévere diminue
le niveau de chlorophylle a et @¥ordanov et al., 2000) . La diminution de la teneur en
chlorophylles est expliqguée par I'inhibition de desynthese(Reddy et al., 2003) Le stress
hydrique n’a pas un effet seulement sur la dimowde la teneur en chlorophylle, mais aussi sur

la désorganisation des membranes des thylak{idegal et al.,2000)
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Lors d'un déficit hydrique, I'activité physiologigude la feuille, et plus particulierement la
photosynthése, est affectée. La réduction de ldopkinthése, est liée a la diminution de la
conductance stomatique et de la surface foliaiee.stress hydrique induit la fermeture des
stomates, avec pour conséquence une diminutioa denlductance a la diffusion du &Qui se
répercute négativement sur le taux de la photosge{fReddy et al., 2003 ; Athar et Ashraf,
2005 ; Mahajan et Tuteja, 2005)

La diminution du taux de la photosynthése foliaést expliquée par : (1) la diminution de la
teneur relative en eau et aussi du potentiel hyérigliaire (Lawlor et Cornic, 2002); (2) la
fermeture des stomatéSornic, 2000); (3) 'affaiblissement métaboliq@&ezaraet al.,1999 ;
Lawson et al., 2003); (4) le déséquilibre entre la lumiére captéeast stilisation(Foyer et
Noctor, 2000) La fermeture des stomates est généralement $& qgaincipale de la réduction de
la photosynthése sous l'effet d’'un stress hydri@ernic, 2000) Elle diminue la concentration
interne en CO2, qui empéche le métabolisme phothéiigue. La fermeture des stomates est
progressive en fonction de la sévérité du stressiduye. Il est bien connu que la teneur en eau
des feuilles est influencée toujours par la cormhu stomatique et une bonne corrélation entre
le potentiel hydrique des feuilles et la conductasiomatique a été établie sous I'effet du stress
hydriqgue(Ramachandra Reddyet al.,2004)

La plante se comporte comme un systéeme biologique ks caractéristiques physiologiques
changent avec I'état hydrique. L'effet dépressifatitess hydrique sur la plupart des processus
physiologiques et métaboliques de la plante sercapee sur les composantes du rendement, le
rendement lui-méme, ainsi que sa quald® Raissac, 1992)Le déficit hydrique est un des
principaux facteurs limitant de la production dégumineuse$Wery et Turc, 1990) Le plus
souvent, un déficit hydrique pendant les étapesladdructification abaisse largement la
production des grain&artter, 1962 ; Dusek et Coll, 1971; Doss et Coll,.974 ; in Bounioiset

al., 1985)

L’effet d’un déficit hydrique sur le rendement eraiges dépendra de sa position par rapport aux
phases phénologiques (de croissance végétatiflgrdison — fécondation et de remplissage des
graines), ou de son intensité s'il est étalé semdemble de la période reproductr{idery et
Turc, 1990) Des études sur le tournesol montrent que, lepposantes du rendement, tels que
le nombre de graines, le nombre de fleures, samérfeent diminués sous l'effet d'un stress
hydrique(Shaoet al.,2008) Shaoet al (2008)ont constaté également que l'influence du stress
hydrique est plus marquée aux stades floraisora@ination ou la quantité et la qualité du
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rendement sont réduites. Comme le montrent lesadravde Meisner et Karnok (1992)
effectués sur l'arachide, l'effet du stress hydzigaduit le taux de production des fleurs par
contre le nombre de fleurs/plant n'est pas affaxty a cause de I'augmentation de la durée de
floraison. L’élongation des gynophores est retatites I'effet de la contrainte hydrique pendant
lequel le sol devient trop sec pour la pénétratabes gynophores, ce qui retarde le
développement des gousses et des graines. Le dess&tt du sol au cours de développement
des gynophores diminue le taux de croissance dessgs et des graines de l'ordre de 30 %. Le
développement des gousses est progressivemené ipaib’effet du stress hydrique a cause de

I'insuffisance de la turgescence cellulaire et Engque de carbohydrat@Reddy et al.,2003)
7.5. Effet du stress hydrique sur la nutrition azo¢e

La plupart des travaux sur la sécheresse ont aleng®bléme de 'effet du stress hydrique sur
la fixation et I'assimilation de I'azote par I'éte des mécanismes qui interviennent lors de la
réponse du végétal a la contrainte hydrique. Lagaynthese demeure le phénomene le plus
étudié dans ces conditions et souvent, il a étdpge® comme critere de sélection pour la
résistance a la sécheresse des plantes. Il n‘emwtenpas moins que d’autres mécanismes
peuvent jouer un réle important dans I'adaptaties glantes aux contraintes hydriques. Il est
actuellement admis que le stress hydrique afféetessémble des phénomenes biologiques qui
peuvent conduire a la mort de la plante. Le méisimal général des plantes est lui aussi
concerné par cette réaction, notamment le métabelazoté qui présente la particularité d’étre
alimenté par deux voies, I'assimilation de I'azotenbiné du sol et la fixation symbiotique de
'azote atmosphérique. Moins de travaux sont caksa@ I'effet du stress hydrique sur la
nutrition azotée des Iégumineuses malgré leur itapoe économique et agronomiq@nane,
2004). Dubey et Pessarakli (2001pnt montré que I'absorption et I'assimilation dazbte
diminuent chez des plantes soumises a un stresggbgd La diminution de I'assimilation de
I'azote est expliquée par la réduction de I'acéwie la nitrate réductag@eddy et al.,2003) Le
stress hydrique diminue l'activité de la nitratdugase a différents stades de développement
chez la plupart des especes cultivées, cepend#et aetivité reste élevée dans les plantes
fortement fertilisées par rapport aux plantes &ient fertiliséeg¢Dubey et Pessarakli, 2001)

La fixation de I'azote est beaucoup plus sensibldéficit hydrique que I'assimilation du nitrate.
En effet, la fixation de I'azote baisse tres rapigat pour un potentiel hydrique foliaire de —
0,74MPa puis s’annule pour un potentiel de — 1,58Malors que I'activité de nitrate réductase
baisse plus tardivement pour un potentiel hydritpliaire voisin de — 1,6 MP& baton et al.,
1994)
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7.6. Effet du stress hydrique sur la nodulation

Considérant I'importance des effets de la séchesegsla fixation de I'azote et son impact sur la
production, il est surprenant de constater queeseet quelgues études sont consacrées a la
formation du nodule et sa croissance sous stresdsgong. La relation entre humidité du sol et

nodulation est reconnue depuis longtergfpsnane, 2004)

Masefield (1961)a rapporté des baisses importantes dans le na@hlaenasse de nodules pour

guatre espéeces de |légumineuse soumises a uneicEntngdrique.

L’exces d’eau dans le sol aussi bien que son maatfeete sérieusement la nodulation et la

fixation de I'azote en réduisant la croissance odute(Sinha, 1981)

Lors d’'un déficit hydrique dans le sol, la surviesdbactéries (Rhizobium) est perturbée. On
observe une grande mortalité ainsi qu’une entralge raobilité des bactéries qui provoquerait
une baisse de l'infection des racines et par carem#qune faible production de nodu{&hatel

et Parker, 1973)

Chez la plupart des légumineuses, le nombre etilke tdes nodules diminuent sous une
contrainte hydriquéSprent, 1971 ; Bouniols, 1986 ; Kirdeet al., 1989) Comparant les effets

de la sécheresse sur la nodulation, la fixatioa etoissance de la plant€irda et al, (1989)

ont montré que la fixation était le paramétre lespensible, bien que la croissance du nodule fat
aussi fortement affectéeSmith et al., (1988) ont rapporté des baisses substantielles dans la
masse du nodule de la féve et du soja soumiséclesesse. Chez le sofinclair et al, (1988)

ont trouvé que le nombre de nodules et le poidosediminué seulement aprés une sécheresse

sévere.
7.7. Effet du stress hydrique sur la fixation symhotique de I'azote

La fixation symbiotiqgue de l'azote mesurée par &duction de l'acétylenen situ est
extrémement sensible au stress hydrique provoguérpaessechement du gWeisz et al.,
1985) La fixation est plus sensible a la déshydratatthn sol que les autres fonctions
physiologiques tel que la photosynthéBarand et al., 1987, la transpiratior{Sall et Sinclair,
1991) ou l'assimilation du nitratéObaton et al.,1982) La grande sensibilité de la fixation a la
sécheresse, comparée avec les échanges gazeufedilda a été observée sous des conditions
contréléeqSinclair, 1986; Durand et al., 1987)et sous des conditions de chan(@sclair et

al., 1987) La perte de l'activité de la fixation est précédegar une réduction des échanges

gazeux de la feuille et une baisse du contenuifr@ateau, ce qui constitue une contrainte
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importante pour 'accumulation de I'azote et ledement potentiel des récoltes méme dans un
sol modérément desséché. En conditions de défidiidue prolongé et intense, la survie de la
population bactérienne (rhizobiums) est affec{§an Gestel et al., 1993) En outre, le
mouvement de ces microorganismes est entrave sawluie ce fait une baisse de l'infection des
racines (Dommergues et Mangenot, 1970)Le stress hydrique affecte [initiation, le
développement et le fonctionnement nodulaire ajosila capacité photosynthétique des feuilles
(Serraj et Drevon, 1994)

L’effet inhibiteur du stress hydrique sur la nodida pourrait étre attribué a I'altération de
I'activité métabolique des nodules ou bien a déstefdirects sur la perméabilité nodulaire a
I'oxygene (Gonzalezet al., 1995) Par ailleurs, I'activité nitrate réductase estsidérablement
influencée par le stress hydrig8ilveira et al.,2001) La diminution de 'ANR est associée a
la diminution du flux des nitrates au limbe, aHfibition du flux transpiratoire qui transporte le
nitrate vers les lieux de l'induction de I'enzynet, a la baisse de la photosynthése et de la

respiration, sources d’énergie pour I'ANR.
8. Mécanismes d’adaptation d’'une plante soumise airess hydrique

La résistance d'une plante a une contrainte hydrigeut étre définie, du point de vue
physiologique, par sa capacité a survivre et atrer@dt du point de vue agronomique, par
I'obtention d’un rendement plus élevé que celui gestes sensiblefMadhava Rao et al.,
2006) La résistance globale d’'une plante au stressiduerapparait comme le résultat de
nombreuses modifications phénologiques, anatomjgueerphologiques, physiologiques,
biochimiques et moléculaires qui interagissent gmenmettre le maintien de la croissance, du

développement et de la productigtsissou, 1994)(Figure 1.10.).
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DROUGHT RESPONSE STRATEGIES

Escape Avoidance Tolerance

Accelerating the lifecycle Preventing the exposure tostress Permitting the plant
to withstand stress

Early flowering andj/or short Minimizing water loss Maximizing water uptake

growth duration Osmoregulation

Closing stomata

Increased root " "
proliferation at depths Detholls adlosment

Leaf rolling
Stomata regulation

Leaf glaucousness Daaper tap-oot

ABA, ROS
scavenging
Senescence of older

leaves

Reduced leaf area

Figure 1.10. Mécanisme de réponse des plantes a la sécheresse et les caractéres impliqués dans la réponse (De

Leonardis et al., 2010).

L’adaptation des plantes a des environnements lé®stnpligue une multitude de réponses
métaboliques et de modifications physiologiquespepuivent permettre leur acclimatation et leur

survie(Lawlor, 2009).

SelonDe Raissac (1992) les plantes ont recours a des comportements guipkrmettent de
survivre a des situations de déficit hydrique pas théthodes d’adaptation. Ces méthodes leur
permettent de préserver l'intégrité de leurs fardi physiologiques et de leur assurer un état
productif et de survie. En effet, le caractere gat#pd’'une plante doit non seulement lui

permettre de survivre, mais aussi de se reprodtide se pérenniser dans son environnement.

Jones (1992) a défini et établi une classification desratégies d’adaptation des plantes au
stress hydrique. La premiére consiste &viter» toute déshydratation générée par
I'environnement extérieur et inclut I'échappement lesquive et I'évitement. La deuxiéme

stratégie consiste a developper une capacité l@ret@ette déshydratation ».
8.1. L’échappement et I'évitement

8.1.1. L’échappement ou esquive

La premiere facon d’éviter la sécheresse est ligsqrought escapg L'esquive permet a la
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plante de réduire ou d’annuler les effets de lareamte hydrique par une bonne adaptation de

son cycle de culture a la longueur de la saisorpligss.

La variabilité génétique pour la longueur de cydegénéralement importante dans les plantes
et plus particulierement chez les especes a flumaimdéterminée comme l'arachide. Le
développement phénologique rapide avec une flangisécoce, permet a la plante d'éviter les
périodes seches. Cette stratégie appliguée auresspaltiveées amene a décaler la date de semis
et/ou a sélectionner des variétés plus précocesgtemt d’éviter les déficits hydriques de fin de
cycle(Fukai et Cooper, 1995 ; Monneveux, 1997 ; Hopking003 ; Tardieu, 2005)

Le rendement de nombreuses variétés a été amgfi@ré au raccourcissement des longueurs de
cycle (précocité) et ceci chez pratiguement toléssespeces annuelles cultivd@sirner,
2001) sur les légumineuséSubbaraoet al, 1995) comme sur les céréal@aukai et Cooper,
1995 ; Fukaiet al, 1999)

Ce mécanisme est particulierement efficace dansmegonnements avec déficits hydriques

fréquents en fin de cycle.
8.1.2. L’évitement

Deux grands types de réponses permettent a laeptééniter ou, plus exactement de suporter
une sécheresse significative tout en limitant lshgidratation de ses tiss(Runer et al.,2001)
Ce mécanisme est appelé « évitement » (Bwought avoidance)ou parfois « déshydratation

postponement ».

La stratégie de I'évitement est essentiellemés, Id’'une part, a la réduction de la transpiration
et d’autre part, a une optimisation de l'absorptaeau par les racinegMonneveux et
Belhassen, 1996 ; Liet al.,2005) La diminution de la transpiration est principatathliée a la
fermeture des stomates. Il s’ensuit une chute dssiimilation de C®donc une baisse de
production de biomasse. Elle peut étre due égaleaene diminution des surfaces évaporantes.
Parmi les mécanismes permettant de réduire lapiration, la réduction de la surface foliaire et

la diminution de la conductance stomatique jouentdle déterminanfTardieu, 2005)

Lors de sécheresses précoces, la réduction deféeasdoliaire est associée a une diminution de
I'expansion foliaire plus qu’'a une sénescence &céél des feuillegTurner, 1997). La
régulation de la conductance stomatique reste leamgme majeur intervenant a court terme

pour limiter les pertes d'eau. Le potentiel hyddaqéoliaire sera maintenu d’autant plus
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longtemps que la fermeture des stomates est pr¢doceer, 1997). Les génotypes a faible

conductance sont plus sensibles au déficit hydrimeeles génotypes a forte conductance.

Une faible conductance est généralement proposgemeoun critere de sélection pour la
résistance des plantes a la sécheréssees, 1979, 1980, 1987 ; Turner, 1979, 1982, 1986
cités par Ludlow et Muchow, 1990).

De nombreuses plantes adaptées aux zones aridemtnélent que tres peu leurs pertes en eau
par transpiration, mais possedent un enracinemesitprofond capable d’extraire I'eau du sol.
Un systeme racinaire capable d’extraire I'eau diesbun critere essentiel pour la résistance a la
sécheresse. Cette caractéristique revét une inmgerfzarticuliere pour les cultures qui subissent
régulierement des déficits hydriques de fin de eyikhalfaoui et al., 1990 ; Subbaracet al.,
1995). Son impact sur le rendement est particulieremiwéécar elle intervient directement

dans l'efficience de I'utilisation de I'eau en catnmhs de stress.

La majorité des résultats montre une corrélaticsitppe entre la profondeur d’enracinement et le
rendement en grain notamment chez l'arachidetring, 1984 ; Wright et al., 1991)
Cependant deux types de raisons limitent beaucaotipshtion des criteres racinairgsar les
sélectionneurgTurner et al., 2001) : L’impraticabilité du criblage au champ pour eett
caractéristique sur une grande échelle et la difecde corréler des observations au champ a
celles qui sont faites en pots. L’absence d’'umapréhension précise du rble exact des racines
en conditions de ressources hydriques limitéeareautre facteur limitant a la mise en place

d’un systeme de criblage économe et effiq@aaner et al.,2001)

8.2. La tolérance

La tolérance au déficit hydrique @Drought tolerance) est définie comme étant la capacité de
la plante & survivre, croitre et produire de mangatisfaisante sous conditions limitantes en eau
(Tardieu, 2005) La tolérance au déficit hydrique est un caracttoat le phénotype et le
controle génétique sont complex€Bardieu, 2005 ; Shinozaki et Yamagushi-shinozaki,
2007)

Le maintien de la turgescence lors d'un déficit foyae permet de retarder la fermeture des
stomates(Mojayad et Planchon, 1994) de maintenir le volume chloroplastiq@&upta et
Berkowitz, 1987) et de réduire le flétrissement folia{dones et Turner, 1980) Cette aptitude

confere a la plante une meilleure tolérance auwcidéfiydrique interngLudlow et al., 1983)

Chapitre 1 37



Synthese bibliographique

Cette tolérance au déficit hydrique interne permiet fonctionnement prolongé de la
photosynthése. Les produits carbonés peuvent d@tes utilisés autant pour I'ajustement

osmotique que la croissance racinaire.

Une autre conséquence du maintien du métabolisrbers@ sera une diminution de la fréequence
des épisodes de photo-inhibition. L’ajustement dfjoe est I'un des mécanismes de tolérance
au stress hydriqu¢Bray, 1997 ; Babu et Henry, 2006) Dans ce processus, les plantes
diminuent leur potentiel osmotique cellulaire pacéumulation des solutés, cette diminution de
potentiel osmotique permet la rentrée de I'eaundélieur des cellules qui augmente le potentiel
de turgescenc@Mahajan et Tuteja, 2005)

L’ajustement osmotigue est un processus majeuadagtation des plantes a la déshydratation.
Il consiste en une accumulation active des soléssmolytes dans le compartiment cellulaire,
de fagcon a maintenir la pression de turgescencguerle potentiel hydrique décr@iturner,
1986).

Lors de cet ajustement osmotique la plante acaimulniveau de cytoplasme certains solutés
tels que les ions inorganiques (K+), les composésenant I'azote (proline, acides aminés), les
polyamines et les composés d'ammonium quatern@hgsne bétainefTamura et al., 2003)
D’autres osmolytes sont produits en réponse agsstrgdrique tels que le sucrose, les polyols, le
pinitol et les oligosaccharides. Les osmolytes mbuan role dans la stabilisation des membranes
et le maintien de la conformation des protéinesea potentiels hydriques foliaires faibles
(Ramachandra Reddyet al., 2004) comme ils jouent un r6le majeur dans la protecties
cellules par I'élimination des molécules réactidasxygenegPinhero et al.,2001) La proline

est également connue pour étre impliquée dansdactién des dommages au niveau des
membranes de thylakoides par scavenging et/ou tiédude la production de l'oxygéne
singulier(Ashraf et Foolad, 2007) La glycine bétaine joue un réle important dangrtaection
des enzymes et des membranes et aussi dans lasatan des complexes protéiques du
photosysteme I(Papageorgiou et Morata, 1995)

Dans les conditions de stress hydrique, la syntdeskacide abscissique (ABA) joue un réle
majeur dans la tolérance des plantes a cette aaeti&hinozaki et Yamaguchi-Shinozaki,
1999) L’'acide abscissique (ABA), qualifié « d’hormone dtress », est impliqué dans la
communication entre des racines soumises a ursdtygique et les feuilles. La synthése et
l'accumulation des osmolytes changent selon leécespet méme aussi chez la méme espéce

selon les variétédRamachandra Reddyet al.,2004)
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9. Le stress oxydatif et les systémes antioxydartisez les plantes

Les stress environnementaux nés de la fluctuatesnfdcteurs abioiques (sécheresse, salinite,
basses température) affectent les conditions dssamce et le rendement végétal. Les végetaux
percoivent les signaux environnementaux et lesstnattent & la machinerie cellulaire pour
activer des mécanismes de réponses. La connaisgamas réponses, basées sur la transduction
des signaux de stress, est donc la base des étisdedt a améliorer la réponse des plantes
cultivées aux différents strefisaurent et al. 1994)

La voie de transduction du signal commence par esaeption au niveau de la membrane
cellulaire, suivie par la production de seconds gagers et de facteurs de transcription. Ces
facteurs de transcription controlent alors I'exprés des génes impliqués dans la réponse au

stress, incluant des changements morphologiqugsigdbgiques et biochimiques.
9.1. Le stress oxydatif chez les plantes
9.1.1. Quelques notions sur la photosynthéese

Chez les végétaux, la photosynthése se déroulelemnbloroplastes et plus particulierement au
niveau des thylakoides. Ceux-ci contiennent destésiniphotosynthétiques appelées
photosystemes (pigments couplés a des protéinesjlamnt I'énergie lumineuse. Généralement,
deux photosystémes (PSIl et PSI) entrent en jep@&tent en série dans I'oxydation de I'eau, la
réduction du NADP+ et la production d’ATorishige et Dreyfuss, 1998)Le PSII et le PSI
sont composés d’'un centre réactionnel (RC) comstaapectivement d’'une chlorophylle P680 et
d’'une P700 recevant I'énergie lumineuse, des aetenon « Light-harvesting Complex (LHC) »,
qui les entourent. La photosynthese réalisée gaplentes est dictée par la lumiéere visible (400-
700 nm de longueur d'onde). La premiére étape deoteversion de I'énergie lumineuse en
énergie chimique consiste en I'absorption de profar le systéeme antennaire (LHC). L'énergie
d’excitation fait alors passer la chlorophylle P6&80I'état singulet excité, ensuite, celle-ci
transfére un électron a la phéophytine et aux @igshones (PQ), QA et QB. QB2- compense sa
charge négative en prenant deux protons du strbesmmolécules de PQ protonées (QBH2),
diffusent vers le cytochrome B6f ou elles sont addaal Les électrons provenant de cette réaction
sont cédés au Cyt f. L'oxydation de PQH2 s’accompadg la libération de deux protons dans le
lumen intervenant dans la constitution d’une éreqii permettra la conversion d’ADP en ATP.
Les électrons une fois sur le Cyt f, sont trandérda plastocyanine (PC) qui réduit la Chl P700

du PSI. Finalement, les électrons passent sucesssit par divers accepteurs (A0, Al, FA,
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FB), dont la Ferredoxine (Fd) réduite, qui agit coeréducteur du NADP+ en NADPRaven,
1992)

9.1.2. Les causes du stress oxydatif

Chez les végétaux, les processus aérobiques eela gespiration et la photosynthese conduisent
a la production continue ddsspéces Reéactives de I'Oxygéne (ERO) ou (Reactixgg€h
Species (ROS)) principalement au niveau des mitodhes, des chloroplastes et des
peroxysomegAppel et Hirt, 2004). Dans des conditions physiologiques normales adéaules
sont éliminées par les différents complexes enzigmes et non-enzymatiques du systeme de
défense anti-agents oxydafdscher et al.,1997) Cependant, I'équilibre entre la production et
I'élimination de ces ROS peut étre perturbé par fdeteurs environnementaux pouvant étre
biotiques : imposés par d'autres organismes, owtighies : résultant d’'une altération de
I'environnement physique ou chimig@ppel et Hirt, 2004). Une irradiance importante, des
basses ou des hautes températures auraient poségemmce d’augmenter rapidement la
concentration intracellulaire de ces composés atépasser les capacités de détoxification des
cellules(Prasadet al.,1994) Le stress oxydatif chez les plantes fait I'olujettres nombreuses
revues bibliographiquefBartosz, 1997; Bolwell et Wojtaszek, 1997; Van Busegemet al.,
2001; Potterset al., 2002 Schutzendubel et Polle, 2002; Blokhinat al.,2003; Apel et Hirt,
2004; Foyer et Noctor, 2005a; Pitzschket al., 2006; Wormuth et al., 2007)et de plusieurs
livres (Inzé et Montagu, 2001; Smirnoffet al.,2005)

9.1.3. Effets des Espéces Réactives de I'Oxygen®®

L’oxygene singulet produit au sein des chloroplagst hautement réactif, il peut déstabiliser la
membrane thylakoide par peroxydation lipidiglsada, 1996)et entraver le systeme de
renouvellement de la protéine D1 du RC du RSlishiyama et al., 2004) Cependant, des
travaux récents suggerent que les dommages oxydatifniveau du PSIl ne seraient qu'une
étape secondaire qui découlerait des dégradatiomsvaau du cycle de Calvifdoneset al.,
1998) Les radicaux superoxydes, quant a eux, donnesgsarece a des oxydants plus puissants
tels que le peroxyde d’hydrogene, () (Fridovich, 1986) Cette molécule non chargée, peut
diffuser facilement a travers les membranes biglogs et causer des dommages significatifs. Le
peroxinitrite (ONOO-) peut inactiver plusieurs etaple la chaine de transport mitochondriale et
de la synthese d’ATP, mais aussi accroitre la ptaiu de ROS. Il est également capable

d’inactiver les Mn-SOD (Super Oxyde Dismutase) 'atfldiencer ’homéostasie en augmentant
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la perméabilité de la membrane mitochondriale guelibérerait des molécules potentiellement

pro-apoptotiques telles que le cytochrome ¢ desahdndriegRadi et al.,2000)

9.2. Les systémes antioxydants

9.2.1. Définition des antioxydants

Peut étre considérée comme antioxydante une melégui, étant présente en une faible
concentration par rapport a celle d’'un substratdakye, retarde ou empéche significativement
I'oxydation de ce substréHalliwell et Whiteman, 2004) SelonServais (2004)un antioxydant
peut etre défini comme toute substance qui estbéapa concentration relativement faibe,
d’entrer en compétition avec d’autres substartsdakies et ainsi retarder ou empécher
'oxydation de ces substrats. Les antioxydanttulzétes sont de nature enzymatique et non
enzymatique.

Pour se protéger contre les intermédiaires oxygémégues, les cellules végétales et leurs
organites comme les chloroplastes, mitochondripeebxysomes sont pourvus de systémes de
défense antioxydants. Les plantes possedent desrmset des mécanismes leur permettant

de limiter la production d’ERO lors de leurs prases métaboliques. Certaines plantes se sont
adaptées, au cours de I'évolution, a des condifi@msculieres du milieu, et ont développé des
aptitudes métaboliques leur permettant de limdesdturation des CTE. Citons par exemple les
métabolismes C4 et CAM des plantes grasses, labiddaésde mettre en dormance I'appareil
photosynthétique lors des saisons séches par daetiéns post-transcriptionnelles ou encore
des adaptations morphologiques des feuilMdtler et al., 2001; Mittler, 2002). Les plantes
possedent également de nombreux composés et enzgmespermettant d’empécher la
production d’ERO ou de la contréler. Un grand noentde travaux de recherche ont établi que
I'induction et la régulation de ces systémes sgstrtielles pour la protection contre les effets
de diverses contraintes biotiques et abiotiquekn3dittler et al., 2004; Chen et Dickman,
2005 les composants antioxydants du systémes de @&faosit enzymatiques [(SOD), (CAT),
(APX), (MDHAR), (DHAR), (GR)] ou non enzymatiquegdSH) (ASC), les caroténoides
tocophérols]. Des protéines spécifiguement [Demmgdri(Protéines LEA)] impliquées dans la
tolérance a la déshydratation cellulaire sont égefg synthétiséeéShinozaki et al., 2003
Bartels et Sunkar,2005 )(Figure 1.11.).Ainsi, des génes avec des fonctions diverses sont
induits ou réprimeés par le stress hydrique ou désutontraintes osmotigBartels et Sunkar,
2005 ; Yamaguchi-Shinozaki et Shinozaki, 2005 ; Stwzaki et Yamaguchi-Shinozaki, 2007)
(Figure 1.12.).
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Figure I.11. Fonctions des génes inductibles par le déficit hydrique dans les mécanismes de tolérance d apres
Shinozakj et Yamaguchi-Shinozakg
(2007).
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9.2.2. Les systémes antioxydants non- enzymatiquass faible poids moléculaire

Il est important de noter qu’il existe des systemes-enzymatiques de dégradation des ROS. Il
s’agit le plus souvent du glutathion, de I'ascoebate lo -tocophérol, des flavonoides et des
caroténoides. Ces antioxydants réagissent direoteawec les agents oxydants et les désactivent
(Cillard et al.,1982)

9.2.2.1. L’acide ascorbique (I'ascorbate ou vitamia C)

L’acide L ascorbique (ASC) est un des principauxleg faibles de la cellule végétale. Aux pH
physiologiques, il se dissocie en anion ascorbatescorbate est essentiellement utilisé au
niveau cellulaire comme un donneur d’électronsptemier produit de la réaction d’oxydation
de l'ascorbate est le radical monodéhydroascorfdi@HA ; Figure 1.13.). Du fait de son
électron libre trés excentré, le MDHA n’est pas tréactif avec les autres molécules biologiques
(Navaset al.,1994) De plus, étant relativement instable, il se tiamse spontanément en ASC
et déhydroascorbate (DHA) & une vitesse compritre & et 2,8.16 M™*.s* & pH 7(Heber et

al., 1996) Le DHA est egalement une molécule instable eit alpidement une hydrolyse

conduisant a la formation d’acide 2,3-dikétogulai@Oeutsch, 1997, 2000)

CH,0H "
f HO
- 0 / . 7, P Y o
P gl — N
HO \ / - / \-‘ /i ® e f \ /
L o = i y fy = : ¢
£ N “ofz N \'Or.."_ o 'OH
HO 0 o O OH OH
L-Ascorbate Monodehydro-L-ascorbat
(ASC) (M}lsdHA) ibate Denydro-L-ascorbate

(DHA)

Figure I.13. Formes redox de ['ascorbate d’aprés Potters et al., (2002)

L’ascorbate est présent dans tous les compartimegitglaires, ainsi que dans la matrice
extracellulaire. Contrairement aux cellules anirsala concentration en ASC est trés élevée
dans les cellules végétales (plusieurs millimofgiee qui en fait un composant incontournable
chez les plantes. Il interviendrait notamment diengégulation du cycle cellulaire et dans
I'extension de la parqiHoremanset al., 2000) L’ascorbate est toutefois beaucoup plus connu
pour ses propriétés antioxydan{dgvaset al.,1994; Mehlhorn et al.,1996; Horemanset al.,
2000; Turcsanyi et al., 2000; Potterset al., 2002; Pignocchi and Foyer, 2003; Chen and
Gallie, 2004; Foyer et Noctor, 2005akEn effet, il réagit rapidement avec I'anion supsde et
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I'oxygene singulet, ou encore avec le peroxyde dfbgene, mais cette derniére réaction est
catalysée par l'ascorbate peroxydase (APX). L'dsater est indispensable par sa capacité a
réduire d’autres antioxydants oxydés comme la vitark ou les caroténoidéssada, 1994)

9.2.2.2. L’alpha-tocophérol (Vitamine E)

Le terme de vitamine E désigne un groupe de comspdipéphiles possédant l'activité
biologique de li-tocophérol. Ce groupe comprend ¢esp-, y-, etd-tocophérols et les-, B-, y-,

et d-tocotrienols. Des huit molécules composant le geode la vitamine E, d-tocophérol
possede la plus grande activité biologigeiser et Vecchi, 1982)Au niveau cellulaire, ces
molécules sont associées aux difféerentes memblaolegiques. La vitamine E, comme la
vitamine C, est un antioxydant tres efficace du d& sa faible propension a étre un donneur
d’électrons. Elle agit principalement par le tramsfdirect d’atomes d’hydrogen@Njus et
Kelley, 1991) Cet antioxydant est considéré comme étant leipipsrtant chez les animaux et
les humaingBramley et al.,2000) mais son rble chez les plantes a été beaucoupsrétudie.
Toutefois, lu-tocophérol est un piégeur d’oxygene singulet etatical hydroxyle(Krieger-
Liszkay et Trebst, 2006) Sa localisation, au niveau des membranes, ehiaaitoxydant le plus
important dans la prévention de la peroxydation Iggdes membranairef-ryer, 1992) Par
ailleurs, il peut réduire les peroxydes lipidiqwtdloquer la réaction en chaine de peroxydation
lipidique qui apparaissent apres la peroxydati@cides gras polyinsatur€Sollin et al., 2008

). La vitamine E est donc un antioxydant clé dangrtdection de l'intégrité des membranes, en
particulier celles des chloroplastes. Il protegalément les pigments photosynthétiques,
participant ainsi a la protection de I'appareil fgsynthétiquéFryer, 1992)

L'utilisation de plantes mutantes ne possédant gmwitamine E, a conduit a des résultats
surprenants. En effet, ces plantes ne montraientipghénotype significativement différent de
celui des plantes témoins, et surtout n’étaientas sensibles que ces derniéres a un stress
lumineux (Havaux et al., 2005) Ces résultats s’expliquent par un phénomene deegiron
croisée entre les caroténoides et la vitamines s compensant I'absence de 'abiavaux

et al.,2005) Cependant, les mutants déficients en vitaminerit garticulierement sensibles aux
métaux lourds, ce qui laisse penser a un mécarsem@lexe de protection des cellules par cet
antioxydant(Collin et al., 2008) En effet, 'absence de vitamine E peut étre camge, au
niveau des chloroplastes, pour éviter la produdi&@®RO au niveau de la CTE. A contrario, cela
ne semble pas étre le cas lorsque la génératidR@'&e situe vraisemblablement & un autre
endroit de la cellule.
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9.2.2.3. Le glutathion

Le glutathion est un thiol tres abondant se retantide facon ubiquitaire chez les animaux et les
végétaux. Il posséde deux formes redox distinti@gorme réduite (GSH) est un tripeptide (
Glu-Cys-Gly), stable, a fort pouvoir réducteur eést soluble dans l'eau. Toutes ces
caractéristiques en font un donneur d'électronsgaaké dans les réactions physiologiques.
L’oxydation du glutathion entraine la formation d’pont disulfure entre les cystéines de deux
GSH. Cette forme oxydée du glutathion est appel8&®& (Figure 1.14.). En conditions non
stressantes, les cellules maintiennent un ratio/GS8G trés important, supérieur a 100 dans le
cytosol et la mitochondrigMay et al.,1998; Noctoret al.,1998)

La concentration en GSH est trés importante danediules végétales, et en particulier dans les
chloroplastes ou elle peut atteindre 5 rfbctor et al.,1998)

NH, O O

NH, (8] 0 y
H H Il |

GO N— U H—C—N—CH——0O) b |
H, H, | | I + | 2
&} CH, H o= i G CH; H
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H
o] -5 O
O\ H OH
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H

Figure I.14. Oxydation de deux molécules de GSH conduisant a [établissement d’un pont disulfure et la formation de GSS

daprés May et al., 1998.

Noctor et al., 1998) Il représente une forme importante de stockagesudire réduit, et
participe a l'allocation en sulfure des différedsmpartiments cellulaires et des différents
organeqgHerschbach et Rennenberg, 1991; Lappartient et Toaine, 1996) C’est également

un régulateur de I'expression génig(M/ingate et al., 1988; Baier et Dietz, 1997)t le
précurseur des phytochélatines (PC) jouant unm@dominant dans la séquestration des métaux
chez les végétauXGrill et al., 1989; Clemens, 2006b; Clemens, 2006a)e GSH sert
également de substrat pour la glutathion S-traasé(GST) qui catalyse sa conjugaison avec
des xénobiotiques, participant ainsi a leur détaon (Marrs, 1996). Il est impliqué dans la
régulation redox du cycle cellulai(&yuris et al.,1993; Noctoret al.,1998)

Du fait de sa forte concentration dans les tisgggtaux et de son fort pouvoir réducteur, le

GSH participe au statut redox cellulaire en jodamble de tampon redox dans les cellules
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(Noctor et al.,1998; Foyer et Noctor, 2000; Foyeet al.,2001; Foyer et Noctor, 2003; Foyer
et Noctor, 2005b, a; Noctor, 2006)La synthése de GSH est stimulée lors des diffésen
situations de stress et son accumulation est sbwescomitante avec celle des ER@ay et
al., 1998; Noctoret al., 1998; Potterset al., 2002) Le GSH peut directement réduire 3B}
mais également d’autres ERO, des hydroperoxydesayges et des peroxydes lipidiques :
H,O; + 2 GSH— GSSG + 2 KO

ROOH + 2 GSH- ROH + GSSG + kD

Un autre role important du GSH dans la régulati@s RO est son implication dans la

régénération de I'ascorbate via le cycle enzymatujtiascorbate/glutathion.

9.2.2.4. Les flavonoides

Le terme flavonoide désigne une tres large gamnooagposés naturels appartenant a la famille
des polyphénols. lls sont considérés comme des qguitgnquasi universels des végétaux.
Structuralement, les flavonoides se répartisseqtigsieurs classes de molécules, dont les plus
importantes sont les flavones, les flavonols, legahones, les dihydroflavonols, les isoflavones,
les isoflavanones, les chalcones, les auronesamtisocyanes et les tanins. Ces diverses
substances se rencontrent a la fois sous forme dibrsous forme de glycosides. On les trouve,
d’'une maniere trés générale, dans toutes les glaateulaires, ou ils peuvent étre localisés dans
divers organes : racines, tiges, bois, feuillesyr et fruitgMiddleton, 1993) et aussi dans le
miel (Grange, 1990) Les flavonoides sont des dérivés du noyau FLAVAGNE2-PHENYL
CHROMONE portant des fonctions phénols libres, iitlog glycosides.

NOYAU FLAVONE

Les flavonoides sont donc des polyphénols compldres la structure est constituée de deux

noyaux aromatiques (noyaux A et B) et d'un hétéiecyxygené (cycle C).

Les flavonoides sont supposés avoir de nombreosesidns : pigmentation des fleurs, fruits et
graines, protection contre rayons UV, défense eomdss agents phytopathogénes (micro-
organismes pathogénes, insectes, animaux). llaj@galement un role dans la fertilité des

plantes et la germination du pollédlsenet al., 2010) Le role clé des flavonoides dans la
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protection contre les rayonnements UV-B a été néoetr examinant des mutants d’arabidopsis

présentant une capacité de synthétiser les fladesaéprimééBieza et Lois, 2001)

De nombreux génes de biosynthése des flavonoidesnsiuits dans des conditions de stress. En
effet, il a été constaté une forte augmentation giesntités de flavonoides a la suite de
contraintes biotiques @biotiques, telles que les blessures, la sécherasseexposition a des
meétaux et une carence en nutrime(éinkel- Shirley, 2002) Les flavonoides servent de
piegeurs d'ERO et peuvent neutraliser des radieuant qu’ils n'endommagent les structures
cellulaires, ce qui est important pour les plantess des conditions environnementales
défavorablegLavdal et al, 2010)

9.2.2.5. Les caroténoides

Les caroténoides sont des pigments végétaux liggpformant une famille de plus de 600
molécules. lIs jouent le réle de pigments accessadie I'antenne collectrice des photosystemes.
En dehors de cette implication dans le processatopynthétique, les caroténoides associés au
PSIl ou a I'antenne collectrice, participent a tatpction de I'appareil photosynthétique contre
les ERO(Asada, 1994; Miller et al., 1996) En effet, ces pigments possédent la capacité de
capter I'énergie de la chlorophylle triplet ou dexi/gene singulefTelfer et al.,1994; Mozzoet

al., 2008) ce qui les convertit en état triplet. La capadiétransfert d’énergie des caroténoides
vers le dioxygene étant faible, ces pigments rewot leurs états initiaux en perdant leurs
energies sous forme de chaleur. Le mécanisme eaptagergie/perte d’énergie par chaleur
peut également directement s’effectuer a partitadehlorophylle singule(Demmig-Adams et
Adams, 1996).

9.2.3. Les systémes antioxydants enzymatiques

Les enzymes du systeme antioxydant régulent difféseespeces de ROS. La superoxyde
dismutase (SOD) est chargée de transformer lesaadisuperoxydes ernp@,. L'élimination de
ce dernier est alors I'ceuvre d’autres enzymesstejlee la catalase et les peroxydasésnk et
al., 1989; Becaneet al.,2000; Matamoroset al.,2003).

9.2.3.1. Les superoxyde dismutases (SOD)
Les superoxydes dismutases sont des métallo-eszgeneetrouvant dans I'ensemble du monde

du vivant, mis a part dans quelgues microorganis(@éscher et al., 2002) Les plantes
possédent trois types de SOD contenant des groupemesthétiqgues renfermant des métaux
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différents : du fer (FeSOD), du manganese (MnSOD)da cuivre et du zinc (CuzZnSOD).
Toutes catalysent la dismutation de deux anionsrsxgdes en dioxygene et peroxyde
d’hydrogéngBowler et al.,1994; Arora et al.,2002):

SOD - M™Y* 4+ 0,"— SOD - M™ + O,
SOD - M + Oy + 2 H— SOD - M™V* + H,0,

20"+ 2H — Oy + HO,
avec M = Cu (n=1) ; Mn (n=2) ; Fe (n=2).
Au niveau cellulaire, les SOD se retrouvent a protd des sites de production ¢'O. Les
MnSOD sont localisées principalement dans la matte la mitochondriéBowler et al., 1994;
del Rio et al.,2003) dans la matrice des glyoxysomes ou liées a labreme des peroxysomes
des cellules foliaireéSandalio et Del Rio, 1988; Hernandeet al., 1999; del Rioet al., 2003;
Rodriguez-Serrano et al., 2007) Les FeSOD se situent essentiellement dans |lenatabes
chloroplastes(Salin, 1988; Bowler et al., 1994; Asada, 2000)et chez quelques especes
particulieres, dans les matrices des peroxysomegsmitochondriegSalin, 1988; Droillard
and Paulin, 1990) ou dans la fraction cytosolique des racines rémfi(Becanaet al., 1989;
Moran et al., 2003) Les CuzZnSOD se retrouvent essentiellement sousefdibre dans le
cytosol (Duke et Salin, 1983; Bowleret al., 1994) dans les peroxysomes ou l'apoplaste
(Ogawa et al., 1996; Sandalioet al., 1997; Corpaset al., 1998) Il existe, toutefois, une
CuznSOD liée a la membrane du thylakoide au nigeaBSI, directement au contact des anions
superoxydes produits par la CTE chloroplasti¢balin, 1988; Bowleret al., 1994; Ogawaet
al., 1995)

9.2.3.2. Les glutathion péroxydases (GPX)

Les glutathion peroxydases (GPX) sont des enzyiéssdes mécanismes de détoxication chez
les plantegNavrot et al.,2006) En effet, contrairement a leurs homologues am@madées GPX
végétales ne possedent plus de groupement pragtbéséelénium-cystéine dans leur site

catalytigue, mais seulement un résidu cystéievrot et al.,2006)

Bien que les GPX possedent encore la capacitéligantiie GSH pour réduire I'tD,, des
peroxydes lipidiques ou des hydroperoxydes orgasijursini et al., 1995; Mullineaux et al.,
1998) elles utilisent de facon préférentielle et pifiiciente les thioredoxines comme substrat
(Navrot et al.,2006) Certaines GPX végétales sont méme incapabledisBule GSH.
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9.2.3.3. Les catalases (CAT)

Les catalases sont des enzymes majoritairemenkysenmales catalysant la dismutation du
peroxyde d'hydrogen@rora et al.,2002) Elles sont formées de quatre chaines polypepidiq
d’environ 500 acides aminés, comportant chacungranpe hémique comprenant un atome de
fer. Pour catalyser la réaction, I'atome de fealis&@ une coupure hétérolytique de la liaison O-O
du peroxyde d'hydrogéne, créant de ce fait une culdéd’eau et un groupement Fe(IV)=0
hautement oxydant. Ce dernier peut ensuite oxyderautre molécule de peroxyde d'hydrogene
pour donner du dioxygene et de I'eau
H,0, + Fe (IlI)-CAT — H,0 + O=Fe (IV)-CAT
H.O, + O=Fe (IV)-CAT— O, + Fe (lll)-CAT +H,0

2 HO, — 2 H,0 +0,

Du fait de sa localisation et de sa faible affiptgur I'H,O, le role principal de la CAT est de
détoxiquer le peroxyde d’hydrogene produit a pratémar la CTE chloroplastique, et surtout
par les processus peroxysomauxpdexydation et de photorespiratig@mirnoff, 1998) Bien
gu’elle ait été longtemps considérée comme unedegmes antioxydantes les plus importantes,
il semble désormais que son importance dans lxidétmn de I'HO, soit réduite, en dehors de
celui issu du métabolisme peroxysonfaftora et al.,2002; Blokhina et al.,2003; Foyer et
Noctor, 2005a, b; Halliwell, 2006; Pitzschket al.,2006) Lesperoxydases et peroxyredoxines
sont maintenant considérées comme les enzymesddeffsdétoxication de cet ERO chez les
plantes. La CAT ne serait qu'un « dévidoir » petardtdelimiter les productions excessives
d’ERO (Willekens et al.,1997) Cependant, cette visiguourrait étre en partie erronée, puisque,
bien que les résultats soient souvent contradegdians la littérature, I'activité catalasique est

souvent affectée négativement lors de stress.
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L’eau a un role fondamental dans la vie des plarttass la mesure ou elle conditionne leurs
activités physiologigues et métaboliques. Ellelestecteur des éléments nutritifs de la plante
(Riou, 1993) Sa carence peut affecter la croissance, elledeste fait, le principal facteur
limitant de la production végétale dans les régiarnides et semi-arides. Le manque d’eau
induit, chez les plantes stressées, une diminudiorcontenu relatif en eau et une réduction
significative de la production de biomasse totd{eatner, 1980; Albouchi et al, 2000
concomitante & une réduction de la croissance améatie et en hauteur des tig@&n
Hees,1997; Aussenaet al.1984 ; Thomas et al.2000) Le stress hydrigue impose le plus
souvent une diminution de la croissance accompagneriveau cellulaire, d’'une diminution du
nombre de polysomes, d'un ajustement osmotiquenedimnodification de I'extensibilité des
parois et d’'une altération des métabolismes carbbazoté. Cette diminution est suivie par une
réduction de la photosynthése due a I'accumulat#soABA, a la fermeture des stomates et aux
dommages causeés aux thylakoif@&kabayashiet al.,1997; Tardieu et al.,2000; Lizana et

al., 2006 ; Martinez et al., 2007) La réduction de l'activité photosynthétique indlgé plus
souvent une baisse de la production économiGoedon et al.,2002) Cependant, 'importance

de ces effets varie selon I'espece et I'intengsit&tiess hydrique subi.

La capacité d’évaluer quantitativement les perfarcea des plantes cultivées subissant un stress
hydrique est trées importante au niveau des progesraie recherche qui visent la réhabilitation

et 'amélioration de la production en région senda(INRA, 2000).

De ce fait 'amélioration de la résistance auxsstrabiotiques a été depuis longtemps un des
principaux objectifs de I'amélioration des plantBg nombreuses études ont été conduites pour
mieux comprendre les mécanismes impliqués et ilemies caracteres qui peuvent étre utilisés
comme criteres de sélection de la tolérafR®iaclair et Venables, 1983 Blum et al., 1996 ;

Bajji et al.,2001; Richards et al.,2010; Fleury et al.,2010)

L’arachide Arachis hypogaed..) est 'une des plus importantes oléagineusétsvéas dans le
monde, notamment dans les régions arides et séaeisate I’Afrique. Son succes réside dans le

fait que c’est une oléo-protéagineuse aux nombseusiésations alimentaires et fourragéres
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(graine, huile, tourteaux, fanes et coques). Ciewt |égumineuse qui peut utiliser I'azote
atmosphérique grace a la symbiose avec des bactigida famille des rhizobiaceae pouvant

fournir jusqu’a 30 % de I'azote nécessaire a latgl@/Nani et al.,1995)

Chez I'arachide, le stress hydrique réduit la sanse des plant¢Bontang et al., 2010)et la
productivité(Nigam et al., 2005 Bontang et al.,201Q Ratnakumar et Valdez, 201). Dans

les régions arides et semi-arides, les pertes mdeneent chez l'arachide peuvent étre atténuées
par des pratiques de gestion, mais aussi par lamagbn génétique, basée sur la variabilité
génétique pour la tolérance au stress hydriquepgut étre trouvée dans des collections de
germoplasmes existaniBoontang et al., 2010 Hamidou et al., 2011) ou obtenue a partir de
prospections et de collections de populations \adggtendémiques adaptées aaxditions

climatique et édaphiquéscales .

L’'arachide s’adapte au deficit hydrique par une gmie de mécanismes morpho -
physiologiques dans lesquels, les parties aérsieaheoutéraines de la plante peuvent jouer un
réle important.Ratnakumar et Valdez (2011)ont souligné que les variétés d'aracHatmles
tolérantes a la sécheresse mettent en place stratégie de conservation d 'eau », par la plus
faible demande d'eau possible et cela par I'abaiest de la surface foliaire par rapport aux

plantes témoins bien irriguées.

SelonBootanget al., (2010) des variétébcales d'arachidmlérantes a la sécheresse réduisent
leur surface foliaire spécifique (SFS, i.e. la soef foliaire par unité de poids) et accroissent leu
contenu foliaire en chlorophylle (mesurés par IeABRchlorophyll meter readings, SCMR).
Pandeyet al.,(1984)indiquent que I'arachide soumis a un stress hyérdgveloppe un systeme

racinaire dense et pivotant par rapport aux aldgsmineuses.

Des études récentes sur lescanismes morphophysiologiques racinaires impsigdans
I'adaptation de l'arachide a la sécheresse ont gnind que le poids sec des racifi@Baangbut

et al., 2009. Jongrungklang et al., 2013, la localisation des racines en strates de swiidhe
(Jongrungklang et al, 2011; Jongrungklang et al., 2012) constituent les principaux
contributeurs a la tolérance au stress hydrique €harachide. En outre, plusieurs études ont
souligné les capacité fonctionnelle des différm@ggories de racines pour l'acquisition de I'eau
(Rewald et al., 2011) et leur role dans la symbiose fixatrice d’az(fajima et al., 2008)

soulignant ainsi l'importance d'étudier la morplge interne des racines pour obtenir de
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nouvelles informations sur la relation qui existgre la tolérance a la sécheresse et le systeme
racinaire.

Dans ce cadre, les objectifs de ce travail sond’ Igvaluer la diversité biologique d’une
collection de populations locales d'arachide eromép au stress hydrique traditionnellement
cultivées dans différentes régions du pays, lixal@er les relations entre les multiples traits
morpho-physiologiques et la tolérance a la séchkereasu moyen d'une approche statistique
multivariée, et I1ll) d'identifier, dans ces popidas locales, des caracteres d'intérét
agronomique qui pourraient étre utilisés dans tegrammes de sélection visant a accroitre la

tolérance au stress hydrique.

Le matériel végétal consacré a cette étude est @sénge dix populations d’arachides (Figure
[.14.) provenant de la collection de Mme Benmouhdneé Mme Ghalmi fournies par le

département de Productions végétales « ENSA ».

Figure 1.14. Les populations d arachide (Arachis hypogaed) utilisées dans cette étude d aprés Tellah S, 2010.
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Les caractéristiques de ces dix populations d'adacétudiées sont représentées dans le tableau
I.5.
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Tableau 1.5. Caractéristiques des dix_ populations darachide étudiées d aprés Benmohamed et al., 2004.

Berrihane
Critéres
(BER)
Cycle 90 - 120
jours
Type Spanich
La taille de la Petite
gousse
Port Erigé
Ceinture Absente
Nombre de la2
cavité
Poids de cent 71,11
grains (gr)
Coque Trés mince
Rendement  Trés élevé
Origine El-Kala

Oum-
Thboul

(OT)

90 - 120
jours
Spanich

Moyenne

Erigé
Légére
laz2

82,65
Mince

Moyen
El-Kala

Tonga

(TO)

90 - 120
jours
Spanich
Moyenne

Erigé
Moyenne
l1az2

71,75
Mince

Elevé
El-Kala

Timimoun Metlili SebSeb Boumalek El Frin Adrar Oued souf

(TIM) (MET) (SEB) (BMK) (FR) (AD) (0S)

100 -140 100-140 100-140 90-120 90-120 100-140 100-140

jours jours jours jours jours jours jours
Spanich Virginia Spanich Spanich  Spanich  Spanish Spanich
Moyenne Grande Grande Moyenne Moyenne Grande Grande
Erigé Rampant Erigé Erigé Erigé Rampant Erigé
Prononcée Prononcée Prononcée Absente Absente Prononcée Prononcée
143 l1a3 1a3 la2 laz2 143 143
81,73 172,23 247,53 75,89 75,41 76,80 107,50
Dure Dure Dure Mince Mince Dure Dure
Moyen Moyen Elevé Trés élevé Elevé Moyen Moyen

Timimoun Ghardaia Ghardaia El-Kala El-Kala Adrar Oued Souf
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La dénomination de ces populations correspond audes localités d’ou elles ont été prélevées
(Tableau 1.6.). Les sites de collecte sont géodggagment et climatiquement divisés en deux
régions (Figure 1.15.) suivant les données deit®ffiational de météorologie (ONM):

(1) El Kala, (provenances du Nord-Est);

(2) Oasis du Sahara centrale et orientale (Adiiarimoun, Ghardaia et Oued Souf).

Boumerdas T i . @ Elkala
A iy 'I Cor'’ Alnlers Ik — BER,OT,TO,
L Ibm":ﬂ”u-“-h

i i Tﬂ“?""—n.._
qaltlovan  Moilta sp) g ORLY
N L 4 Temouchent=

Ghardaia
MET,SEB

1 Timimoun
TIM

—

Adrar  AD }:{>

il "

Figure 1.15. Provenance des populations d arachide (Arachis hypogaea L) étudiées d aprés Tellah S, 2010.

Les coordonées géographiques des différentes gamdatudiées sont reportées dans le tableau
1.7.
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\Tableau 1.6. Provenance des populations et leur dénomination d aprés Benmohamed et al., 2004.

Zone Etage Région de Lieu de Dénomination
géographiqueg  bioclimatique collecte collecte des populations
Adrar Tsabit Adrar (AD)
Sahara Saharien
central
Oued Souf Oued souf Oued souf (0OS)
Timimoun Ouled Said Timimoun (TIM)
Au nord est du Lac Tonga Oum Thoul (OT)

A l'ouest du Lac tonga
Tonga south east (TO

Boumalek (BMK)
A l'est du lac Mellah.

Littoral ]
Subhumide El-Kala
est.
Au sud du lac des oiseaux. Berrihane (BER)
Au nord Est du lac obeira El Frin (FR)
Metlili (MET)
Metlili
Sahara du saharien Ghardaia SebSeb (SEB)
SebSeb
Nord
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Tableau 1.7. La longitude, latitude et altitude des populatios locales d’arachide étudiées (Arachis hypogaea L.)
d’aprés Benmohamed et al., 2004.

Populations Longitude Latitude Altitude
(m) (m) (m)

Oum Thoul (OT) 08° 31E 36°53N 2.2

El Frin (FR) 08° 42E 36°83N 28

Boumalek (BMK) 08 ° 33E 36°87N 3

Metlili (MET),

SebSeb (SEB) 02°87E 30°57N 380

Adrar (AD) 00°25W 28°36N 256

Timimoun (TIM) 00°27E 29°30N 335

Tonga (TO) 8° 32’E 36°49N 2.2

Oued souf (OS) 06° 52E 33°22N 77

Berrihane (BER) 36°42 N 08°07E 10

Un isolat rhizobien a été retenu au cours de @ttde BRE 1.2. Cet isolat est caractérisé par
une croissance lente, il a été isolé a partir delules d’arachide (Annexes 1). Les
caractéristiques de cet isolat bactérien BRE D@t seprésentées dans le tableau 1.8 et Figure
1.17.

Tableau I.8. Les caractéristiques morphologiques de la souche bactérienne BRE 1.2. utilisée dans notre étude
d’apreés Dyjebara et al., 2004.

Souche Taille des colonies Couleur Forme Mucosité Type de Provenance
48H 72H 7days culture
BRE 1.2. Absence Punctifo  Stries Opaques Circulaire  Mucoide Isolata  Berrihane
de -rmes pleines  blanchéatres s a bords croissance  (El kala)
colonies lisses lente

Figure I. 16. Aspect cultural de ["isolat BR].2. sur milieu YEMA : isolat a croissance lente (colonies opaques)
d’apreés Tellah S, 2011
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Résumé

Le travail présente un large éventail de mécanismespho-physiologiques, impliquant
différentes parties de la plante, qui entrent &n glans le processus d'adaptation au stress
hydrique. Pour cette raison, I'analyse unievarggeseuvent insuffisante pour mettre en évidence
les relations entre ces mécanismes et la tolérancstress hydrique. Ainsi, I'application d'une
approche multivariée, comme l'analyse des compesaptincipales (ACP), a lI'ensemble des

données présentées a été utilisée pour mettreidegnée cette relation.

Les résultats obtenus dans ce chapitre ont pertidentifier les relations entre quelques
caractéres morpho-physiologiques et la tolérancstress hydrique ; et ceci par une évaluation
de la réponse au stress hydrique d’une colledcale d'arachideArachis hypogaed..)
traditionnellement cultivée dans différentes régiod’Algérie. Une approche statistique
multivariée a été appliquée pour les données obgenweux composantes biologiquement
significatives ont été identifiées: (i) lavigueur des racines associée a un systéme racinaire
long et profond, présentant a la fois une fortstriiution de racines latérales contenant
plusieurs nodules, et une croissance prononcéetidge; (i) les aécanismes- physiologiques
associés a la capacité de maintenir un bon étatigdbgique des feuilles et un abaissement de la
température du couvert végétal, par l'intermédid@® valeurs permissives du potentiel hydrique
des feuilles qui permet un certain degré de periti@abtomatique, méme dans des conditions

de stress hydrique sévére (25 jours de stressgugri

De ce fait, il est devenu possible de modélisefagen fiable, la tolérance au stress hydrique et
d'identifier un sous-groupe au niveau des populatimcales d’arachide étudiées formé par
Berrihane (BER), Tonga (TO), Adrar (AD) , Oum Tboul (OT) etBoumalek (BMK) qui ont
donné les meilleurs performances pour les deux osarnges étudiées a savoirdagueur des
racines »et «mécanismes- physiologiques tandis queMetlili (MET), SebSeb (SEB), Oued
Souf (OS), El Frin (FR) et Timimoun (TIM) ont donné les valeurs les moins performantes.

Sur cette base, il est suggéré ici que ces popuataibcales d’arachide étudiées, présentant un
systéme racinaire idéotype en mesure d'optimiabsdrption de l'eau, accompagné par une
bonne biomasse aérienne et une teneur chloropydi€levée, méme dans des conditions de
stress hydrique sévére pourraient étre utiliseesint® des lignées parentales dans les
programmes de sélection dans les zones de cufiatestielles caractérisées par des sécheresses
au cours du cycle de l'arachide. Dans I'ensembleneaison de leur provenance et leur grande
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variabilité inhérente, les populations d'arachitied€es peuvent étre considérées comme une

collection utile pour I'étude des mécanismes molgdiques et physiologiques déployés par
cette espece.

L’ensemble des résultats obtenus a fait I'objetnd’premier article intitulé: «Morpho-

physiological traits contributing to water stres¢etance in a peanutfachis hypogaed..)
landraces collection from the Algerian Maghreb».
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SUMMARY. — To explore the relationships between morpho-phgsichl traits and drought
tolerance, we evaluated here the response to watss exhibited by a collection of peanut
(Arachis hypogaed.) landraces traditionally grown in differentrolatic regions of the Algerian
Maghreb. Upon applying a multivariate statisticpp@ach to the data obtained from water-
stressed plants, two components were identifiedhé)root vigour’, associated to a long root
system, exhibiting both deep and laterally spregqdinoting pattern, abundant N2-fixing
nodules, and pronounced stem growth; 2) the ‘algeend physiological mechanisms’,
associated to the ability to maintain greener |lsaa®d cooler canopy temperature, via
permissive values of leaf water potential allowimgertain degree of stomatal perviousness,
even under conditions of severe water stress. @h bases, it became possible to identify a
subgroup of peanut landraces which could be coreidas parental lines in breeding programs

for those cultivation environments facing endematev shortage.

1. INTRODUCTION . — Drought is the worldwide environmental stressothwiite highest
negative impact on crop biological performance aratketable yield, both of which are
expected to be challenged by the increase in frexyyentensity and duration of water

stress episodes associated with global climateggsan

* Corresponding author: mbadiani@unirc.it
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Peanut Arachis hypogaed..) is an important food and cash legume, widelywn in arid and
semiarid environments. Drought stress redugeanut growth (Boontangt al., 2010) and
productivity (Nigamet al., 2005; Boontangpt al.,2010; Ratnakumar and Vadez, 2011). Peanut
yield losses in arid environments may be ameliorditg management practices, but major
progress might be achieved by genetic improvemiased on the genetic vari-ability for
drought stress tolerance which can be found irtiegigermplasm collections (BoontangtRl.,
2010; Hamidowet al., 2011) or obtained from ad hoc prospections incdeaf crop landraces,
which are cultivated plant populations adapteatal climatic and edaphic conditions.

Peanut adapts to water-limited environments dry array of morphophysiological
mechanisms, in which both the above- and the belowgl plant parts can play a role.
Ratnakumar and Vadez (2011) pointed out that dristadérant peanut landraces put in place a
‘conservative water strategy’, achieving the lowgsssible water demand by lowering their leaf
area respect to well-watered controls. Furthermai®, support the highest possible
photosynthetic rate under drought conditions, dnbuglerant peanut landraces reduce their
specific leaf area, (SLA, i.e. leaf area per uritveight) and increase their chlorophyll foliar
content (measured as SPAD chlorophyll meter readi8@MR; Bootangt al.,2010).

A complex picture also emerged from recentdisti on root morphophysiological
mechanisms participating in peanut adaptation taugint. Indeed, root dry weight (Puangbut et
al., 2009; Jongrungklangt al.,2013), or root localization into moist soil strgdengrungklang
et al., 2011; Jongrungklangt al., 2012), have been indicated as being among thermajo
contributors to water stress tolerance in peanuatngkasm, although such results have been

questioned (Ratnakumar and Vadez (2011).

Considering a larger number of “root phenes oitgtahowever, could help in reconciling
among each other contradictory data sets, allowihgtter understanding of the root strategies
contributing to drought tolerance. In this respé&gtich and Brown (2012) proposed that plants
exhibit an array of root traits of importance faqaisition of soil resources, traits which could
be exploited in breeding programs. Among them,rdwd length ratio (i.e. the root length per
unit of the plant's dry mass; Ryser, 1998). thet nm@ass ratio (the root mass per unit of the
plant’'s dry mass), the root fineness (the root flenmer unit root volume; Rewalet al., 2011;

Tuckeret al.,2011), and the root tissue density (the root dagsper unit root volume; Ryser,
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1998; Romaneet al., 2013). Furthermore, several studies underlineddifferent functional
ability of the diverse root orders, both towardsevacquisition (Rewaleét al., 2011) and for
hosting N2-fixing symbiosis (Tajiimat al., 2008), thus highlighting the importance of studyin
within-root morphology for obtaining novel informat on the relationship between drought

tolerance and the root system.

Within this framework, the aims of the presevdrk were 1) to evaluate the biological
diversity in response to water stress exhibitecaliyollection of peanut landraces traditionally
grown in different regions of the Algerian Maghré}), to explore the relationships between
multiple morpho-physiological traits and droughetance, by means of a multivariate statistical
approach, and 3) to identify, in selected peamudnaces, useful traits which might be promising

for breeding programs aiming at increasing drowsgiietss tolerance in commercial lines.
2. MATERIALS AND METHODS .

2.1. Plant material- Experiments were performed on 10 peanut Algdaadraces obtained
from a prospection conducted by the Ecole NatioBSaipérieure Agronomique, Algiers, Algeria,
during the years 2003-2005. Based on the locationshich they were collected, the peanut
landraces were assigned the following names: Barel(BER), Tonga (TO), Oum Tboul (OT),
El Frin (FR), Seb Seb (SEB), Oued Souf (OS), Ad¢A®d), Boumalek (BMK), Timimoun (TIM)
and Metlili (MET). Botanical and agronomic featurek peanut landraces, as well as their
geographical and climatic distribution within thég@rian territory, are reported in Amri (2008)
and Lazali (2009). To avoid confusion with the agmms used for plant parameters, the full
names of the peanut landraces are used in théhendafter, whereas their acronyms are used in

tables and figures.

2.2. Seeds inoculatior Two days before sowing, healthy seeds of umfsize were selected
for each peanut landrace. Selected seeds werasdaked into an agueous solution of 40% (w/v)
arabic gum and then evenly coated with peat in¢edlaith the rhizobial strain BRE 1.2 which
was previously isolated from nodules of the samanpe populations (Benmohamexd al.,
2004). A trapping test conducted before seeds iation allowed to conclude that the soil mix
used for plant growth did not contain any non-sfiechizobia able to infect the experimental

plant material.
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2.3. Plants’ growth conditions Four seeds for each landraces were sown inafagik 6
L-pots, each filled with 4 kg of a 50/20/30 (v/viapricultural soil/peat/washed quartz sand
mixture. The soil physico-chemical characteristaze reported in Gelsominet al. (2012).
Peatmedium properties were (%, w/w dry weight):aoig C 52%, organic N 0.8 %, organic
matter 90%, pl.o 7,3. The particle size of quartz sand (Progettinatbm)was 0.5 mm. After
the emergence (5 days after sowing, DAS), two segslbf each landraces per pot was used for

the experiment.

Planted pots were randomly distributed (AnHgxvithin a walk-in climatic chamber, where
an air temperature of 26 + 1°C, a relative air hiityiof 70 + 5 %, and a photoperiod of 12 h
were set. Photosynthetic photons flux density antsf height was 350mol m* s* (LI-190SA
guantum sensor, Li-Cor, Lincoln, NE).

Since both agricultural soil and peat medium wepited to contain adequate levels of N, P
and organic matter, no further fertilizer was siggplduring the plants’ growth. Planted pots
were given 200 mL of tap water every four days beegpreliminary trials indicated that such
amount and frequency of water supply was required compensate water losses by

evapotranspiration.

2.4. Imposition of water stress After six weeks of growth (47 DAS), plant maémwas
divided into two halves, each consisting of 3 pfuis each peanut landrace. One half pots
continued to receive adequate water supply (seeedlsnd acted as the well-watered control
(W-plants), whereas irrigation was withheld on tbther half of pots, thus imposing a
progressive water stress to plants (S-plants). iKgeip mind the results of Amri (2008), who
observed that nodulation, plant height and dry engttoduction of Algerian peanut landraces
were affected after 15 days of irrigation withdréwaater deprivation on the present S-plants
lasted for 25 days. During water stress treatnt@nand W-plants were kept together in the same
controlled environment where they were previoustywmn (see above).

2.5. Above-ground growth, functional traitsdadrought tolerance index- Drought effects
on the above-ground growth rates of peanut landragere estimated by measuring the
following parameters immediately before (47 DASYaat the end (72 DAS) of the water
deprivation period: stem length (StL, cm), leafaa(eA, cnf), number of branches (NB), and

number of leaves (NL). This allowed the calculatidmates for stem elongation (SER, ci),d
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leaf area expansion (LAER, érd), stem branching (SBR, n'jland foliation (FOR, cm3). At

the end of the water stress treatment, the seeadlirge harvested and divided into leaves and
stems,which were quickly weighed to obtain the leaf (LF\), and stem (StFW, g) fresh
weights and then placed in an oven at 70°C forya da determine the leaf dry weight (LDW,
g). Finally, theleaf dry mass per area (LMA, g cm2) was calculdigdthe LDW/LA ratio
(Matiaset al.,2012).

For each peanut landrace, the yield tolerandex (YTI; Oberet al., 2004), based on the
LDW, was calculated according to the following farax

YTI = (MLDW¢/mLDWyy) / (ALDWy) 2

where mLDWs and mLDW), were, respectively, the mean LDW measured in 8-\Vérplants of
that landraces, whereas ALQWvas the average value of LDW among all the larefamder

well-watered conditions.

Chlorophyll content (Chlorophyll Meter ModeP&D-502 Plus, Minolta Camera Co. Ltd,
Osaka, Japan) was indirectly measured in vivo om falf-eight fully expanded leaves for each
landrace, always between 10:00 and 11:00 h (GMT).

2.6. Root and nodule morphological analysiAt the end of the water stress treatment, the
whole peanut seedlings were carefully excavatedh fpmts and divided into shoot and roots.
After gently removing the adhering soil substrabe roots were washed in sequence with tap
water and deionised water, paper-blotted and theidedl into primary and laterals. The root
material was then stained according to Romeinal. (2013) and finally scanned at a resolution
of 300 dpi by a WinRhizo STD 1600 image acquisitsystem, equipped with a WinRhizo Pro
v. 4.0 software package (Instruments Régent Inena@a). The following root parameters were
measured: lengtiiL, cm), surface area (SA, &n volume (V, cni) of the primary (Pr) and
lateral root (Lr), and number of lateral roots (Nhnage analysis was also employed for
measuring the diameter, number, and form of thé noalules. The dry weight of the shoot
(ShDW, g) and total root dry weight (RDW, g) wereasured after oven-drying at 70°C for 48 h
and the plant dry weight (PDW, g) was calculatethassum of ShDW and RDW.

Based on the above measurements, total IgiRithcm) and volume of root system (RV,
cm’), root length ratio (RLR = RL/PDW, cmy root mass ratiRMR = RDW/PDW, g &),
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root fineness (RF = RL/RV, cm c¢cm-3) and root tisdeasity (RTD = RDW/RV, g cm-3), Total

length of lateral roots (LL, cm) and average ldtesat length (ALL, cm) were calculated.
2.7. Plant water relations- To evaluate water stress intensity, the predaaiwater potential,
which is assumed to equilibrate to the soil watdeptial (Richter, 1997), was measured
immediately before the beginning of the growth chanphotoperiod on 3 leaves for each

landrace, by using a portable pressure chambeb(BOint Water Status Console, Soilmoisture
Equipment Corp., Santa Barbara, CA). By followingls procedure, water potential in potted
soil hosting W- and S-plants was estimated to b@5-& 0.01 and -0.61 £ 0.1 MPa, respectively
(n = 30).

To investigate plant water relations, the maxn diurnal values of leaf conductance to water
vapour (@max), the minimum diurnal values of the leaf watergmtal '\ min) and the relative
water content of the leaves (RWC) were measurehya between 12.00 and 14.00 h (GMT).
(LiCor mod. LI-1600, Lincoln, NE). For each landeaand water stress regime,ng was
measured on at least five leaves from differenbtglaising a steady-state poromekgk,, was
measured with a portable pressure chamber (seeepbavat least three leaves from different
plants, following the procedure of Lo Gullet al. (2003). The relative water content was
measured on 3 leaves from different plants follgMhe procedure of Lo Gullet al. (2003)
and calculated as reported therein. The valuesabfwater potential at the turgor loss polt)
and of osmotic potential at full turgo¥{) were obtained from pressure-volume curves ofethre
leaves per landraces and per treatment (Tyree amintél 1972; Salleo 1983). Because no
statistical differences were recorded between W4 &rplants, the meaWy, and ¥, values

calculated on both water regimes are reported.

2.8. Statistical analysis— All data were tested for normality (Kolmogordsmirnoff test)
and homogeneity of variance (Levene Median test, amhere required, the data were

transformed.

Values obtained for shoot and root growth} sal nodule morphology, and.gx, RWC and
Y\ min, Were statistically analyzed by a twoway ANOVAthvihe peanut landrace and the water

regime (W or S) as the main factors. SubsequethityTukey’s test was applied to compare the
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mean values among landraces a@nought stress levels. One-way ANOVA, in combinataith
post-hoc pair-wise comparisons by using the Tukegs, were adopted for the statistical
analysis of¥y, and¥,. The dataset obtained from the S-plants only wgested to a principal
components analysis (PCA), based on a correlatiatnixrof all the measured parameters (Afifi
et al., 2004). Finally, cluster analysis was carried autmeasure the hierarchical similarity

among peanut landraces.

In particular, from the PCA values, an Euclideastatice matrix was established to obtain a
relative dendrogram. The entries were clusteredgugfard’s minimum-variance method (Afifi
et al., 2004). For statistical analysis, the SPSS Stegisti 15.0 software (IBM Corp., Armonk,
NY) was used. Graphics were prepared by using idp@a&Plot v. 8.0 software (Jandel Scientific,
San Rafael, CA).

3. RESULTS AND DISCUSSION

3.1. Criteria for identifying droughttolerant andemssitive peanut landraces: Biomass
production was adopted here as the criterion fokirg the studied group of peanut landraces
according to their capacity to withstand water degtion. Indeed, biomass production is closely
correlated to water use efficiency (Jongrungklaeg al., 2008), to yield components
(Jongrungklanget al., 2012) and to drought tolerance in peanut germplgsowing under

conditions of water limitation (Nigaret al.,2005).

In the present study, the LDW trait, assuntedbe a reliable proxy of biomass production,
was modified by the landrace factor only (L fadtoFig. 1a): at the end of the water deprivation
period, the peanut landraces Berrihane, Tonga, Cowal and El Frin showed the highest LDW

values, whereas Seb Seb, Oued Souf and Metlilbéekli the lowest ones.

Following the indication of Obet al. (2004), we calculated the yield tolerance indeXI}Y
values based on the LDW. The results obtained sagbat Berrihane (YTI = 3.46), Tonga
(2.09) and Oum Thboul (1.18) can be regarded asmbst drought-tolerant, whereas Seb Seb
(0.23), Oued Souf (0.35) and Metlili (0.45) as thest droughtsensitive; Boumalek (1.13), Adrar
(1.07), El Frin (0.56) and Timimoun (0.52) showatermediate YTI values. On the whole, these
results were found to correlate with those showRig 1a. Fig. 1b shows in a synoptical form,
in terms of LDW of each landrace, the relationshipong its adaptation potential (efficiency

under drought) and its yield potential (responsagsto adequate irrigation): Berrihane, Tonga
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and Oum Tboul resulted to be drought-tolerant agt-kielding, El Frin drought-tolerant but
low-yielding, Adrar and Boumalek high yielding kdrought-sensitive, and, finally, Timimoun,
Metlili, Oued Souf, and Seb Seb were both droughtigive and low-yielding.

3.2. Above-ground growth and functional analysisThe above-ground plagterformance
under water stress was evaluated by measuringasibm (LFW), growth (SER and LAER),

initiation processes (SBR and FoR) and leaf fumetidraits (LMA and SCMR; Table 1). A
wide genotypic variability was noticed, which indkd both constitutive androught-adaptive
features.In particular, LFW was remarkably influenced by tbohe L and the T factors, with

values ranging as much as from 1.9 to 5.7 g amd ftdo 2.9 under well watered and drought
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Fig. 1. — a) Leaf dry matter in Algerian peanutdeates after 25 days of water deprivation.(Filled
histogramsﬂ) denote well-watered controls. Statistically sfgaint effects of the landrace (L), the water
regime (T) and of their interaction are reported® (¥ 0.05; *P < 0.01; **P < 0.001; ns = not
significant), as evaluated by a two-way ANOVA. Hoeanut landraces acronyms, see the text. b)
Identification of Algerian peanut landraces ascéfit under conditions of water stress (Y axis) or
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responsive to optimal watering (X axis). Dashe@dimenote the mean values from all landraces. For
landraces acronyms, see the text.

conditions, respectively. Berrihane showed the ésghLFW among the studied landraces,
whereas Oued Souf and the Adrar showed the lowest. d~urthermore, a twice reduction of
LFW in presence of water stress was observed.

The stem elongation rate, as LFW did, was stromdlyenced both by the L and by T factors

(Table 1), with variability among landraces spagnby a factor of three under well watered
conditions and even by one order of magnitude umileught stress. Further, a statistically
significant LXT interaction was also obtained: Timoun, Tonga, and El Frin showed no
reduction of SER under drought stress, whereathalllemaining peanut landraces did, being

Boumalek the least and Oued Souf the most affected.

Similarly to SER, LAER was also affected by thfactor and a statistically significant LxT
interaction was also evident (Table 1). In parculvater stress reduced the LAER only in the
Oued Souf, Metlili, Oum Thoul and Adrar landraces.

Compared to SER and LAER, the SBR and FoRj beflecting initiation processes, were
less affected by water deprivation (Table 1). Tdusfirms that, in peanut, drought stress inhibits
more the intermodal length than node and branchbewsn(Chung et al., 1997). Besides, both
the L factor and the LXT interaction were found gignificantly affect SBR. In particular,
Berrihane and Adrar were the sole peanut landraceshich SBR was reduced by drought
stress. Unlike SBR, FOR was not modified by thettdr, although a significant LxT interaction
was observed. Indeed, Berrihane and Adrar landrageseased or reduced their FoR,
respectively, in the presence of water stress. tApam leaf morphological traits, we considered
here certain leaf functional parameters stricthkdéid to adaptation to drought, i.e. LMA and
SCMR. The former parameter, together with its nexpl, i.e. SLA, plays a prominent role in
plant adaptation to drought (Matiat al., 2012), whereas the latter is assumed to reflect
adaptation in terms of photoassimilation. Speciéaf area and SCMR were found to be
negatively and positively correlated, respectivelyth water use efficiency (Puangbet al.,
2009). Besides, both of them were statisticallyelated with pod yield and biomass in different
peanut landraces under drought stress (Boataag,2010).
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Treatment

Landraces (L factor)

Variable Statistics (T factor) oS SEB MET BER BMK TIM TO oT AD FR AT

SER Lxxx w 0.89*® 1.08' 0.65¢ 0.56¢ 0.69"® 0.53¢ 0.54¢ 0.74%® 0.91® 0.31 0.69
TH** S 0.03 0.13*® 0.12'® 0.18*® 0.34 0.34 0.33 0.38 0.17® 0.17%® 0.27°
LXTH*** AL 0.46%® 0.59" 0.38° 0.38* 0.52 0.44" 0.43* 0.54 0.54' 0.2

LAER (Bl w 0.09¢ 0.090" 0.08¢° 0.111 0.01%¢  0.048%¢  0.077® 0.10% 0.108' 0.077®  0.062
™S S 0.048 0.065' 0.039" 0.082 0.029" 0.042 0.058' 0.062 0.034' 0.06% 0.052
LXT** AL 0.02°%  0.078® 0.01F 0.097 0.022°%  0.044°F  0.067%°C 0.084 0.070"t  0.071®¢

FoR LNS W 0.48"® 0.5 0.97° 0.7% 0.59'® 0.53® 0.32® 1.0 0.288 0.69" 0.58
™S S 0.64" 0.7% 0.52 0.21 0.32 0.53 0.37 0.5¢" 0.69" 0.53 0.52
LxT* AL 0.56 0.67 0.71 0.48 0.45 0.53 0.35 0.80 0.29 0.61

SBR L* wW 0.12® 0.18® 0.23%® 0.19*® 0.18® 0.20"® 0.08"® 0.28 0.08 0.11® 0.14
™S S 0.16" 0.19" 0.16' 0.05" 0.08" 0.17 0.09" 0.18" 017 0.0¢" 0.13
LXT* AL 0.14"® 0.17'€ 0.1 0.12¢ 0.17°¢ 0.1 0.09¢ 0.2¢ 0.07 0.1¢f¢

LEW L *+* w 1.9 4.2 2.4 5.6 2.5 4.7 5.0 4.2 2.7 5.7 3.9
Txx S 1.8 2.0 2.0 2.9 15 2.6 2.7 2.0 1.0 2.7 2.1°
LxTNS AL 1.9 3.1¢ 2.8 4.2 2.0° 3.6'° 3.8°¢ 3.1® 1.9° 4.2

LMA Lxxx w 0.012 0.016¢°  0.00P 0.002 0.006°®  0.006°°  0.004° 0.01E¢ 0.022 0.006°°  0.008
T* S 0.012 0.029" 0.00% 0.008¢  0.008°  0.00F¢ 0.006¢ 0.00%°¢ 0.012 0.008¢  0.01C0
LXT*** AL 0.01F 0.019 0.00P 0.005°  0.007¢ 0.00F¢ 0.005%P 0.008¢ 0.017 0.00F¢
L W 45,57 45.40 45.37 51.00 43.29 49.87 45.27 45.15 5240.  46.37 45,78

SCMR T***NS S 37.13 33.89 34.69 45.17 40.08 41.66 43.24 36.87 7434,  45.53 39.30
LXT AL 41.3%°C  39.64°  40.0FC 48.08 41.68°C 45785 4428  41.0F° 37.6P 45.95°¢
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In the present work, LMA was sharply modifieoth by the L factor and, to a lesser extent,
by water stress. However, a highly statisticaliyn#icant of LxT interaction was also observed.
In response to water stress, Seb Seb and Berrihareased their LMA, whereas a remarkable
decrease was measured for Oum Tboul and Adrarg beis parameter not statistically modified
in the remaining landraces (Table 1). Neverthelesder water stress, the highest LMA values
were observed in Seb Seb, Adrar and Oued Souf,eakd¥letlili showed the lowest one. The
SCMR was modified by both the L and the T factdrsparticular, Berrihane, El Frin and
Timimoun were the peanut landraces with the higB€¥IR values, whereas the Adrar and Seb
Seb landraces exhibited the lowest ones. Furtleugtit stress reduced the chlorophyll content

per unit leaf area by 14%.

3.3. Root and nodule morphology The RLR, i.e. the root length in relative teymss
reported to be prominently involved in plant adéiptato nutritional deficiencies (Sorgore
al., 2007), but no experiment was conducted so faheadyest of our knowledge, to test this root

parameter under conditions of water stress.

In the present study, RLR showed an amplealdity among the different landraces, under
both water regimes (Table 2). Under well wateredditions, Timimoun ranked first in terms of
RLR, followed by Oum Tboul, Tonga, Metlili and Boaitek, whereas Oued Souf, El Frin and
Adrar were the peanut landrace group with the oW values. Following water deprivation,
RLR values were found to be distributed among arémking group, including Oum Tboul,
Timimoun, Boumalek and Tonga, an intermediate,udicl Seb Seb, Metlili, Oued Souf and
Berrihane, and a bottom-ranking one, including Admad El Frin. Any change in RLR arises
from interplay among different morphological compats, i.e. RMR (the allocation
component), RF and RTD, being the last two regaedestructural parameters. Therefore, plants
may produce longer roots either by increasing basralocation to them (Sorgoeéal.,2007)
or by increasing RF and/or reducing RTD, leavingnmss allocation unchanged (Ryser, 1998).
Evaluating the above parameters might be therdfehgful to understand how efficiently plants
build their root systems in terms of “root length’response to water stress. The results in Table
2 suggest that the morphological components RMR drR# RTD were responsible for the large
RLR differences observed among the landraces diigbthe longest root systemsamely

Timimoun, Tonga and Oum Thboul, and those showinge ttshortest ones,
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Landraces (L factor)

Variable  Statistics (TTri:f:'E)er;“ oS SEB  MET BER BMK TIM TO oT AD FR AT
Lx* W 107 1715¢ 300®¢ 168° 260C 502 303®C 345 2 137° 232
RLR
(cm ) ™S S 1595¢ 152'8¢0  15CP 200'8¢ 360" 365" 300" 429" 97°P 50P 226
g LXT*** AL 13F°F 161°PF 226'8Ct  184CF 3108¢ 434 302°B¢t 388 60 o9FF
RMR Lrxx W 0.28 0.208 0.178¢  0.06 0.07P 0.21%® 0.18®¢ 0.0? 0.16°¢P 0.1 0.4
( -1) THwx S 0.05°¢ 0.05°¢ 0.0F¢ 0.08%¢  0.19" 0.08*® 0.09' 0.0f 0.0%F 0.10® 0.08
g9 LXT*** AL 0.1%8 0.12%¢  0.10f%°t  0.07°C  0.13EC 0.18* 0.135¢ 0.04 0.06° 0.17B¢t
Lrxx W o(f 140 24£C 741°8C 848\8C 1131 1050® 1220 115° 74 565
RF
(cm cm3) T S 21% 128 196’ 2122 2091 2092 1603 1469 139 122 1018
LXT*** AL 153 133 22¢° 1437 1470 1612 1327 1344 127 og
Lx W 0.218¢  0.178%¢ 0.13¢ 0.28%® 0.28%¢  0.46 0.47 0.1¢ 0.52 0.0 0.27
RTD
( cm'3) ™S S 0.07¢ 0.0# 0.05¢ 0.87 1.44 0.52® 0.49"® 0.13P 0.0 0.25°¢ 0.39
g LXT*** AL 0.14 0.118 0.09’ 0.56°¢ 0.86' 0.49* 0.48° 0.17% 0.28* 0.16°
PrL Lrx W 19PE 3&P 35cPE 55°¢ 738 638 83" 648 1* 24PE 47
(cm) NS S 2P 158 23F 72 70" 78 73 75" 27 1 47
LXT*** AL 20° 27 2 64" 720 718 78" 69" 19° 188
LL Lrxx W 218¢ 27%¢ 868 118 137 143 123 128 48 13 80
(cm) ™S S 3F 13 3(° 1418 111® 81%¢ 172 150 18 17 77
LXT*** AL 29 20° 5& 128 124 1128 147 138 12 15°
BD Lx* W 2.0 1.6¢P 1.5 0.5 0.5 0.gCPE 0.6°PE 0.6°°¢ 2.8 1.2 1.1
(n.LL/PrL) ™S S 1.98 1.6 1.4 0.6° 0.5° 0.5° 0.6° 0.F 1.7°® 2.2 1.1
' LXT*** AL 1.9 1.4 1.4 0.6° 0.5° 0.6° 0.6° 0.5° 1.9 1.7
ALL L*;*S* W 0.6° 0.6° 1.9¢ 4.0t 3.9 2.9%® 2.6%8 3.5%® 0.% 0. 2.1
(LL/n.LL) | S 0.9¢ 0.5 0.9¢ 3.3¢ 3.2¢ 2.3° 4.2 6.0° 0.4 0.7°¢ 2.1
LXT*** AL 0.8 0.6° 1.4° 3.7¢ 3.5 2.6¢ 3.4 4.8 0P 0.5
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namely Adrar, El Frin and Seb Seb. Indeed, the RlifRerences among the two groups was
explained for the most part by differences in tewhdRF, since Timimoun, Tonga and Oum
Tboul had a RF one order of magnitude higher thanh of Adrar, El Frin and Seb Seb. The RF
trait is important under water stress conditiongsase thinner roots increase the root-soil
interface, and this results in a higher radial ecotigity, due to a decreased resistance to the
radial flow of water (Huang and Eissenstat 2008y a higher root hydraulic conductance per

stem cross-section area (Hernaneeal.,2010).

Studying root adaptation to drought stressiireg to consider the contribution of different
root orders, which differently respond to enviromta cues and influence the plant’s
competitive ability to acquire soil resources. ladethe higher root orders were found to be the
main sites of water uptake (Rewadtal.,2011). Consequently, we evaluated here the dreught
induced morphological changes of the different rooders forming the root system of A.
hypogaea, which is constituted by a taproot andabgral roots of several different orders
(Tajima et al., 2008). The results in Table 2 suggest that thé systems of Boumalek,
Timimoun, Tonga, Oum Tboul and Berrihane were dattar&zed by a higher length of the
primary root, with longer and fewer lateral rodssich kind of root architecture can be regarded
as highly suited for coping with drought stress;duese it provides a potential maximum rooting
depth (high LPr) together with a densely rooted ksyer (high ALL). Indeed, root distribution
in deep soil strata was a plant trait which pewrditthe discrimination of drought tolerant peanut
genotypes under drought stress (Jongrunkédral., 2011; Jongrunklandt al.,2012). However,
to the best of our knowledge, the present studgestg for the first time that a dimorphic root
system, combining growth into deep soil with lakespreading, confers to peanut landraces

superior adaptive ability towards drought stress.

Biological N-fixation in A. hypogaea is decreased by drougtésst (Sinclaiet al., 1995).
Consistently, although estimated via indirect measments, such as nodules weight, diamater
and number, the present work confirms both thafidation machinery was affected in the
studied peanut landraces exposed to water stredsthat wide differences for such trait exist

among the landraces, under both water regimes (aatshown).
3.4. Plant water status- Table 3 shows that boty, and‘¥y, reflecting constitutive capacity

for water uptake, were remarkably variable withia tandraces group studied here. The least
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negative¥n0 values were measured in Seb Seb, Boumalek andT®omi. The least negative

Table 3. — Osmotic potential at full turgdi-) and leaf water potential at turgor loss pottipf
as measured during pressure-volume curves in thedeof the peanut landraces in Fig. 1.
Means are reported + SD (n = 3). Different letiedicate significant differences after Tukey’s

pairwise comparisons (p < 0.001). For landracesrgans, see the text.

Landrace  -W,, (MPa) ~Wyp (MPa)
AD 0.94 + 0.06a 1.26 + 0.05a
MET 0.99 £ 0.09a 1.15+0.12ab
FR 0.96 +0.10a 1.23 £ 0.05a
O 0.94 +0.07a 1.14 + 0.04ab
SEB 0.56 £ 0.07b 1.02 £ 0.07b
BER 0.96 +0.09a 1.40 £ 0.09a
TO 0.84 + 0.09a 1.36 +0.07a
TIM 0.93 +0.09a 1.43 £ 0.04a
BMK 0.61 + 0.05b 1.14 + 0.06ab
oT 0.62 £ 0.10b 1.16 + 0.07ab

Yup value was that of Seb Seb, followed by those nredsn Metlili, Oued Souf, Boumalek and
Oum Tboul leaves, being the most negative ones umeésn Adrar, ElI Frin, Tonga, and

Timimoun landraces.

As far as gnax IS concerned, it was possible to gather the Witplaro two subgroups, one of
which, including Adrar, Metlili, Oued Souf, Berriha, Tonga, and Oum Tboul, showing values
around 80 mmol i s*, and another, including El Frin, Seb Seb, Timimoand Boumalek,
whose values were around 60 mmof 8T (Fig. 2). Imposition of water stress induced sttaha
closure in all the peanut landraces, although ditterent patterns among them. In particular, a
severe water stressinduced stomatal closure neautiwular values was observed for El Frin,
Seb Seb, Berrihane, Tonga, Timimoun, and Boumabekirsg from 10 days of water deprivation

onwards (data not shown).

The¥ nmin and RWC values tended to be rather uniform in wallered landraces, with the
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former value around -0.4 MPa, and the latter omgirey between 93%, as in El Frin and Seb
Seb, and 96%, for the remaining landraces (FigS@gh uniformity of¥ min and RWC among
the different landraces was abolished upon immositif water stress, in spite of the low,g
measured in all the landraces. In particular, RRAFC of S-plants was ~ 65% for Adrar, Metlili,

El Frin, Seb Seb and Boumalek, ~75% for Berrihdrm@ga, Timimoun and Boumalek ones
and only 58.53 % for Oued Souf. Under water strigssides, El Frin, Seb Seb, Berrihane,
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Fig. 2. — Maximum diurnal values of leaf conductme water vapour (ga0) (n = 5), relative water content (RWC)

(n = 3) and minimum diurnal values of leaf watetgmial (. min) (N = 3) as measured in the leaves of the peanut
landraces in Fig. 1a. Open bars denote water sttgdants; filled bars denote well watered plaBtch value is the
mean + SD. Different letters indicate significarnffetences for Tukey's pairwise comparisons (P €0Q). For

landraces acronyms, see the text.
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and Tonga showeW i, values above (i.e. less negative than) their smeturgor loss point
region, wherea¥ min was found to be much more negative thap in Adrar, Metlili, Oued

Souf and Oum Tboul (compare Fig. 2 and Table 3).

3.5. Principal component analysis.In the present work, the principal componentyais, as
a multivariate technique, was used to discrimindgteught-tolerant and -susceptible peanut
landraces via reduction and grouping into companesft their above-ground growth and
functional traits, root morphological and architeel features, rhizobium nodule morphological
parameters, and indices describing their waterustagxpressed under conditions of water

deprivation.

In the present work, the total variability tife three dimensional space was efficiently
summarized by the two principal components, whinchvidually accounted for 43% and 26% of
the variability (Table 4). The first component () consisted of high positive loadings for the
root length ratio, the length of primary and latects, the number of nodule in the lateral roots
and the stem elongation rate, with high negatiaglilags for root branching density. Therefore,
Prinl can be assumed to mostly reflect the “rogowi feature: positive values for this
component indicate a long root system, resultimgnfrdeep and, at the same time, laterally
spreading rooting pattern, with abundant root natioh, accompanied by a pronounced growth

of the stem.

By plotting the single peanut landraces by mseaf their component scores, Prinl sharply
separated the Oum Tboul, Tonga, Timimoun, Boumale# Berrihane landraces, featuring a
vigorous root system, with longer primary and lateoots and abundant proliferation of nodule
on the lateral roots (positive value), from El Eridued Souf, Seb Seb, Metlili and Adrar
landraces, exhibiting a comparatively lower vigdrtlee root system (negative values; Fig. 3).
Hence, the former landrace group exhibits a roebtighe suited to face water scarcity by
exploring both deep and shallow soil layers. Acoagly, an increase of the root length density
(root length per soil volume) along with deepenimghe soil profile was found to correlate with
pod yield and harvest index (Jongrungklatgal.,2011; Jongrungklangt al.,2012) and water
uptake (Vadezet al., 2013) in peanut genotypes, although, Ratnakumdr \edez (2011)
suggested a scarce capacity to discriminate dretofgriant genotypes by root morphological

traits.
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Fig. 3. — Biplot of the scores of the principal qmments (PC) 1 and 2 extracted from morphological a
physiological parameters measured in peanut lapdrexposed to 25 days of water deprivation. Theaarindicate
the interpretation of the principal components. Pheportion of variability explained by each PCgisen within
brackets. Circles and roman numbers denote theggrgwf the peanut landraces after cluster analysis

The second principal component (Prin2) hadtpesloadings for chlorophyll content, leaf
fresh weight and positive differences betwdénr,in» and¥yp, and a negative loading f&fimin
(Table 4). Prin2 can be assumed to reflect thevagmund” physiological responses to drought
stress. In particular, positive values of Prin2 idep peanut landrace with a comparatively
higher canopy size (higher leaf fresh weight), witigh chlorophyll content, and positive
differences betweel min and Wy,. As shown in Fig. 3, Prin2 (positive vs. negatiadues)
separated, under conditions of water stress, &| Berrihane, Tonga and Timimoun, exhibiting
“superior” aboveground traits, from Oued Souf, Balwk, Oum Tboul, Metlili, Seb Seb, and
Adrar. The above analysis of the Prin2 componeggssts that, under water stress, maintaining
greener leaves and cooler canopy temperature, enmigsive values of leaf water potential

allowing a certain degree of stomatal perviousnessld contribute to preserve adequate
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photosynthetic abilityo sustain grain filling and to allow greater alpgmm and use of water.

Table 4. — Principal components of morpho-physimalgtraits of Arachis hypogaea landraces

exposed to drought stress.

Statistics Prin 1 Prin 2

Eigenvalues and variability

Eigenvalue 6.42 2.26
Proportion of variability (%) 43.2 26.5
Variable Attribute loading for

Prin 1 Prin 2

Eigenvectors

Root length ratio 0.810 0.012

Length of the primary root 0.902 0.283

Total length of the lateral roots 0.856 0.381

Root branching density -0.904 -0.115

Average length of the lateral 0.906 0.214

roots

Rhizobium nodule number on 0.740 0.262
lateral roots

SPAD chlorophyll meter 0.088 0.818
recordings

Stem elongation rate 0.728 -0.047

Leaf fresh weight 0.020 0.799

Wi min 0.351 0.834

Difference blitweelﬂPLmin and 0.336 0.832

tip

Accordingly, a close relationship was observed agm@&@CMR and water use efficiency
(Jongrungklangpt al.,2008), number of pod, pod yield and seed size (Bowet al.,2010) and
total biomass (Boontangt al., 2010) in different peanut genotypes exposed tcewsiress,
although such relationships have been questionathitibuet al.,2011).

Cluster analysis performed with the Prinl Bnith2 component scores (not shown) allowed
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to classify theA. hypogaedandraces into four groups (Fig. 3). Cluster Illiied Metlili, Seb
Seb, Oued Souf, and Adrar, having in common ambagtremarkably scarce PCA scores for
all the root and above-ground traits. On the otteerd, Cluster II, including Timimoun, Tonga,
and Berrihane, grouped together those peanut leeslishowing all of those favorable morpho-
physiological traits concurring at defining a “pladeotype” efficient in facing drought stress: a
vigorous root system, with long primary and laterabts, an abundant ;Mixing nodule
proliferation on the lateral roots, integrated waéttgood canopy size and efficient, chlorophyll-
rich, leaf machinery, and the capacity to mainti@af water potential as above as possible

respect to that causing turgor loss, even undeditons of severe water stress.

Accordingly, Jongrungklangt al. (2013) suggested that the most efficient strategw plant to

acquire drought tolerance is based on root lodahzan the moisture-elevated deep soil layers,
allowing sustained leaf transpiration and hencéasusd photosynthesis to take place. Clusters
[l and IV grouped together peanut landraces wihiable drought-facing strategies: the former,
including Boumalek and Oum Tboul, relying on roesponses for adapting to a water-limited
environment, and the latter, including only El Fniather adopting a “leaf-response” adaptation

strategy.

By comparing the results from PCA (Fig. 3) lwihe YTI/LDWbased drought tolerance
rankings reported above and in Fig. 1b, respestial acceptable degree of overall correlation
can be observed. Indeed, Berrihane and Tonga, slthving a favorable combination of
morpho-physiological traits against water stresg.(B), were classified as efficient/responsive
and drought-tolerant landraces (Fig 1b and seegb&urthermore, Oum Tboul/Boumalek and
El Frin, deploying a “root-based” or a “leaf-basettdought tolerance strategy, respectively (Fig.
3 and see above), were either ranked as efficiehFi(in) or showed intermediate YTI level
(Boumalek) or both (Oum Tboul; Fig. 1b and see abokinally, Oued Souf, Seb Seb, Metlili,
and Adrar, all exhibiting poor combinations of leafd root traits in response to drought (Fig. 3),
were predicted to be both inefficient and droughtsitive (Oued Souf, Seb Seb and Metlili, Fig.
1b and see above) or inefficient (Adrar, Fig. Hdraces. Timimoun was a peanut landrace for
which the PCA results did not fit the YTI criterioindeed, although exhibiting the best
combination of morpho-physiological traits (Fig., &) was predicted to behave as a drought-

sensitive landrace (see above).
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4. CONCLUSIONS. — On the whole, and because of its provenanceirametent ample
variability, the peanut landrace collection studmste might be regarded as an useful inventory
of the morpho-physiological strategies and mecmasisleployed by this economically and
socially important legume species to withstand wstiess.

The present work showed that a wide array ofpmo-physiological mechanisms, involving
both above- and below-ground plant parts, comesplaty in the process of adaptation to water
shortage. For this reason, univariate analysistenanadequate to highlight clear links among
morpho-physiological adaptation mechanisms and ghbuolerance. Instead, applying a
multivariate approach, such as PCA, to the datpmestented here was helpful for putting into
evidence relationships among drought tolerancenamgbho-physiological response patterns. As
a result, two biologically meaningful componentsrevalentified, i.e. the ‘root vigor and the
‘above-ground physiological mechanisms’, on theidat which it became possible to reliably
model drought tolerance within the studied grouppe&nut landraces. Berrihane and Tonga
featured high scores for both the above componeviige Metlili, Seb Seb, Oued Souf and
Adrar showed the lowest ones. On such basis, suggested here that the former landraces,
exhibiting a root ideotype able to optimize watgtake, accompanied by high canopy and
chlorophyll densities even under conditions of seweater stress, could be used as parental lines

in breeding programs for those cultivation enviremts facing endemic water shortage.
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Implication of enzymatic and no enzymatic antioxidants mechanisms to water

stress tolerance in some Algerian populations of peanut (Arachis hypogaea L).

Les plantes sont constamment soumises a des gagatnvironnementales. Ces changements
peuvent engendrer un stress qui modifie 'homéastesllulaire par la production de formes

réactives de I'oxygene. L’accumulation phytotoxaqie ces différents radicaux oxygénés peut
entrainer la mort de la plante ; cependant, ilsréoemment été identifiéss comme des acteurs
essentiels de la réponse au stress et leur rblaneomessager secondaire est maintenant
clairement établi. Leur implication dans la régigiatde I'expression génique a aussi permis de
démontrer leur réle d’inducteurs de la mort cell@laprogrammée, mort génétiqguement

contrblée que l'on retrouve non seulement dans dexcessus développementaux, mais

également typiqguement observée dans la répondeess(Parent et al.,2008)

Pour se protéger contre les intermédiaires oxygémégues, les cellules végétales et leurs
organites comme les chloroplastes, mitochondripeebxysomes sont pourvus de systémes de
défense antioxydants. Un grand nombre de travawedwerche ont établi que l'induction et la
régulation de ces systémes sont essentielles poprotection contre les effets de diverses
contraintes biotiques et abiotiques. Les composduntsystémes de défenses antioxydantes sont
non enzymatiques ou enzymatiqNector et Foyer, 1998 ; Havaux et Niyogi, 1999 ; &aux

et al.,2005).

Les systémes antioxydants non enzymatiques soréseqtés principalement par des composés
de bas poids moléculaire soit solubles comme l&atylion réduit (GSH) et I'acide ascorbique
(ASC), soit lipophiles comme les caroténoides sttteophérolgMitler et al., 2004 ; Chen et
Dickman, 2005)

Les systémes antioxydants enzymatiques compreneerduperoxydes dismutases (SOD), les
catalases (CAT), les ascorbate peroxydases (AP2§, monodéhydroascorbate réductases
(MDHAR), les déhydroascorbate réductases (DHARS, déutathion réductases (GR) et les
réductases a thiols.

Dans notre travail nous nous somme intéréssésyaténses antioxydants non enzymatiques de
bas poids moléculaire tels que le glutathion (G8&Hlacide ascorbique ou vitamine C. Alors
gue pour les systémes antioxydants enzymatiquess aeons étudié la superoxyde dismutase
(SOD). Ce troisieme chapitre s’intéresse donc Gatactérisation des mécanismes de réponse au

stress hydrique, ayant trait aux systémes antioxgdahez dix populations locales d’arachide.
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Résumé

Afin d’étudier la relation entre le stress hydrigue stress oxydatif et l'implication des
mécanismes antioxydants enzymatiques et non eniyueatde l'arachide la mesure de l'activité
enzymatique antioxydante de la superoxyde dism{&s®), la teneur du glutathiofGSH) et

de l'acide ascorbiquéAsA) ont été mesurés sur des plants d’arachide soundsféents
niveaux de stress hydriqukQ;15et 25 jours de stress).

Les résultats obtenus montrent que sous la cotgrdigdrique, les différentes populations
enregistrent une baisse non significative de Ratéti superoxyde dismutas€SOD) sauf la
populationTonga (TO) qui enregistre la valeur la plus élevée de cetyme, confirmant ainsi
une meilleure tolérance au stress hydrique. Audlifféence significative n'a été observée, en
ce qui concerne la teneur &8BH ; la teneur la plus élevée de cet antioxydantéaoéservée

chezTonga (TO) etAdrar (AD) sous les différents niveaux de stress hydrique.

En revanche, toutes les populations étudiées omtrén@ntre elles une nette différence de la
teneur en acide ascorbiq(&sA). Adrar (AD) , Tonga (TO), Oum Tboul (OT), El Frin (FR)
etBoumalek (BMK) ont présenté la teneur la plus élevée de de mit.ac

Les différents comportements des populations digdacétudiées impliguent des réponses
distinctes et spécifigues concernant les mécanisarg®mxydants. Ces résultats montrent
implicitement que chaque population développe tirségjie propre vis-a-vis du stress hydrique.
En effet, ils sont cohérents avec ceux obtenuscperins chercheurs, qui confirment que le

stress hydrique entraine un stress oxydatif claeadhide.
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SUMMARY. -

To study the relationship between drought and dxidastress and the implication of enzymatic
and no enzymatic antioxidants mechanisms in pga@wathis hypogaed.), the mesure of the
antioxidant enzyme activity of SOD, GSH and AsA temt were measured in 6 weeks-old
seedlings plants exposed toddferent level of water deprivation (10,15 and @&ys). The
results showed that under different levels of wategss, the different peanut landraces studied
display lower levels of superoxide dismutase atiibrought did not have any significant effect
on Superoxide dismutase (SOD) antioxidant enzymivies of shoots of the studied
populations; but activity of these antioxidantsTionga (TO) population was obviously higher
than in the remaining studied populations. Theselte showed a higher water stress tolerance
for Tonga (TO). No great difference was observaghrging GSH content,the higher content of
this antioxidant was observed in two landraces (B@®) (AD) in different levels od water
deprivation. In contrast, upon water stress, thdistl landraces showed a clear different content
of ascorbic acid (AsA) amoung them. Adrar (AD), §an(TO), Oum Tboul (OT), El Frin (FR)
and Boumalek (BMK) presented a higher content barf@scorbic acid. Altogether, these data
show that the differential behavior of the ten p#alandraces involves distinct responses
regarding antioxidant mechanisms. This allows titelb@ecognise that each landrace exhibits its
own response to water stress. These results agstamt with the contentions that drought
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causes oxidative stress in peanut plants, and rfethanisms of antioxidative protection
contribute to withstand drought-induced oxidatitress in this arid plant species.

Abbreviations: GSH, reduced glutathione; Asascorbic acid; SOD, superoxide dismutase;
ROS, reactive oxygen speciesy OSuperoxide anion radicalQ,, Singlet oxygen : bD,
Hydrogen peroxideAPX, Ascorbate peroxidase; CAT, Catalase; DHA, Ribgscorbate;
DHAR, Dehydroascorbate reductase; GR, Glutathioe@uctase; MDA, Malondialdehyde;
MDHAR, Monodehydroascorbate reductase; DN2goxyribonucleic acidAD, Adrar; TO,
Tonga; OT, Oum Tboul; FR, El Frin; BMK, Boumalek;ENl, Metlili; OS, Oued Souf; TIM,
Timimoun; BER, Berrihane; SEB, Sebseb.

1. INTRODUCTION

Drought is one of the most important abiotic stessaffecting plant growth and development. It
affects plants at various levels of their organaat In fact, under prolonged drought, many
plants will dehydrate and die. Oxidative stressjcWwhirequently accompanies many abiotic
stresses like high temperature, salinity, or drowggress, causes a serious secondary effect on
cells. Oxidative stress is accompanied by the ftionaf ROS such as 0, '0,, H,O,, and OH

. ROSs damage membranes and macromolecules affikdac metabolism and play a crucial
role in causing cellular damage under drought stres

Drought creates an imbalance between light capame its utilization, which inhibits the
photosynthesis in leaves. In this process imbald®te/een the generation and utilization of
electrons is created. Dissipation of excess ligidrgy in photosynthetic apparatus results in
generation of ROS. Denaturation of functional amdctural macromolecules is the well-known
results of ROS production in cells. DNA nicking, iam acids, protein and photosynthetic
pigments oxidation, and lipid peroxidation are teported effects of ROS. As a consequence,
cells activate some responses such as an increathe iexpression of genes for antioxidant
functions and production of stress proteins, upHagn of anti-oxidants systems, including
antioxidant enzymes and accumulation of compatgmites. All these responses increase
scavenging capacity against R(&eyedet al.,2012)

Food legumes, such as pearutachis hypogaed) are important crops in developing countries
of the tropics and subtropics, especially in subg®an Africa, Asia, and Central and South
America(Singh et al., 1997) and in some temperate areas, including the Meditean region

and the southern states of the UgZasquet, 200Q) Peanut plants are exposed to a drought
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stress; this abiotic stress may lead to an imbal&etween antioxidant defenses and the amount
of ROS resulting in oxidative stregSmirnoff, 1993) ROS are necessary for inter- and
intracellular signaling(Van Breusegemet al., 2001) but at high concentrations can cause
damage at various levels of organization, includomdproplasts(Asada, 1999. Plants have
therefore evolved several mechanisms of antioxidgbrotection to withstand drought-induced
oxidative stress. Apart from the xanthophyll cycf#hotorespiration and other changes in
metabolic activity Demmig-Adams, 1992;Kosaki, 1996) a number of enzymatic and non-
enzymatic antioxidants are present in chloropldlsét serve to prevent ROS accumulation
(Smirnoff, 1993; Asada, 1999; Dietz, 2003)Non-enzymatic antioxidants, such as carotenoids,
glutathione and ascorbate cooperate to maintainntiegrity of the photosynthetic membranes
under oxidative stresg¢Asada, 1999; Havaux, 1998; Munné-Bosclet al., 2002) Also
enzymatic antioxidants, such as SOD induction Hfedint environmental stresses has been
reported(Bowler, 1992) its role as part of a putative protection mecsianin stress situations is
still being discussedScandalios, 1997) Functional approaches using transgenic plantg hav
shown that plants overexpressing SOD are moreatuleéo different stressful conditiorfgan
Breusegem, 1999)The dismutation reaction catalyzed by the supdeodismutase (SOD, E.C
1.15.1.1) maintains intracellul&@®,” within normal levels and various authors havglicated
this enzyme in the protection of cells frdmpdric-oxidative stres€Smirnoff, 1993).

The purpose of the present work was to evaluatantiexidant response system in leaves from
peanut Arachis hypogaed..) subjected sequentially to drought and wateriBgought was
imposed to 6 weeks-old seedlings of peanut landseéy withholding irrigation at different
level of water deprivation (10, 15 and 25 days)zyEmatic antioxidant (SOD) and content of
(GSH) and (AsA) were mesured.

2. MATERIALS AND METHODS

2.1Plant material
Experiments were performed on 10 peanut Algeriardri@zces obtained from a prospection
conducted by the Ecole Nationale Supérieure Agragoe; Algiers, Algeria, during the years
2003-2005. Based on the locations in which theyewanllected, the peanut landraces were
assigned the following names: Berrihane (BER), Bo(ifO), Oum Tboul (OT), El Frin (FR),
Seb Seb (SEB), Oued Souf (OS), Adrar (AD), Boum#&RBK), Timimoun (TIM) and Metlili
(MET). Botanical and agronomic features of peaantitaces, as well as their geographical and
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climatic distribution within the Algerian territoryare reported iPAmri (2008) and Lazali
(2009) To avoid confusion with the acronyms used fonplaarameters, the full names of the
peanut landraces are used in the text thereafterass their acronyms are used in figures.
2.2. Seeds inoculation

Two days before sowing, healthy seeds of unifoze giere selected for each peanut landrace.
Selected seeds were first soaked into an aquetutsoscof 40% (w/v) arabic gum and then
evenly coated with peat inoculated with the rhiablstrain BRE 1.2 which was previously
isolated from nodules of the same peanut populat{iBenmohamedet al, 2004) A trapping
test conducted before seeds inoculation allowedotmclude that the soil mix used for plant

growth did not contain any non-specific rhizobideao infect the experimental plant material.

2.3. Plants’ growth conditions
Four seeds for each landraces were sown in easixd@ L-pots, each filled with 4 kg of a
50/20/30 (v/viv) agricultural soil/peat/washed dmasand mixture. The soil physico-chemical
characteristics are reported @elsominoet al, (2012) Peat medium properties were (%, w/w
dry weight): organic C 52%, organic N 0.8 %, orgamiatter 90%, phkbo 3. The particle size of
quartz sand (Progettinelblu.com) was 0.5 mm. Afteremergence (5 days after sowing, DAS),

two seedlings of each landraces per pot was usdtdaexperiment.

Planted pots were randomly distributed within a kaial climatic chamber, where an air
temperature of 26 £ 1°C, a relative air humidity76f+ 5 %, and a photoperiod of 12 h were set.
Photosynthetic photons flux density at plants’ heigas 35Qumol mi? s* (LI-190SA quantum
sensor, Li-Cor, Lincoln, NE).

Since both agricultural soil and peat medium wepted to contain adequate levels of N, P and
organic matter, no further fertilizer was supplduating the plants’ growth. Planted pots were
given 200 mL of tap water every four days becauséminary trials indicated that such amount

and frequency of water supply was required to coregie water losses by evapotranspiration.

2.4. Imposition of water stress
After six weeks of growth (47 DAS), plant matemas divided into two halves, each consisting 0b&p
for each peanut landrace. One half pots continoeddeive adequate water supply (see above) aad act
as the well-watered control (W-plants), whereaigation was withheld on the other half of pots,ghu
imposing a progressive water stress to plants #8tg). Keeping in mind the resultsAufnri (2008), who

observed that nodulation, plant height and dry engproduction of Algerian peanut landraces were
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affected after 15 days of irrigation withdrawal, teradeprivation on the present S-plants lasted?for
days. During water stress treatment, S- and W-plamre kept together in the same controlled

environment where they were previously grown (deeva).

2.5. Biochemical analyses
Two plants in each pot were sampled. After beingagated as reported above, the shoots was

separated from the roots and then subsamples wédesere taken, wrapped in aluminum foils
and finally immediately dipped into liquid Nuntil storage at — 80 °C. On these samples,
antioxidant metabolites, including ascorbate (AaAd reduced glutathione (GSH) pools, as well
as antioxidant enzymes, such superoxide dismug38) were being determined.

For these biochemical analyses, leaves were fiesgived while still frozen, then placed in a
mortar containing liquid Nand crushed with a pestle to a fine powder. Eaaip$e was divided
into two separate aliquots: one, for the analydessé and SOD, was extracted with 4 volumes
of 50 mM phosphate buffer pH 7.00, made 5 mM witm&rcaptoethanol, 2 mM with
dithiothreitol,2mM with sodium-hydrogen-EDTA, anébol(w/v) insoluble polyvinylpyrrolidone.
The other extraction medium, for the analysis oHGG8onsisted of 4 volumes of 0.1 N aqueous
HCI, containing 1% (w/v) insoluble polyvinylpyrralone. After filtration by four layers of
cheese-cloth, the extracts were centrifuged. Irh lmatses, after centrifuging the extracts at
10,000 xg for 20 min, the supernatants were collected, thelmume measured, then split into 1
mL-aliquots, dipped into liquid Nand finally stored at -80 °C. The supernatant wen
assessed for antioxidant enzyme activity. Antiortdaetabolites and enzymes were measured
by spectrophotometer (Model5, Perkin-Elmer) according to standardized assayhoas,
reported in details elsewhefPaolacciet al., 1997) All the above analyses were performed at
4°C. All data obtained from the different sampliimges have been pooled to obtain the overall
data shown in figures and tables. Reagents usesl af@malytical grade and were obtained from
Aldrich (Steinheim, Germany), BDH (Poole, U.K.), Mk (Darmstadt, Germany), Serva
(Heidelberg, Germany) and Sigma (St. Louis, USA).

2.5.1. Measurement of Ascorbate
Ascorbate was determined using the methodrmakawa et al.,(1981) and Nakagawara and
Sagisaka (1984)This assay is based on the reduction of ferrict@oferrous ion by the ascorbic
acid solution followed by formation of a red cheldtetween ferrous ion and 4,7-diphenyl-I,10-
phenanthrolin (bathophenanthroline) that absorl84thm A standard curve covering the range

0-10 nmol AsA was used.
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2.5.2. Measurement of Glutathione
Glutathione content was determined by the specttophetric method oGriffith (1980), using
an assay based on the enzymatic recycling of G3terevGSH was sequentially oxidized and
reduced by 5,5'-dithiobis- (2-nitrobenzoic acid)Tl®B) and GR, respectively, the rate of

formation DTNB was monitored at 412 nm.

2.5.3. Measurement of superoxide disneutas
The total activity of SOD was determined accordioghe method oElstner et al., 1983 the
adopted assay method is based on the generatiansafurating concentration of superoxide
radical anions arising from the autoxidation of ueed anthraquinone, followed by the
superoxide-dependent oxidation of hydroxylaminenttrsite, and then by the colourimetric
detection of the nitrite formed at 540 nm; by in@gting Q™ ,SOD is able to inhibit the final
colourimetric reaction in a concentration-dependemnner. The units of the enzymatic
activities were defined and calculated accordinght® respective assay methods. One unit of
SOD activity was defined as the amount of enzymatatein capable of inhibiting by 50% the
rate of Q" generation in the reference reaction.

2.5.4. Protein determination
Protein concentration of leaf extracts was deteeahion the same supernatants used for enzyme
assays, protein concentration was determined aiogpta the method dBradford (1976), with
the Bio-Rad protein assay (Bio-Rad Italia, Milattaly) and using BSA as a standard.

2.6. Statistical analysis
The entire experimental set consisted of 60 potsarits of ten populations of peanut (B8éll-
watered control (W-plantsy 30water stress treatment (S-plantg)es). All experiments were carried
out on at least 6 replicates of leaves. All dataewested for normality (Kolmogorov- Smirnoff
test) and homogeneity of variance (Levene Mediat) tend, where required, the data were
transformed. Differences in enzyme activities, roelide amounts were evaluated. Values
obtained were statistically analyzed by a two wayOQVA, with the peanut landrace and the
water regime (W or S) as the main factors. Subsdtyyethe Tukey's test was applied to
compare the mean values among landracesiemeght stress levels. For statistical analysis, th
SPSS Statistics v. 15.0 software (IBM Corp., ArmoNk) was used. Graphics were prepared
by using the SigmaPlot v. 8.0 software (Jandelr8ifie, San Rafael, CA).
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3. RESULTS

3.1. Effect of Drought on Artaant Enzymes (SOD)
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In peanut leaves, various antioxidant enzymes éeildlifferent responses during water deficit
exposure. No differences in protein contents indsaof these studied peanut populations were
noticed through the entire duration of the expentsgeither in controls or in stressed treatments
at 10,15 and 25 days of water stress duration fuztahown).

In nine peanut populations studied no significamfifecences in SOD activity were recorded
between well-watered control (W-plants) and watess treatment (S-plants) (data not shown),
the different populations showed a downward trefcaaivity in the presence of different

durations of water depriviation, but no actual gigant differences. However, in Tonga (TO)
population,SOD activity increased during the drought perioid.(E).
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Fig. 1 Activity of superoxide dismutase (SOD) Atgerian peanut landraces after 10, 15and 25 déywaber
deprivation [I).Histograms l) denote well-watered control¥alues are the mean (+S.E.) of six replicates n=6.
Statistically significant effects of the landradg, (the water regime (T) and of their interactioe aeported (*P <
0.05; *P < 0.01; **P < 0.001; ns = not significgnas evaluated by a two-way ANOVA. For the antiaxt
abbreviations, see Abbreviations used.

In these graphs, the scale of the Y axis has beaterthe same for all. This allows to notice the
striking variability among the landraces in ternfsS®©D constitutive contents, i.e. levels in
control plants. Again, therefore, and similarlytbé results obtained for nearly all the biometric
and physiological traits studied, each landracense® possess its own specific features. The
same degree of remarkable variability is also agasoth in the time course of SOD activity in
control plants, and in the response of SOD acttatwater stress.
3.2. Effect of Drought on Antioxidant Elablites

Levels of AsA and GSH were determined in shootpeainut seedlingsiter six weeks of growth,
plant material was divided into two halves, eachsisting of 3 pots for each peanut landrace. Otfe ha
pots continued to receive adequate water suppby dbeve) and acted as the well-watered control (W-
plants), whereas irrigation was withheld on theeotialf of pots, thus imposing a progressive wstierss
to plants (S-plants).

3.2.1. Effect of Drought on AsA
To put more into evidence the specific responseepabf each landrace to water stress, in the
ascorbic acid graphs the Y axis has not been maderm (Fig.2). This allows to better
recognise that each landrace exhibits its own respto water stress: there are cases in which an
increased duration of water stress provokes a dearease in foliar ascorbic acid [Timimoun
(TIM), Metlili (MET), Oued Souf (OS) and BerrihaBER)] and, at the opposite, landraces in
which ascorbic acid remarkably increased [Tonga )(TOum Tboul (OT), ElI Frin (FR),
Boumalek (BMK), Sebseb (SEB), Oum Tboul (OT) andrad(AD)] over time in stressed

plants, but not in control ones.
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Fig. 2 Ascorbate (AsA) concentration pg (g DWin Algerian peanut landraces after 10, 15and 25 daysater
deprivation ().Histograms !) denote well-watered control¥alues are the mean (+S.E.) of six replicates n=6.
Statistically significant effects of the landradg, (the water regime (T) and of their interactiale aeported (*P <

0.05; **P < 0.01; ***P < 0.001; ns = not significgnas evaluated by a two-way ANOVA. For the antiaxt
abbreviations, see Abbreviations used.

3.2.2. Effect of Drought on GSH

A third level of variability is found when the rd®iof reduced glutathione are considered. In
this case also to put more into evidence the Spe@éponse pattern of each landrace to water
stress, in the glutathione graphs the Y axis has bbeade different.

Here, constitutive levels and remarkable differenoesponses to water stress among peanut
popuations are highly variable. In fact, no obviediect of water stress on reduced glutathione
is seen for all the peanut populations studied. @utheother side a promotive effect of water

stress on the levels of reduced GSH is clearly seeBerrihane (BER), Oum Tboul (OT),
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Boumalek (BMK), Sebseb (SEB), Tonga (TO) and Ad(AD) populations. However, a
noticeable downward trend of GSH content was resmbrid water stress treatment of El Frin
(FR), Metlili (MET), Oued Souf (OS) and TimimounIM) (Fig.3).
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Fig. 3Glutathiong(GSH) concentration n mol (g DW)n Algerian peanut landraces after 10, 15and 25 dhys o

water deprivation[(]).Histograms l) denote well-watered control¥alues are the mean (S.E.) of six replicates
n=6. Statistically significant effects of the landradg,(the water regime (T) and of their interactiae aeported

(*P < 0.05; *P < 0.01; ***P < 0.001; ns = not siiicant), as evaluated by a two-way ANOVA. For toatioxidant
abbreviations, see Abbreviations used.

4. DISCUSSION
Drought is the major limiting factor in many padtthe world, which seriously affects plant
growth and yieldShaoet al.,2007) Plant experiences drought either when the wafeplyg to
roots becomes difficult or when the transpiratiaterbecomes very hidisankar et al.,2007)
Water stress adversely affects many physiologindll@ochemical process in plariReddy et
al., 2004; Manivannan et al., 2007a, b) The reactions of the plants to water stress diffe

significantly at various organizational levels degig on intensity and duration of stress as well
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as plant species and its stage of developnfi€hiaves et al., 2003) Understanding plant
responses to water stress is of great importandelso fundamental parts for making the crops
stress toleraniReddy et al.,2004)

Oxidative stress is regarded as a major detriméatcsbdr in plants exposed to a variety of abiotic
stresses including drougf®harma and Dubey, 2005)Plants have evolved a wide range of
defense mechanisms to survive continuous assau#énbgrsenal of biotic attacks as well as
constantly changing weather and other environmertgaditions(Shaoet al, 2006) Drought,
due to its osmotic effect in natural and agrictunabitats can induce a wide number of
responses such as growth inhibition and synthdsssme non-toxic compounds to enhance the
osmotic potential of the cell and thus allow metetbprocesses to continue to increase of some
antioxidant enzyme activitiggurkan et al.,2005)

In the present study, ten populatins of peanut vgeigected to three different levels of water
stress (10, 15 and 25 days of watlmprivatior) to evaluate the effects of water stress on
oxidative parameters and antioxidant defence mesimsnn these plants.

The mechanisms that confer protection to oxidasiress were investigated. For this purpose,
AsA, GSH concentrations and the activity of anti@ait enzyme SOD were analyséddthe
principal results obtained in this present resgastiowed a significant difference in the AsA,
GSH content and antioxidant enzyme activity of S&houng the ten peanut populations studied
under water stress condition.

It is vital for plants to adjust the enzymatic amah enzymatic antioxidant systems to control the
amounts of ROS to avoid oxidative stréafien, 1995) The regulation of the activities of SOD,
CAT and ascorbate-glutathione cycle enzymes ispadrand efficient response to limit the
excess of ROS generated by environmental stresgkst avas observed in different studies
(Scebbaet al., 2001; Sofoet al., 2004) An excess of reducing power, with the consequent
increase irH,0, and other ROS concentration, likely caused chamgd® regulation of some
antioxidant enzymes during the wasgtress period. The antioxidant enzymes play diffeasd
complementary roles in the concerted cell defesgeh adirect scavenging of RO&alatnik

et al., 1999) In plants, this enzymatic response could constituteadaptive advantage in the
protection from oxidative stres§he O, radical is the main source of oxidative injury ilamts
and several works have been carried out to estathlesrole of its terminator systems in relation
to water stress tolerancgScandalios, 1997) The dismutation ofO,” into H,O, reaction
catalyzed by the SOD maintains intracellulai” within normal levels and various authors have

implicated this enzyme in the protection of cettsnfi oxidative stres€Smirnoff, 1993)
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To cope with detrimental effects of oxidative st&sunder extremely adverse conditions, plants
have developed an antioxidant defense systemrtblatdies the antioxidant enzymes SOD, APX,
POD, and CAT. The levels of antioxidant enzymeshagler in tolerant species than in sensitive
ones under various environmental stresfd&ng et al, 2009) It is also reported that
composition of antioxidant varies with duration amature of stress. Antioxidant enzymes and
metabolites increases under various environmentabses, with their comparatively higher
activity in stress tolerant genotypes, suggestivay higher antioxidant activity impart tolerance
(Sairam et Saxena, 2000)Accordingly, we observed higher SOD activity imnga (TO)
population compared to the other remaining popaatiunder drought stresses (Fig. 3), which
suggest that the drought-tolerant Tonga populatiossesses a better reactive oxygen species
scavenging ability. These results are in agreemvéhtprior reports revealing the increased SOD
activity in drought-tolerant cultivar of bedmurkan et al, 2005) sesamdFazeli et al, 2007)
alfalfa (Wang et al, 2009) and horsegranBhardwaj and Yadav, 2012) In addition,Abedi

and Pakniyat (2010)and Tohidi- Moghadam et al, (2009) showed that SOD activity was
increased in some other canola cultivars which ilghd to their higher protection against
drought stress. SOD converts the toxi¢ @dicals to HO, which must be scavenged te &nd
water by the antioxidant enzymes such as CAT, P&ld, APX(Ozkur et al, 2009) In this
respect, the activation of SOD in stressed plardy tve interpreted as a direct response to
augmented @ generation. SOD induction by different environnadistresses has been reported
(Bowler et al.,1992) It was also reported that the increase in SOigcenhance plants water
stress tolerancéManivannan et al., 20079. In tomato plants, SOD activity was induced
strongly by water stregfNoctor et al.,2000) In plants, SOD enzymes are major scavengers of
O" free radicals and convert them intg &d HO,. Hydrogen peroxide is then eliminated by
various antioxidant enzymes such as catalasesacpigieroxidases and ascorbate peroxidases
(Apel et Hirt, 2004).

An overview of changes in SOD activity at differevdter stress treatments in the remaining
peanut populations studied indicates that levelS©D decrease in peanut plants; this could
mean a decrease in SOD ability to scavenge ROS.attmaty of the major ROS-scavenging
enzyme, namely SOD, was either found to decreasepserved biszalski et al., 1996in
Rhizipogon roseulusA consequence of a decrease in SOD activitypisctear, and deserves
further study.
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Efficient destruction of ROS in plant cells regsithe concerted action of antioxidants. Among
the non-enzymatic antioxidants, AsA is found todme of the best characterized compounds,
required for many key metabolic functions in plaatls (Foyer, 1993) In addition to its ability

to directly scavenge ROS, ascorbate together wRKX AMDHAR and DHAR participates in one
of the major HO,'scavenging path ways in plant cells the ascorbataitjione cycle. In plant
cells, the most important reducing substrate fgdiHscavenging is AsA, a high level of AsA is
essential effectively to maintain the antioxidagstem that protects plants from oxidative
damage due to the biotic and abiotic stre¢Besldy et al.,2004) The beneficial effects of AsA

in mitigating partially or completely thadverse effects of drought stress may be one aspéct
the role of these in the activation of some enzyeonagactions(Kefeli, 1981) It is generally
assumed that plant tolerance to environmentalssgeis positively correlated with AsA content
(Knorzer et al., 1996; Tambussiet al., 2000) In our study, the degree to which the AsA
concentration changed under water stress is extyewagiable among different water stress
treatments and different peanut populations stueg 2).Higher production of non-enzymatic
antioxidants such as AsA in Tonga (TO), Oum TbddT), El Frin (FR), Boumalek (BMK),
Sebseb (SEB) and Adrar (AD) is in agreement with résults obtained bWurshed et al.,
2008 where water stress caused changes in AsA coatiemntin tomato fruits. These changes in
AsA concentration in peanut populations under wategss treatments would occur because of
either changes in AsA synthesis or changes in Asgfemeration from DHA, which can result
from water stress-induced changes in MDHAR and DHAdRvities (Jiménez et al., 2002)
These populations of peanut have appreciably mm@uat of antioxidant content in its leaves
facing severe drought stress at 25 days of watiesitM/ith increase in stress degree there was
no significant changes in the antioxidant contdntimimoun (TIM), Metlili (MET), Oued Souf
(OS) and Berrihane (BER). Water deficit may infloerlevels of several antioxidant substances
such as ASC in plan{®ao et al.,1997; Datet al.,1998) Our data indicated that severe water
stress elevated the levels of ASC. A high leveRsA is essential to maintain the antioxidant
capacity that protects plants from oxidative seefghou et al.,2009) Increase in AsA content
plays an important role in preserving APX activikscorbate plays a major role as an
antioxidant in chloroplasts and other cell comparits (Asada, 1999; Smirnoffet al., 2000)
and also functions as a co-substrate of plant péasgs, such as the ascorbate peroxidase or
oxidase system that produces dehydroascor@idadiwell, 1982). Given that ascorbate can

directly scavenge superoxide, hydroxyl radicals sindlet oxygen and reduce®; to water via
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the APX reactionNoctor et Foyer 1998) the increase of AsA concentration in peanut glant
suggests an important role for this antioxidaniragjaoxidative stress provoked by water stress.

Like GSH is a low molecular mass compound with gaiped antioxidant functiondHuang et

al., 2008) Glutathione is essential for the antioxidant deéesystem particularly in chloroplasts,
because it protects the photosynthetic apparatusteacting the damaging effects of ROS. The
cellular concentration of GSH varies consideraliygler biotic stresses and strong evidences
correlate the ability of plant to withstand metaldiiced oxidative stress with high GSH
concentrationgPietrini et al.,2003; Sunet al.,2007) GSH reacts chemically with a range of
ROS while enzyme-catalyzed reactions link GSH ttoxiécation of HO, in the ascorbate-
glutathione cycle. Glutathione furthermore preveatgsaturation of proteins caused by oxidation
of thiol groups during stress. In our work, GSH teon in water stress treatment (S-Plants) for
Berrihane (BER), Oum Tboul (OT), Boumalek (BMK),lB8eb (SEB), Tonga (TO) and Adrar
(AD) was higher than control ones. Even GSH hanloecasionally found to strongly increase
in response to severe water stress (25 days),s&swadl in Berrihane (BER), Sebseb (SEB) and
Tonga (TO) as occurred B. cerevisia€Vido et al.,2001) These results may be relative to the
changes of GR and DHAR. Water stress increased cBfAtg, resulting in an increase in GSH
content compared to control plants. In additiontevatress may increase drought tolerance of
Berrihane (BER), Oum Tboul (OT), Boumalek (BMK),i8eb (SEB), Tonga (TO) and Adrar
(AD) by promoting the ascorbate-glutathione cycle.

The results of this study show that some populatmfipeanut studied responded to water stress
induced oxidative stress increasing enzymatic anmdaenzymatic antioxidant defenses (Fig. 1, 2,
3). Importantly, the antioxidant response seemebet@roportional to the extent of the water
stress imposed. Water stress tolerance has beeelated to an improved oxidative stress
response in several croffSossetet al., 1994 Dionisio-Sese et Tobita 1998Hernandezet al.,
200Q Shalataet al.,2001, Santoset al.,2001) Under the conditions imposed in this study, only
a moderate increase in the levels of SOD in leatd®nga (TO) population was observed after
25 days of water stress treatment. This seems tasba result of an effective antioxidant
protection. All the antioxidant enzyme activitiextieased in response to water stress although
differences in the pattern of upregulation werenfibamong them (Fig. 1). It has been reported
that ROS up-regulate the enzymatic antioxidantesgg$Foyer et al.,1994) This seems to occur

also in Tonga (TO) population although the specitgulation of the enzyme activities in
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response to water stress and the interrelationsngrtttem is a complex problem that needs
further studies to be elucidated. However, SOD mhdl further increase with time and even
strongly decreased at the end of water stressiegdtin the nine peanut populations studied.
ROS enzymatic scavengers, antioxidant-regeneraimaymes, AsA, GSH and other morpho-
physiological response mechanisms rather than glesidetoxification mechanism, may be
effective in dealing with water stress stress iam# populations.

5. CONCLUSION
From these results, it can be concluded that &aekhip can exist between water stress and
oxidative stress occurring in peanut populatiosdias also been postulated for other plant
specieqlturbe-Ormaetxe et al., 1998; Borsaniet al., 2001; Rahmanet al., 2002) We have
found evidence for changes in ROS scavenging erzyascorbate and glutathione pools in
plants under water stress conditions. We can atsdirm that different stress levels at the
beginning of flowering stage play a key role in tiegulation of ascorbate—glutathione cycle,
causing different antioxidant responses in peamegcies. The results obtained in this
investigation underline the important role of somrgtioxidant enzymes and compounds in
protecting cellular apparatus during water stregsditions and may be important for the

selection for drought resistance in peanut.

In summary and as a whole data suggest that pgmoputlations are able to cope with the
oxidative stress induced by water stress. The tesbitained seem to confirm that water stress
has a profound effect on the foliar antioxidanttista We do believe that the remarkable
variability in response to water stress, amongtpdagan, among species and among landraces in
each species has not to be seen as an embarrassnmatpreting the results, but as richness,
instead. We are confident that adequate statistéisalysis, albeit complex to run, will reveal
important association among biochemical traits @nedphysiological and agronomic features of
the legume landraces. This will allow to look atiaxidant enzymes and metabolites as useful
traits to assist the selection of valuable plantemal to be tested in the field, as well as masker
for the selection of plant material better suitedwithstand water stress. In conclusion, the
amazing levels of biodiversity found in collection$ peanut landraces from the Algerian
territory might reveal to be a mostly valuable rgse in a much wider context, in the present
era of climate changes.
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Gene isolation and transcripts abundance of the enzyme superoxide dismutase
(SOD) in peanut (Arachis hypogaea L.)

Une meilleure compréhension des mécanismes génstiqui sont a la base de la tolérance a la
sécheresse, chez les plantes, est nécessaire puelomgper des variétés plus adaptées et

performantegRebetzkeet al.,2008)

La biologie moléculaire propose des outils poututlé de I'expression des génes et des
protéines. La génomique fonctionnelle s’intéresder@semble des transcrits et des protéines.
Elle étudie les méthodes d’'analyse de I'expressies genes et des protéines. En comparant
I'expression des genes et /ou des protéines, auden méme organisme et sous diverses
conditions de croissance, il est possible de peéldirfonctionnement des génes indyibe
Leonardis et al.,2007) Ces informations sont fournies par I'analyse vi&ations d’expression
entre difféerents états physiologiques, différertadas de développement et différents tissus
(Neffar et al.,2011)

Deux approches sont utilisées pour comprendre samsmes moléculaires de la tolérance au
stress. La premiére consiste a étudier les enzympBguées dans des voies métaboliques
particuliéeres alors que la seconde cherche a fiantdes géenes exprimés de maniere
différentielle chez des plantes conduites sousstet en I'absence du stress. Ces approches ont

permis d’identifier de nombreux génes de fonctiomsnuegMazzucotelli et al.,2008)

La cascade d'événements moléculaires conduisadéwaloppement de la tolérance au stress

comporte :

1- La perception du signal de stress par les réceptiita membrane cellulaire qui captent
les variations du milieu externe ;

2- la transduction du signal du stress du cytoplasers ke noyau cellulaire, suivie d'une
cascade d'événements matérialisés par l'accumuldtiansitoire des ions Ca
I'activation des protéines de type kinases, l'acdation de I'ABA et la modification de
la structure de la membrane plasmique ;

3- l'activation, dans le noyau, des facteurs de trapgon associés a I'expression des géenes
de réponse au stress ; et

4- I'expression des genes du stress codant des peet@in gérent la situation de stress en

réparant ou en maintenant I’homéostasie cellu{@emaguchi-Shinozakiet al.,2002)
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Les changements de I'expression génique qui seum®at au niveau cellulaire sont intégrés
dans la réponse de la plante entiére. L'importabda rapidité de la réponse cellulaire au stress
dépendent de la durée et de l'intensité du s{éashaguchi-Shinozakiet al.,2002)

La derniéere étape de la réponse moléculaire awssstse traduit par I'expression des genes
spécifiques qui codent pour la synthése des pegémpliquées directement dans la tolérance au
stress. Ces genes aux différentes fonctions sduiténou réprimés par le stre@éamaguchi-
Shinozaki et Shinozaki, 2005)

Les genes, induits sous stress hydrique, assar@nbiection de la cellule contre I'effet du défici
hydrique, en produisant des protéines fonctionaghs régulent le signal de transduction en
réponse au stress hydrig@¥amaguchi-Shinozaki et al, 2002; Shinozaki et Yamaguchi-
Shinozaki, 1997; 2007)Ces protéines fonctionnelles, comme les enzyrada Hiosynthese des
osmoprotecteurs et les protéindsA (Late Embryogenesis Abundant), protégent les adldle

la déshydratation.

Parmi ces protéines fonctionnelles figurent aussi énzymes de détoxification comme le
gluthatione S-transférase, le super-oxyde dismutdiascorbate peroxidase et I'époxyde
hydrolase qui protégent les cellules des effetatifdgdes ROS induites par le stress hydrique
(Ingram et Bartels, 1996; Yamaguchi-Shinozaket al., 2002) Les génes du stress, une fois
induits, sont transcrits en mMRNAs qui migrent dwano vers le cytoplasme. Ces derniers
transcrits sont traduits en protéines spécifiquesteess considéré dans le cytosol. La vitesse de
la transcription et la quantité des protéines Stgbes sont déterminées par des facteurs

dépendant des stimuli du milieu ambiéiller et al.,2001)

Le stress induit une diversité de réponses quilte@dude l'expression génique et des
modifications du métabolisme cellulaire, se tradoispar une variation de la croissance et du
développement de la plant&ilmour et al.,1998) L'adaptation de la plante s'accompagne par
une série complexe de réactions enzymatiques ceemtua I'évitement ou a la réduction des
dommages susceptibles d'étre causeés, par le sirkssellule, et par la méme a la plante entiere
(Cattivelli et al, 2002) La cascade de réactions moléculaires se déclateheue la cellule
percoit le stresgVinocur et Altman, 2005) Le signal de perception du stress diffuse dans le
cytoplasme et le noyau pour activer I'expressiangimes et des métabolites spécifiques.

Les genes impliqués dans la réponse a la contralmdgique, qu'ils soient induits ou réprimes,
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codent pour une large gamme de protéines assuransels fonctions. Parmi ces fonctions, il y a
la stimulation et la régulation du signal de trardbn, la régulation de I'expression des genes

induits directement dans la réponse au stressydeegtion et le maintient des fonctions et
structures cellulaires. Toutes ces fonctions ca®hiivers I'amélioration de la tolérance vis-a-

vis des stress abiotiquéginocur et Altman, 2005 ; De Leornadiset al, 2010)

Sur le plan moléculaire, nous nous sommes int&egd@xpression différentielle de génes en
réponse a la contrainte hydrique. Parallelemerg, negherche ciblée, consacrée au superoxide
dismutase, a été menée. Donc, ce quatriéme chajittéresse a I'isolement, la caractérisation
et l'analyse de l'expression des génes codant pemzyme antioxidante, la superoxide
dismutase chez quelques populations Algériennesachiade Arachis hypogaed.) sous les

conditions du stress hydrique.
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Résumeé

Le stress hydrique est connu pour induire des espactives de I'oxygen@&AQO) dans les
plantes. L'accumulation de ces espéces nuisiblés éi®@ empéchée par ces plantes aussi
rapidement que possible pour maintenir la croissatda productivité. Cette étude a été réalisée
pour comprendre les mécanismes anti-oxydants declime dans des conditions de stress
hydrique, pour cela quatre populations localesatlide Arachis hypogaed..): EL FRIN
(FR), Tonga (TO), Oued Souf (OS)et Sebseb (SEB)nt été soumises a un stress hydrique
pendant25 jours. L'expression des génes de la superoxyde dism{&3E) est analysée,
compte tenu de son réle central dans les antioxgd#mdéfense chez tous les organismes et de
son implication dans les réponses anti-oxydantas sontrainte hydrique. ARN total isolé a
partir des plantes stressées et non stresséestpbrrdéterminer le taux d'expression du géne de
la superoxyde dismutag8OD) par la techniqu&T-PCR.

Les résultats montrent que le stress hydrique eélgusynthése et l'activité de la superoxyde
dismutase et la maniere dont cette enzyme contdbpmtéger contre les effets dommageables
de radicaux superoxyde chez l'arachide. Les nivelaxpression relative de &OD augmentent
aprés 25 jours de stress hydrique chienga (TO), par contre, ils diminuent chegebseb
(SEB). Les résultats révelent de grandes différencesstitutive$ dans I'expression du géne de
la SOD chez les quatre populations d'arachide. En @D transcripts est plus abondant chez
Tonga (TO) que cheSebseb (SEB)

En conclusion, bien qu'il soit difficile de compdea tous les mécanismes antioxydants des
plantes sous stress environnementaux, cette éaxdé sne étape préliminaire pour une étude
moléculaire de certaines enzymes antioxydantegrbfl d'expression génique de la catalase
(CAT), chloroplastique/mitochondri&R et chloroplastique / stromalPX sera la prochaine
étape de cette étude. Aussi, la comparaison ddgspdexpression genique des difféerentes
enzymes antioxydantes et des activités enzymatipessettrait d’approfondir la connaissance

des mécanismes de protection moléculaire chezhaa sous contrainte hydrique.

Chapitre IV 136



Références bibliographiques.

Références bibliographiques

1. Cattivelli L., Baldi P., Crosatti C., Di Fonzo Nraccioli P., Grossi M., Mastrangelo
A.M., Pecchioni N., Stanca A.M, 2002. Chromosomgiaes and stress-related
sequences involved in resistance to abiotic sire3siticeae Plant Molecular Biology,
48: 649-665.

2. De Leonardis A.M., Marone D., Mazzucotelli E., N&ffF., Rizza F., Di Fonzo N.,
Cattivelli L., Mastrangelo A.M. 2007. Durum wheatngs up-regulated in the early
phases of cold stress are modulated by drought oevaelopmental and genotype
dependent manndPlant Sciencel72: 1005-1016.

3. De Leonardis A.M., Petrarulo M., De Vita P., Masgealo A.M. 2010. Genetic and
molecular aspects of plant response to drought mnua crop species.
www.intechopen.com/download/pdf/35823

4. Gilmour S.J., Zarka D.G., Stockinger E.J., SalddapP., Houghton J.M., Thomashow
M.F. 1998. Low temperature regulation of tAeabidopsis CBFfamily of AP2
transcriptional activators as an early step in-@otlicedCORgene expressiomlant J,
16: 433-442.

5. Ingram J., Brtels D., 1996. The molecular basidaifydration tolerance in plané&nnu
Rev Plant Physiol Plant Mol Biol4,7: 377- 403.

6. Mazzucotelli E., Mastrangelo A.M., Crosatti C., GaeD., Stanca A.M., Cattivelli L.
2008. Abiotic stress response in plants: when postriptional and posttranslational
regulations control transcriptioRJant Sciencgl74:420-431.

7. Miller W.A., Waterhouse P.M., Brown J.W.S., BrowgiK.S. 2001. The RNA world in
plants: post-transcriptional control IRlant Cell 13: 1710-1717.

8. Neffar F., Maré C., Bouzerzour H. 2011. Study ofrl8a (Hordeum vulgarel)
Transcript Profiles Under Water Stress ConditioAsstralian Journal of Basic and
Applied Sciences, 5: 1481-1488.

9. Rebetzke G.J., Condon A.G., Farquhar G.D., Appels Richards R.A. 2008.
Quantitative trait loci for carbon isotope discnration are repeatable across
environments and wheat mapping populatiomfeoretical and Applied Genetjcs
118:123-137.

10.Shinozaki K., Yamaguchi-Shinozaki K. 1997. Generegpion and signal transduction in
water-stress respondd&ant Physiol, 115: 327- 334.

11.Shinozaki K., Yamaguchi-Shinozaki K. 2007. Genemoeks involved in drought stress
response and tolerancmurnal of Experimental Botan$8: 221-227.

12.Vinocur B., Altman A. 2005. Recent advances in eagring plant tolerance to abiotic
stress: achievements and limitatio@sur Opi Biotech, 16: 123-132.

13.Yamaguchi-Shinozaki K., Kasuga M., Liu Q., Nakashil{., Sakuma Y., Abe H.,
Shinwari Z.K., Seki M., Shinozaki K. 2002. Biologicmechanisms of drought stress
response]JIRCAS Working Repqri-8.

14.Yamaguchi-Shinozaki K., Shinozaki K. 2005. Orgah@a of cisacting regulatory
elements in osmotic- and cold-stress-responsivenpters.Trends in Plant Sciencd0:
88-94.

Chapitre IV 137



Gene isolation and transcripts abundance of the enzyme superoxide dismutase (SOD) in peanut
(Arachis hypogaea L.).

Gene isolation and transcripts abundance of the egme superoxide dismutase
(SOD) in peanut Arachis hypogaed..)

S. TELLAH Y 3 A.R. PAOLACCI* M. LATATI !, M. Lazali?>, G. KACI!, G. OUNANE',
S.M. OUNANE?', A. SORGONA?, M. BADIANI 3, M. CIAFFI *

1 Ecole Nationale Supérieure Agronomique, Algiéilgeria.

2Université Dijilali Bounaama Khemis Miliana, Facuttés Sciences de la Nature et de la Vie &
des Sciences de la Terre. Route Theniet El Hadago44225 Ain Defla, Algeria.

3 Dipartimento di Agraria, Universita MediterrardidReggio Calabria, Italy.
4 Dipartimento di scienze e tecnologie per I'’Agtiaa, le Foreste, la Natura e I'Energia,
Universita degli Studi della Tuscia, Viterbtaly.

Keywords Peanut (Arachis hypogaeal.), landraces, drought stresspxidative stress
,antioxidant defence,SOD, RT-PCR, gene expression
SUMMARY. —

Water stress is known to induce active oxygen ggeici plants. The accumulation of these
harmful species must be prevented by plants asllyaps possible to maintain growth and
productivity. This study was carried out for undansling of antioxidant mechanisms of peanut
under water stress conditions. For this aim, adterweeks of growth (47 DAS), four peanut
(Arachis hypogaed..) landraces: ELFRIN (FR), TONGA (TO), OUED SOUF (OS) and
SEBSEB (SEB) were subjected to drought stress $od&ys. Plants were submitted to water
stress by withholding water supply and the attenti@s given to the expression analysis of the
superoxide dismutase (SOD) gene, in view of itdrakrole for antioxidant defence in all aerobic
organisms and of its involvement in antioxidanfppaeses to water shortage. PCR conditions for
SOD antioxidant enzyme were optimized. Then, tBfdA was isolated from stressed and non-
stressed plant shoots. The gene expression ley@l3 Bere examined by semiquantitative
reverse transcription polymerase chain reaction-Pi®R) technique. Results show how water
stress regulates the synthesis and the activigupéroxide dismutase and how these enzymes
contribute to protect against the damageable affettsuperoxide radicals in peanut. Relative
expression levels of SOD increased after 25 daydraigh treatment in shoots of Tonga (TO)
landrace. On the other hand, expression levelsQid Secreased on SEBSEB (SEB) landrace
after 25 days of water stress in shoot tissuehoblgh in the presence of an equal sample
loading, still the results reveal ample “constitati differences in SOD gene expression among

the four peanut landraces. Indeed, SOD transaijmteared to be most abundant in TO and least
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abundant in SEB. Further work will reveal whethaenttasting SOD expression maybe
associated to varying responsiveness to watersstidbe peanut landraces at study.

1. INTRODUCTION
Plants respond to water deficit and adapt to drbaghditions by various physiological changes
including transition in gene expression during watieficit. The mechanisms of drought
response have been investigated most extensivedynmodel plant, ArabidopsiShinozaki et
Yamaguchi-Shinozaki, 1997, 1999)The most feared and widespread plant stress ageat
active oxygen species. These include redox intelateslin the reduction and oxidation between
dioxygen and water; superoxide anion,{JQ hydrogen peroxide (D,) and hydroxyl radical
(HO), and the electronically- excited oxygen speckiaglet excited oxygen’@,). These
species are able to react with DNA, lipids, prageisnd almost any other constituent of plant or
animal cells(Beauchamp et Fridovich, 1971; Demming et Bjorkman,1987; Halliwell et
Gutteridge, 1989) These reduced oxygen species are not only gewdees by-products of
endogenous biological reactions, but also theimfdron increases during biotic and abiotic
stresses. Superoxide dismutase (SOD, EC 1.154 d key enzyme which constitutes the first
line of defence against oxygen toxicity and categythe dismutation of the superoxide anions to
dioxygen and hydrogen peroxi@€élstner, 1982; Foyeret al.,1994) The three known types of
this enzyme can be distinguished according to timeatal cofactor made of manganese
(MnSOD), iron (FeSOD) or copper and zinc (Cu/Zn §QBannister et al., 1987) and
according to their behaviour towards specific intioits (Bowler et al., 1992) The identification
of the three types of isozymes is based on theerdifitial inhibition of SOD activity on
polyacrylamide gels preincubated with KCN ofQ4 (Bowler et al., 1992; Rubioet al.,2001)
H,O, generated from the activity of SOD is scavengedchtalase in peroxisomes and by
ascorbate peroxidase in Halliwell- Asada cy@éstner, 1982; Halliwell et Gutteridge, 1989)
Identification of resistance mechanisms to watessst is often difficult because resistance to
drought stress is a quantitative trait. Inductidnaatioxidative enzymes can be assumed to
reflect a general strategy required to overcomeeased oxidative stress induced by water
stress. In this paper, we point out superoxide diase (SOD) in some peanut populations, and
we study it activity during water stress inductionorder to understand the level of implication
of this enzyme in the physiology of resistance tatew stress. We presented isolation,
characterization and expression analysis of geodmg for superoxide dismutase in Algerian

peanut Arachis hypogaed.) landraces under water stress conditions.
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2 MATERIALS AND METHODS

2.1. Plant material
Peanut Arachis hypogaed.) is a leguminous crop that is widely cultivatdtiover the world,
especially in the semi-arid tropical regions. T$p&cies presents a good resistance to drought
(Singh et al., 1985) but a large number of varieties and cultivars hbagen created that are
adapted to varied local environmental conditionsthis study, experiments were performed on
04 peanut Algerian landraces obtained from a pgpe conducted by the Ecole Nationale
Supérieure Agronomique, Algiers, Algeria, during fyears 2003-2005. Based on the locations
in which they were collected, the peanut landragerse assigned the following names: Tonga
(TO), Oum Tboul (OT), El Frin (FR) and SebSeb (SHB)tanical and agronomic features of
peanut landraces, as well as their geographical ciinthtic distribution within the Algerian
territory, are reported iAmri (2008) andLazali (2009) To avoid confusion with the acronyms
used for plant parameters, the full names of tlepelandraces are used in the text thereafter,
whereas their acronyms are used in figures.

2.2. Seeds inoculation

Two days before sowing, healthy seeds of unifoze giere selected for each peanut landrace.
Selected seeds were first soaked into an aquetutsoscof 40% (w/v) arabic gum and then
evenly coated with peat inoculated with the rhiabbktrain BRE 1.2 which was previously
isolated from nodules of the same peanut populat{iBenmohamedet al., 2004) A trapping
test conducted before seeds inoculation allowedotmclude that the soil mix used for plant
growth did not contain any non-specific rhizobideado infect the experimental plant material.

2.3. Plants’ growth conditions
Four seeds for each landraces were sown in easixd@ L-pots, each filled with 4 kg of a
50/20/30 (v/viv) agricultural soil/peat/washed dmasand mixture. The soil physico-chemical
characteristics are reported Gelsominoet al., (2012) Peat medium properties were (%, w/w
dry weight): organic C 52%, organic N 0.8 %, orgamiatter 90%, phl.o0 3. The particle size of
guartz sand (Progettinelblu.com) was 0.5 mm. Atteremergence (5 days after sowing, DAS),
two seedlings of each landraces per pot was usdtidaxperiment.
Planted pots were randomly distributed within a kaial climatic chamber, where an air
temperature of 26 + 1°C, a relative air humidity76f+ 5 %, and a photoperiod of 12 h were set.
Photosynthetic photons flux density at plants’ heigas 35Qumol m-2 s-1 (LI-190SA quantum

sensor, Li-Cor, Lincoln, NE). Since both agricuitusoil and peat medium were reputed to
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contain adequate levels of N, P and organic mattefurther fertilizer was supplied during the
plants’ growth. Planted pots were given 200 mL ap twater every four days because
preliminary trials indicated that such amount amdjfiency of water supply was required to
compensate water losses by evapotranspiration.

2.4. Imposition of water stress.
After six weeks of growth (47 DAS), plant matenads divided into two halves, each consisting
of 3 pots for each peanut landrace. One half pmsimued to receive adequate water supply (see
above) and acted as the well-watered control (Witp)awhereas irrigation was withheld on the
other half of pots, thus imposing a progressiveswatress to plants (S-plants). Keeping in mind
the results oAmri (2008), who observed that nodulation, plant height aryondatter production
of Algerian peanut landraces were affected afterdadys of irrigation withdrawal, water
deprivation on the present S-plants lasted for @& dDuring water stress treatment, S- and W-
plants were kept together in the same controlledr@mment where they were previously grown
(see above).

2.5. Isolation, characterization aexpression analysis of genes coding for superoxide

dismutase in Algerian peanut (Arachis hypogaeddndiraces under water stress conditions

Attention was given to the expression analysib@superoxide dismutase (SOD) gene, in view of its
central role for antioxidant defence in all aerobiganisms and of its involvement in antioxidant
responses to water shorta@gel and Hirt, 2004; Gill et Tuteja, 2010) The expected complexity of
the SOD gene family iArachisspp was further exacerbated by finding that scargyious work was
carried out so far on the SOD genomic organisatiosuch species, except in seeds, which are of

course the economically valued part of the plant.

2.5.1. Searching databases of compleateeseces or EST (Expressed Sequence Tags) coding for
the enzyme SOD in Peanut (Arachis hypogaea L,);

The first part of the work was focused on idenéfion of sequences coding for SOD in
databanks. Such database search included SOD-cmpggquences not only in peanut, but also
in cowpea and in the model specisbidopsis in order to evaluate interspecific similarities
and differences in the genomic organisation ofS¥ gene. It was conducted by performing a
research using the BLAST prografAltschul et al., 1997) in different protein databases
(GenBank, PDB, SwissProt, PIR and PRF), nucledBL, Genbank, DDBJ and PDB) and
EST (GenBank, EMBL and DDBJ) using EMB-BLAST (Eueam Molecular Biology network -
Swiss node -) available at the website: http://wehwembnet.org/software/aBLAST.html.
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2.5.2. RNA extraction and cDNA synthesis
Leaves were rapidly cut off, immediately frozenliouid nitrogen and stored at - 80°C until

used. For RNA extraction, leaf samples were graardjuid nitrogen with a pestle and mortar.
From the W-25 leaves of the four peanut landraedscted for gene expression experiments,
total RNA was extracted using the CTAB meth{@bgerset al., 1991, Ciaffiet al.,2001) The
resulting RNA was treated with Rnase-free DNaderbihega) according to the manufacturer's
protocol. Following digestion, nucleotides were omed from RNA using a G50 sepharose
buffer exchange column (Amersham). Absence of genddNA contamination in DNase I-
treated samples was checked by PCR of 0d@%f RNA template using a primer pair (5'-
GGTTCCCTGAGATCACAACT-3"' and 5-CCAAACGTTCCCATCTATGBG- 3') designed to
amplify an intron sequence of a gene encoding S@ben a single DNase treatment did not
completely remove interfering genomic DNA, a secd@iase incubation was performed to
eliminate any detectable DNA. RNA concentration amegrity were checked with a UV/VIS
spectrophotometer Lambda 3B (Perkin Elmer) before ater DNase | digestion. Only RNA
samples with 260/280 wavelength ratio between h® 2.1 and 260/230 wavelength ratio
greater than 2.0 before and after DNase | digestiene used for cDNA synthesis. The quality of
RNA samples was also assessed by electrophoresik¥otiormaldehyde agarose gels and
stained with ethidium bromide. First-strand cDNAsnsynthesized from @g of total RNA by
Expand™ Reverse Transcriptase (RT) (Ro@r) RACE (Rapid Amplification of cDNA Ends)
for obtaining cDNA clones spanning the entire cgdsequence (full-length) of SOD and diluted

1:5 before use in PCR assays.

2.5.3. Amplification by PCR using specificrgrs designed on database sequences

A search in the BLAST program found 13 sequenceseahutencoding SORisplaying a high
degree of homology among each other. The primeesl dsr PCR analysis (forward: 5'-
GGTTCCCTGAGATCACAACT-3' and reverse: 5-CCAAACGTTCBTCTATGAGG- 3
wich were designed in conserved regions of thed$stripts.

First-strand cDNA was synthesized as described elaon the PCR reactions were performed
by the TripleMaster PCR system (Eppendorf) usingl Iof the RT reaction. After initial
denaturation at 94°C for 2 min, amplification cdrahs were 35 cycles each at 94°C for 30 s,
60°C for 1 min and 72°C for 3 min, followed by adl extension step at 72°C for 7 min.
Samples of the amplification products(3 were collected after 28, 32 and 35 PCR cyclas an

analysed by electrophoresis on 2% agarose gel. E@éhexperiment was independently
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repeated twice to test amplification reproducipilithe specificity of the amplicons was checked
by sequencing of the PCR products in order to confhat its sequence corresponded to the
target gene.

2.5.4. Cloning of the amplification products

The differential amplification products were ingerty ligase in the modified ECORYV restriction
site of the plasmid vector pGEM-T (Promega) anduseged. Plasmid purification was
performed using the Quiagen "Mini Plasmid Prep Kit"

2.5.5. DNA sequencing
The nucleotide sequence was determined on onedstfadenatured plasmid DNA using the
dideoxy chain-termination meth@8angeret al.,1977)with the Oncor sequencing kit, using the

electrophoretic system of Kodak; the other straad sequenced by ESGS (Paris, France).

3. RESULTS AND DISCUSSION
As a result, 13 transcripts (complete or partiadjling for SOD were identified in peanut
sequences databases, displaying a high degreevalbgy among each other (Fig. Bligning
the sequences shown in Fig. 1 allowed to identifyhlly conserved regions, against which
oligonucleotidic primer pairs (forward and reversgre designed (Fig. 2). In particular, the
primers F1 and R1 allowed to obtain the entire S@Dscript, expected to encompassemgth
about 500 base pairs (bp). In addition, the F4 eriwas designed within the SOD-coding region
(Fig. 2), in order to capture differences among ¢benponents of the SOD gene family and
among the two genomes presentArachis Such differences are in fact expected to reside
mostly in the 3’ region, beyond the stop codon bafibre the polyA tail, which are transcribed
but not translated. The F4 primer allowed to apghl RACE methodology to the 3’ region, to
obtain complete transcripts until the polyA taildF2). The lower panel in Fig. 3 shows quality
control and equal loading of total RNA extractednir the W-25 leaves of the four peanut
landraces selected for gene expression experiméatssolate the SOD gene(s), an aliquot of
such total RNA was reverse-transcribed and PCRAiéietplby using the F1-R1 primer pairs
shown in Fig. 2Electrophoretic separation of amplification produgave the banding pattern
shown in the upper panel of Fig. 3. Although they @ the very beginning of the work leading
to SOD gene characterisation and expression asaty$ie peanut landraces at study, the results

reported in Fig. 3 (upper panel) might deserve soomements.
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Figure 1 - Dendrogram of the 13 SOD-coding sequences ifiehiin Arachisspp by data base.
search

61

121

181

241

301

361

421

481

541

601

GCTTCTTTCC
CGAAGARAGS

_—
GT

GACACCGTCA

GAAATGGTCC
CTTTACCAGG

TCCATGTCCA
AGGTACAGGT

ATCOCTAACAA
TAGGATTGTT

GAAATGTTAA
CTTTACAATT

CTCTTAGTGG
GAGAATCACC

ATCTTGGGAA
TAGAACCCTT

CTTGTGGGAT
GAACACCCTA

TTTTCGCGTG
ARANGCOGCAC

GTAGTTCTGG
CATCAAGACC

CTTCTCAGTC
GAAGAGTCAG

TCTTAGCAGC
AGAATCGTCG

AACCACTGTG
TTGGTGACAC

TGCCCTTGGA
ACGGGAACCT

CAAGGAGCAT
GTTCCTCGTA

TGTTGGAGAT
ACAMCCTCTA

ACCAAACTCC
TGGTTTGAGG

AGGTGGGCAT
TCCACCCGTA

TATTGGTTTG

ATAACCAAAC C

SOD-F1

AAGGGGTTCC
TTOCCCAAGG

AGTGAGGGTG
TCACTCOCAC

ACTGGAMATC
TGACCTTTAG

CTGAGATCAC

GACTCTAGTG

TTAGTGGAAC
AATCACCTTG

TTGCTGGCCT
AACGACCGGA
SOD-F4

AACTGAAAAA
TTGACTTTTT

TATTCAATTC
ATAAGTTAAG

TAAGCCTGGT
ATTCGGACCA

GACACCACAR
CTGTGGTGTT

GGTGCCOCTG
CCACGGGGAC

GATGGAACTG
CTACCTTGAC

ATTGTTGGAA
TAACAACCTT

GAGCTTAGCA
CTCGAATCGT

CAAGGOQTAGR

er el o
ALE

ATGGTTGCCT
TACCAACGGA

AAGATGAGAA
TTCTACTCTT

TTAGCTTCTC
AATCGAAGAG

GGGCTGTTGT
CCCGACAACA

AATCCACTGG
TTAGGT GACC

TACTCCTTTC
ATGAGG ARAG

GCCAAGCTTT
CGGTTCGAAA

TCTGTAC
AGACATG

SOD-R1

TCTAGTOGTG
AGATCAGCAC

GAATAAACTT
CTTATT TGAA

GTCAACTGGA
CAGT TGACCT

CCGCCATGCT
GGOGGTACGA

CATTTCCGAC
GTAAAGGCTG

TGTCCATGCT

ACAGGTACGA

AAATGCTGGT

TTTACGACCA

AGCCCCTGGA
TCGGGGACCT

TTACCCCTTT
AATGGGGAAA

o
TACLACTTCC

TCTCAGGAAG
AGAGTCCTTC

CT TCATGGGT
GAAGTACCCA

CCGCATTTCA
GGCOGTAAAGT

GGTGATTTAG
CCACTAAATC

AGTCAGATCC
TCAGTCTAGG

GATCCTGATG
CTAGGACTAC

GGCOGGAGTAG
CCGCCTCATC

TTATCATGCT
AATAGTACGA

CCGTTGTTTG
GG CAACAARAC

Figure 2 - Sequence alignment and oligonucleotidic
conserved regions within SOD-coding DNA sequences.

primgesigned for delimiting highly

Chapitre IV

144



Gene isolation and transcripts abundance of the enzyme superoxide dismutase (SOD) in peanut
(Arachis hypogaea L.).

Firstly, it is noteworthy that, i) although not émded to put into evidence differences among
SOD transcripts abundance, because of the high ewurab PCR amplification cycles, ii)
although carried out on well watered plants, thaos taking into account any effect of water
stress, and iii) although in the presence of amlkegample loading, still the results in Fig. 3
reveal ample “constitutive” differences in SOD geagpression among the four peanut
landraces. Interestingly enough, SOD expressiahenfour landraces seemed to be roughly in
accordance with the ranking of their overall toler@to water stress, put into evidence by PCA.
Indeed, SOD transcripts appeared to be most abumd@® and least abundant in SEB (Fig. 3).
Further work will reveal whether contrasting SODpeession maybe associated to varying

responsiveness to water stress in the peanut leesled study.

— — 561 bp

RN RN NN

rRNA RS EE]

Figure 3 — Lower panel: gel electrophoregram showing qualdntrol and equal loading of
total RNA (3ug for each lane) extracted from the leaves of WeRHits belonging to four
peanut landraces (for landraces acronyms, seexhe Wpper panel: gel electrophoregram |of
cDNA fragments coding for superoxide dismutase iobthafter the reverse-transcription pf
total RNAs (2uL each) and their PCR-amplification (35 cycles)using the F1-R1 primers
pair shown in Fig. 5. M3, DNA marker.
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Secondly, it should be emphasised that each af@iNA amplification products shown in Fig. 3
represents the global expression of all the SODeggmesent in the peanut genome, with no
possible discrimination at the genomic, transaoipl and translational levels (see above).
Cloning of individual SOD-coding sequences isoldiganeans of the RACE approach will be

helpful in deciphering the genomic architecture DD in Arachis, in revealing which
components of its gene family are possibly involirethe response to water stress and in
evaluating whether differences exist in SOD exgiogslevels among the peanut landraces. In
such context, and as an example of the work todoeed out, Fig. 4, upper panel, shows the
alignment among a SOD-coding sequence obtained flata banks (Fig. 1) and the sequences
obtained from two of the cloned SOD fragments frthra landrace TO. As expected, a high
overall homology between the three sequences waslfalthough differences emerged at the
level of single bases. As single bases substitsititoay lead to mere cases of triplet synonymy,
or instead may give raise to translational changés the aminoacidic sequence, the three
nucleotidic sequences of Fig. 4 were translatedilioco and then aligned again (Fig. 4, lower
panel). This revealed that indeed single baseditutizns had consequences in terms of protein
secondary structure, causing substitutions in aadius. It remains to be seen whether such
changes may have in turn consequences in ternest@ry structure and of catalytic properties
of the SOD enzyme.
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4. CONCLUSION
The results pertaining to the effect of droughtstron SOD indicated how water stress regulates
the synthesis and the activity of superoxide disiseiand how these enzymes contribute to protect
against the damageable effects of superoxide dadicpeanut. Relative expression levels of SOD
increased after 25 days of drough treatment intshafoTonga (TO) landrace. On the other hand,
expression levels of SOD decreased on SEBSEB (&E8)ace after 25 days of water stress in
shoot tissues. Although in the presence of an esprable loading, still the results reveal ample
“constitutive” differences in SOD gene expressiamoag the four peanut landraces. Indeed, SOD
transcripts appeared to be most abundant in TOleasl abundant in SEB. Further work will
reveal whether contrasting SOD expression maybeciated to varying responsiveness to water
stress in the peanut landraces at study. In camukarning from biodiversity...
- With an equal loading of total RNA...
- Saturating amplification conditions (35 PCR cgdle.
-...But still strong differences in SOD transcriptsuadance among WELL-WATERED peanut
landraces....
- ...So that interesting lessons expected from cutiste and stress-inducible antioxidant status
in food legume landraces. Although it is nearly asgible to understand the whole antioxidant
mechanism of plants under environmental streskBessstudy was a step to learn about molecular
background of some antioxidant enzymes. Gene esipres profiles of CAT,
chloroplast/mitochondrial GR and chloroplast/strodiaX will be the next step of this study. By
this way, the comparison of gene expression peofiedifferent antioxidant enzymes with each
other and also with enzyme activities will improeer knowledge of molecular protection
mechanisms in peanut against drought stress.
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Agricultural, socio-economic, and cultural relevance of crop wild relatives, in
particular food legume landraces, in Northern Africa.

Au Maghreb, les légumineuses alimentaires soninéstiement cultivées pour leurs réles dans
'alimentation humaine et dans I'amélioration de fiertilité du sol. La production des
légumineuses alimentaires dans les trois pays dyhhb (Maroc, Algérie et Tunisie) demeure
largement un secteur traditionnel ou la majorité geoducteurs sont de petits exploitants
agricoles disposant d'une main d'ceuvre familiatmdante. Mais I'augmentation de la demande
intérieure et la stagnation des rendements fontlajpeoduction ne satisfait plus les besins et le
Maghreb est devenu un net importateur depuis 1979.

Les principales légumineuses alimentaires cultiaéesaghreb (Maroc, Algérie et Tunisie) sont
la féve, le pois chiche, le pois sec et la lentilles quatre espéces couvrent plus de 80% des
superficies destinées aux légumineuses alimentdXasgtres especes d'importance mineure sont
aussi cultivees (haricot, niébé, soja, arachidpinlu..). La part qu'occupent les Iégumineuses
alimentaires dans l'assolement est d'environ 3%\lgérie et en Tunisie et d'environ 6% au
Maroc. La majorité de ces légumineuses sont coasl@ih agriculture pluviale, en rotation avec
les céréales, particulierement dans les zones Mardaghreb ou la pluviométrie annuelle
dépasse 350 mm. Dans ces régions, les léguminalisemntaires occupent environ 25% des

terres cultivables.

La production de Iégumineuses alimentaires au Magbdemeure encore un secteur traditionnel
ou la majorité de producteurs sont de petits eiqité agricoles. Les techniques actuelles de
production sont caracterisées par une forte uiitisale la main d'ceuvre et de la traction animale
méme au niveau des exploitants ayant largementi@éétt mécanisé la production des
céréales. Avec I'augmentation des codts de la miaguvre, la stagnation des rendements a des
niveaux inférieurs a 1 T/ha et la forte variabilitéerannuelle des rendements, la production des
légumineuses alimentaires est devenue de moinscémsmentable en comparaison avec les

céréales cultures qui bénéficient de subvention$th.

L'opportunité d'augmenter les superficies emblavées Iégumineuses alimentaires,
particulierement aux dépens de la jachére, demeno®re une option pour augmenter la

production a court terme.
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Dans le Maghreb, la jachere occupe encore enti@ 4D % des terres cultivables. En Turquie,
laugmentation des superficies de la lentille et phis chiche, a travers une politique de
remplacement de la jachére, a été une expérieussiee L'adoption a grande échelle de la
technologie du pois chiche d'hiver est un autre enog'étendre la culture des légumineuses
alimentaires aux régions ou le systeme de cultoraimhnt est basé sur la rotation céréale-
jachére. L'augmentation de la productivité par @mie surface est une autre voie sure pour
augmenter la production. Cette option implique oelp@t un bond technologique important et
des efforts conjugués et soutenus des chercheessyulgarisateurs, des agriculteurs et des

décideurgBamoh, 1995)

En Algérie, la plupart des terres cultivées sotiegis sous des climats arides ou semi-arides, ou
les contraintes climatiques contribuent a la fiagtlon du milieu et constituent de ce fait une
contrainte majeure a la mise en place et la coadlgs cultures. Le choix des espéces et des
techniques culturales doit impérativement tenir ptande cette sensibilité particuliere et
promouvoir les pratiques adaptées qui préservaredjrité des agrosystemes et favorisent le
développement durable des productions végétaledétieit hydrique, la salinité et la déficience
en éléments minéreux des sols sont parmi les pangifacteurs limitants la production agricole

en Algérie.
Pour contournée ces contraines, des solutiongpsopbsées a savoir:

1- La valorisation et I'exploitation des associati@ysnbiotiques fixatrices d'azote dans les
zones arides qui sont soumises encore plus auxjehsnts climatiques;

2- Indiquation d'une approche intégrative associantensemble de disciplines (biologie,
physiologie, écophysiologie, agronomie, sciencené@miques et sociales) et
participative avec les agriculteurs en zones déreéte afin de cerner tous les facteurs
gui seront mis en jeu ;

3- La proposition des rotations ou associations calesr qui exploitent au mieux les
benefices ecologiques des légumineuses. Cette diéenabéit a quatre hypothéses: i)
I'azote fixé par les légumineuses contribue a émrie sol en azote ; ii) il augmente la
nutrition azotée et les rendements des cultureseslant aux légumineuses ; iii) il réduit

I'utilisation de I'engrais azoté par les culturessedant aux légumineuses ; iv) les
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légumineuses améliorent a long terme les propripl§sico-chimiques et biologiques

des sols ;

4- L'intensification écologique des agro-systemeseoffilus de garanties pour preserver
I'environnement et contribuer a la durabilité degrogystemes. L’introduction des
légumineuses fixatrices d’azote dans les systeraesuliures céréalieres peut dans une
certaine mesure améliorer durablement la produétide ce systeme tout en réduisant
I'utilisation des engrais azotés et phosphatésoresables des pollutions du milieu.

Donc, il convient en premier lieu de choisir lepéxes ou les variétés cultivées qui s’adaptent le
mieux aux conditions écologiques locales. Ce clsgixbase sur I'exploitation des ressources
génetiques disponible a partir d’'une collectioniétale représentative qui constitue dés lors un
préalable indispensable a la sélection variétad&@atiira ensuite de séléctionner les especes et les
varietés qui s’'adaptent au mieux aux conditionmaliques et edaphiques propres a chaque

région.

Dans ce chapitre, nous avons jugé utile et intaréste montrer le réle important que présentent
les deux especes de Iégumineuses alimentaireso& $avachide Arachis hypogaed..) et le
niébé Yigna unguiculata subsp. unguiculai@.) Walp) dans le développement agricole
durable, en particulier dans les pays du Maghréésetégions sub-sahariennes, ou la sécheresse

et la salinité limitent souvent leur production.

Les projets en cours en Algérie ont pour objectiés définir une stratégidynamique de
conservation et une exploitation raisonnée de \ardité génétique a travers les populations
locales de légumineuses alimentaires collectéeééchedlle nationale. Les principaux résultats
présentés concernent la prospection, la collecks einservation des populations locales et des
eécotypes de légumineuses alimentaires, feves, @uhes, niébé, arachide et les souches
rhizobiennes qui leur sont associées. Le comporiehe I'association plante-rhizobium sous
stress abiotiques tels que le stress hydriquesttdss salin est abordé dans ce chapitre.

Malgré les efforts des chercheurs, I'arachide atiébé restent trés peu étudiés en Algérie. La
conservation et la valorisation de ces deux espéee®nt donc urgente. L'identification des
sites de culture traditionnelle de cette espéceiesygar des missions de prospections et de

collectes semblent indispensables pour I'établiesgrde collections des populations d’arachide
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et de niébé cultivées en Algérie, ainsi que leoisavfaires populaires qui leur sont associés ,
avant leur complete disparitioha préservation de ce patrimoine local nécessisiaune

connaissance approfondie de sa diversité et decaexctéristiques. L’évaluation de ces
collections permettra I'établissement d’'une baseddenées et I'identification de populations
présentant un intérét certain pour le développerdertt de ces espéeces et leur utilisation

future dans des programmes de création variétale.

L’ensemble des résultats obtenus fait I'objet deétiaction d’'un chapitre intitulé: « Agricultural,
socio-economic, and cultural relevance of crop wiedatives, in particular food legume
landraces, in Northern Africa » publié dans lerdiwc Water Stress and Crop Plants: A

Sustainable Approach, 2 » qui est accepté en 28dl%dition John Wiley & Sons Ltd.
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Abstract

Food legumes, such as cowpeégha unguiculatasubsp.unguiculata(L.) Walp.], and
peanut Arachis hypogaed..) are important crops in developing countriestiod tropics and
subtropics, especially in sub-Saharan Africa, Aared Central and South America, and in some
temperate areas, including the Mediterranean regmointhe southern states of the USA. Cowpea
and peanut seeds possess high nutritive valueplemes are well adapted to grow under high
temperature, drought and low soil fertility owing their nitrogen fixation ability and their
potential to form effective symbiotic associatidrherefore, cowpea and peanut can play an
important role in sustainable agricultural develemty particularly in the Maghreb and sub-
Saharan regions, where drought and salinity fretydimit crop production. Here, ongoing
projects launched in recent years are describedsahims are to define a dynamic conservation
strategy and a reasoned exploitation of the geudetersity embedded in food legume landraces
collected across the Algerian territory. The mamsults are presented concerning the
prospection, collection and conservation of locapydations and ecotypes of food legumes,
broad bean, chickpea, cowpea and peanut - andbduierial strains associated with them, the
behaviour of plant-rhizobia systems in front of @raand salt stress, and the development of

screening test to identify drought/salinity toldérassociations.
Keywords
Food legumes; cowpea/igna unguiculatasubsp.unguiculata (L.) Walp.; peanut;Arachis

hypogaed..; drought; salinity; landraces; sustainable agtioe.
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1. INTRODUCTION

Legumes, apart from serving as food, offer a varadtother uses including their ability to
harbour nitrogen fixing bacteria and serve as granure crops to improve soil fertility and soll
organic matter content.

Nitrogen is an essential element for plant growtth development and a major constraint for
productive agriculture. Most studies indicate thiétogen fertilizers contribute to resolving the
challenge the world is facing, i.e. feeding the hunpopulation. The Green Revolution was
accompanied by an enormous increase in the agplicat nitrogen fertilizer. Nitrogen fixation
into living organisms across the world is estimaae®50 million Mg per year, of which 60%
comes from BNF, 10% from the atmospheric eventsthademaining 30% enters the biota in
the form of chemical fertilizers.

Biological Nitrogen Fixation (BNF) is regarded aaimfactor for sustainable agriculture and
indispensable for maintaining soil fertility. Resga on microorganisms and plants able to fix
nitrogen contribute largely to the production ab{fertilizers. Thus, it is important to ensure that
BNF research and development will take into accdbatneeds of farmers in the developing
countries mainly.

On agronomic plan, the Nixing symbiosis legume-rhizobia are a major obiadje for
agriculture (Commissariat Général au Développement Durabl€GDD, Point No. 40,
January 2010) The CGDD believes that the increasing legumeiwatlon from 4% to 7% of
the arable land in France would save about 10% iotral fertilizers and reduce greenhouse
gases emissions by about 1.8 Tg,@&Qq.(CGDD, Studies and Documents No. 15, December
2009) The nitrogen-fixing symbiotic associations "legurhe&obia"™ are major objective for
sustainable agriculture, paving way towards therefsed application of synthetic nitrogen
fertilizer inputs and consequently resulting in eduction of environmental pollution and
greenhouse gas emission associated with them. shimbiosis is especially important as it
concurs to all development strategies and leadsustainable environment. In legumes, the
nitrogen reduction occurs in nodules, root orgahgn& rhizobia, nitrogen-fixing bacteria live.
These bacteria live in symbiosis with legumes amdadle to reduce Ntlo NH; by an enzyme
called nitrogenase. As nitrogen fixation leads ttearease in soil pH, the resulting acidification
increases phosphorus availabilig@ldroyd et al, 2005) Nitrogen fixation requires ample
energy surplus and is found susceptible to extemmakonmental factors.
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The diverse kinds of stress like drought, salimityl mineral deficiencies affect its mechanism at
the level of nodules in the host plant.

In Algeria, the most cultivated land are locatedamd and semi-arid areas where climatic
constraints contribute to the fragility of the emviment and thus constitute a major constraint to
the development and conduct of cultures. The chofigpecies and cultivation techniques must
take into account the particular sensitivity andrpote appropriate practices that maintain the
integrity of agro ecosystems and promote sustaenabbp production. The answer to this
requirement can be provided by the developmentogedation of the nitrogen-fixing symbiotic
associations in these arid areas, which are ghjested to climate change.

From year to year, reports of the IntergovernmeR&hel on Climate Chand&CC), in
fact, forecast additional increases of drought ffoatl episodes, which could disrupt production
systemgwww.ipcc.ch / home_langage_main_french.shtml'he Institutes of the Consultative
Group on International Agricultural Resear@@GIAR) are currently working on methods to
make crops more resistant to changes in their emvient.(http://www.scidev.net)

Algeria is characterized by enormous contrastd) bogeographical and ecological farming
practices. Water deficits, salinity, deficiencyafneral elements in soils, are among the main
factors limiting agricultural production. Circumven of these factors ensures ecological
intensification of agricultural systems and offerere promise to preserve the environment and
contribute to sustainable agro-system. The intrbdacof nitrogen fixing legumes in cereal
cropping systems can to some extent improve th@isable productivity of the system while
reducing the use of nitrogen and phosphate festdizresponsible for pollution of the
environment.

As a general strategy, it is first necessary tectedpecies or varieties that are best adapted to
local ecological conditions. This choice is basadlee utilization of genetic resources available
from a representative varietal collection whiclnidispensable for varietal selection. This could
assist in the selection of species and varietias bietter adapt to the edaphic and climatic
conditions of each region. For this, an integratip@roach an integrative approach combining a
range of disciplines (biology, physiology, eco-pby®gy, agronomy, economics and social
sciences), along with active participation of farsnén reference areas, could facilitate the
identification of all the factors that will be inl@d. The aim is to provide cultural rotations or
associations that maximize the ecological profitdegumes. This approach is based on four

assumptions: i) the nitrogen fixed by legumes h&psnrich the soil with nitrogen, ii) it
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increases the nitrogen nutrition and crop yieldthefcultures which succeed the legumes iii)
it reduces the use of nitrogen fertilizer by crgpsceeding the legume; iv) legumes acts a long-
term improvement of physico-chemical and biologalperties of soils.

Legume crop faces several constraints includingdinsoil availability of phosphorus. Such
an intricacy is complicated further when legumesfquen symbiotic fixation of nitrogen
(Hernandez et al, 2007) Phosphorus content of the nodules is also mughehithan in other
plant organgVadez, 1996) Symbiotic fixation of nitrogen, which is usualaccompanied by
acidification of the rhizosphere, normally resuitts significant increase in the bioavailability of
phosphorugBehi, 2003) This effect is explained by the major role playsdnitrogen in the
balance of cations and anions taken up by the @ladf ultimately, in changing the pH of the
rhizosphere following extrusion of protons to comgege for the excess of cations in the balance
sheet(Hisinger et al, 2003) By using N instead of N@, legumes can acidify their rhizosphere
further, resulting in an increase in the bioavaligbof P (Alkama et al, 2009) Indeed there is
a close link between phosphate nutrition and né@rodixation in the energy-intensive

metabolism of the nodules.

2. BIOLOGICAL NITROGEN FIXATION AND ITS IMPORTANCE FOR
SUSTAINABLE AGRICULTURE
2.1 Biological nitrogen fixation

Nitrogen was discovered Hyaniel Rutherford in 1772 It was found to be so inert that
Antoine Lavoisier named itdzot&, meaning “without life”. Dinitrogen (M) has a triple bond
and does not readily accept or donate electronsa gas or liquid, nitrogen is colourless and
odourless. Two allotropic forms of solid nitrogexist, with the transition from the to thef
form taking place at —23«C. Similarly to many other elements, the N cycla ba summarized
as a transfer among its inorganic forms. Certaicroorganisms have the ability to use a
renewable source of energy to fix atmospheric némnofconstituting 78% of air) under mild
conditions, such as normal temperature and presNitregen fixation is a key process in which
molecular nitrogen is reduced to form ammonia, Whscthen used by autotrophic organisms for
the synthesis of many bioorganic compounds. Biakalty-fixed nitrogen could be directly
“absorbed” by plants and keep the environment arhogouched”. Crop rotation with legumes
has been recognized to increase soil fertility agdcultural productivity since ancient China
and Rome.
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However, the science behind such practice wasawatated until Boussingault experimented
with N»-fixing leguminous crops i1838; Hellriegel and Wilfarth brought conclusive evidence
for N fixation by microbes in legumes in 1886. Annuadlpproximately 250 Tg Nilare fixed
from the atmosphere by BNF (by legumes and cyarnebaf and approximately 80 Tg Nldre
manufactured by ammonia industry. All plants neeldtively large amounts of N for proper
growth and development. Only a selected group antglis able to obtain N this way, with the
help of soil microorganisms. Among forage plantg, group of plants known as legumes (plants
in the botanical family Fabaceae) are well knownkfeing able to obtain N from atmospheric
No.

In agricultural settings, perhaps 79% of this bijidally fixed N, comes from symbioses
involving leguminous plants and bacteria of the ilgrRhizobiaceae. The family Rhizobiaceae
currently includes six generaRhizobium Ensifer (Sinorhizobiunp Mesorhizobium,
Allorhizobium, AzorhizobiuprandBradyrhizobiumwhich are collectively referred to as rhizobia
(Van Berkum et Eardly 1998) In recent years, however othesproteobacteria have been
shown to produce nodules in legum@soullin et al, 2002) Methylobacterium(Sy et al,
2001) BlastobacterVan Berkun et Eardly, 2002) andDevosia(Rivas et al, 2002)as well as
B- proteobacteria such @&alstonia(Chen et al, 2001)andBurkholderia(Chen et al, 2003)
Nodulation is a highly host-specific interaction which, with few exceptions, specific
rhizobacterial strains infect a limited range oérgl hosts. Plants secrete flavonoids that are
recognized by the compatible bacteria, resultinghi induction of nodulation genes. These
nodulation genes encode enzymes that synthesipedis lipochitin nodulation signal (Nod
signal), which activates many of the early eventthie root hair infection proce¢®Ildroyd et
al., 2005)

Nitrogen fixation by legumes can also maintain deitility and can be of benefit to the
following crop. Legumes have considerable potemtiarop rotations in sustainable agricultural
systems in maintaining soil fertility and thus reshg the need for nitrogen fertilizer. Reduced
use of nitrogen fertilizer can decrease nitratecHe®y from soils and so can reduce
eutrophication, which is a major environmental peab worldwide (Date, 1996) The
agronomic implications of this symbiosis have préedaresearch on biological nitrogen fixation
and on the characterization of rhizolfieerndndez-Pascuakt al. 2007)as well as success in
constructing better inoculants. For inoculantisinains need to be improved in order to compete

successfully with indigenous strains for root nadioin of legumes. Several loci have been
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identified to date that affect competitivenessdains nodule habitation. Usually, mutations
in these loci affect the ability of a strain tofonodules rapidly and efficiently. Other loci, such
as those that confer antibiotic production, candoeed to strains to enhance nodulation
competitiveness when co-inoculated with antibisgnsitive strains. Second, the inoculum
strains must be improved with respect to symbiniitogen fixation(Maier et Triplett 1996).
Several environmental conditions are limiting fastto the growth and activity of the,ffixing
plants. A principle of limiting factors states tlitite level of crop production cannot be higher

than that allowed by the maximum limiting facto(Brockwell et al, 1995) In the
Rhizobiurlegume symbiosis, the process of fikation is strongly related to the physiological
state of the host plarfHaldar et Sengupta, 2015) Therefore, a competitive and persistent
rhizobacterial strain is not expected to expres$uil capacity for N fixation if limiting factors
(e.g., salinity, unfavourable soil pH, nutrientidefncy, mineral toxicity, temperature extremes,
insufficient or excessive soil moisture, inadequattetosynthesis, plant diseases, and grazing)
impose limitations on the vigor of the host legufBeockwell et al, 1995; Thieset al,, 1995)

2.2 The issue of sustainability in agriculture

Sustainability is defined as ‘the successful mamage of resources to satisfy changing
human needs while maintaining or enhancing theityuaf the environment and conserving
resources(TAC-CGIAR, 1988). Economists measure sustainability as the ratioutput to
input, taking into account stock depletion. Stodksagriculture include soil, water, non-
renewable energy resources, and environmental tquallodern agriculture is based on
maximum output in the short term, with inadequateoern for input efficiency or stock
maintenance. Nitrogen fertilizer ranks first amahg external inputs to maximize output in
agriculture. Input efficiency of N fertilizer is erof the lowest among the plant nutrients and, in
turn, contributes substantially to environmentdlyimn. The continued and unabated use of N
fertilizers would further accelerate depletion tdcks of non-renewable energy resources used
in fertilizer production. The removal of large qtides of crop produce from the land
additionally depletes soil of its native N reserv@s the other hand, nitrogen input through BNF
can help maintain soil N reserves as well as dwitstfor N fertilizer to attain large crop yields
(Peoples et Craswell, 1992)
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2.3 Production sustainability and environmental qudity

The external costs of environmental degradation haothan health far exceed economic
concerns. Nitrate in groundwater is a major headtincern in the corn belt of the U.S., and other
intensively cultivated areas. Nitrogen in run- affd surface waters has led to extensive pollution
and eutrophication of rivers and lakes. The gasemxides of nitrogen, derived from N
fertilizers, are highly reactive and pose a thtedhe stability of the ozone layer.

Long-term sustainability of agricultural systemssntely, as much as possible, on use and
effective management of internal resources. Nitnelipang plants offer an economically
attractive and ecologically sound mean for redu@rternal inputs and improving the quality
and quantity of internal resources. Biological Mafion can be a major source of N In
agriculture when symbiotic Nfixing systems are used; the amount of N inpueforted to be
as high as 360 kg N HaOn the other hand, the nitrogen contributionsnfrno symbiotic
(associative and free-living) microorganisms arkatieely minor, thus requiring fertilizer N
supplementation. Among symbiotic, Nfixing systems, nodulated legumes have been used
cropping systems for centuries. They can serveituddt of purposes in sustainable agriculture.

They are used as primary sources of food, fuebrfdnd fertilizer, or, secondarily, to enrich
the soil, preserve moisture and prevent soil erosibiey can also be used for windbreak, ground
cover, trellis, hedgerow and shade, or as a sanfrcesins, gums, dyes and oils. Some of the
most ornamental flowering plants in the tropics &gumes. Some of the nodulated non-
legumes, notably species Ghsuarina,are hardy nitrogen-fixing plants, which producehaig
quality fuel wood in marginal lands, and have ab®®n used for stabilizing sand dunes and
eroding hillsides, as well as for reclaiming maasils affected by fluctuating brackish/fresh
water. The trees are useful for shade, windbreaéihadges.

In the humid uplands, where Ultisols and Oxisoledominate on all three tropical
continents, severe acidity and P deficiency areadteristic probleméSanchez, 1980; Let al,
2015) Unless they can be alleviated through soil amation with external nutrient sources,
production of conventional grain legumes is notofaed. The contribution of BNF on these
soils is also hampered by the fact that nitrogesftesn not the primary limiting nutrient.

The approach of developing unconventional BNF systéor the domain of strongly acidic
soils is now receiving remarkable attentigkrunachalam et Kannan, 2013) For sustaining
intensive production, particular emphasis is dedcto BNF in alley-cropping systems using

leguminous trees or forag@sang, 1990) For fallow-rotation systems, which occupy vastaa;
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managed fallows of leguminous cover crops are belageloped. Until recently, little
research attention has been devoted to thesegasctin the wetland rice production systems of
the humid tropics, both leguminous green manuresgaain legumes have traditionally played a
critically important BNF rolgKing, 1911) The contribution of both declined in recent dexsad
as fertilizer-N use became widespread.

Research is developing new species to better éxghleiavailable cropping-system niches.
One striking example is the introduction of stendulating green manure specigsdha et al,
1992) that are better adapted to waterlogged conditidtmwever, the typical agronomic
constraints common to all green manures remain casalaobstructions to implementation
(Garrity, 1990). AlthoughAzollais a potential BNF system for wetlands, the tetby suffers
from many farm-level constraints which limit anydespread use by farmers. Major constraints
are: difficulty in maintaining and distributing ioola round the year and susceptibility to insects
and diseases. In the semi-arid tropics legumespycaunore important role than in the humid
tropics (Willey, 1979) They are commonly intercropped with ceregfsijita et al, 1992)
pigeon peas with sorghum in India, cowpeas withglsom or maize in West Africa. The
superiority of legume cereal intercropping is vestablished for these long-duration annual crop
associations. However, the long-term viability loé$e systems is still uncertain, unless they can
be more effectively subjected to sustained impraamin agronomic efficiency.

In the temperate zone, legume oilseeds, partigusolybeangKeyser et Li, 1992)and
forages(Ledgard et Steele, 1992are of major importance. Intensive agronomic reseaas
assured their products as valuable commodities.edevy their indirect role as BNF suppliers to
subsequent crops in rotations, although readilggeed by farmers, is reduced in practice. This
occurs because of the lack of dependable quawmgtatieasures of the actual N contribution,
season by season, at the field level. Consequdatiyers usually ignore the contribution of the
prior legume N when they calculate N fertilizer bggtions to the subsequent cereal. Unless
better tools to estimate legume N contributions eséablished, legumes may be found to
inadvertently accelerate nitrate leaching into tgeoundwater, thus creating negative

environmental consequences.

2.4 Socio-cultural constraints
It is important to emphasize that the constraiatéutler adoption of BNF technologies are
not exclusively scientific but include cultural, wsgtional, economic and political factors. A

successful BNF-based program should be inculcateddition to scientific research, efforts in
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training, education, outreach and technical assista Evaluations of socio—economical
constraints are needed to publicize the benefitBNF technology and provide caution about
potential difficulties, facilitating their removalr circumvention. Most farmers in developing
countries do not know that legumes fix nitrogemheir root nodules. Yet traditional and modern
farming systems of the tropics almost invariablgiuidle legumes.

The legume cultivation results from recognitionfagmers over many centuries that legumes
are valuable components in farming systems, rathan from intentional exploitation of
biological nitrogen fixation per se. The task diming and educating persons to deliver BNF
information and material has also been made diffizy the critical shortage of specialists with
knowledge and interest in practical and applieceetspof the technology. The mass evacuation
of microbiologists and plant biologists from apgliBNF to molecular biology and genetics has
created a serious void in programs addressing B&#es of sustainable agriculture systems in

developing countries.

National and international subsidies for nitrogeriifizers, in both developed and developing
countries have been a disincentive for farmerss® BNF products. However, as national debt
rises and subsidies are phased out, BNF becomesattaactive and acceptable. Donor agencies
should exercise more to educate and train in-cgupéarsonnel to be able to respond to
increasing demands for BNF, as sustainability andirenmental issues demand biological
alternatives to the use of industrial fertilize@sop subsidies and support programs are, in some
countries, limited to cereal crops. The United &at a major example. This situation distorts
the entire agricultural system. It provides a dadancentive to abandon legume-cereal crop
rotations in favour of cereal mono-cropping. In ©wies where virtually no differential crop
support is practiced, for example in Australia, lexption of cereal-legume systems is a

dominant feature of agriculture.

3. RELEVANCE OF FOOD LEGUMES IN NORTHERN AFRICA

Food legume crops play an increasing role in fagrsgstems for North Africa, with the
emphasis on development of sustainable agriculpn@duction. This requires an increased use
of legumes in cereal farming systems becauseefdacement of a fallow phase in rotation by
legumes reduces the hazard of soil erosion by @muyi protective ground cover and
indispensable farm income during critical periofisereal crop in a legume rotation develops a
deeper root system than with continuous cerealausecof better soil physical conditions and is
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thus better able to exploit soil water and nutsewntthin the soil profilgJongrungklang et
al., 2012; Lynch et Brown, 2012) (b) the total influx of N into the system is haghwith a
legume incorporated in the rotation as comparedet@al-fallow rotation. Considerable soil
nitrogen savings are achieved compared to contgugeteal; and (c) rotation with legumes will
reduce the build-up of noxious weeds, insects,patkdogens of cereals. This increased emphasis
on sustainable agricultural production systems witate an expanding demand on genetic
resources of existing legume species; and genaregguirement for additional legume species
to be brought into agricultural productigAcikgoz, 1988; Browning, 1962; Durutanet al,
1988; Stinneret al, 1992)The important food legume crops of the North Adriegion are faba
bean Vicia fabalL.), chickpea Cicer arietinum L), and lentil Lens culinarisMedik.). The
majority of the production of faba bean is in Eggpid Morocco. The International Center for
Agricultural Research in the Dry Areas (ICARDA) wasthorized to maintain germplasm
collections for lentil, faba bean, vetcli¢ia spp) and chickling vetch L@thyrus spp.
Furthermore, ICARDA allocates the authorization foaintaining a germplasm collection of
chickpea with the International Crops Researchtinstfor the Semi-Arid Tropics (ICRISAT),

India, and ICARDA, maintaining a large collectiohkabuli chickpea germplasm. For lentil
and chickpea, collections are also maintained efwifid relatives and progenitor species. For
crop improvement, ICARDA has a global authority fentil, a regional authorization for forage
legumes, and an allocated authorizer with ICRIS&ifthprovement of kabuli chickpea. Abiotic
stresses are a major constraint to the productidocal legumes in North Africa. These crops
are subjected to extremes of temperature, both aotil heat, and moisture supply and to
deficiency or toxicity of mineral nutrients in trsmil (Saxena, 1993)The other major set of
constraints to production of these species arechstrtesses, including those caused by parasitic
Orobanchespp. weeds, ascochyta blight, botrytis for fabanbevilts for lentil and chickpea, and
nematodes(Singh et Saxena, 1993)Constraints to productivity also include agronomi
problems of pod shedding, pod shattering, lodgargl spreading growth habit with lentil and
the inability to set seed without bee pollinationthe case of faba bean. Other constraints to the

use of these crops include nutritional concerngpfotein content.

4. FOOD LEGUMES OF THE ALGERIAN MAGHREB
In order of importance, food legumes grown in tHgedian Maghreb are mainly faba bean
and chickpea, representing respectively 51.68%38%R% of the total. The rest is divided in
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order of importance by the peas, lentils and beasgle from the chickpea, which is grown
for its dry grain, the other legumes are widelydidéood legumes are very little cultivated in
Algeria, despite their agronomic benefit. They esnt only 1% of the total arable land and 2%
of the cultivated area for cereals. Depending anrdgion, they are either integrated into the
culture grain, or they are grown in kitchen garétendaily food requirements and for the sale in
the local market. They are an important sourceroffign, as an alternative to animal protein, and
thus occupy a place in significant food for a lasggment of the Algerian population, whose
diet is based exclusively on cereals. In the agroalan, they share the ground with fallow, as
they help to improve the structure and fertility ®dils. Despite its advantages, domestic
production covers annually from 20 to 40% of neeattpending on the years, so that Algeria
relies on imports to compensate for the massivieitleivhose bill exceeds an annual average of
100 million dollars. Therefore, the recovery of uege crops and food is required to be
undertaken to improve the performance of thesei@gtand respond to the socio economic food
security(Abraham et al, 2014)

Significant variations characterize the area ofdféegumes in Algeria, which passed from
77,510 ha in 1998 to 261,490 ha in 2000 and deedeastil 62,166 ha in 2002. Since then, a
slight inflation reached 87,286 ha in 2011. Howevke western region is characterized by a
relatively stable area from 43,500 ha in 1998 t®%49 ha in 201{INRAA, 2012). For the west,
it seems that the trend is less pronounced anagerkas remained fairly stable ranging from
43,540 ha in 1998 to 38,177 ha in 2008. Since thdnllowed the same trend as the national
production, with a slow but steady increase to eas 49,580 ha in 2011. This stability was
explained by anchoring important legume crop in titaglitions of the western region of the
country. However, it should be noted that the ahobange in the same area to the west is a
function of several factors, the most significaeiny rainfall and the availability of seeds.

Changes in domestic production are saw tooth-shaetlvaries from 450,000 Mg in 1998,
to fall by half (218,000 Mg in 2000) and back to878L0 Mg in 2011. The Western Region
follows the trend, with nearly 190,000 Mg produaed 998, cut down by half in 2000 and rising
again to 398,344 Mg in 2011. This is also illustthby the observed variation in yield over the
past 13 years, both nationally and across the westgion of the CountrfiINRAA, 2012).

Yields in the West for all species by districivlaya’) vary from 0.2 to 8 Mg ha The
wilayateswere the highest yields are recorded are: Chleli, Belabbes and Relizane; lowest
yields are recorded in Saida, Tissemssilt and TidNRAA,2012). Yields vary from 0.7 Mg
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ha' for Sidi Bel Abbes to only 0.15 Mg Hafor the province of Tiaret. The average yield of
the species is 0.44 Mg hdor the region and 0.56 Mg Hdor the Country. Pea is the cultivable
crop most widely practiced in the Western area® most productive areas are Tlemecen, Ain
Temouchent, Mostaganem and Mascara. The performacitieved for eackilaya for peas
varies from 0.59 to 0.13 Mg HaThe best yields are obtained in Chlef and Masaaith 0.59
and 0.55 Mg ha-1, respectively.

5. PROSPECTION, COLLECTION AND TAXONOMY OF FOOD LEG UMES
BIODIVERSITY (PLANT POPULATION AND RHIZOBACTERIAL S TRAINS) IN
NORTHERN AFRICA

5.1 Aims and criteria

Food legumes, such as cowpeégha unguiculatasubsp.unguiculata(L.) Walp.], and
peanut Arachis hypogaed.) are important crops in developing countries loé tropics and
subtropics, especially in sub-Saharan Africa, Aara] Central and South Ameri¢aingh et al,
1997) and in some temperate areas, including the Meditean region and the southern states
of the USA(Pasquet, 200Q) Cowpea and peanut seeds possess high nutritive (Ehlers et
Hall, 1997; Marqueset al, 2015)) The plants are well adapted to grow under highperature
and drought(Hall et Patel, 1985)and tolerate low soil fertility due to their highte of BNF
(Eloward et Hall, 1987)and ability to form effective symbiotic mycorrhe@&wapata et Hall,
1985; llyas et Sopian, 2013; Hameeet al, 2014) Therefore, cowpea and peanut can play an
important role in agricultural development, partaly in the Maghreb and sub-Saharan regions,
where drought and salinity frequently limit croppguction.

In Afro-Mediterranean Countries, despite of thereguic and cultural importance of the
above legumes, which are consumed not only as ecesaf food, but often used for their
therapeutic properties, both plant material andivation practices are neither uniform nor
standardized. Instead, their cultivation is ofteasdrl on landraces, each of which occupies
relatively few hectares. Traditional farmers in maareas, whether by choice or by need,
conserve and develop local phytogenetic resourggsdserving landraces and associated local
knowledge. Although not desirable in terms of yialttl yield stability over time, and hence of
food availability and farmers’ income, such a riebs in biodiversity, arisen long since under the
constant adaptive pressure of a challenging enwiem, can be regarded as a formidable genetic
reservoir for the isolation and multidisciplinargazacterization of useful traits to improve, both

on a local basis and on a wider scale, e.g. Meaditean, drought and salt stress tolerance in the
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present era of climate chang@vuning et Rozema, 2013; Kudapaet al, 2013; Lucaset
al., 2013; Singhet al,, 2014)

An ongoing project launched in recent years by Allgerian Ecole Nationale Supérieure
Agronomique(ENSA), “Amélioration des Iégumineuses alimentaires pouplérance au stress
hydriqué, aims at defining a dynamic conservation stratagy a reasoned exploitation of the
genetic diversity embedded in food legume landram#kected across the Algerian territory
(Ghalmi et al, 2010)

ENSA Project activities are:

» Prospection, collection and conservation of locapuyations and ecotypes of food
legumes broad bean, chickpea, cowpea and peamdt rh@&zobacterial strains associated with

them;

» Studying the behaviour of plant-rhizobia system&amt of water stress, under controlled

conditions;

» Developing a screening test and identifying droughgrant associationd®ungulani et
al., 2012)

» cultivating the plant-rhizobia selections in a giified production system (legume-wheat)

in the reference area.

5.2 Collecting seeds of local ecotypes of cowpedtimated in Algeria

In Algeria, ecotypes of cowpea were maintainecemate areas (mountains of Kabylia, oasis
of the Sahara, the coast of El Kala). This speisiesed in traditional cooking in some regions,
where it is sometimes credited with therapeutigprtes. It is cultivated on small scales, often
under gardening which can cause long-term extinctlamcal ecotypes of cowpea, probably
introduced from the East Africa (the centre of origf this species), were maintained for several
centuries in spatially diversified ecological cdrahs, which allowed them to accumulate a large
genetic diversity still poorly studied. Despite thiorts of researchers, such a resource remains
scarcely studied in Algeria and is still under-exg@d by local populations. Conservation and
recovery of this species has become urgent.

The present study is a modest contribution to previwork(e.g.Gronemeyeret al, 2014;

Pandeyet al, 2014)by expanding the prospection in cowpea cultivaiones not yet explored
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i.e. Northern Algeria (Kabylia, El Kala) and Oasisthe South, by collecting a maximum of
existing variability for building a collection ofcetypes grown in Algeria. From the information
gained during preliminary investigations, estatdstwith agricultural authorities in different
regions, the sites of cowpea cultivation in Algehave been identified, and several sites of
traditional culture of this species have been leddbhroughout the Country (Figure 1).

To collect the existing variability, several ex@tory missions and collections took place
throughout the above regions, characterized bygh hgro-ecological diversity. A total of 67
sites were prospected and 122 cowpea accessiomsctedl Collecting missions were
programmed on August and October 2003 in El Katporein October 2003 in the region of
Touat, in April 2004 in the region of Gourara ahd valley of M'zab, in June 2004 in the region
of Bejaia, in September 2004 the region of Tizi-Quzin February 2005 in the region of
Bechar, in April 2005 in the region of Djanet andMiarch 2006 in the region of Tidikelt.

Farms, whatever their size, usually have a vegetgéiden and an attic or storage area of the
seeds. Seed lots were collected from the gardémeaaittic by assigning a record of information
for each batch. Samples were taken wherever theepece of local ecotypes of cowpea was
indicated, avoiding the border zones. The sampleided 40 plants per ecotype. In storage bags,
the choice of 40 cloves or 400 seeds per samplenaae at random. Each sample was followed
by an interview with the farmer who supplied thenpées. Information on the names of the
farmer, the variety, the location of the villagee torigin of the seeds, growing techniques, pest
attacks and usual practices related to cowpea walected for each sample. Collected seeds

were dried and stored in a cold room (4 ° C).
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Figure 1 - Map showing traditional areas of the culture@ivpea in Algeria.

a. For a preliminary characterization of accessiondlected, qualitative and
guantitative characters of the seed, commonly usedescribe cultivars and
cultigroups of cowpea, were selected. They werectileur, shape, texture and
length of the seed, as well as the colour of the (@hich is the area most often

colourful, located around the hilum), seed, andyiveof hundred seeds (Table 1).
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The measurements were conducted with 50 seedscpession.The data were
processed by different methods of statistical aiglyMultivariate analyzes were
performed with SAS softwar&SAS 8 for Windows, 2001)

Table 1- Main morphological characteristics in seeds ofekign cowpea landraces.

Descriptors

Seed color (SC)1 white, 2 cream, beige, brown 3, 4 brown 5 browhew, olive-brown 6
7Black and white Holstein, 8 black, 9 red, 10 spedideige

Eye color (EC):0 absent, 1 brown, 2 brown wide, 3 black.

Form (FS): 1 kidney, 2 Egg, 3 Round, 4 globular Rhomboid 5

Texture (TS):1 smooth, 2 smooth to rough, 3 rough to wrinkéedjrinkled.

Weight of hundred of seeds (mg) (WhHSveight of hundreds of seeds in g.

Class 1:.<7.92 g, Class 2 :7,92-9, 21 g, Class 3 :9,2148¢g, :10,68 Class 4-17, 55 g,
Class 5:17.55 to 25.66 g, Class 6 :> 25.66 g.

Length of the seed (cm) (DSmeasure of mature seeds.

Class 1:<7 mm, Class 2:7, 1-8, 6 mm, and class3:8, 64019, Classe4 :> 9.9 mm.

Each cowpea accession bore information about itgyrg@hical coordinates (altitude, latitude
and longitude). This information was used to depetoaps of geographical distribution of

samples, by using the software DIVA-GIS 2#jmans et al, 2002) DIVA software allowed to

visualize the spatial distribution of the 122 astess of cowpea analyzed in this study (Figure

2). Accessions are distributed in the north andhm south of Algeria. In Fig. 2, each point
represents where an accession of cowpea was fonddsampled for banking oéx situ

conservation.
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NATD1

Figure 2 - Geographical distribution of different ecotypescofvpea cultivated in Algeria.

Multiple Correspondence Analysis (MCA) yielded aapgnical view of the structure of
cowpea accessions collected in Algeria (FigureXBily the first three axes accounted for nearly
65.26% of the variability expressed. Axis 1 opposgetoriginal seed forms found in the oasis of
the Sahara to those found in the North of the Qgumtith some exceptions: indeed, “black-
eye/cream-colour” seeds collected in the South (FARKAT9 and NB13) were found to group
with the northern forms and shapes collected inrdgon of Djanet (ND1, ND6, ND3 and
ND7), exhibiting features which can be comparedtioer seed forms found in Sahara. By
looking at the distribution of the variables alaifg same axis, it is found that Axis 1 opposes
the “black-eye/cream-colour” seeds to seed exhipitilack, brown or beige-brown colours.

Axis 2 isolates seed accessions “black-eye/credoucofrom the Kabylia region from the
accessions bearing these same features collectine iBl Kala region. It also isolates “black-
eye/cream-colour” seeds, identified mainly in Ella&afrom “brown-eye/cream-colour’seeds,

collected in this same region.
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By looking at the distribution of the variables tiis same axis, an opposition can be seen
among the seed characters “brown-eye and wide drihnhilum” and “black-eye”.

Graphique symétrique des individus (axes F1 et F2 : 29,05 %)
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Figure 3 - Multiple Correspondence Analysis of 122 accessairtowpea landraces collected in
Algeria.

In the north of the Country, cowpea was identifoedly in Kabylia and in the far North, i.e. in
the El Kala region. In the district of Tizi-Ouzon Kabylia, it was commonplace to collect
several accessions within the same village, whermeathe region of Bejaia few farmers
cultivating cowpeas were identified. In the vallgfyM'zab, cowpea is not known at all. It was
only down to the Metlili region, in the southemilaya of Ghardaiathat cowpea accessions were
identified; these might have been introduced thgreeasonal farm workers provening from the
Gourara and the Touat oases. Consistently, dutingegs carried out in Algeria between 1993
and 1995 Echikh et al, (1997)identified the northern boundary of the area & Tadelaght
culture in the oasis of El Golea, where cowpeaasvg in gardens belonging to families coming
from the Touat region, and particularly from Timiomo This was explained by the transfer of
seeds along with the temporary migration of sedsawnakers. Cowpea was also found in the
oasis of Gourara, Touat, Tidikelt and Saura (SMigstern Algeria) and in the oases of Tassili
and Hoggar N'ajjer (South-East). Among the areastified as locations in which cowpea can
be found; only the Hoggar region was not prospected

In each of the sites surveyed, several differemipsa types were identified. Characteristics

of seeds and pods were found to be immensely diversultivated forms of cowpea.
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Such features are widely used to describe cowpkizars (Piper, 1912; Pasquet et Fotso,
1994)and to identify its cultigroup@asquet, 1996)

The most common morphotype in Kabylia, locally kmoasLoubia Kabylejs characterized
by cream-coloured seeds, black eye, smooth-to-rongbugh-to-wrinkled texture, and reniform
or rhomboid form(Ghalmi et al, 2005) In the El Kala region, a morphotypes locally kmoas
Loubia arebiis present, showing cream-coloured seeds, brovbrawn-wide eye, and smooth
to rough texture. In the Sahara oases, Ttadelaghtmorphotype is most common, showing a
smooth coat, black, brown or beige-brown colourg] ao eye surrounding the hilum. Rare
ecotypes were also identified in different regiofighe Country, as in the Djanet region, where
specific morphotypes occur not found in any otlegion. In general, a greater diversity in seeds
morphotypes was observed in the Sahara oasesctréspbe Kabylia region. This is probably
the result of a differential degree of genetic Enossignificant in the North but less pronounced
in the South, as also observedHxhikh (2000)

Prospection missions and seed collection allowetktmeate the range of cowpea landraces
present in Algeria. Such species was identifiedaweral distinct areas: the North (Kabylia, El
Kala), the South-West, the oasis (El Golea, Adrat Bechar) and the South-East (Djanet and
Tamanrasset). In these regions, richness exigtsnms of plant and animal biodiversity, as well
as of plant breeding heritage, associated with rdevecultural traditions. and traditional
techniques of plant management and conservatiooalLecotypes of cowpea maintained for
several centuries in diverse ecological conditioveye able to accumulate a large genetic
diversity, which deserves more intensive reseafchthe number of farmers cultivating and
maintaining local ecotypes of cowpea decreasedliyeia Algeria, there is an urgent need to
identify them and to take actions aimed at supergiand helping them to maintain and increase
the inherent richness in plant biodiversity.

After determining the ecological limits of extensi@f cowpea ecotypes cultivated in
Algeria, collected plant material has been congkmatethe Institute of Technical and Industrial
Vegetable Crops (ITCMI, Staouali, Algiers) and Adead National Agricultural School (ENSA,
El Harrach, Algiers) of Algierseik-situ conservation). Since it was reputed to be esseutia
characterize and identify the seed samples cotledtidies were undertaken aiming at agro-
morphological characterization in the field, as lwas molecular characterization in the
laboratory, to identify the different ecotypes acldssify them within cultigroups o¥igna

unguiculata.
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5.3 Rehabilitation of the culture of cowpea and peaut in Algeria.

Seed of cowpea and peanut were collected fromraleaeeas across Algeria (Table 2;
Figure 4) during years 2003, 2004, and 2005. Tkhds&ere conservexk situ(seeds dried and
stored at 4°C and multiplied infield collection) at ITCM and ENSA. The collecti@ites were
geographically andlimatically divided into three regions followindpd data of the Algerian
National Office of Meteorology) (Table 2):

1. the region of Kabylia (Tizi Ouzou) in the North Alfgeria.

2. the region of El Kala, eastern north of Algeria.

3. the oases of Sahara (Oued Souf, Ghardaia, Becimamdun, Adrar, Ain salah and

Djanet), central and eastern south of the Sahara.
Table 2- Geographic location of Algerian landraces of Wguiculata and A.hypogaea

Région de Latitude Longitude Altitude Type de climat
provenance
El Kala 36°43 N a 36°57 7°43 E a 8° 37 15m Mediterranean climate with mild winter, rasuyd hottest
N E and dried summer. (Humid climate).

Adrar 28° 13N 00°100 275 m Desert climate with coldter and hottest and dried
summer.

Timimoun | 29°15N 00°170O 312 m Very hot and dry summenr\ag cold in winter.

Bechar 31°01 N 02°42 O 769 m Arid

Oued Souf | 33°22N 06° 52E 77m Hot and dry climate

Ghardaia 30°32 N 00° 47 E 402 m Arid

Tizi Ouzou | 36°43N 04° 02 E 270 m Mediterranean climate witldmiinter, rainy and hottest

(Kabylia) and dried summer.(Sub Humid climate).

In Salah 27°14N 02°30E 279m Desert climate with summer temperatures are cramiig
high - with heat indices reaching extreme levets fo
four months of the year - but temperatures at riglht
low enough to be quite tolerable. Winter nights ban
chilly and frost is by no means unknown but thesdane
warm and sunny.

Djanet 24°33N 09° 29 E 1094 m| Desert climate characternmeseasonal rains without
rhythm and long dry periods with cold winters and
hot summers.
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Figure 4 - Map of Algeria showing locations of cowpea andugrdnut landraces of collections.

Kabylia is a region in the North of Algeria, pafttbe Tell Atlas, located at the edge of the
Mediterranean Sea. Its climate is sub-humid witeraperate winter and rainfall (700 mm per
year). Local soils, which are composed of clay-sandharl, are often degraded on the slopes.
Family gardens are the predominant form of agnicaltproduction. The most common species
are olive, fig and almond trees. Other vegetabéxigg are cultivated in small gardens. El Kala
is located in the extreme northeast of Algeriaa imiangle of coastal plains and hills bounded by
the Mediterranean Sea and the Tunisian border. fdg®n includes a national natural park
which is a reservoir of both plant and animal biedsity. It was recognized as a biosphere
reserve by the UNESCO. The climate of El Kala imltito sub-humid, with mild winters and
annual average precipitation of 910-1,300 mm. Sé\s&il types are present. marshes, boggy
soil, dunes, and wet meadows, which become dripensummer. Agriculture is dominated by
peanut and vegetable crops.
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The oases of the Sahara are characterized by a-agigeclimate, with cold winters and hot,
dry summers. Seasonal variation may be huge, frmer &0°C during summer days, to
temperatures below freezing during winter nightst dhly does the Sahara receive meagre rain,
but precipitation events are also extremely irragulanging from 1 to 180 mm per year with a
high degree of evapotranspiration. Local soils ragenly comprised of sand. Oasis culture is
based on multi-storey cropping systems with palimst trees, vegetables, and cereals. In the
South, the plateau of Djanet rises up from the dessceives more rainfall and presents slightly
cooler summer temperatures. These highlands supgpprvoodlands and shrub-lands distinct
from the hot, dry desert lowlands. In general,ssoflthis region include sands and sandy alluvial
soils with low salinity. The Djanet oasis is relally rich in water, supporting garden culture,
palm groves, vegetables and fruit trees.

5.4 Morphological characterization

The study was carried out during the summer 200beakexperimental fields of the ITCM
and ENSA, located in the northern region of Algedase to Algiers, at an elevation of 32 m,
02_5300800 E longitude and 36_4502400 N latitudhes Zone is characterized by a sub-humid
climate, with a mild winter and a hot, dry summ&nnual precipitation ranges from 600 to 700
mm. Half of the precipitation occurs during wintesith a maximum in December. The soil type
Is sandy loam.
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Table 3- Morphological descriptors used in the seed anabfsfdgerian cowpea landraces

Descriptors

Seed colour 1 cream, 2 cream brown, 3 brown, 4 brown ochttaosvn olive, 6 holstein white and
black, 7 black

Eye colour. 0 absent, 1 brown, 2 brown large, 3 black

Shape 1 kidney, 2 ovoid, 3 crowder, 4 globose, 5 rhoidbo

Texture: 1 smooth, 2 smooth to rough, 3 Rough

Flower colour: 1 white, 2 pink, 3 purple-pink, 4 purple

Weight of hundred seeds (mg)weight of 100 seeds with moisture content of 12%

Seed number per podmeasured on the 10 mature pods from 5 randondgteel plants
Seed length (cm)measured on the 10 mature seeds from 5 randatdygted plants

Pod purple pigmentation 0 absence, 1 presence

Pod length (cm) measured on the 10 mature pods from 5 randondgteel plants

Number of ovules per pod measured on the 10 mature pods from 5 randondgteel plants
Duration (days): from sowing to 50% of flowering

Table 4 -Morphological descriptors used in the seed anabfsfdgerian peanut landraces

Descriptors

Type: Spanish or Virginia

Pod length (cm) measured on the 10 mature pods from 5 randondgteel plants

Port of the Pod Erected or Rampant

Belt of the Pod Absent, Slight, Medium and Pronounced

Texture of the Hull: Very thin, Thin and Hard

Number of cavity: 1to 2 or 1to 3

Weight of hundred seeds (mg)weight of 100 seeds with moisture content of 12%
Seed number per podmeasured on the 10 mature pods from 5 randondgteel plants
Seed length (cntymeasured on the 10 mature seeds from 5 randatdgted plants
Duration (days): from sowing to 50% of flowering

Source: Adapted from IBPGR (1983)
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Cowpea and peanut landraces were evaluated far rtie@phological and agronomic traits
(Matias et al, 2012; Razakouet al, 2013; Romancet al, 2013) and samples were collected
from three replications of 5 plants or 15 plants lpadrace. Features analyzed for each sample
(Tables 3 and 4) included qualitative charactetsple pod pigmentation, flower colour, seed
shape, eye colour, seed colour, and seed textndeyj@antitative plant and seed traits (duration
from sowing to 50% flowering, pod length, numbeisetds per pod, number of ovules per pod,
seed length and 100-seeds weight), chosen from emwpscriptors of the International Board
for Plant Genetic Resourcd8PGR, 1983)

5.5 Molecular characterization

DNA extraction: seedlings for DNA extraction were raised in potsaimlasshouse. Leaf
samples were pooled from ten 20-day-old individwdélsach landrace used in the morphological
study. From each plant, 100 mg of young leaf tissae taken and frozen in liquid nitrogen for
DNA extraction by using DNase TM Plant Mini extriact kit (Qiagen, Germany) Each sample
DNA concentration was quantified on 0.8% agaroseage then diluted to approximately 20 ng
uL™ for RAPD and ISSR analysis. All diluted DNA sanpieere stored at -20 °C until used.

RAPD analysis:Twenty primers were tested for PCR amplificationmers were selected
from those chosen for previous studies of cowpeeiye diversity(Menendezet al, 1997; Ba
et al, 2004) After preliminary testing on a few samples, eleverimers that gave clear
polymorphic and reproducible banding patterns veelected to assess the genetic variability of
the landraces. Each amplification was repeated eaist| twice to identify repeatable
polymorphisms. RAPD patterns were scored as theepee or absence of clearly reproducible
bands in duplicate PCR reactions. RAPD were idiexdtiby the primer used and the size, in base
pairs, of the amplified product.

ISSR analysisTwenty ISSR primers were chosen based on theiopeénces to distinguish
taxa within the genu@jibade et al, 2000; Souframanien et Gopalakrishna, 2004pDut of the
20 chosen primers, 12 were selected for furtherlyaisa based on clarity, scorability,
reproducibility of banding patterns.

Data analysis:RAPD and ISSR repeatable bands were scored asnprddeor absent (0),
and each characteristic state was treated indepdyndgor each primer, the number of different
bands and the frequency of polymorphic bands wealeulated. Genetic similarity and cluster

analysis were performed by calculating Jaccararslarity index and the resulting genetic
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distance matriXTreecon software, Van de Peer eie Wachter, 1994)and by generating
dendrograms (Unweighted Pair Group Mean with Arghi;y UPGMA) using Statistica 7.0
software (Statsoft, Groningen, The Netherlandsj.du@antitative morphological characteristics,
an ANOVA analysis was performed, homogeneous gro(jpewman and Keuls) were
determined and intra-landraces Cv were calculatediding Statistica 7.0 software. Distance
matrices for morphological characteristics base@ower’s distance between pairs of landraces
were calculated by using SAS 9.1 (SAS Institute,,Ifgary, USA), and dendrograms were
constructed from these matrices with Statistica §oftware using the UPGMA clustering
algorithm. Analysis of molecular variance (AMOVA)aw performed using Arlequin ver. 2
(Schneider et al, 2000) ANOVA was done first to analyse the variabilitytra and inter-
landraces and second among and within geograptagains. Correlations between molecular,
morphological and geographical Euclidean distanedrioes, and correlation between each
similarity matrix (i.e., RAPD and ISSR), were perfeed by Mantel test using Passage software
1.1.(Mantel, 1967; Rosenberg, 2001)

The study revealed for the first time how Algerieowpea landraces can be classified in
relation to the major described cultivar groups dhdir geographic origins through both
molecular and morphological characterization. Genetra-accession variability was not found,
and inter-accession variability is low within clet and between major clusters, except for three
clearly different landraces. Three different cultigps were located in Algeria: Biflora that was
dominant in the Sahara, Melanophtalmus in the Nanith Unguiculata including one landrace in
Kabylia and two in Sahara. Finally, our results destrate that RAPD and ISSR techniques can
both be used for quantifying genetic distances apumwpea landraces. Breeders can maximize
the use of genetic resources by keeping in minetiedifferences among Algerian landraces.

In conclusion, conservation of Algerian traditiofehdraces is urgently required before they
are mislaid. Future investigations should consideveloping Algerian landraces for their
drought-resistance potential and other uniquestratspecially in the case of Saharian ones,
which are especially well adapted to arid environtse

6. DIVERSITY OF RHIZOBIA NODULATING PEANUT AND RESPONS E TO
INOCULATION
Isolates ofRhizobiumnodulating groundnut populations provening frorfiedent soils of areas
classified as highly-producing in Algeria, were @dwerized in terms of phenotype. The analysis

of tolerance to salinity, extreme temperatureg aad alkaline pH, as well as the use of
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different carbohydrates, conducted on a range ahyeRhizobiumstrains, allowed to select
characters satisfying different requirements. Wille majority of strains tested, a positive
response to inoculation was obtained, with an esman seed and pod yields.

Apart from tolerance characters (see above), tiotehal strains were also selected on the basis
of their capacity for nitrogen fixation, nodulatiand dry matter yield.

Groundnut is one of the most important oilseed stioghe world, particularly in arid and semi-
arid regions of Africa. Its success lies in thet that it is both an oily and a protein culture @i
can be employed for many foods and feed uses (sdednimal foods). Its cultivation is taking
an important place in Algeria, where it is foundseveral provinces (El Tarf, Adrar, Ghardaia,
El Oued and Skikda). However, national productialisfshort of the requirements, because
yields are low and highly variable. Indeed, therage yield is 12.5 q Rawith a maximum of 18

q ha' recorded in Ghardaia in 20{MADR, 2010), while the yield potential of peanut is 60 to
70 q h& (Aune, 2007)

Being a legume, peanuts can use atmospheric nitrbgeugh symbiosis with the bacterial
family Rhizobiaceae. Thus, peanut can fix from @®2% of its nitrogen from the atmosphere.
Interest in symbiotic nitrogen fixation is currgnthmplified by the ongoing requirement for
sustainable agriculture and environmental ethieemFthe perspective of using,the peanut-
Rhizobiumsymbiosis, the potential of Algerian soils in walnigroundnut is grown needs to be
evaluated, to build up a collection of rhizobackrstrains able to nodulate peanut, to
characterize the phenotypic level and to evaltl&enfluence of these strains on plant growth
and yield.

Soil samples used in the present study were cetle(80 cm depth) in groundnut farms

located mainly in the North-East of Algeria. Thengding sites were

 ElTarf:

- Berrihane (Berrihane, Sebaa, Réghia et Gréat)
- ElKala.

- Souarekh.

* Guelma: 3 Sites.

e Adrar : 1 Site.

* Alger:1 Site
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The assessment of nodulating potential in sobiginely carried out by the technique of
selective trapping. Three seeds of peanuts (Sp&ypsh short cycle, non-dormant cv) are grown
in soil samples previously dried in open air, sgo 2 mm and then distributed into 0,5 L
plastic pots (3 pots per soil sample). These aga fillaced in a glasshouse at a temperature of

18-22 ° C and watered every four days.

After 8 weeks, the seedlings are dug with theirt ®gstems and the presence or absence of
nodule is noted. For the isolation and purificatadrstrains of rhizobia, we adopted the methods
recommended by the International Biological Prog{#s#) (Vincent, 1970) The incubation is
carried out at 28 ° C for 3 to 7 days.

For the microbiological selection of bacterial Bisa peanut seeds (Spanish type) are
inoculated before planting for three hours by insmar in a liquid inoculum of a bacterial
culture in exponential growth phase, mixed witlriktepeat. They are then transferred to pots
containing soil with no nodulating power towardsupet, with three replicates for each isolate.

Bacterial isolates able to nodulate their plantengubjected to specific tests, related to the
characterization of rhizobia:

» Bacterial growth of isolatesis followed by measuring the turbidity (absorbaaté20

nm) of the culture suspension.

» Acidifying or alkalizing power of isolates is determined by inoculation of isodatetest

tubes containing medium YEMB added with pH indicddmmotymol blue.
* Temperature toleranceis tested at 5, 10, 15, 35, and 40 ° C.
» Tolerance to acidity and alkalinity: bacterial growth is estimated on YEM medium
with a pH adjusted to 4, 4.5, 5, 6, 7, 8, 9, 9.8 40.

« Salinity toleranceis estimated on YEMA medium containing differenhcentrations of
NaCl, i.e. 0.2, 0.4, 0.6, 0.8 and 1 M.

 The use of different carbohydrate is estimated byculturing isolates on YEMA
medium supplemented with bromotymol blue in whicanmitol is replaced by another
carbohydrate. Carbohydrates tested were: galactesdhose, cellobiose, maltose,
sucrose, dulcitol, raffinose, inositol, mannitolexttin, methyl mannoside. The
breakdown of the tested sugars by bacteria causbargge in the growth medium pH,

which is revealed by a colour change of the pHaattir.
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To establish relationships among the bacteriabiss| a numerical analysis was performed
on the basis of a data matrix which included phgmotcharacters. To develop dendrograms, the
UPGMA method was adopted and the Multi-Variate iStiaal Package software (v. 3.12,
Kovach Computing Services) was used. The test waslucted in pots with a completely
randomized experimental design with three blockse Todulating isolates were denoted as
follows: BA1, BA2, BAll, BA15, BA8, G1Al, G1A2, GIA G1A5, G3A2, G3A3, G3A4,
GRA4, RGA1, RGA3, RGA6, SAl, SA2, and SKAG6. For lexing the effects of bacterial
isolates on the plant performance, peanut seedal (8panish type, see above)) were inoculated
as described above and then sown in 6 L pots contpsoil free from groundnut-nodulating
rhizobia (3 seeds per pot and 3 pots per treatmintation was carried out every four days.
After emergence, thinning was carried out leaving plant per pot.A non-inoculated control (T)
and a control with added nitrogen (100 N unit$;HEN) were also set.

The measurements carried out included:

» infectivity (number of nodules),

» efficiency of N fixation, estimated at full bloom stage, by measyin situ the reducing

activity of nitrogenase on acetyle(®alandreau et Dommergues (1971))

e dry matter yield,

e pod yield and seed yield per plant.

The statistical analysis (ANOVA, classification eages and the calculation of correlation
coefficients) was performed using the software SITACI.

All the soils provening from the North East of Atge were able to nodulate peanut.
Nodulation rates ranged from a minimum of 4.66 Ka@la region) to a maximum of 27.33
(Berrihane) nodules plaht followed by Great (26) and Guelma (25 for G3 45d33 for G1).
Rates observed for groundnut nodulation were ctosthose obtained in temperate zones of
Algeria, thus indicating that the sites selectesl r@presentative of areas where peanut is well
established. The morphological features of thetesme bacterial isolates studied here allowed to
assign them to three main groups: those whose ieslaid not exceed 1 mm, denoted as
punctiform; those forming colonies of intermediatiee (2-4 mm); and those forming large
colonies (4-6 mm), exhibiting a mucoid appearance

Evaluating generation time of isolates yielded adghree groups: a first one, , consisting of

two isolates, whose generation time was found te Bdn, referred to as “rapid growth” strains;
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a group with “intermediate growth” (3-6 h; ten iat@s); and a “slow growth” group (<6 h:
seven isolates). The majority of isolates had floeeea generation time between 3 and 6 hours
(intermediate growth). Although peanut is listed easpecies being nodulated by the slow-
growing Bradyrhizobium(Zhang et al, 1999) the presence of fast growing strains is also
reported(Zablotowicz et Focht, 1981; Sprent, 2001; Tauriaret al, 2006; Barbosaet al,
2013)

Isolates BA1, BA2, G3A3, G1Al, G1A2, G1A3, G3A3 aB8A4 were found to alkalize the
culture medium, whereas isolates BA11l, BA15, BA8AG, G3A2, GRA4, RGA1, RGAS,
RGAG6, SAl, SA2 and SKA6 behaved as acidifying. SacHlification, which is due to the
excretion of protons and organic acids, may beeg®ed by production of extracellular
polysaccharides.Indeed, rhizobia producing highwarsof extracellular gum often acidify the
culture medium, unlike rhizobia producing littlerguwhich instead tend to alkalize the culture
medium(Ayanaba et al, 1983;Graham, 1992; Zakhia etLajudie, 2001) All isolates tested
were able to grow in the range 20-35 ° C. Eightaiss tolerated 40 °C, whereas others were
able to withstand suboptimal growth temperatureshsas 15 (13 isolates), 10 (3 isolates) or
even 5 °C (1 isolate, namely BA11). Temperatura key factor for survival and persistence of
rhizobia in soil (Lowendorf 1980; Pueppke 1986; Hamdi, 1986)For most rhizobia, the
optimum range for growth is between 28 and 31 @] many cannot grow beyond 37 °C
(Graham, 1992; Goulffiet al., 1999)

All the tested isolates were able to grow in therpHge 6-9. Almost all of them (18 out of
19) were also grew at pH 5; 9 of them at pH 4.5 arat pH 4. At the other extreme, eleven
isolates proliferated at pH 9.5 and pH 10. Isolatéhl rapid growth, such as GRA4 and SKAG,
were sensitive to pH below 5; those showing intefiate growth were able to tolerate pH 4.5,
whereas all the slow growing ones tolerated aciastyvell as alkalinity in their culture medium.
Berraho (1984) et Hamdi (1986)eported that the majority of rhizobacterial spsagrow well
at a pH between 5.5 and 7 sensitivity to acididphkharked for most species with a fast-growing
habitus, such aRhizobium trifoliiand Rhizobium meliloti. Cowpea rhizobia group are much
more tolerant to acidic pkGraham et al, 1994) and fast growing strains digna unguiculata
able to tolerate even a pH below 4 have been destiMpepereki et al, 1997)

All the rhizobacterial isolates studied tolerateta®,4 M NaCl; 14 of them tolerated up to
0,6 M, 6 up to 0,8 M and 2, namely BA15 and RGABrevtolerant enough to withstand up to 1
M NaCl. The most tolerant isolates (0.8 - 1 M Na@ére mucoid, while those not tolerating
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more than 0.6 M produced less polysaccharide. Rhaizerial isolates studied here exhibited
high tolerance to salinity, which offers a choioeblypass such limiting constraint which affects
peanut production areas. It is established thablia are relatively more tolerant to salinity than
their corresponding host plan{Singleton et al, 1982; Egamberdievaet al, 2014)and it is
precisely nodulation and nitrogen fixation whicke &he most concerng®ingleton et Bohlool
1983; Serraj et Drevon, 1994) Consistently, the present results confirm thedifigs of
Upchurch et Elkan (1977) who showed a direct relationship between expoblsaides
production and salt tolerance Rhizobiumstrains.Singleton et al, (1982)and Yelton et al,
(1983)further documented relationship between rapid ¢namd salt resistance.

According toBeunard (1995) alkalinization of the medium culture brought abby B.
japonicumstrains, and acidification bRR. tropici ones, definitely plays a role in the different
behavior of the two types of strains in front ofirsty, with the former being much more
sensitive than the lattefTu, 1980; Beunard, 1995) The results relating to the use of
carbohydrates showed that all the rhizobacterialaies were able to metabolize cellobiose.
Among them, 17, 16, 14 and 12 also used galactosafose, sucrose/inositol, and
dulcitol/dextrin, respectively. Nine isolates useorbose, 8 used raffinose, and 7 only used
methyl mannoside. According Btowers (1985) et Van Rossurat al, (1995) fast growing
rhizobacterial strains are able to use a wide rafgarbohydrates, while the slow-growing ones
require simple sugars for grow{Wincent, 1981) The intermediate-growth isolates, such as
BA8 and RGAG, utilised all the tested sugars, ekceyicitol for BA8, and sorbose and methyl
mannoside for RGA6. Description of new generaRifizobiumwas accompanied by the
revelation of wide profile diversity in the use oérbon sourcegStowers et Elkan, 1984;
Zhang et al, 1991, Lajudieet al, 1994; Odeeet al, 1997; Khalid et al.,2015) In the present
work, the numerical analysis of phenotypic profilgslded the dendrogram in Fig. 5, which
summarizes the degree of similarity and phenotipimology among the 19 bacterial isolates

studied.
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Figure 5 - Dendrogram showing the distribution of strainsetepng on the degree of similarity
of their phenotypic profiles.

At a level of 38% similarity, the rhizobacteriablates were divided into two main groups,
namely | and I, with the former including slow-gvth isolates and the latter rapid- and
intermediate- growth ones. Isolates in group | (G1&3A3, G3A4, G1A3, G1A2, BHA2 and
BAL1) are similar among each other in terms of cylsize, generation time, and alkalizing effect
on medium culture. Such features are shared Bittluyrhizobium .The two groups branch at
53% of similarity, to form six distinct phenotypjtoups.

In terms of nodulation, strains SA1, SKA6, G3A4daBA2 were shown to be the most
infective (167.33, 165, 127.67 and 101 nodulesntdlarespectively), being the average value
for all strains 62.24 nodules pldntANOVA for this parameter showed highly significan
differences and the Newman-Keuls test revealed fgixnogeneous groups. After plant
inoculation, all the host-strain symbiotic coupdé®wed N-fixing activity, whose extent variied
among the different strains. Such variability waarfd to be highly significant after ANOVA.
The Newman-Keuls test at 5% revealed nine homogeigooups. The strains SKA6, G1A1,
G1A2, and G3A4 were proved to be the most effigianth 59.67, 57.33, 52.67, and 52 umol
C,H. h! plant!, being the average value for all strains 418®I| G,H4 h plant.
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Indeed, the ability for BNF in legumes depends be plant genotype and includes
Rhizobiumstrain and host-strain interactiof®adiki, 1992) However, the degree of nitrogenase
activity may vary from one rhizobacterial strainaiwother(Hartwig et al, 1987) Moreover, it
seems that the level BNF carried out by a symbiotiople reflects a compromise between
infection incidence and nodules activ(jordjevic et al, 1987) Indeed, the lower the number
of the nodules, the higher is the amount of phatthigtes each of them receives from the plant,
allowing in the bacteroids a higher expressioreirtpotential for BNKGall et al., 1987)

In the present study, accumulation of dry matteW{Din the aerial plant parts varied
depending on the strain used for inoculation (d@tashown), and highly significant differences
were revealed by ANOVA. The highest DW value watawied for the TN control. Inoculation
with rhizobia permitted an important increase in Ddpecially in plants inoculated with strains
GRA4, BA15 and BA8, with an increase above 30% cameg to T control, and more than 20%
in plants inoculated with strains G1A5, SA2 and SAlbwever, only a slight increase was
noticed in plants inoculated with strains G1A1, @3Aand RGAL. With the rest of the strains
collection, including the majority of slow-growingnes, namely BAl, BA2, G1A2, G1A3,
G3A3 and G3A4, DW values below the T control webégamed. An increase in DW in plants
following inoculation with specificRhizobiumstrains was emphasized by many researchers,
such asPatel et Thakur, (1997)for peanut anderraho (1984) et Maatallahet al., (2002)for

chickpea.

As far as pod yield is concerned, although ANOVAowhkd no significant difference
between the strains for this parameter, the folhgwindings are worth noting:

* Plants inoculated with strains BA15 and SAL1 yieldedpectively, 21.13 g and 19.74
g pods plant®, showing a 20.08% and a 20.59% increase over theorirol,
respectively, and even a 10.40% and a 3.13% inereaspectively, when compared
to the TN control.

* Plants inoculated with strains G3A2, BA1l, BA11l aRAS8 yielded 18.27, 18.16,
17.53, and 17.21 g pods plaht also showing an increase respect to the T control
whose extent was 11.61%, 10.93%, 7.09% and 5.188pectively.

Similarly, Hiep et al, (2002)observed a significant increase in pod yield iocudated peanut
plants, compared both to non-inoculated controtbtara peanut culture receiving 100 U N*ha
Thakur et Patel (1998)also reported a significant difference betweencutated and non-

inoculated peanut crops, with an 8.20% increag®dyield in favour of the former.

Chapitre V 188



Agricultural, socio-economic, and cultural relevance of crop wild relatives, in particular food legume landraces,
in Northern Africa.

An increase in pod yield in groundnut inoculatedhvdifferent strains of rhizobia was observed
by several authors, e.Diatloff et Langford (1975), Joshi et Kulkarni (198), Nambiar et al.,
(1984), Ndiaye (1986), Paét al, (2000), Raoet al, (2004)and Azad et al., (2014) A
positive response to inoculation was also fountdean, in which a 66% increase in pod yield
compared to non-inoculated control was obseri@dene et al, 2004; see also Diouét al,
1999).

In the present work, although ANOVA showed no digant effect between treatments for
the parameter, rhizobacterial inoculation affedtesl average weight of seeds per plant. Indeed,
inoculation with the SA1, BA15, G3A2, BHA1.1 and BASstrains caused 71.79%, 59.92%, 45 ,
91%, 32.49% and 21.01% increases, respectivelypaoed to T control, and 47.17%, 37%,
25%, 13.50% and 3.67%, increases, respectivelypaosd to TN control. An increase in seed
yield compared to T control was also observed engd inoculated with the RGA3, GRAA4,
G1A3, G1A1, BA8, G3A3, and G1A2 strains. The abeesults are consistent with those
obtained by Th®em Ngoet al, (2000)cited byVan Toan (2002) who reported that inoculated
peanut plantations had a higher seed yield comp#&pedion-inoculated ones. Similarly,
Boujghagh (1993)observed a 37% increase in grain yield in inoedanot fertilised, soybean
plants, compared to non-inoculated treatment raugit00 kg N h.

In conclusion, the assessment of rhizobacteriaérd@l in soils from groundnut areas in
Algeria indicated the presence of bacterial strainle to establish a symbiosis with the legume.
The phenotypic characterization of the 19 bactesalates allowed to put into evidence a
remarkable diversity among them. Numerical anah@®wed two major groups at 38%
ofsimilarity: a group including isolates with faetd intermediate growth and a group including
slow-growth isolates, probably belongingBmadyrhizobiunsp.

On the basis of their potential for BNF, strainsABK G1A1, G1A2, G3A4, BA15, BA2,
RGA3, G3A2, G1A3, SAL, and G3A3 were found to bettost efficient, in terms of symbiotic
nodulation and M -fixing capacity, outcompeting the performanceB#2, G3A4 and SKA6
strains. For dry matter yield, an increase of ®@¥ compared to non-inoculated control was
obtained with strains GRA4, BA15, BA8, G1A5, SA2daB8Al. Other strains, such as GRA4,
BH15, and BAS8, allowed their plants partners toiewh performances comparable to those
obtained by supplying 100 units of mineral nitrogéroculation with these strains, therefore,
confer to peanut plants partial or almost compteteer of their N requirement, thus limiting the

widespread use of nitrogen fertilizers.
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Upon inoculation on the host plants, the majoritgtoains (over 63%) resulted in an increase
in seed yield, whose highest extent was more tli&6 Gompared to non-inoculated control and
more than 47% compared to non-inoulated controplsegh with N fertilisers. A less prominent
gain was also recorded for pod yield. Howeversinecessary to confirm the performance of
these symbiotic strains by inoculation tests in fieel and by using peanut varieties or other
food legume species, such as cowpea, to selecbdbe symbiotic partners able to adapt to
climatic conditions occurring in the Algerian Maghr

In a subsequent study, rhizobacterial strains veateacted from nodules of peanut plants
and used to inoculate a range of peanut populatofiected during the prospection exercise
cited above, after which the effects of inoculatenthe yield components were evaluated. The
slow-growing bacterial strain R1 induced nodulatiorthree of the peanut populations studied,
with a high number of nodules being found in thame populations P1 from Boumalek and P3
from Guelma 2. The effect of inoculation on ther@ase in the number of leaves, fresh and dry
weight of the aerial part, weight of the whole pland all yield components, except weight of
100 pods, was significant. However, inoculationeeffon plant height, number of primary
branches, number of flowers, fresh and dry weidhioot, weight of 100 pods, harvest index,

fruiting rate and rate of peeling was found to bestatistically significant.

7. CHALLENGING THE LEGUME-RHIZOBIA SYMBIONTS WITH W  ATER STRESS
AND SALINITY UNDER CONTROLLED CONDITIONS

In the following, a selection of results is repdrtebtained during the last decade from
combining Algerian food legume landraces and ingloges rhizobacterial strains and studying

the responses of the resulting symbionts to wadpridation and excess salinity

7.1 Water stress
7.1.1 Case studies

a) A first study in a series was conducted to eataltihe responses to water stress in Algerian
cowpea landraces inoculated with 11 indigenousoffazterial strains.Phenological traits were in
general influenced by water stress which causdwbeening of the developmental cycle in the
legume species The superiority of the RSV6 strairtlfe production of dry matter of leaves and
stems was noticed.

The symbiotic characterization of five rhizobacéstrains - isolated from cowpea plants
and belonging to the slow-growing grougrédyrhizobiunsp., see above) - showed that the
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RG;V; and RGV; strains were the most efficient. A notable reswds thatV. unguiculata
plants had a higher nodulation rate at nine wek&a tit five weeks. Nitrate reductase activity
was stable during the vegetative stage and therea®ed in plants inoculated with certain
strains, regardless of the nodulating power ofrsérat pods formation stage.

As far as BNF is concerned, the superiority of RV, » strain under both normal and water
stress conditions was shown. Such an advantagebestsexpressed at the flowering stage,
during whichV. unguiculatafixes the maximum of nitrogen, and was indicatedabgeak in
nitrogenase activity. A remarkable accumulatiorpadline and soluble sugars occurred in the
experimental plant material, although showing gedarariability among the different symbionts.
Plants inoculated with strains R§®r RBrV;; ranked first in terms of proline accumulation.

Seed yield was expectedly influenced by water stegsl the plants inoculated with strain
RSVs were the most able to maintain seed productioneursilich condition.Water stress
decreased nodulation, the height and dry weighhefplants, as well as their nitrate reductase
and nitrogenase activitig®e Abreu et al, 2014) As the above parameters contribute to yield
formation and therefore determine the productietycowpea, it was concluded that the above
strains may be of interest for inoculating cowp&nts likely to be grown in areas where water
stress is a limiting factor to crop productionisibelieved that, in the Algerian territory, stuakyi
genetic diversity of indigenous Rhizobiaceae cdhreveal many characters which are linked to
the adaptation of the strains to water deficits ttould possibly contribute to improve the yield
and the production in cowpea

b) In a second work, responses to water stress, frdoh tom severe, were studied in two
Algerian populations of cowpea, namely P1 from Tizou and P2 from Djanet, inoculated
with four indigenous rhizobacterial strains.

Water stress had a significant depressive effecalbthe measured vegetative characters,

including growth parameters, whereas the root-twesBDW ratio tended to increase.

Water deficit had a negative effect on the contehfsliar pigments, whereas it significantly
increased the foliar contents of proline and s@ubligars. As for the latter, there was a
significant difference between the two cowpea pafgioihs, the highest value (23.99 mg)g
being measured in the P1 populat{dMeftah, 2012)

Water deficit (moderate or severe) negatively amdndhtically affected all the vyield
components, such as the number of pods, the nuofitsseds, the weight of pods and the seed

weight. Among the two cowpea landraces compare@ppgared more productive than P2, both

Chapitre V 191



Agricultural, socio-economic, and cultural relevance of crop wild relatives, in particular food legume landraces,
in Northern Africa.

under water stress and under optimal water suppbgulation did not reveal any significant
effect on all the measured characters. Howevdrglat smprovement in the fresh and dry weight
of both root and shoot, as well as in the collanter and the number of leaves per plant was

recorded in inoculated plant compared to non-ireted controls.

c) Despite the sizable resistance level developedtyrginut(Negi et al, 2015; Rustagiet
al., 2015) production in the dry ecosystems is affected bgigols of water deficit occurring
during the growth cycle. Therefore, in the thirdriw@n a series, the responses to water deficit,
mild, moderate or severe, were studied in 5 pepoptlations, either Algerian landraces or of
foreign origin, inoculated by three indigenous dacterial strains, to identify criteria for
selecting symbiotic interactions better adapteddtought. Work was focused on morpho-
physiological featuregJeyaramraja et al, 2013) such as height of the stem, leaf area,
accumulation of proline and soluble sugar, chlogdipbontent; biochemical aspects, such as
BNF; plant water status, such as relative watetergnleaf water potential, stomatal resistance,
leaf temperature and water use efficie@ymratch et al, 2013) and agronomic aspects, such
as yield and its components.

Water stress decreased the relative water corf@ht) as well as water potential of leaves,
and increased stomatal resistance and leaf tenuperadll these effects impact negatively
vegetative growth, nitrogen assimilation and figatias well as yield and its components. The
studied plant-rhizoboum symbionts behaved diffdyediepending on the severity of water
stress. Symbionts Symbionts SA3-Berrihane, SA3-Otboul, SA3-Tonga, SA3-Timimoun,
SA1l- Berrihane, SA1- Tonga and SAl1- Oum Tboul pdove be the most tolerant to the
different degrees of water stress applied. On tierohand, the symbiotic interactions SA2-
Timimoun and SA2-NIG showed a significant sendivioward the lack of water. The
behaviour of other symbiotic interactions variegeleding on the severity of stress applied.
Variability in response to water stress did notego be related to the geographical origin of
peanut populations, but rather to their phenolagy morphology. This study could be of help in

defining criteria for resistance to drought to lsediin breedin@gKrishna et al, 2015)

7.1.2 Adaptive responses to water stress
Leaf proline content - Water stress causes an increase in proline comi@oh sometimes

exceeds 100% compared to control. In the casevefsetress, the Algerian cowpea landraces
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used in the above studies can accumulate up 30 Thgrgiine in the stress-tolerant
populations(Meftah, 2012) Sarker et al., (2005) showed that severe stress induces a strong
increase, up to 115%, in proline content in cowgea a slight reduction in the rate of recovery
after irrigation.

Lobato et al, (2008) who studied the effect of water stress on pratioetent, soluble sugar
and protein in cowpea leaf tissue during the vdiyetgohase, reported that the free proline
content in stressed tissues increased up to 97dpared to controDa Costaet al, (2008)
however, observed less prominent increases affeysaxg two cowpea varieties to water stress,
i.e. 45.32% in thesemper verdevariety and 57.57% in thpituiba one. The osmoprotectant
proline is the best known and the most frequentbasared in the studies on water stress. Its
content in plant tissues reflects the level of gefity or tolerance to drought of a species or a
variety. The accumulation of proline strongly ctates with the accumulation of the stress
hormone abscisic acid, which is involved in thenaling chain against this constraint
(Sanchez-Diazt al.,2008; Da Costeet al.,2011; Liet al, 2014)

Leaf soluble sugars -Water stress significantly increased the foliarubt# sugars in the
Algerian cowpea landraces, being such an increaselated with the stress intensity. Soluble
sugars play an important role in the mechanismrobight tolerance by "osmotic adjustment”.
Accumulation in leaf tissues of the plant has bieemd in several species due to water stress. It
is accompanied by a reduction in the amount ofcktatored in the tissues. This action is
performed by activation of amylase, which increas#éh the intensity of the stregsobato et
al., 2008; Hamidouet al, 2007) The depletion of starch in the tissues by theatfbf stress is
important for providing the energy needed to mamtthe proper functioning of plant
metabolism, so compensating the stress-inducedeaserin photosynthesis, and to provide
soluble sugars necessary for osmo-protection. dulshbe noted that the biosynthesis and
accumulation of organic solutes such as prolinesaable sugars requires more energy than the
absorption of inorganic solutes used in osmoticustdjent, such as potassium and nitrate
(Yousfi et al,, 2010)

Lobato et al (2008)reported that the levels of soluble sugars in@@da the tissues of
cowpea plants subjected to water stress by stoppiggtion for 9 daysDa Costaet al, (2008)
reported that withholding irrigation for 5 days lieased the levels of soluble sugars in two
cowpea varieties, by 57.81% in teemper verdegariety and by 72.15% in thmtuiba one
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Prasad (2011)summarized the different plant responses to stiederms of enzymatic
(superoxide dismutase, catalase, peroxidase guadsmorbate peroxidase and glutathione
reductase), as well as non-enzymatic (glutathi@seprbic acid, alpha-tocopherol, flavonoids
and carotenoids) antioxidants. During the stresstam metabolites, such as polyphenols,
polysaccharides, proline, glycinebetaine and (gobbarehalose, are accumulated, and several
volatile organic compounds may be released, suctergenes, oxylipins, methanol, ethanol,
formaldehyde, acetaldehyde, and others. Excestiessscan also trigger cellular detoxification
processes as cascades of reactions. For exanmg#at research has confirmed the major role of
mitogen-activated protein kinase (MAPK) cascadesrdsponse to both biotic and abiotic
stresses in plants. Certainly, the identificatibroigin of eukaryotic species and speciation can
be obtained through the evaluation for other asipicrms of MAPKs known as classical sense
in plants (MAPK-A, MAPK-B, MAPK-C and MAPK-D)Kazuya et al, 2002) In addition, and
in consideration of the common role of MAPKSs in thevelopment, growth and multiplication
of eukaryotic cells, cellular inhibitors of MAPKsscades have recently been exploited as anti-

neoplastic substancésim et al, 2012)

Leaf pigments -Photosynthesis is easily disturbed by water stngh&gh causes a decrease
in leaf pigment conten{Jaleel et al, 2009) In the Algerian cowpea landraces studied here,
chlorophyll (Chl)a and b decreased by 40% under severe stress, while pardteontent
decreases by 50%, and these decreases were gredber population P1 from Tizi Ouzou
(Meftah, 2012) This confirms previous results on the reductidnChl content in different
legume species subjected to water stress, suctyasan(Atti, 2002), bean(Nemeskeriet al,
2010) chickpea(Labidi et al, 2009; Mafakheri et al, 2010; Matoset al, 2010)and cowpea
(Sawadogo, 2009)Some authors have attributed stress-induced @&eli@ carotenoids to their
conversion to zeaxanthin, which is involved in padton against photo-inhibitiofCowan et al,
1995; Sultanaet al, 1999) In addition, under stress, glutamate, a precws@hl, is diverted to
the synthesis of prolin@ahri et al, 1998)

Relative water content -A highly significant reduction of RWC up to 23% ocred in the

Algerian cowpea landraces exposed to severe wadss@Veftah, 2012)

Significant positive correlations were found amdhg decrease in RWC and water stress

effects on all traits related to growth, accumuolatof dry matter and yiel(Meftah, 2012)
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The correlation was negative when comparing RW@® wibline content and soluble sugars.
These results are in agreement with those obtainegtoundnu{Clavel et al, 2004) Medicago
truncatulaandMedicago lacinatgYousfi et al, 2010) chickpeaDerya et al, 2010; Matoset
al., 2010)and cowpedlobato et al, 2009)

Lobato et al,.(2008)studied the effect of water deficit on cowpea bthtwolding irrigation
for 9 days. They noted that the RWC of leaf undesga significant reduction of 25.7%, while
the control value remained stable between 88% d8d. In another studyinyia et Herzog
(2004)tested the effect of the stress applied by maimtgithe soil water potential at a value of -
75 kPa on 10 cultivars ofigna unguiculataThey measured an average reduction of 12.2% of
the leaf RWC of stressed plants compared to cqonalthough the extent of such reduction
significantly depended on the cultivar consideredbato et al, (2009) observed a greater
decrease, up to 31%, in the RWC of two cowpea tiesieafter 5 days of water deprivation.
Matos et al, (2010)found a significant reduction in the RWC, greatean 55%, by cultivating
chickpea under water stress.

Growth and yield components -Water stress reduces the growth and development of
legumes It also leads to an obstruction in the pectodn of flowers and reproductive organs, due
to poor translocation of dry matter during the pgiichg stage (Jongrungklang et al, 2013)

The reduction of seed filling is attributable talecrease in the distribution of photosynthates,
and decline of the enzymatic activity involved ucgse and starch synthesis in seé@@sooq

et al, 2009; Karunaratne et Azam-Ali, 2013; Karunaratneet al, 2013) This always results

in a decrease of seed yield, which can reacho 0% or 70% under moderate or severe stress,
respectively(Meftah, 2012) In the present work, the P1 population from Tzizou was still
more productive than P2 from Djanet, regardlegh®fvater regime appligiieftah, 2012)

Following water stress, several authors observeiaction in the plant performance mainly
due to a decrease in the number of se&ldiman et Ahmed (2010)found a significant
reduction in seed yield by 50% under water defiticowpea, just as they have a significant
reduction greater than 40% in three culture cydgshe species. Similar results were also
obtained byDadsonet al, (2005)in ten cowpea cultivars under water stré¢amidou et al,
(2007) reported that water stress did not significandguce the number of seeds per pod in
cowpea, but instead the total number of pods aedssper plant.

Ogbonnayaet al, (2003) reported reduction of pod and seed vyield by 37.@Gb%d 43.03%,
respectively, in three cowpea varieties grown ungher stress.
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7.2 Salt stress
7.2.1 Case studies

a) Algerian populations of peanut were exposed tostedss, to identify physiological
evaluation criteria to assess salt tolerance ih speciesThe effect of salt stress was highly
significant for almost all the physiological traistudied. For proline, juvenile peanut plants
showed a capacity for synthesis which varied dejpgnohn salt concentration and the population
studied. Indeed, the higher the level of the aplpsalt stresses, the higher the level of proline
accumulation. This confirms that such amino acidy rha one of the components of plant
metabolic adaptation to salinity.

However, the populations Mellah (South West), QbdiNorth East) and Tonga (South)
showed the highest capacity for proline synthebiss the strongest capacity for osmo-regulation
by means of such amino acid. In addition, the |®fedalt stress applied increased the levels of
soluble sugars, which alone are believed to accfmunhore than 50 % of the osmotic potential
in glycophytes subjected to salt stress. Certaiatythe salt stress became severe, the young
peanut plants showed high sugar content, whatdweerpopulation. The results obtained for
sugars and proline thus confirmed the osmo-regylatapacity of the peanut populations
studied in coping with salt stress.

Sodium cation accumulation in leaves and rootsegwed progressively along with the
intensity of salt stress, with a similar behavidarr all the populations studied. They therefore
appeared to belong to the group of the salt-semsifiycophytes. Certainly, the above ‘Na
accumulation did not reflect an efficient cellulewompartmentation in roots and leaves, but
instead the disability to lower the cytoplasmicdewn toxic salts. However, within a species
built on this model, varietal comparison pointed that tolerance was shown by those genotypes
able to limit Nd export from roots to shoot. This reveals the safisi of the studied peanut
populations in front of salt stress.

Along with the accumulation of Nain leaves and roots, increasing salt stress irtlice
significant and proportional decrease in tHedéntent of leaves, with a similar behaviour fdr al
the populations. As a high selectivity of Kver Nd can be considered as an important criterion
for selecting salinity tolerance in plantashraf, 1994a; Gorhamet al, 1997. Ashraf, 2002;
Wenxue et al, 2003, the young peanut plants studied here appearethdo effective
mechanisms to maintain an adequat&/N& ratio, necessary to preserve physiological

functioning. Nd accumulation also generated a decrease hd@acentration in leaves, with
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the levels of the latter ion gradually decreasisgat stress increased. As the maintenance of
calcium uptake and transport under salt stress immportant indicator of salt tolerance of plants
(Snoussiet al, 2001; Abdel Latef et Chaoxing, 2014)the peanut populations studied here
seemed seemed to be unable to maintain an adeshsgption of Cd compared to Naunder
salt stress.

In summary, the peanut populations studied herewstioa significant capacity for
osmoregulation, being able to accumulate large amsoaf proline and soluble sugars in the
presence of salt stress. However, their apparability to protect their photosynthetic apparatus
from the undesirable effects of Naccumulation (leading to direct toxicity as wedlmutritional
imbalances) caused them to fall into the categdrglycophytic plants sensitive to salt stress.
Additional physiological and biochemical parametetssely correlated with those studied here,
need to be studied, to establish the degree afatode of Algerian peanut populations to salinity
and understand the related adapation mechanisswgeinrespect, comparative studies including
peanut germplasm already known for its toleranceaiinity would be of help, for a better
evaluation of salinity tolerance exhibited by Aligepeanut populations.

b) Further studies were carried out to assess theteffesalinity on the germination, growth,
biochemical parameters, water potential and yiélfive Vigna unguiculatapopulations from
different regions of Algeria. For the first expednt, the seeds of 5 populations were put to
germinate in the presence of six NaCl concentratianging from 0 to 20 dS hfor 8 days. The
maximum germination was achieved in distilled wdtar all populations. Populations P1, P7
and P23, native of El Kala, Tizi Ouzou and Bechaspectively, were found to be the most
tolerant. In fact, increasing salinity up to 12 YRY 16 dS rit (P1 and P23), although delaying
germination, did not reduce its final percentagstdad, germination was reduced significantly
at 16 (P7) or 20 dS ™(P1 and P23). The P17 population (Adrar region} faund to be
moderately tolerant, being its final germinationgemtage significantly reduced from 12 dS m
onwards. The P13 population (In Salah region) weas most sensitive to salinity, with a
reduction of its final germination percentage apipegfrom 4 dS rit onwards the highest NaCl
concentration (20 dS ™) completely inhibited the germination of P13 arid’ P

All the tested cowpea populations exhibited comrptimal conditions for germination in
the absence of NaCl in the medifhabi, 2009) which confirms the quasi-general rule on the
germination of halophyte€srouzis et al, 1976; Belkhodja et Bidai, 2004, El-Keblawy et A
Rawai, 2005)and glycophytegMeloni et al., 2008)
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Other studies also reported that the seeds of spesties reach their maximum germination
in distilled water(Partridje et Wilson, 1987; Khan et Gulzar, 2003; Kft et Naidoo, 2006;
Vicenteet al, 2007; Weiet al, 2008)

In general, low NaCl concentrations tended to dekymination, without reducing germinating
ability to a significant extent when compared tstoessed control. Moderate or high salinity,
instead, impacted germination rate, which becartalyanhibited in the latter cag&labi, 2009;
Nabi, 2010)

Previous studies reported that low salt concewinatcan delay germination without reducing
germinating ability, whereas both effects occuthet same time in the presence of high salt
stress(Khan et al, 2000; Ghoulam et Fares, 2001; Thakur et Sharm&005; Al-Khateeb,
2006; Naidoo et Kift, 2006) It appears that seeds of halophytes and glyceghgspond in a
similar way to salt stress by reducing the totahber of germinating seeds and causing a delay
in the initiation of the germination proce@éan, 2003; Rubio-casalkt al, 2003; Jamilet al,
2006; Yildirim et Guvenc, 2006; Jaleel, 2007a; Igraet al, 2008; Weiet al, 2008) Salinity
affects germination by decreasing the water paerdf the medium, thus reducing water
absorption in the segdlig et al, 2008) In addition, salinity facilitates the absorptiohtoxic
ions, which can cause changes in enzyme and hotnamtiities in the germinating seed
(Yildirim et Guvenc (2006). Salinity-induced oxidative stress might also cdwte to the
depressive effect on germinatigAmor et al, 2005; Demiral et Turkan, 2005; Liuet al,
2007; Wahid et al, 2007; Yaziciet al, 2007) Indeed, protective antioxidant systems become
ineffective in seeds exposed to salt stress, #madihig to inhibition of germinatiofiKhan et al,
2006) These authors suggested an antioxidant treatwigdnascorbic acid to improve salt stress
tolerance during germination in some halophyse® also Maiget al, 2013)

It has been suggested that increasing salinityesatigo effects on seed germinationMn
unguiculata at NaCl concentrations up to 12 dS,ngermination is delayed, but no reduction in
germinating ability occurs. However, germinatingligbis significantly reduced at higher NacCl
concentrations (16 or 20 dSmNest et Francis, 1982)Delay in seed germination might be the
consequence of osmotic effects, whereas reduatiagermination percentage might be due to
salt-induced toxicity, alone or in combination witkmotic effectFrancois et West, 1982)
Similar results were obtained Bantaset al, (2005) who showed that the germination of seeds
in three cultivars o¥. unguiculatais significantly reduced to 25% when treated wi®® mM

NaCl, which, in terms of conductance, is equivatert0.2 dS rf.
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Several authors found that differences in salitofgrance exist not only between different
species, but also within species, among cultivads @opulationgGrouzis et al, 1976; Alonso
et al, 1999; Syet al, 2001; Murillo-Amador et al, 2002; Raccuiaet al, 2004; Yeet al,
2005) Differences in germination between populations arost important under salt stress.
Yildirim et Guvenc (2006) emphasized that these differences can be attdbiotegenotypic
variability which is expressed at a high level unsidt stress, and therefore mightbe regarded as
a valuable tool for studying tolerance mechanis@se of these mechanisms depends on the
capacity for osmotic adjustment, which allows threvgh to be continued under salt stress
conditions(Murillo-Amador et al, 2002; Misra et Dwivedi, 2004)

Apart from the effects of salt stress on seed gation, responses in terms of plant growth
were also examined in the cowpea landraces colledteing the prospection of the Algerian
territory. To such aim, potted cowpea plants wergated with saline solutions (4 salinity
levels: 1.93, 3.8, 4.7 and 6.0. dS"nstarting 20 days after sowing and during the sgbent 2
months. Biochemical and water potential analysiseweade immediately after salt treatmen t.
Salinity significantly reduced plant height, numioérleaves and leaf area, leaf water potential,
levels of Chla, Chlb and carotenoids, whereas the @fthl ratio was increased. Leaf proline and
sugar contents were increased significantly as saltreof increasing salt concentration. At
maturity, yield components, such as number of aist’, length of pods plaftt weight of 100
seeds and number of seeds hodere significantly affected by salt. The moseafed was the
number of pods plafit However, the effects varied depending on the Ealel and the
population considered. On the basis of growth aettiyparameters, P1, P7 and P23 were more
tolerant than P13 and P17. Nevertheless, P13 arndh&1 most abundant foliage, which makes
them valuable as fodder for livestock. Such geneitability during germination until maturity
can be used with success in selection programsorclusion, the/igna unguiculatdandraces

studied here showed a moderate level of salt tobera

c) Whether and how salt stress directly affects thewtnr of indigenous rhizobacterial
strains, as well as the responses of inoculategheawandraces to salinity, were the objects of a
dedicated series of experiment. In a first expenimn®ur rhizobacterial strains, i.e. S1 and S2,
slow growing and able to develop up to 0.2 M Na®lg S3 and S4, fast growing and tolerating
up 0.4 M NaCl (see above), were exposed to inangasiaCl concentrations in their culture

medium, to assess théirvitro tolerance to salinitgAbed, 2010)
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The growth curve of the slow-growing strain S2 un@®5 M NaCl was slightly depressed,
whereas that of the S1 strain was accelerated.ig@e@d 5 M, the growth of both slow-growing
strains was strongly inhibited. With strains S3 &4 growth curves started to decline from 0.3

M NaCl onwards, and growth was stopped at 0.4 M.

Thus, the fast-growing strains were more halotolethan the slow-growing ones. Similar
results were also reported by several autf@osdan, 1982; Elsheikh et Wood, 1989)Serraj
et al (2004) showed that the sensitivity éthizobiumstrains to salinity varies with the strain
considered. It seems that halotolerance of fasvigig strains is due to their acidifying power
(unlike the slow growing strains, which are alkal@ and their ability to accumulate
osmoprotectant solutes faster than the slow-growingins, in addition to their strong mucoid
nature.(Beunard, 1995)

Low or medium NaCl concentration in the culture medretards bacterial growiffraituri
et al, 2001) resulting in an increase in the generation timhbazterial straingSingletonet al,
1982) At high NaCl concentrations, growth is inhibit¢dbdelwahab et Zahran, 1979;
Beunard, 1995) Elsheikh et Wood (1989)bserved a reduction in the multiplication rateaof
fast-growing rhizobacterial strain isolated fromaokipea upon exposure to 0.34 M NacCl, and
inhibition at 0.51 MTalibart et al (1994)reported growth inhibition by 50% and 95% at 0.5 M
and 0.7 M NacCl, respectively, expressed througlerajthening in the latency phase and a
generation time 4 to 15 times longer than in cdntro

Graham et Parker (1964)reported that concentrations above 0.350 M anovb8l0030 M
NaCl are lethal for bacterial growtlBreedveld et al (2006) found that when strains are
transferred from a culture medium without salt tee containing 0.6 M NaCl, the maximum
growth occurs in four days, instead of two dayshi@ control medium. This delay is due to a
lengthening in the latency phase, which may be tduan adaptation to a saline environment
(Merabet, 2007) Elsheikh (1998)explains the strategy beyond this as an attengoh fthe
bacterial cell to counteract a reduction in theemxdl water potential, by diverting metabolic
resources towards osmotic adjustment, at the erpefhsgrowth and duplication. Instead,
Dominguez-Ferraset al (2006)explained the delay of bacterial growth under stitss as due
to a slowing of metabolism caused by a generalesspon of ribosomal genes and of those
encoding the cofactors involved in the tricarboxcid cycle and the respiratory chain.

Rhizobacterial strains respond to salt stress byeasing their cellular levels of compatible

solutes acting as osmoprotectaiadkour et al, 1990; Vriezenet al, 2007) such as ectoine
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(Talibart et al.,1994), glycine betaine, mannosucrose (Essendowatial, 2006) trehalose
(Elsheikh et Wood, 1990)the dipepetide N-acetylglutaminylglutami¢@mith et Smith, 1989)
poly-B-hydroxybutyratg/Arora et al, 2006) proline betaindGloux et Le Rudulier, 1989)and
the K ion (Bernard et al, 1986) the accumulation of which runs in parallel with a
intracellular increase of anionic amino acids, sashglutamate or aspartaBerkia et al,
2003) According toHua et al (1982) in the presence of NaCl the intracellular conian of
glutamate reaches as much as 88% of the entiregb@whino acids. However, the accumulation
of these solutes at too high concentrations caibiinBnzyme activitieqElsheikh et Wood,
1989)

The osmotic potential of the growth medium influesicthe metabolism of the above
compatible solutes. For exampk, melilotiuses proline betaine as a source of C and N under
normal conditions, but accumulates it as an osnteptant in the presence of salt stré@Skoux
et Le Rudelier, 1989) The nature of the culture medium and the gropliase which is
subjected to stress can influence the type and atmmiusynthesized osmolytes. In a C-rich
environment, high concentrations of carbohydratesa@cumulated in response to salt stress,
whereas in a N-rich one different osmoregulatorycma@isms take place, such as the
accumulation of glycine and proline betaifireedveld et al, 2006) The chemical nature of
solutes accumulated by rhizobia in response tost@ss also differs from one strain to another.
In Ensifer meliloti,glutamate remains the most abundant intracelloganolyte. Also, glycine
betaine does not seem to be common to all rhizame an improvement in the growth of
Bradyrhizobium japonicumat 0.08 M NaCl in the presence of this osmolyte tbeen reported,
whereas it is absent in other species of same gexpssed to salt stre¢glsheikh et Wood,
1989)

The carbon source may affect the tolerance of Higto salt. A given strain may respond
differently to the same salt stress also dependimghe composition of the culture medium. It
has been reported that strainsRof fredii tolerate up to 0.34 M NaCl in the YMA medium,
whereas the same strains, in the presence of the amount of NaCl, does not grow on YMA
medium amended with 1.0 g'lof yeast extractElsheikh et Wood, 1989) In addition to this,
fast-growing rhizobia nodulating peanut accumutegbalose in the presence of various carbon
sources (mannitol, sucrose or lactose), but the-glmwing strains do accumulate it only in the
presence of mannitglZahran, 1999; Bhausoet al, 2014) Some authors assume that the

osmotolerance of certain strains is at the gendewel.
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According to Dominguez-Ferreras et al (2006) in E. melilot, genes encoding proteins
whose functions are still unknown and located atsymbiotic plasmid BpSymB, are involved
in the osmotolerance of this strain. These authassyell as Shamseldin (2008), argue that the
pSymBplays a major role in the saprophytic competerfcE.anelilotito grow in saline soils.
Talibart et al (1994) speculate that since the osmoprotectant ectoinesslam effect inE.
meliloti without being accumulated in the cells, the metdmnof osmoprotection must be
located at the gene expression level. In this aasdejne might trigger the expression of a group

of osmgenes, coding for enzymes involved in the biosgsithof endogenous osmolytes.

This is consistent with the fact that the trandaip of several genes is activated by
environmental signals. On the other sipod et al (2001) identified proteins acting as
osmosensers and osmoregulators at the membrareofegertain Gram-negative bacteria, so
that osmoregulatory responses against salt striggd e orchestrated post-transcriptionally.

Other studies have demonstrated the involvementipaipolysaccharide (LPS) in the
osmotolerance of rhizobia against salt stress. Alicg to Breedveld et al (2006) LPS
biosynthesis, occurring mainly during the statignainase, is amplified when NaCl is added to
the medium. Thus, the amount of LPS excreted astns proportional to the intensity of salt
stress in the growth medium, probably as an osnutaeayy responselao et al, 1992 have
shown that changes in osmotic pressure induce elsaimgLPS structure in response to salt
stress.

Lioret et al (1999) observed structural changes in rhizobia inducedobyc and osmotic
stress, which may represent adaptive mechanismwitttstand environmental challenges
impacting rhizobia either in their free state obasteroids. These changes generally affect the O
antigen, are specifically induced by salt stressl are complementary to the accumulation of
compatible solutes. The same authors concludecttaatges in LPS should be considered as an
adaptive mechanism of rhizobia to the environmenwlich they are isolated. Similar changes
observed during nodule development have been tescras mechanisms of adaptation to
microenvironments surrounding the rhizobia. Sirtdeabia are more halotolerant than legumes
(Singletonet al, 1982) inoculation of these species with halotolerardiss could be an option

for agriculture in arid and semi-arid areas wheitssre often saline.

d) A complementary experiment was then set up inclwvhthe indigenous S1-S4
rhizobacterial strains were used to inoculate apganandrace then grown in the presence of salt
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stress (NaCl), in order to evaluate the effectsmsinoculation on plant growth, development
and physiologyAbed, 2010)

Salt stress affected growth, development and ntidalan cowpea. A significant reduction
in the number of nodules, in fresh and dry weighthe aerial parts, in the leaf area, and in stem
height was observedAbed, 2010) Salt stress also induced a decrease in photasyath
pigments (total chlorophyll and carotenoids), adl @e protein level, and leaf relative water
content. Simultaneously, it caused appreciablyeiased levels of soluble sugars and proline in
leaves(Abed, 2010) Grain yield and pods were also affected, buingprovement was observed
with the studied rhizobacterial strains, excephvetrain S4, which was less efficient despite its

in vitro salt tolerancé¢see above; Abed, 2010)

The above results confirm thoseMéas et Hoffman (1977)who reported a moderate
tolerance of cowpea to salinity. Rhizobacterialimoeulation, i.e. inoculating plant roots
with more than one rhizobacterial strain, can Iargeduce the depressive effects of salt stress.
The inoculation with a mixture of rhizobacteriatashs S1 and S3, in particular, resulted in a
significant improvement of the parameters studi@thed, 2010) The co-inoculated plants
showed superior growth and yield, as well as higleels of photosynthetic pigments, protein,
leaf RWC, and compatible solutes, and the largesther of root nodules, not only relative to

non-inoculated controls, but also to mono-inoculgikants(Abed, 2010)

Nitrogen fixation was also improved in the casecofinoculation(Abed, 2010) Similar
results were obtained byaau (1989)and Lesueur et al (2009) who observed a significant
increase in growth and yield due to co-inoculatidiay et Bohlool (1983) after co-inoculating
two Rhizobiumstrains, obtained an increased plant DW and nurabeodulesBordeleau et
Antoun (1977) also obtained an increased number of noduleMeadicago sativaafter co-
inoculation with two strains ofinorhizobium meliloti Tham et Tham (2007) noticed in
Parasponia andersonandAcacia mangiunbetter performances and increases ranging from 14
to 25% in nodule number after a co-inoculatiBmizobium-BradyrhizobiumAccordingly,
Svenninget al (2001)andLowther et al (2002)reported that the co-inoculation of two strains
of Rhizobium leguminosaruriovar trifolii had quadrupled the performance of white clover
plants compared to non-inoculated control, and twlib compared to mono-inoculated plants.

Van Der Heijden et al., (2006)found in forage legumes inoculated with severaiss of
rhizobia a better yield of 35% and nitrogen contgréater than 85%, compared to non-

inoculated controlQureshi et al.,(2009)showed that the associatidtesorhizobium
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Azotobacterallowed better growth and higher yield compareth&® mono-inoculation. This
association also doubled the biomass, grain yiaeldy improved significantly the nodular
biomass, as well as the P and N contents of therlegAccording t&elvakumar et al, (2009)
and Qureshi et al, (2009) co-inoculation might boost the action of rhizobia the host plant
tolerance against salt stress. The above auth@lgie&d co-inoculation synergism in terms of
mutual stimulation between strains, their growtld aineir ability to colonize the rhizosphere
niches. Such synergism among different strains @vamiply: a) an improved MBF, a better
water status and mineral nutrition, thereby curkimg harmful effects of abiotic stress; b) an
increased exudation of flavonoids (Nod factors)tloy roots, with a higher production of LPS,
improving the exchange of signals between rhizodma the host plant; ¢) an increased
production of plant growth hormones and relatedyeres, such as cytokines, gibberellic acid,

and 1-aminocyclopropane-1-carboxylate (ACC) deas@nbwering plant ethylene levels

(Glick, 2014), which co-operatively stimulate the growth of fateoots, allowing more sites
of infection; d) an increased production of auximspmoting colonization and rhizobia
proliferation in the rhizosphere, thereby reduding negative impact of salt stress on nodulation
and nitrogen fixation(Bajgiran et al, 2008; Dardanelli et al, 2008, Mehry et al, 2008;
Cassanet al, 2009; Qureshiet al, 2009andSelvakumar et al, 2009).

7.2.2 Adaptive responses to salt stress

Growth - Salt stress caused reduction in stem height, lezd and number of leaves of
plants in five populations of Algerian cowpea usedhe experiments reported abofiabi,
2010) Several authors reported that a general respaingkants to salinity is growth reduction
(Rogers et Noble, 1992; Croseet al, 2001; Romero-arandeet al, 2001; Hameed et Ashraf,
2008, Jaleekt al, 2008; Pericaet al, 2008) Xiong et Zhu (2002)considered that reduction in
growth is an adaptive capacity necessary for tinevsal of a plant exposed to abiotic stress.

Reduction in leaf area was also reportedNgng et Nil (2000) These authors emphasized
that an immediate response to salt stress is &tiedun the expansion rate of leaf surface, until
its cessation with increasing salt concentratid®sgarding the number of leavéseumann
(1997)considered that salt-induced inhibition of leapamnsion reduces the volume of leaf tissue
and, therefore, limits the production of new leavHserefore, a decreased number of leaves is
strongly linked to the reduction of the leaf sudatovato et al, (1999) observed in
Stylosanthes humilig&abaceag a reduction in leaf number in all the populatishsdied.
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Salt stress induces a significant reduction in leahber and in the fresh and dry weight of
leaves, stems and roofgurban et al, 1999; Mehari et al, 2005; Silvaet al, 2008) The
depressive effect of salinity on plant growth mayrélated to imbalances in the soil water status
caused by the osmotic effects of sdlixas et Parida, 2005; Flowers et Flowers, 2005)
Physiological drought occurs when osmotic adjustnemot sufficient, making acquisition of
water and nutrients difficult by the plant, as wal maintaining the turgidity of the leaves
(Hopkins, 2003) Therefore, leaf expansion is slowed down, heerdeigcing photosynthetic leaf
area (Shannon, 1997) In addition, Slama (2004) reported that the effect of NaCl on
photosynthesis is carried out by a decrease ircQfitent, and a decrease in the leaf surface area.
Among other causes of reduced growth in responsaltostress, toxic effects of salts, ionic,
nutritional and hormonal imbalancg&han et al, 1999; Khan, 2001; Jimenez bayuelet al,
2003; Haoulaet al, 2007)or a combination of these factofShannon, 1992; Hayashi et
Murata, 1998; Yeo, 1998)can be considered. Munns &ermaat (1986) illustrated the
processes which reduce plant growth. They distsited between short-term and long-term salt

stress.

In the short term, physiological drought is not taise of the reduced growth of stressed
plants. Rather, metabolic energy required for ghoistinsufficient, because it is expended to
accumulate ions and solutes for osmotic adjustmidrg.reduction in growth is due, however, to
the presence of toxic concentrations of Nad Clions in the leaves of plants subjected to
severe salt stress. In the long term, moderatdsi@fesalinity, even for long periods, can cause
significant reductions in growth and yield of masbps without symptoms of toxicity and leaf
damage. In this context, the growth reduction olerfollowing the addition of NaCl to the
watering solution for a long time is due to the otimeffects of salts.

Consistently, Francois et West (1982)showed that growth inV. unguiculata was
significantly reduced by 9% per unit of increaseslactrical conductivity in soil, starting from
the threshold of 1.6 dS"mMaas et Poss (1989akgported a significant reduction in the growth
of V. unguiculatawhen salt stress was applied at the vegetativgest8imilar results were
reported byAshraf et Rasul (1988)andZayed et Zeid (1998Yor V. radiate FurthermoreSilva
et al, (2003)demonstrated that salinity (75 mM NaCl) reducesglowth ofV. unguiculataIn
addition, Silveira et al, (2001) reported a reduction in the growth @f unguiculatawhen
subjected to salt stress (50 and 100 mM NaCl). $ame authors confirmed that growth

reduction was due to a restriction or a decreasatiaite uptake from the nutritive solution,
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resulting in a decreased nitrate reductase actinithe leavesRejili et al., (2008)reported
that 9 g ' NaCl in the irrigation solution affected signifitdy growth in height of two
populations oMedicago sativa

Contradictory results have been reported in therditire on halophytes, indicating a
stimulatory effect of growth in a saltwater envinoent. So,Patel et Pandey (2007)yeported
stimulation of growth under salt stress (up to 8mi') in Cassia montangFabaceae) due to
osmotic adjustment and increased leaf surf&=mdhouane (2008)reported a stimulation of
growth resulting in increased leaf area with insheg salinity (4 and 7 g't) in some ecotypes
of Tunisian mil. Furthermoreil-Khateeb (2006)emphasized that NaCl concentrations ranging
from 25 to 50 mM stimulate the growth B&nicum turgidum.

In the experiments reported here, salt stress daeskiction in height, leaf area and number
of leaves per plant in all the populations of coapesed(Nabi, 2010) However, there was
variability in these measures in relation to theagpe and parameters studied. Certainly, at the
end of salt stress application, P13 was the maostithee landrace in terms of number of leaves,
whereas P17 was the most sensitive in terms ofdedfce(Nabi, 2010) Numerous studies
showed that reduction in growth occurs in all pdaithmed et al,, 2008) but their tolerance
level and the rate of reduction in the presenceetbial salt concentrations vary widely within
and between the different plant spedidaas, 1996; Das et Parida, 2005; Yildirim et Guver
2006) the cultivar or biotyp€Ashraf, 2001; Ghulamet al, 2002) the stage of development at
which salinity is appliedMaas, 1996; Vicenteet al, 2004; Hamidouet al, 2012)and the
interactions with the environmeriMaas et Hoffman, 1977) Genotypic variation was also
reported byMurillo-Amador et al, (2002)in two cultivars ofV. unguiculata The same group
of authors(Murillo-Amador et al, 2006) showed that 85 and 170 mM NaCl significantly
affected the biomass of 25 genotypes\Vana unguiculata Genotypic variants have been
identified, with tolerant- and moderately toleraggnotypes having a higher biomass than

susceptible ones.

Chlorophyll content — In the present plant material, the increase imisglled to significant
reductions in the levels of Ch| Chlb, total chlorophylls, and carotenoids. Certainhg tevels
of total chlorophyll and carotenoids generally @ase under salt stre@Rajesh et al, 1998;
Dajic, 2006; Manivannanet al, 2008; Pinheiroet al, 2008) Reductions in concentrations of
photosynthetic pigments observed in salt-stressaotphave been attributed to the inhibitory

effect of the accumulation of Nand Clon the structure of chloroplasts and hence on the
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biosynthesis of various pigmen{Mohammed, 2007) The salt-induced increase in
chlorophyllase activity may also cause a decreasehiorophyll content(Ali dinar 1999;
Sultanaet al, 1999)

Levitt (1980) postulated that reductions in pigment levels ane tb protein instability
caused by salinity, which affects the bonding fereenong pigment and proteins in the light
harvesting complexes (LHC). AccordingBaleelet al, (2007b)reported that such reduction in
pigment contents are due to the interference dfisak on protein turnover within the LHC,
rather than to degradation of chlorophylls. Aboecmases in carotenoids levels under salt
stress,Sultana et al, (1999) emphasized that this reduction leads to the degjcad of -
carotene and zeaxanthin formation, involved ingrbon against photoinhibition.

Significant reductions in the levels of GihlChl b, total chlorophylls and carotenoids appear
to be commonplace in the genwWgna exposed to salt stress, having been reportedv/for
unguiculata(Tawfik, 2008), V. radiata (Ashraf et Rasul, 1988; Zayed et Zeid, 1998andV.
mungo(Ashraf, 1989) However, contradictory results were obtained_bg et al, (2004) who
illustrated an increase in chlorophyll content wititreasing salinity (up to 49.7 dS%nin
Paspalum vaginatunthalophyte), which led to hypothesize that tolemstrategy against salt

stress might be associated to an increase in th@gynthetic capacity and chlorophyll content.

Leaf soluble sugars -In the experiments reported abotiee effect of salt stress was associated
to a significant increase in the foliar levels oblme and soluble sugars, which occurred in all
the tested cowpea landraces except in EN&bi, 2010) Populations irrigated with saline
solutions at high concentrations accumulate mooéra and sugars than those subject to low or
to moderate salt concentratiaiidabi, 2010).

Tawfik (2008) demonstrated in salt-stress¥d unguiculataa significant accumulation of
soluble sugars and leaf prolirgilva et al, (2003)also observed an increase in soluble sugars
content ofV. unguiculataMohammed (2007)reported that increasing salinity is associateti wi
elevated contents of leaf proline Vh radiata However, conflicting findings were reported
concerning proline accumulation under salt strédsss, Silveira et al, (2001)demonstrated a
slight increase V. unguiculatawhereas no change in proline levels was repone8ila et
al., (2003)for this same speciebranco et al, (1999)found lower levels of sugars and proline
in V. unguiculatan relation to salinity. Besidegshraf et Rasul (1988)observed a reduction in
soluble sugar contents in two cultivars\afradiataunder salt stress. These authors suggested

that such depressive effects were due to the nvegatipact of salinity on carbohydrate
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metabolism, mediated by the inhibitory effect of i©hs on photosynthesis. These same
results were obtained bMohammed (2007) This may explain the reduced levels of soluble
sugars with increasing salinity in the cowpea papoh P17 studied here.

Data from the literature report that the accumalatof proline and soluble sugars in the
leaves of stressed plants is a mechanism of daltatee. It plays an important role in cell
osmotic adjustment in case of water deficialeel et al, 2007b; Turk et al, 2008) This
reinforces the idea that the accumulation of peolnd soluble sugars is the result of an attempt
of the plant to withstand stress-associated dameajber than being associated to stress
tolerance(Lacerda et al,, 2003 2005 Naidoo et al, 2008) Naidoo et al., (2008)suggested that
proline is a compatible solute which ensures tlabiktzation of certain macromolecules and
organelles such as proteins, protein complexesvambranes and prevents the denaturation of
enzymes following inactivation by hydroxyl radicaled other reactive oxygen species. Similar
findings were reported fo¥igna unguiculatéby other authorsSilva et al.,(2003)suggested that
the increase in proline content in response to sakss is not sufficient to explain its
contribution to osmotic adjustment. Indeed, anaaske in proline content was observed in plants
exhibiting the strongest reduction in growth. BesidAshraf (1989) showed an increased
content of proline, but not sufficient for osmoédjustment in two cultivars of. mungo This
author proposed that the accumulation of prolineasrelated to the salt tolerance of cultivars
and it must be combined with other compatible gsub provide osmotic adjustment.

Ghoulam et al., (2002)came to the same conclusion after studying figasbeet cultivars.
Patel & Pandey (2007)showed that the accumulation of prolineGassia montanglays a
positive role as a compatible solute to balanceatteimulation of Naand Clions induced by
salt stress. The accumulation of compatible solates also be a storage form of nitrogen or

carbon used in times of strgstare et al, 1998; Parvaiz et Satyawati, 2008).

8. CONCLUSION AND PROSPECTS

Food legume crops play an increasing role in fagrsgstems for North Africa with the
emphasis on development of sustainable agriculpr@duction. Drought and excess salinity in
soil are worldwide environmental stressor with thghest negative impact on crop biological
performance and marketable yield, both of whicheaqgected to be challenged by the increase
in frequency, intensity and duration of water strescurrence associated with global climate
changes.
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Within this framework, major directions for futuresearch are: 1) to evaluate the biological
diversity in response to water and salt stressbibeui by collection of crop wild relatives and
landraces traditionally grown in arid and semi-ad/ironment, 2) to explore the relationships
between multiple morpho-physiological traits anduwiyht/salinity tolerance, and 3) to identify
useful traits which might be promising for breedprggrams targeted to augment drought and
salt stress tolerance in commercial lines. Thid W# achieved by an integrative approach,
combining a range of disciplines (biology, phys®lo eco-physiology, agronomy, economics
and social sciences), and active contribution ah&s from reference areas, to identify all the

factors which should be implicated.
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Conclusion générale

Ce travail qui porte sur l'étude des meécanismeso agiorphologiques, physiologiques,
biochimiques et moléculaires a permis d’identifigusieurs réponses au stress hydrique de
qguelques populations d’arachide. Elles peuvent @ee diverse nature et se déclencher
séparément ou ensemble, pour contrecarrer les eléetette contrainte. Cette diversité constitue
un atout majeur pouvant étre exploité pour déteemias mécanismes les plus efficients de la
tolérance au stress hydrique. L'arachide déplaisipurs stratégies adaptatives en fonction de la
durée de cette contraint@). ajustement osmotique par I'accumulation de laipeott des sucres
solubles ;(ii) modifications morphologiquegyitement par la diminution de la hauteur de la
tige, la réduction de la surface foliaire et I'engntation de la résistance stomatiq(ie); baisse

de I'état hydrique de la plante par la diminutioa k& teneur relative en eau, du potentiel
hydrique foliaire et la diminution de la températaiu couvert végétal.

Les principaux résultats obtenus permettent d’ifientdes relations entre quelques caracteres
morpho-physiologiques et la tolérance au stressiduyel. Une approche statistique multivariée
permet d’observer deux composantes biologiquemamntifisatives : (i) la «vigueur des
racines» associée a un systeme racinaire long et profonéseptant a la fois une forte
distribution de racines latérales contenant plusiewdules, et une croissance prononcée de la
tige; (ii) les «<mécanismes- physiologiquesassociés a la capacité de maintenir un bon état
physiologique des feuilles et un abaissement deetapérature du couvert végétal, par
l'intermédiaire des valeurs permissives du potémiyelrique des feuilles qui permet un certain
degré de perméabilité stomatique, méme dans dektioms de stress hydrique sévéré jours

de stress hydrique)

De ce fait, il est devenu possible de modélisefagen fiable, la tolérance au stress hydrique et
d'identifier un sous-groupe au niveau des populatimcales d’arachide étudiées formé par
Berrihane (BER), Tonga (TO), Adrar (AD) , Oum Tboul (OT) etBoumalek (BMK) qui ont
donné les meilleurs performances pour les deux osarnges étudiées a savoirdagueur des

racines »et «mécanismes- physiologiques ».

Les résultats obtenus montrent également que sousortrainte hydrique, les différentes
populations enregistrent une baisse non signifieatie I'activité superoxyde dismuta&&OD)
sauf la populationTonga (TO) qui enregistre la valeur la plus élevée de cetieyme,

confirmant ainsi une meilleure tolérance au stheglique. Aucune différence significative n’a
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été observée, en ce qui concerne la tene@33 ; la teneur la plus élevée de cet antioxydant a

été observée chdonga (TO) etAdrar (AD) sous les différents niveaux de stress hydrique.

En revanche, toutes les populations étudiées omtrén@ntre elles une nette différence de la
teneur en acide ascorbiq(&sA). Adrar (AD) , Tonga (TO), Oum Tboul (OT), El Frin (FR)
etBoumalek (BMK) ont présenté la teneur la plus élevée de de mbt.ac

Les différents comportements des populations di@dacétudiées impliguent des réponses
distinctes et spécifigues concernant les mécanisarg®mxydants. Ces résultats montrent
implicitement que chaque population développe traegyie propre vis-a-vis du stress hydrique.
En effet, ils sont cohérents avec ceux obtenuscperins chercheurs, qui confirment que le

stress hydrigue entraine un stress oxydatif clagadhide.

L'expression des géenes de la superoxyde dism($&3B) est analysée, compte tenu de son réle
central dans les antioxydants de défense chezZdeumganismes et de son implication dans les
réponses anti-oxydantes sous contrainte hydriguARN total isolé a partir des plantes
stressées et non stressées permet de détermitarxie'expression du gene de la superoxyde
dismutas€SOD) par la techniqu®T-PCR.

Les résultats montrent que le stress hydrique eegusynthese et l'activité de la superoxyde
dismutase et la maniere dont cette enzyme cont@bpmtéger contre les effets dommageables
de radicaux superoxyde chez l'arachide. Les nivelaxpression relative de &OD augmentent
aprés 25 jours de stress hydrique chienga (TO), par contre, ils diminuent chegebseb
(SEB). Les résultats révelent de grandes différencesstitutive$ dans I'expression du gene de
la SOD chez les quatre populations d'arachide. En @D transcripts est plus abondant chez
Tonga (TO) que chefSebseb (SEB)

Bien qu'il soit difficile de comprendre tous lesaagismes antioxydants des plantes sous stress
environnementaux, cette étude serait une étapémpmalre pour une étude moléculaire de
certaines enzymes antioxydantes. Le profil d'exgioes génique de la catalad€AT),
chloroplastiqgue/mitochondrigR et chloroplastique / stromakePX sera la prochaine étape de
cette étude. Aussi, la comparaison des profilspdéssion génique des différentes enzymes
antioxydantes et des activités enzymatiques pemitettl’approfondir la connaissance des

mécanismes de protection moléculaire chez I'ara&chadis contrainte hydrique.
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Enfin, dans I'ensemble, et en raison de leur prawvea et leur grande variabilité inhérente, les
populations d'arachide étudiées peuvent étre cérésd comme une collection utile pour I'étude
des mécanismes morpho-physiologiques, biochimigetesnoléculaires déployés par cette

espece.
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A partir de tous les résultats obtenus, des recardatans et projections peuvent étre proposées
pour continuer ce travalil :

- Il serait intéressant de poursuivre cette étuatelgp comportement des populations d’arachide
attestées tolérantes a la sécheresse en condiggisin champ.

- Il serait plus important de vérifier les résudtatbtenus par des études complémentaires, avec
d’autres populations locales afin d’élargir la ahilité génotypique.

- D’autres travaux sont nécessaires pour valider r@es distincts des divers systemes
antioxydants, et ce en intégrant les antioxydardgsbds poids moléculaire comme ligne
secondaire de défense.

- Notre travail suggere que les systemes enzynegide typ&SOD jouent un rble essentiel dans
la tolérance au stress hydrique chez la populafimmga (TO). lIs ouvrent ainsi une voie de
recherche dans le but de :

* Sélectionner des populations d’arachities fiolérantes a cette contrainte par différentes
méthodes comme la modification de I'expression deses codant pour cette enzyme
antioxydante (par des méthodes biotechnologiquegpdetransgénese).

* La sélection de populations présentartuneiement des niveaux élevés d’expression
pour cette enzyme (par des méthodes génétiqueslphsques et des croisements).

- Une étude approfondie sur les mécanismes deatwlérau stress hydrique ne peut étre
envisagée sans une approche molécul@entification d’'un ou des genes de résistancs)
biochimique (recherche de protéines synthétisées ou inhibées parstresy et serait
indispensable pour améliorer rapidement la proditétde cette espece.

- Une analyse de I'expression d’'un nombre plus drda genegqarray), et pour différents
scenarios de stress hydrique mérite d’étre condiited’effectuer une analyse plus exhaustive
des génes impliqués dans la tolérance de 'araéhidesécheresse.

- Enfin, ces populations pourraient étre utiliséesnme des lignées parentales dans les

programmes de sélection pour les zones aridesrauaides.

231



Annexes




Annexes

Annexes

Annexe | : Composition de milieu de culture YEMA mnimum

Mannitol 29
KoHPO, 0,59
MgSO,, 7THO 0,29
Extrait de levure 0,19

NacCl 0,19
Eau distillée 1000ml
Agar-agar 15g
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Annexe Il Dispositif expérimental (Randomisation téale) au niveau de la chambre de
culture.

- 1.80 ir

v

4—

BER R2 Stressed

TO R2 Controlled

TIM R2 Stressed

OT R3 Stressed

TIM R1 Controlled

BMK R2 Stresed

TO R1 stressed

BER R1 Stressed

OT R2 Stressed

BMK R1 Controlled

BER R1 Controlled

TO R3 Controlled

BER R2 Controlled

OT R3 Controlled

TIM R1 Stressed

TO R1 Controlled

TIM R2 Controlled

BMK R3 Stressed

OT R1 Controlled

BER R3 Controlled

TO R2 stressed

BMK R2 Controlled

TIM R3 Stressed

OM R1 Stressed

OT R2 Controlled

BMK R1 Stressed

TIM R3 Controlled

TO R3 Stressed

BER R3 Stressed

BMK R3 Controlled

460 m

MET R2 Stressed

OS R1 Stressed

FR R2 Stressed

SEB R3 Stressed

FR R1 Controlled

OS R2 Stressed

AD R1 Stressed

MET R1 Stressed

SEB R2 Stressed

OS R1 Controlled

MET R1 Controlled

AD R3 Controlled

MET R2 Controlled

SB R3 Controlled

FR R1 Stressed

AD R1 Controlled

FR R2 Controlled

OS R3 Stressed

SEB R2 Controlled

MET R3 Controlled

AD R2 Stressed

OS R2 Controlled

FR R3 Stressed

SEB R1 Stressed

AD R3 Stressed

MET R3 Stressed

OS R3 Controlled

SEB R1 Controlled

AD R2 Controlled

FR R2 Stressed

1.80

v
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