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Chapter 4: Capacity of different minerals to release bioavailable silicon and the mechanisms of
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Abstract

Plant growth is seriously limited by heavy metal toxicity. Studies suggest that silicon (Si) can
alleviate the metal stress in plants but its bioavailability in soil is not well defined. This study
aims at assessing the bioavailability of Si from different soil minerals, the meaning of various
extractants in terms of availability in relation with continuous plant uptake, and the specific
role of Si on the plant growth and alleviation of cadmium (Cd) and copper (Cu) toxicity in
durum wheat. For this purpose a series of experiments were performed both in soil and
hydroponic conditions. Firstly, the significance of acid and alkaline methods was assessed in
order to determine the bioavailable Si in soil and the applicability of the Na,COj; extraction
method was determined by repeated croppings of durum wheat on a variety of soils.
Secondly, two hydroponic experiments were carried out to study the physiological response of
wheat under Cd and Cu stress treated or not with Si. Thirdly, efficiency of different minerals
to release bioavailable silica and its effect on reducing Cd and Cu toxicity was assessed.
Finally, the effects of amorphous silica (ASi) application were investigated on metal stressed
wheat plant grown in uncontaminated and contaminated soils.

ASi extracted with Na,CO; (ASin,) was well correlated with the Si in plants shoots in our pot
experiment with different soils. We showed that ASiy, can also be used for a good proxy of Si
bioavailable to plants. Si present as amorphous Si (diatomite) added to the soil is available for
plant uptake. However, in soils with large clay content, clay may be a significant source of Si
for plants. Si supplementation suppressed the chlorosis symptoms and increased plant
biomass and photosynthetic pigments under metal stress. Si addition decreased Cd and Cu
uptake and root-to-shoot translocation by increasing metal adsorption on the roots apoplast
and Zn and Mn uptake. ASi application in soil slightly increased the pH of soil, reduced the
available Cd in soil and played a significant role in reduction of Cd concentration in wheat
shoots. The present results suggest that Si might be useful to enhance Cd and Cu tolerance in
durum wheat grown in metal contaminated soils.

Key words: silicon, amorphous silica, heavy metals, uptake, wheat, remediation
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+Résumé court

La croissance des plantes est limitée par la toxicité métallique. Des études suggérent que le
stress métallique peut éEtre limité par [D’absorption de silicium (Si). Cependant la
phytodisponibilité du silicium n’a pas encore été clairement évaluée.

Ainsi dans un premier temps cette étude a pour objectifs d’évaluer la disponibilité¢ de Si issu
de différents minéraux du sol et la signification des différents extractants utilisés pour
I’extraction de Si du sol en terme de disponibilité lors d’une culture en continu de blé dur.
Pour ce faire, des extractants acides et alcalins ont été comparés sur une série de sols non
contaminés de nature différente, puis la validité de Na,CO;3 pour I’estimation de la fraction
disponible de Si pour une culture continue de blé dur (Triticum turgidum L.) a été testée sur
une série de sols contrastés.

Ensuite on a tenté de déterminer le role spécifique de Si dans la croissance de plantules de blé
dur et la suppression des stress associés a la présence de Cd et Cu dans le milieu de
croissance, a la fois en conditions hydroponiques et sur support solide simplifi¢ en comparant
un alumino-silicate et une diatomite. Finalement, I’apport de silicium amorphe (ASi) (et
disponible) a été testé en pot sur les plantes de blé ayant poussé sur des sols multi-contaminés
ou contaminés en Cd.

ASi extrait par Na;CO; (ASin,) est apparu bien corrélé aux concentrations dans les parties
aériennes du blé dur ayant poussé en pot sur différents sols non contaminés et, pour cette
raison, pourrait étre utilisé pour 1’évaluation de la fraction phytodisponible.

L’ajout de Si dans les différentes expériences réduit la chlorose et a augmenté la biomasse et
les concentrations en pigments photosynthétiques de plantes sous stress métallique. Il a aussi
diminué I’absorption de Cd et Cu ainsi que la translocation vers les parties aériennes en
accroissant les concentrations apoplasmiques et I’absorption de Zn et Mn. De plus, I’ajout de
ASi sous forme de diatomite dans le sol contribue a une 1égére augmentation de pH favorisant
une diminution de la disponibilit¢ de Cd dans le sol, contribuant ainsi également a la
diminution des concentrations en Cd dans les plantes.

Au final, I’ensemble des résultats suggerent 1’existence d’une série de mécanismes concourant
a diminuer le stress métallique de plants de blé et nous conduit a proposer 1’ajout de silicium
pour accroitre la tolérance a Cd et Cd du blé¢ dur.

mots-clés: silicium, silice amorphe, cadmium, cuivre, élément trace métallique, abosrption,

blé, remédiation
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Résumé étendu

Au vu de I’étendue de la contamination des sols par les ¢léments traces métalliques et du défi
posé par la nécessité de remédier et/ou les utiliser pour la culture, il apparait nécessaire de
trouver des solutions alternatives & méme de réduire la toxicité métallique et le transfert des
métaux le long de la chaine alimentaire et dans les autres compartiments de 1’environnement.
Le silicium est un ¢lément présent en grande quantité dans la crofte terrestre et qui peut étre
accumulé dans les végétaux jusqu’a plus de 10%, surtout dans les monocotylédones,
atteignant ainsi des valeurs équivalentes a celles des macronutriments. Bien que le silicium
représente environ 28% de la crolte terrestre, la plupart des sources de Si ne sont pas
disponibles pour le prélévement par les plantes. Dans les écosystémes naturels, les phytolithes
(particules de silice amorphe d’origine végétale) sont considérées comme une source de
silicium soluble a pH>4. Dans les sols cultivés, les phytolithes ne retournent pas au sol si les
pailles sont exportées, suggérant un appauvrissement possible en Si soluble. D’autre part,
récemment il a ét€ montré que Si pouvait diminuer, voir supprimer, le stress métallique chez
plusieurs plantes, bien que les mécanismes qui en sont responsables n’aient pas été
entierement ¢lucidés. Dans une optique de réduction de la toxicité métallique, il est important
de s’interroger sur la disponibilité de Si dans les sols ainsi que la maniére de la mesurer ainsi

que sur les mécanismes a I’origine de cette réduction de toxicité.

Le but de ce travail est d’évaluer la biodisponibilit¢ de Si issu de différents minéraux, de
quantifier son appauvrissement suite a une culture continue de blé et de comprendre le rdle de
Si sur la croissance et la physiologie du blé¢ dur soumis a un stress métallique (Cd ou Cu). La

these est divisée en 2 parties principales subdivisées en plusieurs objectifs.

Aprés une introduction générale (chapitre 1), le second chapitre présente une revue de
littérature et identifie les manques dans la compréhension des mécanismes. Il souligne les
effets toxiques de Cd et Cu sur la croissance végétale et le manque de connaissances
concernant la biodisponibilit¢ de Si. Il identifie également les points nécessitant des
développements en ce qui concerne les mécanismes impliqués dans la diminution du stress

métallique chez les plantes ou augmentation de la tolérance.

Dans le chapitre 3, nous avons comparé différents extractants acides ou alcalins pour la

quantification et comparaison de la fraction extractible de différents sols et évalué la capacité
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de Na,COs a prédire 1’absorption de Si par le blé. Dans une premiére partie, deux extractions
acides (acide acétique et oxalate d’ammonium) ont été comparés a deux extractions alcalines
(carbonate de sodium et Tiron®) afin de caractériser différent sols en termes de quantité de
silice amorphe. Ces sols ont été¢ préparés de maniere a éviter la formation de nouvelles
surfaces réactives sur les argiles pouvant conduire a une surestimation de ASi. Pour ce faire,
ils ont ét¢ homogénéisés a la main, séchés a 40°C pendant 78h, broyés a la main (et non dans
un broyeur) et tamisés a 50 microns. Les résultats montrent que ASi extrait au carbonate de
sodium (ASin,) et ASi extrait a 1’oxalate ne représentent pas les mémes pools de Si, tandis
que le Tiron (ASi;) extrait des quantités plus importantes de Si et également des quantités
appréciables de Al et Fe des Andosols, ce qui est en accord avec les résultats de Sauer et al.

(2006).

Dans la seconde partie du chapitre 3, plusieurs parameétres (ASi dans le sol et Si le blé, Si
dissous (DSi) dans la solution du sol et le pH) ont ét¢ mesurés dans une expérience
d’exportation de paille conduite sur 9 rotations de blé dur et 3 sols non contaminés et
présentant des teneurs variées en ASi. Un Andosol prélevé sous forét, un Podzosol et un
Calcisol agricoles ont été plantés 2 fois par an entre 2007 et 2012 avec du blé dur, initialement
en chambre climatisée puis en serre. Les solutions du sol ont été échantillonnées a partir de la
rotation 5 a différents intervalles de temps au cours de la croissance des plantes avec des
bougies poreuses de type Rhizon (SMS, Rhizon®) installées aprés le semis dans chaque pot.
Les concentrations en Si dans les plantes ont été comparées aux concentrations en Si
mesurées en solution ainsi que l’extrait Na,COs du sol échantillonné aprés récolte. Les
résultats montrent une bonne adéquation entre ASiy, et les concentrations en Si des plantes et
donc que Na,COs peut estimer de maniere satisfaisante la fraction de Si disponible pour les

plantes.

Dans la premicre partie du chapitre 4, une expérience en hydroponie a testé le role de Si dans
la tolérance Cd de plantules de blé dur soumis a des concentrations croissantes de Cd en
solution avec ou sans Si (0, 0,5, 5,0 et 50 uM avec ou sans 1,0 mM Si). Les plantes ont tout
d’abord été exposées a 0 ou 1,0 mM Si pendant 10 jours avant de recevoir pendant 11 jours
les doses croissantes en Cd citées précédemment. Les solutions nutritives ont été changées
tous les 3 jours afin de maintenir une fourniture en nutriments aussi constante que possible.

Le pH de la solution était ajusté a 6,5 + 0.2 avec | mM de tampon MES (acide 2-
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morpholinoethane sulphonique) si nécessaire. Apres récolte, les parametres suivants ont été
mesurés : biomasse, concentrations en chlorophylles et carotenoides, concentrations en Cd et
nutriments dans les parties aériennes et les racines ainsi que les concentrations en anions
inorganiques (Cl, NOs, SO4 et PO4) et organiques (malate, citrate et aconitate) dans le contenu
cellulaire des racines et des feuilles. Les phytolithes ont été extraits des feuilles et analysés
par microscopie €lectronique a balayage couplée a un détecteur ¢lémentaire (MEB-EDX). La
localisation de Cd, Si et certains éléments majeurs a été également effectuée a la fois par
MEB-EDX et en micro fluorescence X sur des échantillons lyophilisés de racines issues du
traitement 50 uM Cd + ImM Si. La localisation dans les feuilles a été faite par uXRF
uniquement pour des raisons de limite de détection. Enfin, la surface des racines a été

analysée sur une profondeur < 100 A par spectroscopie photoélectronique X (XPS).

Les résultats montrent que les concentrations utilisées provoquent une diminution des valeurs
des parametres associés a la biomasse, des concentrations en pigments photosynthétiques et
des nutriments, a la fois dans les racines et les parties aériennes, et cela de manicre croissante
avec 1’augmentation des concentrations en Cd en solution. Les concentrations en anions
organiques augmentent dans les parties aériennes et les racines tandis que les concentrations
en anions inorganiques diminuent a 1’exception du chlorure, parallélement a 1’augmentation
des concentrations en Cd dans la solution. Ces effets sont réduits en présence de Si : 1’ajout de
Si augmente la longueur racinaire et des pousses, la concentration en pigments
photosynthétiques et diminue les concentrations en Cd dans les parties aériennes, tandis que la
concentration en Cd apoplasmique augmente (quantité désorbée), et cela par rapport aux
plantes sans Si. La concentration racinaire de Zn est également augmentée de méme que les
concentrations en anions inorganiques dans les parties aériennes et les racines, tandis que les
concentrations en anions organiques diminuent dans ces 2 compartiments. Cette production
d’acides organiques plus faible en présence de Si, et plus spécifiquement les concentrations en
citrate et aconitate pourraient étre responsables de la diminution de la translocation de Cd
complexé des racines aux parties aériennes. Dans le traitement 50 uM Cd + 1 mM Si, Cd a
surtout été observé dans le cortex tandis que Si était surtout localisé dans 1’endoderme des
racines. La co-précipitation de Cd avec Si n’est pas apparue comme un processus dominant,
que ce soit dans les parties aériennes ou les racines. Les analyses par XPS montrent un
enrichissement en Si et Cd a la surface des racines (< 100 A) ayant poussé dans 50 uM Cd + 1

mM Si par rapport a celles issues du traitement 50 uM Cd sans Si. Ceci nous conduit a
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suggérer 1’existence d’un mécanisme de protection des racines par accumulation de Si et Cd a
la surface des racines. Le bilan global de Cd et Si montre par ailleurs qu’en présence de Si les

quantités totales prélevées de Cd sont moins élevées que lorsqu’il n’y a pas de Si en solution.

Dans la seconde partie du chapitre 4, une expérience en hydroponie, similaire a la précédente,
a été conduite avec Cu. De la méme manicre, les plantes ont été exposées pendant 10 jours a 0
ou ImM de Si dans la solution nutritive, puis pendant 10 jours supplémentaires a des
concentrations croissantes de Cu (0, 0,7, 7,0 et 30 uM). Le reste du protocole est similaire a
celui suivi pour I’expérience avec le cadmium. Ainsi, aprés récolte, les concentrations en
pigments photosynthétiques, en anions, Si et micro et macronutriments ont été analysés dans
les parties aériennes. Les micro et macronutriments, de méme que Cu, ont également été
mesurés dans les racines avant et aprés désorption a ’acide chlorhydrique dilué tandis que les
concentrations en anions et Si ont ét¢ mesurées dans les racines avant désorption. La
localisation de Si, Cu, Zn etc...a été effectuée par puXRF par le biais de transects effectués
d’épiderme a épiderme en passant par le cylindre central, et cela sur des coupes transversales

de racines.

Les résultats montrent que des concentrations croissantes en Cu diminuent les concentrations
en Si dans les parties aériennes tandis qu’elles accroissent les concentrations dans les racines.
L’ajout de Si réduit de manicre significative la toxicité cuprique dans le cas des
concentrations en Cu les plus élevées. L’ajout de Si compense partiellement la réduction de
taille des parties aériennes et des racines associ¢e a la présence de Cu et ce, de maniére
concomitante a une réduction des quantités de Cu prélevées et de la translocation racine-
feuilles, et une augmentation des concentrations en pigments photosynthétiques,
macronutriments et anions organiques (malate, citrate et aconitate) dans les racines. L’ajout
de Si augmente aussi 1’adsorption de Cu a la surface des racines tandis qu’il diminue
I’adsorption de Zn et Mn. De plus, les analyses par uXRF montrent qu’en présence de Si, Cu
et Mn sont préférentiellement localisés dans 1’épiderme et Si se trouve dans I’endoderme,
tandis qu’ils sont localisés dans le cylindre central lorsqu’il n’y a pas de Si en solution. Cette
¢tude montre donc que la tolérance accrue a Cu induite par 1’ajout de Si au milieu de culture
est essentiellement due a une réduction de 1’absorption et de la translocation de Cu en exces et
une fixation plus importante de Cu dans 1’épiderme des racines. L’addition de Si régule

¢galement les concentrations de complexants potentiels de Cu comme le malate, le citrate ou
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’aconitate, en réponse a une diminution probable des concentrations de Cu libre. Ces résultats
suggerent que Si pourrait donc €tre intéressant pour accroitre la tolérance au cuivre du bl¢ dur,

en particulier dans les sols contaminés au cuivre.

Dans la derniére partie du chapitre 4, une expérience en pot a été¢ conduite afin d’évaluer la
capacité de différents minéraux a fournir du silicium disponible pour les plantes et leur effet
sur des plantes soumises a des stress métalliques (Cd et Cu). Pour cela, nous avons utilisé¢ du
quartz (Q), une argile (vermiculite, C) et une source de silice amorphe d’origine naturelle, a
savoir une diatomite, D, issue d’une mine (poudre de diatomées fossiles commercialisée sous
le nom de Clarcel 78® par la CECA, groupe ARKEMA) a Saint-Bauzile (France), et
contenant 87% de SiO,, a savoir ASi sous une forme trés concentrée. Les 13% restant
comprennent les éléments suivants : Al, Fe, Ca, Mg et K. C’est donc un minéral de type opale
A dont il a été¢ montré qu’il se dissout facilement (Fraysse et al., 2009). Ces minéraux ont été
mélangés en proportions variables a hauteur d’un total de 300 g de substrat par pot. Les
mélanges ont été constitués de la manicre suivante (% matiere séche, MS) : 95%Q+5%D/C,
85%Q+15%D/C et 75%Q+25%D/C. Du blé dur a été mis a germer et pousser pendant 60
jours sur ces substrats additionnés d’une solution nutritive et de 0 ou 2 mg Cd kg apporté
sous forme de Cd(NO3),.4H,0 ou de 0 ou 20 mg Cu kg™ apporté sous forme de CuSO4.5H,O0.
Apres récolte, le pHeay @ été mesuré et les concentrations en Cu et Cd ont été mesurées dans
les extraits DTPA-TEA des mélanges, tandis que les concentrations en Si, Cd ou Cu ont été

analysées dans les parties aériennes et les racines.

Les résultats montrent que Si apporté sous forme de diatomite accroit la biomasse et la
concentration en Si des parties aériennes et des racines quand les plantes sont exposées a Cd
ou Cu tandis qu’on n’observe aucun changement de ces paramétres pour les plantes ayant
poussé sur vermiculite et quartz. Il apparait cependant qu’une partie du silicium apporté par
la vermiculite est disponible pour les plantes, ce qui démontre que les argiles peuvent
¢galement étre une source de Si disponible pour les plantes. Il est donc possible de conclure
que des quantités importantes de Si disponible, conjointement a une immobilisation partielle
de Cd et Cu dans les mélanges testés et une séquestration des métaux dans les racines,
semblent réduire la toxicité métallique dans le bl¢ dur. La réduction dépendra des quantités de
ASi présentes. De plus, une augmentation de pH dans la modalit¢ Q+C semble contribuer a

immobiliser Cd et Cu dans le substrat.
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Dans le chapitre 5, une expérience en pot avec des sols contaminés a été menée afin d’évaluer
les effets bénéfiques de ASi sur des plants de blé dur en conditions plus réalistes et afin de
vérifier les résultats obtenus dans les chapitres précédents. Dans une premicre partie un sol
historiquement multi-contaminé a été testé, tandis que dans la seconde partie on a procédé au
dopage d’un sol agricole par ajout de Cd. Les principaux objectifs de ce travail étaient de
nouveau d’étudier I’effet d’application de ASi au sol sur des plantes sous stress métallique et
de mettre en évidence ’effet de cette application sur les pools de métaux disponibles dans le

sol et sur le transfert au blé avec un focus particulier sur Cd.

On a utilisé un Luvisol limono-sableux pollué il y a 20 ans par un panel de métaux (Cd, Cu,
Zn et Pb) suite a I’application réguliere de boues d’épuration municipales et industrielles
auquel ont été ajoutées des doses croissantes de la méme source de ASi naturelle (diatomite)
que celle utilisée dans le chapitre 4. ASi a été ajouté a des doses croissantes de 0, 1, 10 et 15
tonnes ASi ha™' et mélangé manuellement avant répartition dans 3 pots pour les contrdles sans
plantes et 4 pots pour les modalités avec plantes. Les plantes ont été récoltées apres 71 jours,
juste avant épiaison. Les parties aériennes et les racines ont été séparées avant ringage a I’eau
distillée, ensuite ringage a I’EDTA pour les racines suivi de 3 ringages supplémentaires a
I’eau distillée et séchage a respectivement 70 et 80°C pour les parties aériennes et les racines
jusqu’a poids constant. La solution du sol a été prélevée par Rhizon a différents intervalles de
temps (47, 57, 64 et 71 jours aprés semis). Le pH a été mesuré puis les solutions ont été
acidifiées avant analyse des concentrations en Si, Cu, Zn Cd et Pb. Les concentrations en
métaux ont été également mesurées dans les extraits DTPE-TEA des sols selon la procédure
modifiée de Lindsay and Norvell (1978) ainsi que dans les parties aériennes et les racines des

plantes.

Les résultats montrent que la longueur des pousses, ainsi que le poids sec des parties
aériennes et des racines augmentent avec les doses croissantes de Si ajouté. De méme, les
concentrations en Si des parties aériennes et des racines et les quantités totales de Si prélevé
augmentent avec les doses croissantes de Si. A I’inverse, les concentrations en Si dans les
parties aériennes diminuent tandis que celles des racines augmentent avec les doses
croissantes de Si. Les concentrations de Zn dans les 2 compartiments des plantes augmentent
tandis que celles de Cu et Pb ne montrent pas de variations significatives. Le pH des sols des

pots avec plantes est plus élevé que celui des pots sans plantes et diminue 1égérement dans les

25



traitements 10 et 15 t ASi ha™' de ces derniers, mais ne présente pas de variation en présence
de plantes. Les concentrations en DTPA-extractible Cd diminuent 1égérement dans tous les
traitements avec ASi. Il en est de méme pour Zn, mais aucun changement n’intervient pour
Cu et Pb. Le pH est plus élevé dans la solution du sol collectée dans les pots avec plantes et
augmente encore avec les apports croissants de ASi. Les concentrations en Si sont plus
¢levées dans les solutions de sol prélevées dans les pots sans plantes que dans celles des pots
avec plantes et augmentent progressivement avec le temps. De méme, les concentrations en
Cd sont plus faibles dans les pots plantés aprés 57 jours mais il n’y a pas de différence entre

les différentes modalités de traitement avec ASi.

Nous en concluons que la présence de Si disponible pour les plantes diminue les
concentrations en Cd dans les parties aériennes de plants de blé dur et pourrait étre utilisée en
soutien des différentes techniques ou approches utilisées pour limiter les concentrations en Cd
dans les plantes. Les doses d’apport utilisées semblent suffisantes pour couvrir les besoins de
la plante, mais la diatomite est rapidement épuisée (solubilisée) et cette approche nécessite

donc probablement des apports réguliers pour maintenir une certaine efficacité.

Dans la seconde partie de ce chapitre 5, I’expérience de dopage avec Cd d’un sol initialement

' de Cd sous forme de

non contaminé a été conduite avec I’addition de 10 mg kg
Cd(NOs),.4H,0. L’objectif était d’une part de pouvoir comparer dans un méme sol 1’effet de
ASi sur des plantes non stressées ou stressées par la présence de cadmium, et d’autre part, de
mettre en évidence 1’effet d’un apport de ASi a un sol fraichement contaminé sur le pool de
métal disponible ainsi que sur son transfert aux plantes. Afin d’éviter une distribution
hétérogene de Cd ajouté a une dose relativement faible, Cd a été apporté sous forme soluble.
L’ensemble du protocole est ensuite similaire a celui suivi précédemment. Les résultats sont
sensiblement différents de ceux précédemment exposés, puisque visuellement il n’apparait
pas de différences sur la longueur des parties aériennes quel que soit I’apport de ASi sur les 2
modalités de traitement (avec ou sans Cd). Dans le sol sans Cd, I’apport de ASi n’induit pas
d’augmentation de biomasse. Cependant 1’ajout de Cd diminue le poids sec des parties
aériennes dans tous les traitements ASi, sans pour autant modifier celui des racines. Par contre
les concentrations en Si dans les plantes sont plus importantes avec ajouts de ASi et sont

toujours plus importantes dans les parties aériennes que dans les racines avec ou sans Cd. En

ce qui concerne les concentrations en Cd, celles-ci diminuent significativement dans les
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parties aériennes avec les ajouts croissants de ASi tandis qu’elles ont tendance a augmenter
dans les racines. L apport de ASi n’a pas d’incidence sur les concentrations en Zn et Cu dans
les plantes sans Cd, tandis qu’il les augmente dans les parties aériennes et les diminue dans les
racines des plantes ayant poussé dans le sol dopé avec Cd. Enfin le pH du sol et de la solution
du sol, de méme que les concentrations en métaux extraits par DTPA-TEA ne sont pas
affectées par 1’ajout de ASi, tandis que les concentrations en Cd dans les solutions du sol
diminuent. En conclusion, les résultats montrent que 1’effet de ASi sur la tolérance au stress
induit par la présence de Cd dans le sol est essentiellement di @ des modifications de la
balance de Cd et des micronutriments Zn et Cu. On observe un effet combiné sol-plante : en
effet, ’ajout de ASi au sol tend a immobiliser Cd dans le sol, tandis qu’au niveau de la plante,
Cd est séquestré de manicre plus importante dans les racines, son transfert dans les parties
aériennes est réduit et I’absorption de Cu et Zn est accru, dans les plantes bénéficiant d’apport
de ASi par comparaison a celles non supplémentées. Cet effet n’est pas observé sur les plantes

non soumises au stress métallique.
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Chapter 1: General Introduction

Wheat is the World's major crop in terms of food production. Wheat is a nutritious and
economical source of food. On dry matter bases the total food produced by the World's top 30
crops, about 23.4% comes from wheat, followed by maize 21.5% and rice 16.5% (Harlan,
1995). Wheat (Triticum aestivum L.) is the most produced cereal crop in Europe and the
second most produced in the world, with 228 and 686 MT produced in 2009, respectively
(FAOSTAT, May 2011). There are different varieties of wheat grown worldwide depending
upon climatic conditions of the area and durum wheat (Triticum turgidum L.) is one of them.
Durum wheat is an important and valuable crop in many parts of the world which is due to its
high protein content and gluten strength. It is cultivated in semiarid regions of the world
such as North Africa, Mediterranean Europe, the North American Great Plains and the
Middle East (Elias, 1995). France is the second largest durum wheat producer in Europe after
Germany. However, durum wheat is sensitive to soil contaminants received by different
sources. Durum wheat accumulates larger, due to unknown reasons, amount of heavy metals
than bread wheat (Triticum aestivum L.) plant (Stolt et al., 2003; Koleli et al., 2004). Heavy
metals enter the human body by different channels including food, water, air, or arial
deposition on skin. Heavy metals become toxic when they are not metabolized by the body

and accumulate in the soft tissues (Roberts, 1999).

Soil contamination is indeed considered one of the main threats to soil as identified in the EU
soil communication (CEC, 2002). This contamination originates from natural sources by
means of mineral dissociation, weathering of parent material and atmospheric deposition as
well as anthropogenic sources related to mining, industrial emissions, disposal or leakage of
industrial wastes, application of sewage sludge to agricultural soils, fertilizer and pesticide
use. Heavy metals like Cd, Pb, Mn and Zn contribute the major share of soil contamination.
Due to the potential toxicity and high persistence of heavy metals, soils polluted with such
elements create an environmental problem that threats the plant, animal and human health (do

Nascimento and Xing, 2006).
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Among heavy metals cadmium (Cd) and copper (Cu) are most important as compared to other
metals due to large number of reasons such as Cd has no known biological role while Cu
slightly larger than the required concentrations is extremely toxic to plants (Kabata-Pendias
and Pendias, 2001). Copper is an essential micronutrient that is required in small quantity to
constituent protein and for the functioning of many enzymes, especially those participating in
electron flow (Epstein and Bloom, 2005; Yruela, 2005). Copper creates immunity against
plant diseases caused by different organisms so that higher concentration of copper is
normally used in fungicides, bactericides and pesticides for agricultural use especially in
vineyards and greenhouse farming to control plant diseases (Scheck and Pscheidt, 1998;
Zheng et al., 2004; Michaud et al., 2007). A concentration of Cu exceeding 10 uM in soil
solution is a potential hazard for plants (Yruela, 2009; Marschner, 2002) and acts as a phyto-

toxin.

On the other hand, Cd has no known biological function in plants and animals and is highly
toxic to both plants and animals (Das et al., 1998; Wagner, 1993). It has been widely reported
that accumulation of Cd in plants may cause many biochemical, structural and physiological
changes (Das et al., 1998; di Toppi and Gabrielli, 1999; Benavides, 2005). Plant growth and
photosynthesis is negatively affected by Cd (Sandalio et al., 2001). In plants, most visible
symptom of Cd is the reduction in root length (Guo and Marschner, 1995). However, the
mechanisms behind these toxicities are not yet fully explored. In addition, Cd also affects the
absorption and translocation of essential micro- (Zn, Cu and Mn) and macronutrients (N, P,
K, Ca and Mg) by plants (Jalil et al., 1994; Cheng, 2003; Sarwar et al., 2010). One of the
main path ways for heavy metals to enter the plants is through the roots because root is a
primary organ that participates primarily in the heavy metal uptake due to the direct contact

with the soil solution, containing these metals (Lasat 2002; Lux et al., 2011).

Different technologies exist for in situ remediation of these toxic heavy metals in soil and
sediments and to reduce metal uptake by plants (Mulligan et al., 2001; Keller et al., 2005; Roy
et al., 2005; Wuana and Okieimen, 2011). These technologies include immobilization,
phytoextraction, phytostabilization, physical separation and extraction etc. However, these
traditional methods are expensive, time consuming and have negative impact on the

surrounding ecosystems (McGrath et al., 2001). In the present scenario we need to remediate
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the soils from these toxic metals by the use of quick, inexpensive and environment friendly

manner.

Silicon is a very important part of the earth’s crust and it consists about 28% of the earth’s
crust (Sommer et al., 2006). However, Si is only 0.03% of the biosphere (Fauteux et al.,
2005). In fact, silicon is accumulated in many plants up to 10% by weight (Hodson et al.,
2005) that is greater than some macronutrients (Epstein, 1994). Silicon has been shown to
alleviate the deleterious effects of heavy metals in plants grown on contaminated soils (Chen
et al., 2000). Experiments have demonstrated that certain crops benefit significantly from Si
application (Takahashi et al., 1990). Various beneficial effects of Si have been identified in
plants (Epstein, 1994, 1999). Silicon is known to play a significant role in alleviating the toxic
effects of metals in plants by several mechanisms such as: modifying metal uptake and
translocation, metal binding to cell walls and also co-precipitation with Si, etc... (Corrales et
al., 1997; Rogalla and Romheld, 2002; da Cunha and do Nascimento, 2009). It has been
hypothesized that silicates are able to convert the soluble and exchangeable fractions of
metals in the soil into stable chemical forms by a number of reactions such as silicate-induced
pH rise, adsorbed with Fe-Mn oxides (Chen et al., 2000; Liang et al., 2005). In this way
silicate decreases the metal bioavailability (Sommer et al., 2006) and alleviates the deleterious
effects of heavy metals in plants (Neumann and Zur Nieden, 2001). In plants, Si may alter
translocation and distribution of metals in different plant parts that can help the plants to
survive under higher metal stress (Shi et al., 2005b, Zhang et al., 2008). Hence the use of Si to
enhance plant growth and alleviate heavy metals toxicity is predicted to become an emerging

trend in the agriculture in near future.

The most causal survey of the literature on Si in crop plants revealed that rice dominates the
discussion (Ma and Takahashi, 2002; Shi et al., 2005; Zhang et al., 2008). This emphasis
might give rise to the impression that this crop is unique in absorption and utilization of
silicon. However, Rafi and Epstein (1999) reported that Si is rapidly absorbed by wheat
(Triticum aestivum L.) plants from solution culture containing Si at 0.5 mM. In fact wheat is
also a Si accumulator plant (Mayland et al., 1991) but has received little attention compared to
rice and sugarcane. The present work is based on the promise that there is nothing unique in

rice or sugarcane in response to silicon.
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Keeping in view the importance of silicon in alleviating the deleterious effects of heavy
metals in plants, an understanding of Si bioavailability and its mechanisms in the reduction of
metal toxicity in durum wheat is required. This dissertation forms the basis for the research

described hereafter, with the following specific objectives.

» To improve the methodology for the characterization of the different pools of silica
easily available to plants.

» To evaluate the effect of silicon on growth and physiology of durum wheat seedlings
under Cd and Cu stress separately to identify and better understand the possible
mechanisms of Si-mediated alleviation of Cd and Cu toxicity in wheat plant.

» To evaluate the efficiency of different minerals to release the plant available silicon
and its effect on Cd and Cu toxicity in durum wheat plant both in soil and plant.

» To document the effect of silicon amendment in heavy metal tolerance in wheat plants

grown on a variety of soils so that successful field experiments can be conducted.
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Chapter 2: Review of literature

Rapid growth in population and global changes especially during the 20™ century has resulted
in the rise of pollution worldwide. The production of metals such as mercury, lead, cadmium
(Cd), copper (Cu) and arsenic has resulted due to both natural and anthropogenic activities
such as weathering of parent material, mining, the burning of fossil fuels and during the
manufacturing of certain products like paints and batteries (Camill, 2010). Some of these
metals like Cu, Mn and Zn are essential for normal plant growth and become toxic at higher
concentrations regardless of their essentiality (Kabata Pendias and Pendias, 2001) while the
second category of metals like Pb and Cd are non essential and toxic at very low
concentrations to both plants and animals. Soils act as a natural sink for toxic metals coming
from different sources such as: industrial wastes, sewage sludge application and waste water

irrigation for growing crops (Nagajyoti et al., 2010; Wuana and Okieimen, 2011).

Bioavailable part of these metals which is directly concerned with ecosystem is more
important than the total metal contents present in the soil. However, it is difficult to assess
bioavailable portion from soils due to its dependence on a large number of soil and plants
factors (Kabata-Pendias and Pendias, 2001). Cadmium and Cu concentration in soils comes
from parent materials, mining processes, use of pesticides, fungicides and fertilizers
(Marschner 1995; Wuana and Okieimen, 2011). In general, Cd is toxic to both plants and
humans whereas Cu is especially toxic to plants at higher concentrations. Cadmium readily
accumulates in plants due to its high mobility and solubility in soil solution. Excess Cd is
toxic to plants and negatively affects plant growth and mineral uptake (Das et al., 1997; di
Toppi and Gabrielli, 1999; Benavides, 2005).

Copper is the third most used metal in the world and is an essential micronutrient required for
both plants and animals (Wuana and Okieimen, 2011). The Cu is essential for normal plant
growth and development being constituent of proteins and required for the functioning of
more than 30 enzymes, especially those participating in electron flow (Epstein and Bloom,
2005; Yruela, 2005). For example, in banana plant application of 1.0 uM Cu stimulated root
induction, elongation and shoot growth compared to 0.1 uM Cu (Deo and Nayak, 2011).

32



Similarly, foliar application of Cu + Mg on wheat plant grown in sandy soil conditions
increased the chlorophyll contents, leaf area and dry matter m™ of plant (El-Metwally et al.,
2010). Copper is also effective against plant diseases caused by different organisms so that
higher concentration of copper is normally used in fungicides, bactericides and pesticides
sprays for agricultural use especially in grapevines and greenhouse farming to control plant
diseases (Scheck and Pscheidt, 1998; Zheng et al., 2004; Michaud et al., 2007; Mackie et al.,
2012). Higher use of these chemicals elevates the Cu concentrations in the soil environment
which is toxic to plants causing chlorosis and reduction in plant growth and photosynthesis
(Michaud et al., 2007; Bravin et al., 2009; Deo and Nayak, 2011). Plants including vegetables,
field crops and fodder etc grown on such sites provide entry to these metals in food chain and
as a consequence cause toxicities in humans. Therefore, there is need to reduce toxic metal
bioavailability and plant uptake for increasing plant growth and yield and ultimately safe food

production.

Currently a number of technologies exist for the remediation of Cd/Cu contaminated soils.
These techniques include in situ and ex situ remediation, isolation, immobilization,
phytoextraction, phytostabilization, physical separation and extraction etc. (Wuana and
Okieimen, 2011). Among these techniques, phytoremediation is mostly used to clean-up
metal contaminated soils. In this technique green plants are used to remove metal and other
toxic compounds from contaminated sites. There are a number of different phytoremediation
techniques including, phytovolatilization, phytostabilization and phytoextraction.
Phytostabilization, also called in-place inactivation, is primarily used to immobilize toxic
materials in soils and sediments with the help of plants and amendments (Adriano 2001;
Wuana and Okieimen, 2011). Contaminants are absorbed and accumulated in roots or
precipitated in the rhizosphere so in this way their mobility and bioavailability is limited (Bes

and Mench, 2008; Hong et al., 2010).

Phytostabilization can also take place through different processes such as sorption,
complexation and precipitation (Lasat, 2000; Wuana and Okieimen, 2011). This technique is
useful for quick stabilization of heavy metals including Cu and Cd and is advantageous
because disposal of hazardous material is not required (Mench et al., 2006). However, this
technique has several limitations and is restricted to the rooting depth of plants (Mench et al.,

2006; Danh et al., 2009). Moreover, it has also problem when there is mixed contamination
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because some plants are resistant to one metal and may be sensitive to other one (Mench et
al., 2006; Sarma, 2011). Therefore, there is still need to develop more efficient, individual,
simple and economical remediation technique for better reduction of metal assimilation from

contaminated soils by edible plants.

Silicon is not considered to be an essential element for higher plants, but now it has been
proved that it has several positive effects on the alleviation of both abiotic and biotic stresses
in plants (Ma et al., 2004; Liang et al., 2005). The possible mechanisms involved in
minimizing metal accumulation in crops by improving silicon nutrition have been summarised
by Sarwar et al., (2010), and it appears that the mechanisms of this mitigation remain unclear

and need further investigation.

Based upon the above discussion, the following section of this chapter aims to summarize the
current relevant knowledge in the field regarding the methods to assess the bioavailability and
toxicity of metals, particularly Cd and Cu for plants, as well as to review the concept of
silicon bioavailability and heavy metal detoxification.

Overall this chapter provides justification for the importance of the research detailed herein.

2.1 Cadmium

Cadmium (Cd) is a transition metal with atomic number 48, atomic weight 112.4, density 8.65
g cm”, melting and boiling points 320.9°C and 765°C respectively (Wuana and Okieimen,
2011). Cd is widely used in Ni/Cd batteries, as pigment and stabilizer for plastics, in alloys
and electronic compounds (di Toppi and Gabbrielli, 1999). Moreover, Cd is also produced as
a byproduct of Zn and lead refining. However, Cd is non-essential and toxic to both plants
and animals. In humans the oral uptake of cadmium via food and drinking water contributes
the largest of the total Cd uptake (EC, 2000). For example in Japan, higher Cd concentration
in rice was the major source of Cd intake in humans that was known to be responsible for itai-
itai disease near the Jinzu river basin in the mid 1950s and 1960s (Yamagata and Shigematsu,
1970). Similarly, in recent years rice is still the major source of Cd intake in Japanese people
(Watanabe et al., 2000) which is still a threat for human health (Ueno et al., 2010). Mean
tolerable weekly intake (TWI) of Cd for European population was established 2.5 pug kg™ of
body weight. However, vegetarians, children, smokers and people living in highly

contaminated areas may exceed the TWI by about 2-fold (EFSA, 2009).
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2.1.1 Cadmium in soil

Cd occurs naturally in the earth crust and is widely distributed but it is a relatively rare
element (0.1-0.2 mg kg™). Cadmium is mostly present in nature as complex oxides, sulphides
and carbonates in zinc, lead, and copper ores (UNEP, 2010). Higher concentrations are found
in association with Zn, Pb and Cu ores. Cd content of phosphate fertilizers varies from 2-200
mg kg, Sedimentary rocks and marine phosphates contain about 15 mg Cd kg (EC, 2000).
Phosphate rocks of igneous origin generally contain less than 15 mg Cd per kilogram P,0Os
(phosphate fertilizer) compared with 20 to 245 mg Cd kg' in sedimentary counterparts
(Cotuk, et al., 2010). World’s normal Cd concentrations in the soils are reported to range
between 0.02 to 6.2 mg Cd kg™ and the soils containing 5 to 20 mg Cd kg™ are likely required
remedial actions as being toxic to the surrounding environment (Adriano, 2001). In France,
some highly polluted soils are reported to contain over 100 mg Cd kg soil (Baize et al.,
1999). In agricultural or horticultural soil, Cd concentrations range from 0.2 to 1.0 mg kg™ in
rural and from 0.5 to 1.5 mg kg’ in urban areas (EC, 2000). However, higher Cd
concentrations in the soil can occur naturally or through anthropogenic activities (He et al.,

2005).

Cd level in agricultural soils depends upon parent material, pedogenic processes, use of
phosphate fertilizers, pesticides, sewage sludge and disposal of industrial wastes containing
Cd (Figure 1) (Grant et al., 1998; Wuana and Okieimen, 2011). According to French
ASPITET programme, Cd in agricultural soils can vary from 0.02 to 6.9 mg kg (Baize,
1997; Mench et al., 1997). Cd concentration in soil solution is relatively low and ranges from
0.2 to 6 pg L. However, much higher values up to 300 pg L™ have been reported by Itoh and
Yumura (1979) that indicates presumably contaminated soil. Moreover, domestic sewage
sludge contains higher concentration of Cd as compared to other heavy metals. For example,
cigarette butts containing Cd flush down toilets and Cd is given off from rubber when car tires
run over streets, and after a rain, the Cd is washed into sewage systems where it collects in the
sludge. In addition, composted sludge may contain higher levels of Cd. For example, the
composted sludge from Topeka, Kansas, which is applied to crop land, contains up to 4.2 mg
Cd kg compost (Liphadzi and Kirkham, 2006). Cd is also present as an impurity in several
products such as phosphate fertilizers, manures, disposal of industrial and urban wastes and
pesticides (Nagajyoti et al., 2010; Wuana and Okieimen, 2011). The application of these

agricultural inputs increases the total Cd in soils. However, to limit Cd concentrations in
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edible parts, Cd concentration lower than 3 mg kg dry soil has been recommended for

agriculture and horticulture (Lux et al., 2011).
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Figure 1. Major Cd sources in agricultural soils

2.1.2 Assessment the bioavailability of heavy metals

Metal bioavailability in soil is most important than the total metal concentration in the soil
because it is the part of metal that plant can take up from soil (Kirkham, 2006). In order to
assess the metal phyto-availability it is very important to extract and measure the portion of
metals that plant can take up from the soil. For this purpose several methods have been
developed as an attempt to predict phytoavailability of heavy metals. The choice of extractant
is an essential step to evaluate the availability of metals to the plant. The extractant should
reflect the same phenomenon as the absorption of heavy metal by the plant. It should only
remove bioavailable metals. Bioavailability varies with the soil and plant studied. However,
there is no universal extractant but many chemical extractants are often used to approach the
bioavailability of metals to plants (Lakanen and Ervio, 1971; Gupta and Aten, 1993). Ideally,
the chosen extractant should not affect the solid solution equilibrium of the soil, so it does not
change the pH, the form of complexes or participate in exchange reactions of ions (Kennedy
et al., 1997). The DTPA-TEA (Diethylenetriamine Pentaacetic Acid Triethanolamine) at pH
7.3, developed by Lindsay and Norvell, (1978) presents the best results for the extractable
fraction of heavy metals in soils (Borges, 2002). Similarly, Keller et al., (2005) showed that

the DTPA-TEA can be relied upon as extractant for estimating the bioavailability of metals
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for tobacco plant on the soils studied (including soil Rafz, of our study). It is also used as a
standard method in many soil testing laboratories in USA (Kirkham, 2006). Based upon above

discussion we selected DTPA-TEA for the extraction of bioavailable metals from the soil.

2.1.3 Cd behaviour in soil

The major pollution problem involving Cd can be correlated with the behavior of Cd in soil.
Cd in the soil exists in different forms such as a free metal ion, exchangeable (free ion Cd™),
adsorbed (e.g., Fe-oxides, organic matter, clay particles) and in the form of organic (e.g.,
amino acids and carboxylic acids) and inorganic (e.g., SO4*, CI') complexes (Sammut et al.,
2010; Vega et al., 2010). Cd behavior in soil, in the context of species, retention, mobility and
bioavailability depend upon these different forms and is largely controlled by complex
interactions governed by many biogeochemical factors (Adriano et al., 2004). The
bioavailable Cd is more important for plants rather than total Cd concentration in the soil
because it is that part of Cd which can be taken up by plants (Ok et al., 2004; Kirkham, 2006).
The bioavailability of Cd to plants depends on a number of soil factors and plant species.
Among the soil factors are available Cd and total Cd concentrations, pH and organic matter
content, (Sauvé et al., 2000a, 2000b; Kirkham, 2006; Jung et al., 2008), speciation (Sammut
et al. 2010), cation exchange capacity (CEC) (Lehoczky et al., 2000; Vega et al., 2010), clay
content and interactions with other elements such as iron (Krishnamurti et al., 2000) and
chloride (Grant et al., 1998; Degryse et al., 2004; Weggler et al., 2004; Kirkham, 2006). Cd
solubility and bioavailability is also affected by dissolved organic carbon (DOC) present in
the soil solution which is known to complex metals such as Cd, Zn and Cu and affect their
solubility as well as plant uptake (Antoniadis and Alloway, 2002; Zhao et al., 2007). Aging is
also a factor that effect Cd bioavailability. Bioavailability of metals can decrease with time
with little or no reduction in total metal concentration in soil (Kirkham, 2006). Nitrogen
fertilizers, soil types, genotypes and management practices also affect Cd bioavailability
(Zhang et al., 2009; Perilli et al., 2010; Gao et al., 2010, 2011). Plant nutrient level in soil also
affects Cd bioavailability (Kirkham, 2006; Sarwar et al., 2010). Adsorption, complexation and
sorption capacity of the soil also affects the amount of Cd in the soil solution. Metal
adsorption on the soil solid phase is the major process that control metals present in the soil
solution. With increase in adsorption and sorption capacity of soil the Cd in the soil solution

decreases (Grant et al., 1998).

37



Presence of anions also affects the bioavailability of Cd in plants. For example in wheat plant,
the presence of Cl and SOy in soil increased Cd uptake by plants (Zhao et al., 2003). Among
all soil factors, pH is a major factor influencing Cd bioavailability (McBride et al., 1997;
Grant et al., 1998; Jung, 2008; Zeng et al., 2011). Cd is mobile in acidic soils within pH range
of 4.5 to 5.5 but in alkaline soils Cd is rather immobile (Kirkham, 2006). pH can also affect
the bioavailability of Cd by altering different processes in soil such as adsorption,
complexation, sorption or desorption processes (Naidu et al., 1994, 1997; Bolan et al., 1999).
In general, all soil processes controlling Cd behavior in soil are of special importance in the

root developing zone of soil.

Cd bioavailability also depends upon plant species (Mench et al., 1989). Dominant form of Cd
in the soil solution is Cd*" but also exist as Cd-chelates (Tudoreanu and Phillips, 2004).
Specific chelating compounds are also released by some plants called as phytosiderophores
and/or root exudates (Mench and Martin, 1991). In general, Phytosiderophores are produced
by graminaceous plants such as barley, wheat and rice under Fe deficiency which mobilizes
Fe from sparingly soluble forms (Marschner et al., 1986; Reichard et al., 2005). These
phytosiderophores can complex metals such as Cd and Cu and affect their bioavailability. Cd
bioavailability is strongly affected by root exudates which affect the characteristics of
rhizosphere (Hill et al., 2002; Dong et al., 2007). Root exudates may influence the Cd
bioavailability and toxicity by modifying the rhizosphere pH and redox potential (Eh),
chelating/complexing and depositing with Cd ions. In addition, many plant species can exude
organic acids that can form complexes with metals, can change the chemistry of the
rhizosphere and alter metal speciation. For example in wheat roots, the uptake of Pb was
increased by the presence of acetic and malic acids under hydroponic conditions (Wang et al.,
2007). Organic acids also increased the uptake of Cd by solubilization of particulate bound Cd
into the soil solution (Cieslinski et al., 1998). Similarly in maize plants, presence of organic
acids increased Cd mobilization, plant availability and accumulation (Nigam et al., 2001; Han
et al., 2006). Such factors, individually or in combination with each other, may alter the
behavior of Cd present in the soil and affect the Cd uptake by the plants, and also alter the
community and activities of microbes present in rhizosphere (Shenker et al., 2001; Dong et

al., 2007).
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Microorganisms also release chelating compounds called siderophores (Neubauer et al., 2000
and the references therein) which may solubilize Cd (Dimkpa et al., 2009). A bacterium can
produce many types of siderophores, including hydroxomates and carboxylic acids (Klumpp
et al., 2005). These siderophores can desorb Cd at a moderate pH range (Hepinstall et al.,
2005). Microorganisms may also decrease Cd solubility by the formation of insoluble metal
sulfides and also sequestration of the toxic metal via the cell walls or by proteins and

extracellular polymers etc (Francis, 1990; Dong et al., 2007).

2.1.4. Cd uptake and accumulation in plants

All plants take up Cd by the roots from soil solution. Cd uptake by roots seems to occur via
different transporters such as Mn*" and Zn2+, Ca2+, Fe?! transporters (Clemens, 2006).
However, Cd uptake and accumulation widely differ among crop species and cultivars (Grant
et al., 1998, 2008; Liu et al., 2003; Zheng et al., 2011). Some plants, including maize, pea, oat
and wheat, are low heavy metal accumulators while some are higher metal accumulators
(Sarwar et al., 2010). There are differences among wheat species and between genotypes of a
given species in their ability to accumulate Cd in grains (Hart et al., 1998; Ozturk et al., 2003;
Greger and Lofstedt, 2004). It has been reported that durum wheat accumulates Cd in grains
to a greater extent than bread wheat (Meyer et al., 1982; Hart et al., 1998, 2002; Greger and
Lofstedt, 2004). This larger Cd accumulation in durum wheat cultivars may be related to
several physiological processes such as higher uptake, higher translocation from roots to
shoots and higher translocation from shoots to grains. Higher Cd accumulation in durum
wheat can be decreased by altering the physiological processes such as by lower uptake, by
higher root sequestration or decreased xylem loading. In general, Cd accumulation in roots,
shoots and grains depends upon three transport processes: 1) root uptake of Cd, 2) xylem
loading and translocation to shoots and 3) re-translocation to seeds. Root is the main pathway
by which water, nutrient and pollutants including heavy metals enter to the plant body. Cd
enters the plant through root uptake from the soil solution and is considered a key process in
overall plant Cd accumulation. A part of Cd present in the soil solution is adsorbed onto the

roots. Cd uptake by roots increased with increasing exposure periods and Cd concentrations

(Hentz et al., 2012).

Uptake of Cd by roots is also affected by the root morphology, root length, root hair length

and root surface area (Kubo et al., 2011; Zheng et al., 2011). Similarly, root apices can
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facilitate root uptake of Cd where root cells are young and have thin cell walls (Seregin et al.
2004). Strong adsorption of Cd on root apoplast in maize plants might act as a driving force to
extract the metal from the soil (Redjala et al., 2009). Root endodermis and exodermis play an
important role in Cd uptake in maize plants and act as barriers to the solute flow (Redjala et
al., 2011) and the presence of high Cd accelerated the maturation of the maize root
endodermis (Lux et al., 2011). During plant uptake, Cd ions can compete for the same trans-
membrane carriers with the nutrients such as K, P, Ca, Mg, Fe, Mn, Cu, Zn and Ni (Benavides
et al., 2005; Zheng et al., 2011). Presence of other elements can inhibit the Cd uptake such as
Zn”" in the nutrient solution inhibited the Cd uptake in bread and durum wheat at the root cell

plasma membrane (Welch et al., 1999; Hart, et al., 2002).

At the molecular level, the mechanisms by which Cd enters roots are still poorly understood.
After adsorption on the root surface, Cd enters in the root cells as Cd** through ZIP
transporters like Zn regulated transporter or Fe regulated transporter like Protein or via cation
channels such as calcium channels. Cd can also enter root cells in the form of Cd-chelates
through YSL (Yellow-Stripe 1-Like) proteins (Lux et al., 2011). Cd uptake at the root surface
has been characterized in a number of species, including wheat (Jalil et al., 1994b) and maize

(Florijn and Beusichem, 1993).

Once Cd has been taken up by root system, it may accumulate there or be translocated to
aerial plant parts (Kabata-Pendias and Pendias, 2001; Gill et al., 2011). In general, Cd ions are
retained in roots and a small portion is transferred to shoots but it depends upon plant species
(Abe et al., 2008). After absorption by roots, Cd can reach the xylem through apoplastic
and/or symplastic pathways (Salt et al., 1995; Benavides et al., 2005). Cd in roots can also be
complexed with several ligands such as organic acids and/or phytochelatins (PCs) and is
mainly concentrated in vacuoles and nuclei (Hart et al., 2006; Lux et al., 2011). Xylem
loading is an important process for long distance transport of Cd (Clemens et al., 2002). In
many plant species Cd xylem loading has been shown to be mediated by the P-type ATPase
transporters and its homologues (Verret et al., 2004; Hanikenne et al., 2008). Cd transport into
the central cylinder is also regulated by casparian strip and plasmalemma of the endodermis

(Seregin et al. 2004).

After absorption by roots, Cd is transported by xylem and phloem to the aerial parts of plants
(Tudoreanu and Phillips, 2004). However, Cd translocation to shoots depends on species and
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genotypes within species (Dunbar et al., 2003). Cd translocation from roots to shoots is driven
passively by transpiration in leaves (Salt et al, 1995; Hart et al., 2006) or actively through
different transporters such as Fe transporters (Nakanishi et al., 2006). In addition, Uraguchi et
al. (2009) also suggested that in rice plant root to shoot Cd translocation via the xylem is the
major and common physiological process determining the Cd accumulation in shoots and
grains. Recently, it has been suggested that citrate might play an important role in the
transportation of Cd in the xylem vessels (Zorrig et al., 2010). Similarly, Van der Vliet et al.
(2007) reported that most of the Cd translocation from the root to the shoot in durum wheat
plants takes place by symplastic pathway.

There is relatively little information available regarding the movement of Cd into developing
seeds. However, studies on Cd translocation showed that Cd translocation in the edible parts
of plants depends upon genotypes (Meyer et al., 1982; Cakmak et al., 2000) and can be
influenced by genetic manipulation and by soil and crop management practices (Grant et al.,
1998; Gao et al., 2011). In addition, Cd accumulation in grains also depends upon variations
in the translocation from root to shoot and to Cd concentration in shoots and flag leaf (Greger
and Lofstedt, 2004). In grains, Cd accumulation may occur through phloem-mediated Cd
transport from leaves and stalks to maturing grains (Hart et al., 1998; Harris and Taylor, 2001;
Liu et al., 2007; Yoneyama et al., 2010). Presence of other ions may inhibit or increase
phloem loading of Cd (Welch et al., 1999; Cakmak et al., 2000). The level of Cd in wheat
grains may be affected by a number of physiological factors, including (1) Cd uptake from the
soil solution, (2) xylem translocation from root to shoot, (3) sequestration of Cd with organic

complexes (Xu et al., 2010).

2.1.5 Cd toxicity in plants

Cadmium does not appear to be an essential element for plant growth because it has no known
biological function (Marschner, 1995). Among the toxic heavy metals, Cd is of more concern
than others due to its high toxicity at very low concentration and large solubility in water
(Benavides et al., 2005). The higher Cd accumulation in plants induces a series of stress
factors in plants. Major toxic effects (direct or indirect) of this metal on plant growth and

physiological processes are listed in figure 2.
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Figure 2. Major toxic effects of Cd and Cu on wheat plants

2.1.5.1 Effects on seed germination

Cd toxicity adversely affects seed germination and plant growth. Cd induced inhibition of
seed germination has been reported in many plants such as Arabidopsis thaliana (Li et al.,
2005), mustard (Sinapis arvensis L.) (Heidari and Sarani, 2011), soybean (Glycine max L.)
(Liu et al., 2011), Pisum sativum (Smiri, 2011), cowpea (Vigna unguiculata L.)
(Vijayaragavan, et al., 2011) and milk thistle (Silybum marianum L.) (Khatamipour, et al.,
2011). This inhibition of seed germination is likely due to selective uptake of different ions by
the intact seeds (Li et al., 2005). In addition, this inhibition of seed germination is related to
negative effects of Cd on water uptake and water movement and consequently reduces the
availability of water in the embryo axis (Poschenreider et al., 1989; Vijayaragavan et al.,

2011).

2.1.5.2 Effects on plant growth and biomass
Cd toxic effects on plant growth and biomass are largely studied. Reduction in root length is

one of the most visible symptoms of Cd toxicity in plants (Guo and Marschner, 1995; Lux et
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al., 2011; Haouari et al., 2012). Higher Cd concentration in the roots accelerated the
development of endodermis of roots and also changed the relative size and proportion of root
tissues (Seregin et al., 2004; Lux et al., 2011). Moreover, 10 mM Cd concentration in the
nutrient solution resulted in the breakdown of root cortex cells of barley (Hordeum vulgare)
plant (Sridhar et al., 2007).

It is well known that Cd negatively affects the plant growth and biomass. For example in pea
plants grown hydroponically with 50 uM Cd for 28 days significantly decreased plant growth
and biomass (Sandalio et al., 2001). More recently Haouari et al., (2012) reported that in
tomato plants grown hydroponically with increasing Cd (10, 50 and 100 uM) concentrations
negatively affected the root and shoot fresh and dry biomass. Wojcik and Tukiendorf, (2005)
reported that maize plants grown hydroponically with increasing Cd applied from 5 to 300
uM resulted in Cd accumulation almost linearly both in roots and in shoots with increasing
Cd concentration in nutrient solution. Increasing Cd concentrations also increased the
inhibition of root elongation (from 12.3 to 91 %), root fresh mass (from 12.7 to 98.8 %) and
shoot fresh mass (from 11.5 to 78.2 %), compared with control plants. Moreover, in Thlaspi
caerulescens plants accumulation of 319 mg Cd kg ™' (£12) dry weight of shoots resulted in
visual toxicity symptoms such as internerve chlorosis of younger leaves and sometimes
necrosis of older ones (Wojcik et al., 2005). Similarly, high Cd (100 mg Cd kg soil)
perturbed the growth of garden cress (Lepidium sativum L.) plants (Gill et al., 2012). In
cowpea plants increasing Cd (10, 30 and 50 mg Cd kg soil) concentrations also decreased
the growth parameters such as, root and shoot length, fresh and dry weight of roots and
shoots, total leaf area and the toxic effect of Cd on these parameters increased with increasing

Cd concentrations in soil (Vijayaragavan et al., 2011).

Number of previous studies have reported that Cd supply in durum wheat cultivars reduced
the shoot and root dry matter, root length, leaf area (Jalil et al., 1994a, 1994b; Hart et al.,
1998; Harris and Taylor, 2004). Higher Cd concentration in plants resulted in leaf chlorosis,
wilting and leaf abscission in plants (Bavi et al., 2011). Similarly, Shi et al., (2010) showed
that Cd exposure depressed peanut plant growth. This decrease in growth and biomass under
Cd stress is related to decrease in photosynthesis, inhibition of the metabolic enzymes
production and decrease in uptake and translocation of macro- and micronutrient contents in

plants (Sandalio et al., 2001; Gongalves et al., 2009; Feng et al., 2010). However, the toxic
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effects of Cd on plant growth and biomass depend upon dose and time of exposure to Cd
stress (Das et al., 1998; Di Toppi and Gabrielli, 1999). Similarly, chlorosis symptoms and
necrotic spots appeared in leaves of tomato (Lycopersicon esculentum) plants at 10 and 100
uM Cd in the nutrient solution respectively (Lopez-Millan et al., 2009). Moreover, the toxic
effects of Cd varies with plant species i.e., hyperaccumulators tolerate higher Cd toxicity than
non accumulators sensitive plants (Das et al., 1998; Di Toppi and Gabrielli 1999; Benavides

et al., 2005; Cosio et al., 2005, 2006; Abe et al., 2008).

2.1.5.3 Effects on mineral nutrients

Cd interactions with mineral nutrients are of public concern because decrease in mineral
nutrition by Cd is directly related to growth and yield of plants. Numerous studies regarding
Cd effects on mineral nutrients have provided contradicting results. Toxic effects of Cd on
mineral nutrients uptake and accumulation in plants have been widely reported (Ouzounidou
et al., 1997; Sandalio et al., 2001; Wang et al., 2008; Gongalves et al., 2009). Toxic effects of
Cd on mineral nutrients depend upon time and intensity of Cd stress imposed (Hernandez et
al., 1998, Ramros et al., 2002). Plant size plays an important role in element accumulation and
distribution. For example, in wild garlic the application of 2 and 5 mg L' Cd in the nutrient
solution decreased the leaf Cu, Fe, Mo and Zn contents in small and medium-sized plants but
had no effect on the micronutrients in large-sized plants (Street et al., 2010). Toxic effects of
Cd on mineral nutrients uptake and translocation vary with plant and nutrient types. For
example, external Cd increased the Mn uptake and translocation in the shoots of lettuce plants
in contrast to other essential micronutrients (Ramos et al., 2002). However, reduction of Mn
uptake and transport in the presence of Cd has been also reported by many authors
(Hernandez et al., 1998; Dong et al., 2006). Effect of Cd on Zn uptake and accumulation in
plants are not consistent. For example, 0.2 uM Cd concentrations in the nutrient solution
decreased Zn uptake in durum wheat when Zn concentration was lower (1.0 uM) in the
nutrient solution while at higher Zn (10 and 19 uM) concentrations this effect was synergistic
(Welch et al., 1999). Contrarily, in spring wheat with 20 uM Cd in the nutrient solution
decreased Zn concentration and increased Cd concentrations in roots and shoots when Zn was
lower (1~200 pM) in the nutrient medium while at higher (>200 puM) Zn levels Cd
concentration significantly reduced in seedlings while Zn concentration increased indicating

antagonistic effect on each other (Zhao et al., 2005). In tomato plants, excess Cd (50 and 100
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uM) in the nutrient solution decreased the uptake of K, Ca®” and Mg*" ions by roots and

consequently decreased in shoots (Haouari et al., 2012).

Excess Cd in the medium not only changed uptake of nutrients but also changed the
deposition and translocation. However, again, this trend varies according to plant species and
Cd stress imposed (Yang et al., 1998; Zhang et al., 2002). For example, in soybean seedlings
Cd concentration decreased Cu, Zn and Mn concentrations in roots but was not affected in
shoots (Drazic et al., 2004). In contrast, addition of Cd in the growth medium increased P, K
and Mn concentrations in wheat roots and inhibited their translocation to shoots (Zhang et al.,
2002). Moreover, Jalil et al. (1994) found that Cd application decreased the concentration of
K, Zn, and Mn in roots and shoots of durum wheat. Similarly, another expression of Cd
interactions with essential elements is the effect of Cd when there is element deficiency in
plants. For example, Ca deficiency increased Cd toxicity in rice seedlings (Cho et al., 2012).
Moreover, Chou et al. (2011) observed that Cd decreased Fe and Zn contents in Mg-deficient

rice seedlings than that in Mg-sufficient seedlings.

2.1.5.4 Effects on photosynthetic pigments

Cd is highly toxic to photosynthetic machinery of plants. Reduction in photosynthesis is a
well-known symptom of Cd toxicity in plants. This reduction in photosynthesis takes place by
many processes including decrease in net photosynthetic rate, chlorophyll and carotenoid
contents (Sandalio et al., 2001; Mobin and Khan, 2007; Vijayaragavan et al., 2011; Haouari et
al., 2012). In addition, in cucumber (Cucumis sativus L.) plant, Cd treatment decreased
photosynthesis which was related to damage or functional lost of the photosynthetic
machinery and enzymes inhibition of nitrate metabolism including nitrogen reductase (NR),
glutamine synthetase (GS) and glutamate dehydrogenase (GDH) (Feng et al., 2010).
Similarly, Cd application in wheat seedlings also damaged the leaf photosystem II (PS II) and
structure of chloroplast which resulted in the reduction of chlorophyll contents and
consequently inhibition of photosynthesis (Ouzounidou et al., 1997; Ci et al., 2009). In peanut
(Arachis hypogaea) plants, Cd treatments inhibited the net photosynthetic rate which may be
due to reduction of stomatal conductance and photosynthetic pigments and alteration in leaf
structure (Shi and Cai, 2008). More recently, Gill et al., (2012) reported that Cd at higher dose
reduced the photosynthesis and nitrogen metabolism in garden cress (Lepidium sativum L.).

Similarly, in tomato (Lycopersicon esculentum) plants, low Cd (10uM) concentration did not
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affect the photosynthesis but higher Cd (100uM) in the nutrient solution decreased the
photosynthetic rates and photosynthetic pigment concentrations (Lopez-Millan et al., 2009).

Cd toxic effects on photosynthetic machinery depend not only upon the quantity of Cd but
also depend upon the exposure period. For example, Chugh and Sawhney, (1999) reported
that in one-month-old pea seedlings, different Cd treatments for six days had a more
pronounced effect on the activity of PS II but on prolongation of the Cd exposure time for

twelve days, the functioning of photosystem I (PS I) was also equally affected.

2.1.5.5 Cd induced oxidative stress in plants

Excess Cd generates free radicals and reactive oxygen species (ROS) those causes oxidative
stress in plants (Khan et al., 2007; Mobin and Khan, 2007). ROS reacts with proteins and
pigments and cause lipid peroxidation, inactivation of enzymes and membrane damage (Khan
et al., 2007). Excess Cd in plants also resulted in the modification of antioxidant enzymes and
sulfur assimilation activity (Shi et al., 2010; Gill et al., 2012). For example, Cd increased the
activity of antioxidant enzymes such as production of ascorbate peroxidase (APX), guaiacol
peroxidase (GPX) and catalase (CAT) were increased in shoot of mustard (Sinapis arvensis
L.) plants (Heidari and Sarani, 2011). Ascorbic acid concentration decreased in the shoots and
roots of durum wheat cultivars by supplying 75 and 150 uM Cd in the nutrient solution
(Ozturk et al., 2003). Excess Cd also decreased the activity of glutamine synthetase (GS)
enzyme in several plant species (Balestrasse et al., 2006). Similarly, excess Cd caused an
enhancement of malondialdehyde (MDA), an increase in activity of superoxide dismutase
(SOD) and APX and a decrease in CAT activity (Shi et al., 2010b). Excess Cd also increased
the production of H,O, in pea plants and consequently enhanced activity of SOD and low
activity of CAT, POD and APX (Pandey and Singh, 2012). However, physiological response
of plant to Cd stress depends upon species and cultivars. For example, Shi et al. (2010a)
showed that Cd exposure caused oxidative stress in both Cd-sensitive (Luhua 11) and Cd-
tolerant (Luzi 101) peanut cultivars but the toxicity was more obvious in Cd-sensitive
cultivar. Oxidative stress also depends upon the concentration of Cd i.e., in pea plants excess

Cd induced a concentration dependent oxidative stress in leaves (Sandalio et al., 2001).

2.1.5.6 Miscellaneous toxic effects

Cd toxicity effected normal plant growth and development in a number of ways given above.
However, there are still large numbers of toxic effects of Cd on plants. Excess Cd decreased
the percentage of water content of shoot and root in pea plants (Lozano-Rodriguez et al.,
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1997). Influence of Cd on plant-water relationship is directly related to the reduction in the
absorption surfaces by inhibiting the formation of root hairs (Pal et al., 2006). Cd application
in wheat seedling also decreased the total soluble sugar concentration and increased the free
amino acid concentration in both shoots and roots (Ci et al., 2009). Protein content in pea
roots was reduced significantly in the presence of high cadmium concentrations (Bavi et al.,
2011). In Solanum nigrum, high Cd concentration (48 mg Cd kg™ soil) decreased the nitrate
reductase activity (Wang et al., 2008). Excess Cd also limited the stomatal conductance in

safflower (Carthamus tinctorius L.) plants (Shi et al., 2010b).

2.1.6 Cd tolerance mechanisms in plants

Plants developed a number of defense strategies to cope with Cd stress. The first defense
mechanism is the reduced uptake by plants then immobilization in the cell wall, synthesis of
phytochelatins (PCs) and sequestration into the vacuole (Pl et al., 2006). In plant cells, PCs
are the best characterized metal-binding ligands and are frequently cited as metal protective
proteins in plants (Maestri et al., 2010). In addition, activation of various antioxidants to cope
with Cd-induced ROS production constitutes a secondary defense system (Shi et al., 2010a,
2010b; Heidari and Sarani, 2011; Sharma et al., 2012). However, plant responses to excess Cd
vary depending on plant species, tissues, stages of development and Cd concentration
(Sharma et al., 2012). Use of agronomic management practices also helps the plant to
minimize the uptake and toxic effects of Cd in plant (Gao et al., 2010; Perilli et al., 2010;
Rizwan et al., 2012). However, informations are still lacking in this respect and need further

research.

2.1.7 Synthesis on Cd in soils and plants

Based upon the studies cited above we can conclude that:

Cd concentration in the agricultural soil is increasing continuously due to anthropogenic
activities. Cd uptake and accumulation in plant is a function of the complex interaction of soil,
plant and environmental factors which influence Cd phytoavailability. Cadmium behavior in
soil depends upon soil and biological factors. Soil factors are: parent material, organic matter
content, pH, CEC, redox conditions, competing ions and the amount of organic and inorganic
ligands etc. Biological factors are: plants species, root morphology and microbial conditions.
The main pathway of Cd uptake by plants is through roots. Once in roots it sequesters there or
translocated to aerial parts by different pathways depending upon plant species. The studies

reported to date have proved that durum wheat (Triticum turgidum L.) tends to accumulate
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higher Cd concentrations than other wheat varieties. Higher Cd accumulation in plants causes
toxicity in plants. Cd decreased the seed germination, reduced root elongation and shoots and
roots biomass. Higher Cd also resulted in leaf chlorosis, inhibition of photosynthesis and
reduced the essential element concentration in different plant parts. Cd induced the oxidative
stress in plants by producing the reactive oxygen species and modifying the production of
antioxidant enzymes. However, intensity of these effects varies and depends upon the
concentration of metal, duration of exposure and plant species and stage of plant. Plants have
different mechanisms to cope with Cd stress. Agronomic practices also help the plants to cope

with higher Cd stress.

However, information is still lacking concerning these practices and their role in minimizing
metal toxicity in plants. Therefore, to produce crops with acceptable Cd concentrations
requires an integrated approach to provide a safe and stable food supply, while ensuring the

long-term sustainability of our soils.

2.2 Copper

Copper (Cu) is one of the oldest known metals and is the 25th most abundant element in the
Earth’s crust. Cu is the world’s third most used metal. It is a transition metal with atomic
number 29, atomic weight 63.5, density 8.96 g cm™, melting point 1083°C and boiling point
2595°C. In unpolluted soils, Cu concentration in the soil depends upon the amount of Cu in
the parent material and is released by weathering of the parent material (Mantovi et al., 2003).
In these soils its concentration is influenced by the parent material and reaches an average of
30 mg kg (Baize, 1997; Adriano, 2001). Cu average concentration in crustal rocks is 55 mg
kg (Wuana and Okieimen, 2011). In agricultural soils, Cu concentration vary from 5 to 30
mg kg of soil but the soils of wine growing areas contain from 200 to 500 mg kg™ of Cu

(Brun et al., 1998 and the references therein).

Copper was first identified as a plant nutrient in the 1930s (Sommer, 1931; Arnon and Stout,
1939). Cu is an essential element that is required for the healthy growth and development of
plants. It is a constituent of protein and is required for the functioning of more than 30
enzymes, especially those participating in electron flow (Epstein and Bloom, 2005; Yruela,
2005). For optimum plant growth, Cu concentrations in plant shoots vary between 5-30 mg

kg' dry weights (DW) (Kabata-Pendias and Pendias, 1992) with an average content of 10 mg
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kg' DW (Yruela, 2005). However, Cu requirements of plants depend upon plant species
(Mantovi et al., 2003). For example in Australia, Cu concentrations in shoots of chickpea
(Cicer arietinum L.), lentil (Lens culinaris Medik), faba bean (Vicia faba L.) and wheat
(Triticum aestivum L.) were 2.6, 4.6, 2.8, and 1.5 mg kg™’ respectively (Brennan and Bolland,
2003). Plant response to Cu also depends on its growth stage (Vinit-Dunand et al., 2002). Cu
concentration in many plant species was not correlated to the amount of Cu present in the soil
(Nan and Cheng, 2001; Mantovi et al., 2003; Pip and Mesa, 2002). Cu deficiency occurs in
plants when its concentration is below 5 mg kg”! DW of shoots and at this level plant growth
is reduced and deficiency symptoms can occur. In contrast, Cu concentration in the plant can
reach a critical higher value from which toxicity symptoms appear in plants (Marschner,

1995).

Toxic levels of copper occur in many soils which are due to the parent material or as a result
of anthropogenic (Figure 3) release of Cu into the environment (Yruela, 2005; Marschner,
2002). The continuous use of Cu fungicides, bactericides and pesticides to control plant
diseases and pests has accumulated Cu in the surface layer of agricultural soils (e.g., in
vineyards) (Brun et al., 1998; Scheck and Pscheidt, 1998; Zheng et al., 2004; Michaud et al.,
2007; Mackie et al., 2012). In Europe, continuous spraying of Bordeaux mixture (Ca(OH), +
CuSO4) used to control vine downy mildew has increased the heavy metal pollution of
vineyards soils. For example, it has been estimated that a single application of the Bordeaux
mixture introduced 3-5 kg Cu ha in the region of Champagne (France) (Brun et al., 1998).
Similarly, pig and poultry slurries rich in Cu concentration are contaminating livestock
grazing pastures (Legros et al., 2010; Marschner, 1995). Other anthropogenic sources of Cu
include waste water and sewage sludge irrigation. By these sources, Cu is accumulated in soil
and as a result increased uptake by plants (Cao and Hu, 2000; Luo et al., 2003; Karami et al.,
2009). These toxic levels of Cu entering into the food chain are toxic to plants, humans and
animals (Lopez Alonso et al., 2000; Michaud et al., 2007). When compared with other
potentially toxic trace elements such as Cd and Zn, Cu is more toxic to plants and not so toxic

to animals and humans (Wheeler and Power, 1995; Kinraide et al., 2004).
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Figure 3. Sources of Cu in the agricultural soils.

2.2.1 Copper behaviour in soil

In soil Cu can be found in the liquid and solid phases. Copper is found under different forms
in the solid phase which include water soluble, exchangeable and complexed in secondary
minerals such as clays and Fe and Mn oxyhydroxides and organic matter and primary
minerals (Kabata-Pendias and Pendias, 2001). Adsorption is the first process that controls
metal concentration in the soils solution (Alloway, 1995). In uncontaminated soils, Cu
concentration in the soil solution is generally very low with an average of 11uM and 0.8 uM
in sandy and calcareous soils respectively (Mench, 1990). Available Cu in the soil depends
upon soil type, soil physical and chemical properties (Brun et al., 1998; Chaignon et al., 2002;
Ginocchio et al.,, 2002). Cu bioavailability is generally controlled by the total Cu
concentration, CEC, soil organic matter (SOM) and pH of the soil (McBride, 1989; Sauvé¢ et
al., 2000a; Chaignon et al., 2002; Bravin et al., 2009; Wu et al., 2010). Bioavailability of Cu
increases when the total Cu content in soil increases and the soil CEC decreases (Sauvé et al.,
1997; Brun et al., 2001). Activity of free Cu®" in the soil solution is increased when soil pH
decreases (Sauvé et al., 1997). Its solubility is greatly dependent on soil pH and dissolved
organic matter (DOM) content (Bravin et al., 2012) and is readily available at pH below 6
(Adriano, 2001; Brun et al., 2001). In addition, a number of studies comparing soils of
varying pH showed that Cu bioavailability was greater in acidic than in more alkaline soils

(Brun et al., 2001; Chaignon et al., 2002, 2003; Bravin et al., 2009). In soil solution, Cu is
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mainly complexed with organic matter and can be adsorbed onto the surfaces of clays, Fe
oxyhydroxides and co-precipitated with carbonates and phosphates (McBride et al., 1997;
Sauvé et al, 1997; Guan et al., 2011). Copper bioavailability also depends upon
anthropogenic activities. For example, sewage sludge application in a calcareous soil
increased the SOM, CEC and also increased the Zn and Cu bioavailability (Karami et al.,
2009).

In addition, there is increasing evidence that plants can alter the Cu bioavailability by
changing the mobility of Cu in the rhizosphere (Marschner, 1995). However, Cu
bioavailability depends upon plant species. In the rhizosphere root released exudates of high
or low molecular weight organic acids. Low molecular weight organic acids include sugars,
organic acids, phenolic and amino acids (Marschner, 1995). These exudates may form
complexes with metals such as Cu. However, the role of these organic anions exuded such as
citrate, malate and oxalate in complexation process of metals is still a matter of discussion
(Hinsinger, 1998; Yruela, 2009). In monocots, phytosiderophores released by plant roots also
affect the Cu biavailability. For example, Chaignon et al. (2002) reported that under Fe and
Zn deficiency, wheat plants (Triticum aestivum L.) accumulated higher Cu concentrations
which may be due to the increased release of phytosiderophores. Plant roots may change the
pH of rhizosphere and as a result affect the Cu bioavailability (Bravin et al., 2009). Cu
bioavailability is also influenced by physical, chemical and biological processes that occur at
the soil-root interface in the rhizosphere such as change in pH or the amount of dissolved
organic matter (Hinsinger et al., 2009). Cu bioavailability is more influenced by rhizosphere

pH than the bulk soil pH in an acidic Cu-contaminated soil (Chaignon et al., 2009).

On the other hand, Cu bioavailability is also affected by the concentration of other plant
nutrients in the cultural medium. For instance, Fe deficiency in the nutrient solution resulted
in higher Cu concentration in Chinese cabbage (Xiong et al., 2002), in maize (Nenova and
Stoyanov, 1999), in wheat (Chaignon et al., 2002) and in pea plants (Welch et al., 1993;
Cohen et al., 1998) while excess Fe in the nutrition solution decreased Cu concentration in
Chinese cabbage (Xiong et al., 2002) and in apple plants (Vedina and Toma, 2000). Similarly,
Fe and P deficiency in the nutrient solution stimulated Cu accumulation in plants while high P
supply decreased Cu accumulation (Xiong et al., 2002). Recently it has been shown that P

applications effectively decrease the bioavailability of Cu to maize and soybean from soil
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while N application in the soil significantly increased maize shoot Cu concentration (Xie et

al., 2011).

2.2.2 Copper uptake and accumulation in plants

Plants take up Cu mainly from the soil solution through the root system. After absorption by
roots Cu is transported to shoots via xylem. During plant uptake Cu is first adsorbed on the
root surface then seems to dissociate from its complexed forms before absorption (Kabata-
Pendias and Pendias, 1992). The root apoplast is one of the main compartments accumulating
metals (Krzeslowska, 2011). Adsorption of Cu on the root surface takes place in cationic form
with negative charges of the cell walls because cell walls consists a network of cellulose,
pectins and glycoproteins and act as a specific ion exchangers (Allan and Jarrell, 1989). It can
also be linked by non ionic form of reactions coordination groups containing phosphatase and

peroxidases present in the cell walls (Marschner, 1995).

After adsorption on the root surface, Cu is absorbed by the roots but the mechanisms involved
in the absorption of Cu in the roots are still poorly identified. However, the absorption of Cu
in the root cells may be by passive (non-metabolic) and/or active (metabolic) transport
through different transporters such as CTR (Copper Transporter) and COPT1 (Copper

Transporter protein) or co-transporters (Marschner, 1995; Sancenon et al., 2004).

After absorption by the roots, Cu is transported towards xylem of roots. This xylem loading
takes place mainly by two processes called apoplastic and symplastic pathways. The
apoplastic transport of Cu takes place through the intercellular spaces. The transfer of low
molecular weight solutes (i.e. trace metals complexed or not, amino acids, sugars) takes place
by diffusion from soil solution to the intercellular spaces before being blocked by the
Casparian strip in the endoderm (Marschner, 1995). This symplastic transport of Cu takes
place through the plasma membrane of a cell with the help of different transporters. Cu is
translocated to shoots through xylem vessels. In the xylem sap, Cu can form complexes with
different organic substances such as carboxylate (aconitate, citrate, oxalate, malate, succinate
and acetate etc.), polymers (proteins, pectins, DNA, RNA, polysaccharides and lignin) and

amino acids (glutamic acid, histidine and cysteine etc.) (White et al., 1981).

Cu is sparingly mobile in plants; therefore, the highest concentration of Cu is present in roots

compared to shoots of plants (Liu et al., 2001; Nan and Cheng, 2001; Chaignon et al., 2002;
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Benimali et al., 2010; Guan et al., 2011). In roots, most Cu is present as divalent ion and
major portion of Cu may be bound to cell wall and histidine like ligands (Shi et al., 2008). In

roots, higher Cu concentration is located in the root epidermis (Kopittke et al., 2011).

2.2.3 Responses to copper deficiency

Copper is an essential micronutrient in plants that requires for the healthy growth and normal
development of plants. It is a constituent of protein and requires for the functioning of more
than 30 enzymes (Epstein and Bloom, 2005; Yruela, 2005). However, Cu deficiency causes
abnormal plant growth and development. Cu deficiency in plants normally occurs when plant
Cu concentration is lower than 5 mg kg' dry weight of plant (Marschner, 1995). Cu
deficiency is reported in organic soils and on sandy soils containing low organic matter. In
plants, Cu deficiency altered root and leaf architecture, decrease in chlorophyll pigments and
photosynthesis (Yruela, 2005, 2009). Cu deficiency also inhibits many processes occurring
within plants. For example, in sugar beet (Beta vulgaris) both PS II and PS I electron
transports were inhibited due to Cu deficiency and PS II electron transport activity was not
restored by adding artificial electron donors (Droppa et al., 1984). Moreover, under Cu
deficient conditions, the expression of Cu/Zn superoxide dismutase (SOD) is down regulated
and its function is compensated by Fe SOD in chloroplasts of higher plants (Yamasaki et al.,
2008). Reduced Cu supply in the nutrient solution decreased the root and shoot biomass of
pea plants (Pisum sativum L.) and restrictive supply with Mo and Cu to the growth medium
strongly affected the activities of the enzymes (nitrate reductase & glutamine synthetase)
involved at initial steps of nitrate assimilation and also decreased the plastid pigment content

in the leaves (Hristozkova et al., 2006).

2.2.4 Responses to copper toxicity

Higher Cu concentration is toxic to plants causing different toxicity symptoms on plants
except in some plants tolerant to higher Cu concentration (i.e. Arabidopsis halleri L. and
Elshotzia splendens) (Shi et al., 2008; Li et al., 2009). Major toxic effects of Cu on plants are

also summarized in figure 1.

2.2.4.1 Effects on seed germination
High Cu concentration in the nutrient medium negatively affects seed germination. For
example, higher copper exposure to wheat (Triticum aestivum L.) seeds reduced seed

germination (Singh et al., 2007). Similarly, Saravanan et al. (2001) reported that excess Cu
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drastically inhibited seed germination of soybean crop. In addition, seed germination of mung
bean plant decreased with increasing Cu (50, 200 and 500 uM) concentrations in the nutrient
solution (Verma, et al., 2011). However, Ouzounidou, (1995) showed that lower Cu*" (8-16
uM) concentrations seemed to be necessary for seed germination while higher Cu** (80 and
160 uM) concentrations negatively affected the seed germination of Minuartia hirsuta, Silene

compacta, Alyssum montanum and Thlaspi ochroleucum.

2.2.4.2 Effects on uptake of mineral nutrients

Increased concentrations of available Cu in soils have been shown to cause reduction in the
uptake and translocation of other mineral nutrients (Marschner, 1995; Kopittk and Menzies,
2006). Excess Cu changes the distribution of calcium, potassium and magnesium in roots and
shoots of cucumber plant (Alaoui-Sossé et al., 2004). Zn foliar spray increased the leaf Cu
content in maize leaves indicating a synergism between Zn and Cu (Aref, 2011). Similarly,
foliar application of Cu in combination with Mg on wheat plant grown in sandy soil increased
the macro and micronutrients contents of plant (El-Metwally et al., 2010). In cowpea (Vigna
unguiculata), concentrations of K, Ca, Mg, and Fe decreased in plant tissues as Cu
concentration in solution increased (Kopittke and Menzies, 2006). Recently it has been shown
that low level of Cu (50 mg kg™ of soil) increased the biomass, macro and micronutrients of
green gram (Vigna radiata (L.) Wilczek) grown for 45 days while excess Cu has opposite
effect on these parameters (Manivasagaperumal et al., 2011). High concentrations of Cu (32-
80 uM) in the cultural medium significantly decreased Ca, K and Fe concentrations in fifteen-
day-old maize shoots and roots (Ouzounidou et al., 1995). In durum wheat excess Cu

decreased Fe uptake by plants (Michaud et al., 2008).

2.2.4.3 Effects on plant growth and biomass

Toxic effects of Cu on plants growth and biomass have been widely reported. Under excess
Cu root growth of plants is affected much strongly than shoot growth (Kulikova et al., 2011).
Reduction of root growth under Cu stress has been reported in many plant species such as
durum wheat (Triticum turgidum durum L.) (Michaud et al., 2007; Bravin, et al., 2009),
cowpea (Vigna unguiculata) (Kopittke and Menzies, 2006), soybean (Glycine max L.)
(Kulikova, et al., 2011) and Rhodes grass (Chloris gayana Knuth.) (Sheldon and Menzies,
2005). Toxicity of excess Cu caused some morphological changes in roots such as thickening
of the root, a decrease in the root elongation and an increase in branching, the formation of
breaks in the surface cell layers of the root tips and cracking of the epidermis and outer cortex
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and reduced root hair proliferation (Sheldon and Menzies, 2005; Kopittke and Menzies, 2006;
Kopittke et al., 2009; Kulikova, et al., 2011). Shoot morphology is also negatively affected by
excess Cu (Vinit-Dunand et al., 2002).

Plants grown in the presence of excess Cu exhibited different toxicity symptoms such as
chlorotic symptoms (Cao and Hu, 2000; Yruela, 2005; Xu et al.,, 2006). For example,
increased concentrations of available Cu in soil led to chlorosis symptoms in durum wheat
plant (Michaud et al., 2007; Bravin, et al., 2009). Keller and Hammer, (2004) also observed
chlorosis symptoms on Thlaspi caerulescens plants grown in calcareous soil with large Cu
concentrations. Similarly, chlorosis symptoms were observed on durum wheat seedlings
above 1 (Michaud et al., 2008) or 0.55 uM Cu”" (Bravin et al., 2010) in the nutrient solution.
Moreover, 10uM Cu concentration in the nutrient solution exhibited leaf chlorosis in
fourteen-day-old maize plants (Mocquot et al., 1996). Increased Cu®" concentrations at >5 pM
also resulted in leaf chlorosis in Chinese cabbage (Brassica pekinensis) plant (Shahbaz et al.,
2010).

Excess Cu also negatively affected plant biomass and grian yield (Cook et al., 1997; Yruela,
2009). This reduction in growth and biomass has been observed in many plants such as Sabi
grass (Kopittke et al., 2009), maize (Mocquot et al., 1996), Chinese cabbage (Shahbaz et al.,
2010), durum wheat (Bravin, et al., 2009), cowpea (Kopittke and Menzies, 2006) and soybean
(Kulikova et al., 2011).

2.2.4.4 Effects on photosynthetic pigments

Excess Cu decreased the photosynthesis of plants. This reduction in photosynthesis is related
to decrease in chlorophyll contents and structural damages to the photosynthetic apparatus
(Cisato et al., 1997; Kabata-Pendias and Pendias, 2001). The Cu inhibitory effects on both
photo-systems have been confirmed in a number of studies (Mishra and Dubey, 2005) and it
was found that PSII is the most sensitive site to Cu toxicity (Yruela, 2009). Excess Cu
decreased chlorophyll contents of leaves of many plant species such as wheat (Cisato et al.,
1997; Cook et al., 1997; Quartacci et al., 2001; Singh et al., 2007), cucumber (Vinit-Dunand
et al., 2002), sunflower (Helianthus annuus L.) (Zengin and Kirbag, 2007) and barley (Caspi
et al., 1999). Similarly, there is increasing evidence that reduction in chlorophyll biosynthesis
is related to structural damages of the photosynthetic apparatus at the thylakoid level under

Cu stress (Cisato et al., 1997) and also to interference of excess Cu with chlorophyll
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organization (Caspi et al., 1999). Excess Cu also decreased the active photosystem II centers
of illuminated leaves (Patsikka et al., 2002) and also resulted in lower photosynthetic electron

transport activities (Vassilev et al., 2003; Yruela, 2009).

2.2.4.5 Cu induced oxidative stress in plants

Excess Cu can cause oxidative stress in plants by producing oxygen free radicals and as a
result increased the antioxidant responses. Cu-induced oxidative stress influenced the
production of enzymes in plants. For instance, increasing Cu®" concentration increased the
superoxide dismutase (SOD) activity in leaves and roots of garlic (Allium sativum L.) and
maize (Mocquot et al., 1996; Meng et al., 2007) and decreased the peroxidase (POD) activity
in leaves of garlic plant (Meng et al., 2007). Accordingly, it was observed that under Cu stress
the enzymes involved in ascorbate-glutathione cycle increased due to Cu-induced oxidative
stress in Phaseolus vulgaris (Gupta et al., 1999). Plant response to oxidative stress also

depends upon plant species and cultivars (Yruela, 2009).

2.2.5 Tolerance mechanisms to copper toxicity

In order to avoid metal toxicity all plants possess some tolerance mechanisms to maintain
correct concentration of essential metals like Cu in different active parts of plant (Yruela,
2005, 2009). First defense strategy is to avoid the accumulation of toxic concentrations at
sensitive sites within the cell to prevent the damaging effects rather than developing proteins
that can resist the heavy metal effects (Yruela, 2009). Plants may evolve different cellular
mechanisms to cope with excess Cu such as reduction in metal uptake, immobilizing excess
Cu in roots, vacuole sequestration, chelating Cu with phytochelatins of metallothionines,
organic acids and proteins (Clemens 2006; Yruela, 2009). Plants also excrete different organic
acids, proteins and carbohydrates. These compounds may complex with Cu and may facilitate
or inhibit Cu uptake by plants (Yruela, 2009). P-type Cu transporting ATPases are thought to
be involved in preventing toxic levels of Cu in essential cell fonctions (Yruela, 2005).
However, importance of these mechanisms may vary with plant species, metal supplied and
the exposure time. Once inside the plants, the excess metal will be sequestered into
metabolically inactive parts like vacuole, apoplast and epidermal cell walls. High level of Cu
can stimulate the accumulation of acids such as proline or histidine which can act as chelator

(Sharma and Dietz, 20006).
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2.2.6 Synthesis on Cu in soils and plants

Cu concentration in the agricultural soil is increasing continuously due to anthropogenic
activities. Cu uptake and accumulation in plant depends upon soil and biological factors.
Plants require small amount of Cu for their normal growth and development. However, high
Cu concentration is toxic to plants and resulted in the inhibition of many physiological
processes in plants. High Cu concentrations have been reported in soils, especially those
exposed to long term use of Cu containing fungicides in vineyards, pig farming and industrial
pollution. In Southern France, durum wheat is mostly grown in former vineyard soils
contaminated with Cu. Recently different Cu toxicity symptoms are observed in the durum
wheat plants grown in that area. This higher Cu in plant tissue may affect various

physiological, morphological and biochemical functions in plants.

Therefore, the remediation of such Cu contaminated soils to prevent the entry of toxic metal
into food chain still needs greater attention. Different techniques exist for the remediation of
heavy metals in soils such physical and chemical remediation. However, these methods are
often too expensive and inefficient in many cases. Therefore, to produce crops with
acceptable Cu concentrations requires an integrated approach to provide a safe and stable food

supply, while ensuring the long-term sustainability of our soils.

2.3 Silicon

Silicon (Si) is the second most abundant element on the surface of Earth’s crust and in the
soils. Si comprises about 28% of the earth’s crust (Exley, 1998; Ma and Yamaji, 2006;
Sommer et al., 2006). Although the contents of Si in plants are comparable to the levels of
many macronutrients, but Si is not considered an essential element for the plant growth
(Epstein, 1994, 1999). However, undeniable beneficial effects of this element have been
observed in plants with respect to plant growth, better resistance to both biotic and abiotic
stresses (Ma and Takahashi, 2002; Ma and Yamaji, 2006). In agricultural soils, Si generally
comes due to application of silicate fertilizers, irrigation water and decomposition of crop
residues (Figure 4). Generally, 210-224x10° tons of plant available Si are removed annually
(Matichenkov and Bocharnikova, 2001). This removal of Si takes place due to plant

exportation as shown in figure 4.
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Figure 4. Biogeochemical Si cycle and processes influencing the Si concentration and solubility in the
soil (modified from Savant et al., 1997 and Meunier et al., 2001). Where Si(OH)4 indicates a plant
available silicon.

2.3.1 Forms of silicon in soil

Silicon compounds in the soil are usually present as SiO, and in various alumino-silicate
forms. Silicon dioxide comprises about 50-70% of the soil mass (Ma and Yamaji, 2006).
External sources of Si include calcium and magnesium silicates, silicate slag, dolomite and
rock phosphate (Savant et al., 1999). Silicon compounds exist both in the liquid and in solid
phase in the soil (Figure 5). In the solid phase, Si compounds are divided into amorphous and
crystalline forms. In natural soil solution, Si is mainly present in the form of uncharged
orthosilicic acid, H4S104 (Epstein, 1994; Sommer et al., 2006). Its concentration ranged from
0.1 to 0.6 mM and it is thought to be the only form which is taken up by plants (Epstein,
1994, 1999; Ding et al., 2005). The maximum solubility of Si(OH)4 is 1.7 mM at 25°C at pH
< 9 (Knight and Kinrade, 2001). The chemical similarity between silicate anion and the
phosphate anion results in a competitive reaction between the various phosphates and
monosilicic acid in the soil. Similarly, Polysilicic acids are an integral part of the soil solution.
The mechanism of polysilicic acid formation is not well understood. Unlike monosilicic acid,
polysilicic acid is chemically inert and essentially acts as an adsorbent, forming colloidal

particles (Hodson and Evans, 1995). Polysilicic acids have been considered important in the

58



soil structure formation (Matichenkov et al., 1995). Since polysilicic acids are saturated with

water, they may indeed have an effect on soil water holding capacity.

{ Silicon compoundsin the soil ]

T

L Liquid phase J [smidphase}

4 N\
Mono- and

polysilicic acids
-

Poorly crystalline and
microcrystalline forms

/Complexes with ) v e v
|| inorganic and Imogolite, allophanes...

J [ Amorphous forms } [ Crystalline forms ]

orgaic [ Biogenic Silica minerals Secondary
compounds i
\_ Y, forms thholpedoge e.g. Quartz silicates
nic forms Clay
e.g. . z:i:(r;?g minerals
Organo-silicon Phytoliths 0 fl ’ e.¢. Feldspar e.g.
compounds diatomite pat... ' .Mica vermiculite

Figure 5. Classification of Si compounds in soil (modified from Matichenkov and Bocharnikova,
2001 and Cornelis et al., 2011).

2.3.2 Bioavailable silicon in soil

The question of Si bioavailability in soil is still not well understood. Most sources of silica are
not bio-available (Savant et al., 1997). Solubility of Si is affected by a number of dynamic
processes occurring in the soil and soil solution (Figure 4). Usually agronomists define
bioavailable silica by the easily-leached silica extracted with an acetate buffered at pH = 4
(Ma and Takahashi, 2002). However, this procedure and others defined to assess the nutrient
need of crop species do not dissolve amorphous biogenic silica (Savant et al., 1997) while it
has been shown that phytoliths are a pool of Si which should not be neglected, and the
amorphous silicon is the important pool of bioavailable silicon (Jones and Handreck, 1967).
Amorphous silica is comprised of both ASi from plants including phytoliths and other
inorganic forms of ASi (Sauer et al., 2006). Both under a tropical and a temperate forest,
phytoliths have been shown to be the first pool of available Si for plants (Alexandre et al.,
1997; Bartoli, 1981). The amount of biogenic silica (phytoliths) in soils ranges from 0.03 to
0.06 wt% (Desplanques et al., 2006). Grassland soils contain phytoliths up to only 1-3% of
total Si pool (Blecker et al., 2006). The phytoliths are mainly composed of about 92 wt%

silica and 6 wt% water with small amounts of carbon and traces of Al and Fe (Meunier et al.,
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1999). Isotopic studies on a bamboo forest also showed that Si in the soil solution comes
mainly from phytoliths dissolution (Ding et al., 2008). Indeed, Fraysse et al. (2006, 2009)
have shown that phytoliths dissolve faster than other silicates at pH>4 and solubility of
phytoliths is about 17 times higher than that of quartz. Therefore, in natural ecosystems, soil
phytoliths can be a major source of bioavailable Si for plants (Farmer et al., 2005).

Man ignored exogenous application of Si with the belief that the soil itself can sustain its
supply but most recently Guntzer et al., (2012) showed that continuous cropping and removal
of wheat straw reduced the bioavailable Si from the soil. Therefore, there is need of external
plant available Si amendments to maintain higher level of bioavailable Si in soils. The
practice of Si amendment on rice and sugarcane is already well developed in different parts of
the world (Liang et al., 1994; Korndoérfer et Lepsch, 2001). These amendments include
calcium and magnesium silicates, silicate slag, dolomite and rock phosphate etc (Savant et al.,
1999). However, due to low solubility of Si, there is a practical limit to increase silicic acid
bioavailability in the field. In addition, some industrial Si amendments are toxic to crop plants
and needs to be evaluated with considerable care (Cété-Beaulieu et al., 2009). Therefore,
there is need to use non toxic sources of silicon with higher capacity to release bioavailable
silicon. However, little is known about the ability of different minerals to release plant
available silicon so there is still a need for further research to understand the efficacy of
different minerals to release the phytoavailable silicon. In this thesis, the efficiency of
different minerals to release plant available Si and its effect on Cu and Cd toxicity in durum

wheat 1s assessed.

2.3.3. Amorphous silica determination methods

In order to determine the available Si to crop plant it is therefore necessary to measure the
amount of phytoliths and other forms of amorphous silica in soils. There are two procedures
to quantify amorphous silica particles: 1) physical extraction using heavy liquid density
(Kelly, 1990) and 2) wet chemical extractions including acid and alkaline extractions
(Kodama and Ross, 1991; Saccone et al., 2007). However, the use of chemical extractants has
not been fully exploited yet. The physical extraction of phytoliths is problematic because
phytoliths are probably not the only source of plant available silicon (Alexander et al., 1997;
Blecker et al., 2006).

So far, many methodologies have been developed by different authors to evaluate plant

available Si from the soil (Fox et al., 1967; Biermans and Baert, 1977; Khalid et al., 1978;
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Korndorfer et al., 1999; Snyder et al., 2001). Recently, Sauer et al. (2006) reviewed different
extraction techniques for the measurement of plant available Si from the soil. However, the
validity of these techniques for measuring ASi in different soils needs to be tested because
ASi concentration varies with soil type and horizon. Saccone et al. (2006) showed that
samples pre-cleaned with acid and peroxide then extracted with Na,CO; showed better
extraction efficiency compared to not pre-cleaned samples. Similarly, Saccone et al. (2007)
suggested that alkaline extraction methods especially sodium carbonate can be used on a
variety of soils for the extraction of ASi because Si extracted by acid methods was two order
of magnitude less than Si extracted by alkaline methods and pre-cleaning was not necessary
for the extraction of soil ASi. On the other hand, Herbauts et al. (1994) indicated that the
alkaline methods may attack non amorphous minerals and that correction is necessary when
using these methods. However, assessing the amounts of potentially available Si in soils still
remained problematic due to variability of ASi in each soil and horizon. Due to the growing
demand for the use of Si, there is need to investigate the single soil extraction methods having
high potential for determining the plant available Si in the soils of different origins. In this
thesis, the efficiency of different single soil extraction methods is assessed for quantification

of amorphous silica in soils of different origins.

2.3.4 Si contents in plants

Silicon concentration in crop plants varies from 0.1 to 10%wt weight of plants (Epstein, 1994,
1999; Hodson et al., 2005; Ma and Yamaji, 2008). Plant species, in general, are classified as
high-, intermediate-, and non Si-accumulators (Takahashi et al., 1990). Plants containing
more than 1% Si in the dry leaf matter are considered as Si accumulators (Epstein, 1994).
Generally, graminaceous plants take up more Si as compared to other plant species and some
dicotyledons such as legumes exclude Si from uptake (Ma et al., 2001a). It is widely accepted
that wheat is a Si accumulating plant (Mayland e