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Résumé

Des populations tolérante (métallicole: M) et sensible (non-métallicole: NM) d’Agrostis
capillaris L. ont été exposées a des doses croissantes de Cu (1-50 pM) pour étudier la tolérance
au Cu par une approche pluridisciplinaire. Selon les parametres phénotypiques (biomasse,
longueur des feuilles et symptdmes visuels), les plantes M ont une meilleure croissance aux
expositions supérieures a 10 uM Cu. Les concentrations en Cu des tissus reflétent une rétention
racinaire (phénotype d’exclusion) et une réduction de la translocation vers les feuilles quand le
stress augmente. En excés de Cu, le protéome soluble racinaire présente des altérations du
métabolisme énergétique chez M et NM, plus marquées chez NM (glycolyse, cycle de Krebs
/phosphorylation oxydative). Le protéome foliaire indique des impacts sur les phases claires et
obscures de la photosynthese chez M et NM, et un besoin plus important en acides aminés
soufrés (augmentation des cystéine et methionine synthases). Chez NM, I’augmentation
d’enzymes de la glycolyse, de la voie des pentoses phosphates et du cycle de Calvin indiquent
un besoin énergétique accru, tandis que la stimulation des chaperonnes et des processus de
synthése protéique suggeére des impacts sur le métabolisme des protéines et celle des enzymes
redox un stress oxydatif plus fort. Plusieurs protéines, surexprimées ou accumulées,
interviendraient dans la tolérance au Cu chez M, en protégeant le métabolisme des protéines
(HSP70, racines et feuilles) et en augmentant les mécanismes anti-oxydants (ascorbate
péroxydases), de détoxification (GST et aldéhyde déshydrogénase) et de protéolyse (peptidase

et protéasomes, racines).

Mots clés : pseudo-metallophyte, excluder, Cu-tolérance, protéome soluble.



Pluridisciplinary study of Cu tolerance in Agrostis capillaris L.:

from phenotype to molecular mechanisms.

Abstract

Cu-tolerant (metallicolous: M) and sensitive (non-metallicolous: NM) populations of
Agrostis capillaris L. were exposed to increasing Cu concentrations (1-50 pM) to investigate
Cu tolerance by a pluridisciplinary approach. Phenotypic parameters (biomass production,
shoot length, and visual symptoms) indicated a higher growth and a better fitness of M plants
over 10 uM Cu. Plant Cu concentrations indicated root Cu retention (‘excluder’ phenotype) and
a reduced root-to-shoot translocation with increasing Cu stress. Based on root soluble proteome
energy metabolism was altered by Cu excess in both populations with stronger impacts in NM
(glycolysis, Krebs cycle/oxidative phosphorylation). Changes in shoot proteome showed
impacts on both light dependent and independent photosynthesis phases in both populations,
and an enhanced need in S-containing amino-acids (up-regulation of cysteine/methionine
synthases). In NM leaves, increase of enzymes involved in glycolysis, pentose phosphate
pathway and Calvin cycle indicated a stimulation of energy metabolism, while enhanced protein
synthesis processes and protein chaperones suggested impacts on protein metabolism and
increase of redox enzymes indicated a higher oxidative stress. Several over-expressed or
accumulated proteins may be pivotal for Cu tolerance in M plants, for protecting protein
metabolism (Heat shock protein 70kDa, roots and leaves), increasing anti-oxidative (ascorbate
peroxidases, roots) — detoxification (Glutathione S-transferase and aldehyde dehydrogenase,

roots) and proteolysis (peptidase and proteasome subunits) processes.

Keywords: pseudo-metallophyte, excluder, Cu-tolerance, soluble proteome.
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Synthése des travaux

Deux populations d’Agrostis capillaris, 1’une tolérante (M) et 1’autre sensible (NM) a
I’exces de Cu, issues respectivement d’un site contaminé en Cu et d’un site non-contaminé, ont
été sélectionnées pour leur plasticité phénotypique afin d’étudier la réponse des plantes a
I’excés de Cu et d’identifier les mécanismes impliqués dans la tolérance au Cu en utilisant une

approche pluridisciplinaire.

Le premier chapitre est une étude bibliographique des effets phytotoxiques de 1’excés de
Cu sur les plantes, réalisée en intégrant les connaissances a plusieurs échelles, des études de
plein champ aux déterminants moléculaires identifiés par la protéomique. En exces, le Cu est
phytotoxique, mais certaines espéces végetales, dont A. capillaris, appelées pseudo-
métallophytes, ont une plasticité phénotypique pour la tolérance aux métaux (métalloides), dont
Cu, avec des populations tolérantes (Métallicole : M) et sensibles (Non-Métallicole : NM). Ces
espéces sont des modeles utiles pour 1’étude des mécanismes physiologiques et moléculaires
impliqués dans la tolérance au Cu, en comparant ces populations M et NM en condition de

stress.

La section 8, ‘Plasticité phénotypique de la tolérance aux métaux chez Agrostis
capillaris’, destinée a la publication, met I’accent sur la tolérance aux métaux chez des
populations d’A. capillaris et a permis de formuler plusieurs hypotheses sur des mécanismes
potentiellement impliqués dans la tolérance au Cu des populations M.

Afin d’identifier les processus moléculaires impliqués dans la réponse a 1’excés de Cu
chez A. capillaris et dans la tolérance au Cu de la population M, I’expression différentielle du
protéome soluble en réponse aux expositions croissantes en Cu a été comparée entre les
populations M et NM. Une expérience exploratoire (Chapitre 2), conduite en 2008 et publiée
sous forme d’article par le journal ‘Proteomics’ (DOI: 10.1002/pmic.201300168), a analyse le
protéome soluble racinaire des populations M et NM d’A. capillaris exposées a 5 doses de Cu

(1, 5, 10, 15 et 30 uM Cu, hydro-culture sur perlite pendant 2 mois).

19 protéines avec une expression différentielle ont été identifiées en utilisant la
spectrométrie de masse (LC-MS/MS) et des bases de données d’ESTs. Aux fortes expositions
en Cu (15-30 pM), les surexpressions de la triosephosphate isomerase et la fructose
bisphosphate aldolase suggérent des altérations de la glycolyse dans les racines NM et une
production accrue de glycérone-P et de méthylglyoxal. Chez cette population, la diminution de
I’expression des tubulines indiquerait des impacts sur le cytosquelette, et I’augmentation des 5-

methyltetrahydropteroyltriglutamatehomocysteine methyltransferase (metE) et S-adenosyl-
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méthionine (SAM) synthase (SAMS) refléterait une stimulation de la synthése d’éthyléne.
Parallelement, des quantités accrues de L-méthionine et S-adénosylméthionine faciliteraient la
production de nicotianamine (NA), impliqués dans la chélation du Cu et de L-cystéine,

nécessaire pour la synthése de glutathion (GSH).

Cette premiére étude, exploratoire, suggere que la tolérance au Cu de la population M
d’A. capillaris ne résulterait pas d’un mécanisme unique mais plutdt de la coopération de
plusieurs processus, incluant une meilleure détoxification des ions superoxydes (augmentation

de I’expression d’une [Cu/Zn] superoxyde dismutase).

Les chapitres III, IV et V correspondent aux différentes parties d’'une méme expérience
(Fig. 1), dont le but est de réaliser une étude pluridisciplinaire de la tolérance au Cu chez A.
capillaris, en comparant des populations M et NM d’une trentaine d’individus soumises a des
doses croissantes de Cu (1, 5, 10, 15, 20, 25, 30, 40 et 50 uM, hydro-culture sur perlite pendant
3 mois). L’exposition a été chronique, de la germination a la récolte, et les doses selectionnées
pour simuler I’homéostasie et 1’exces. La perlite a permis d’apporter de la silice aux végétaux

et de simuler une porosité plus proche d’un sol, favorisant le respect de 1’ultrastructure des

racines.
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Figure 1 : Résumé du protocole expérimental des expériences présentées dans les chapitres I1, IV et V,
avec la présentation des outils statistiques.
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Figure 2 : Impacts du Cu (1-50 uM Cu) sur la croissance des populations M (rouge) et NM (vert) d’Agrostis capillaris et symptomes foliaires et racinaires.
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Figure 3: Concentrations en Cu dans (a) les racines et (b) les feuilles, et (c) Facteur de transfert (Cu feuilles/Cu racines) des populations M (rouge/noir) et NM (vert/gris)

d’A. capillaris exposées a des doses croissantes de Cu (1-50 uM). Relation entre les concentrations en Cu et la production de biomasse (MS) dans (d) les racines et ()
les feuilles des populations M (rouge) et NM (vert).



La croissance des plantes a été caractérisée par les longueurs maximales (Lmax) et
moyennes (Lmoy) des parties aériennes, ainsi que par la production moyenne de biomasse
fraiche (FW) et seche (DW) par individu. L’exces de Cu réduit drastiquement la croissance et
la biomasse des individus NM alors que celles des individus M restent constantes ou diminuent
Iégerement. Pour des doses de Cu supérieures a 10 UM, la croissance des populations M est
significativement supérieure, quel que soit le parametre mesuré. Aux fortes expositions (25-50
MM Cu), des symptomes phytotoxiques, i.e. racines coralloides avec coloration jaune brun
foncee, chloroses des feuilles jeunes, sont visibles chez les deux populations mais plus marqués
chez NM (Fig. 2).

Les concentrations en Al, B, Ca, Cu, Fe, Mg, Mn, P, K, Na, et Zn ont été mesurées dans
les racines et les feuilles. L’augmentation des concentrations racinaires et foliaires en P et K
suggerent un besoin accru avec 1’augmentation du stress en Cu, mais la diminution des
concentrations en K aprés 25 uM Cu chez NM indique soit une réduction du préléevement, soit
une fuite liée a 1’altération de I’intégrité membranaire. La diminution des concentrations en Fe
laisse supposer une déficience dans les parties aériennes des 2 populations qui expliquerait, au

moins en partie, les chloroses observées aux fortes expositions en Cu.

Chez la population M, un double mécanisme a pour conséquence de réduire les
concentrations foliaires en Na, avec un stockage plus important dans les racines (25-40 UM Cu)
et une translocation plus faible pour ’ensemble des expositions en Cu testées. Pour Ca, un

prélevement réduit dans les racines expliguerait la diminution de ses concentrations foliaires.

L’augmentation des concentrations en Cu dans la solution nutritive (exposition) entraine
un accroissement des concentrations tissulaires en Cu, plus marqué dans les racines que dans
les feuilles (Fig. 3a, b). Il indique une rétention de Cu dans les racines (phénotype d’exclusion)
mais aussi une diminution de la translocation quand le stress en Cu augmente (ratios
feuilles/racines, Fig. 3¢). L’existence d’un(e) plus faible prélévement/accumulation du Cu dans
les racines des plantes M n’est suggérée qu’aux expositions moyennes en Cu (25-30 UM Cu)
par des concentrations plus faibles chez M (Fig. 3a) ; I’existence d’une translocation réduite est
réfutée par les concentrations foliaires en Cu supérieures chez M a 5, 20, 25 et 40 uM Cu (Fig.
3b). L’augmentation du Cu dans les tissus (feuilles et racines) est positivement corrélée avec la
diminution de biomasse pour la population NM mais aucune corrélation n’existe pour M (Fig.
3d, e). Ces résultats suggerent une meilleure homéostasie cellulaire du Cu chez les individus
M, hypothése étudiée par I’analyse du protéome soluble des racines et des feuilles

intermédiaires (3 réplicas pour chaque condition expérimentale : population x Cu, Fig. 1).
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Figure 4 : Résumé de (a) la distribution des spots (gels de référence avec spots excisés) ; (b) des analyses
statistiques ; (c) de I’identification des spots excisés (en bleu : 2 ou 3 identifications probable ; en vert :
pas d’identification probable ; en rouge : 1 identification unique) ; (d) de la classification des spots avec
une identification unique selon les catégories fonctionnelles définies par Bevan et al. (1998), pour le
protéome soluble des racines (a gauche) et des feuilles (a droite) d’A. capillaris.

Aprés extraction (acide trichloracétique/acétone), les protéines solubles ont été séparees
par électrophorese 2D (gradient linéaire de pH 4-7, bleu de Coomassie). L’analyse des images
des gels (PDQuest, 54 gels 2D) a permis de délimiter et de quantifier 419 spots pour les racines
et 214 pour les feuilles (gels de référence, Fig. 5a). L effet du Cu a été testé avec des corrélations
de Pearson (pval <0.1) et I’effet Pop avec des ratios (ratio > 1.5, Fig. 1). Parmi les 242 (racines)
et 151 (feuilles) spots influencés par le Cu et /ou la population (diagramme de Venn modifié,
Fig. 5c), 157 et 151 spots ont été respectivement sélectionnés dans les racines et les feuilles
(pval < 0.05 et ratio > 1.5), excisés, puis analysés en spectrométrie de masse pour déterminer
leur identité probable. Environ 46% et 35% de ces spots n’ont pu étre identifiés mais 85 et 70
spots ont eté associés a une identification unique, puis classés selon les catégories fonctionnelles
définies par Bevan et al. (1998 ; Fig. 5d). Ces identifications, associées au sens de variations

sont présentées pour les racines (Fig. 6, 85 spots) et les feuilles (Fig. 7, 70 spots).
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Figure 5 : Fonctions et variations des protéines identifiées (en bleu) dans les processus métaboliques (racines).
Les enzymes sont représentées par leur nom et EC. Les données proviennent du chapitre I\VV. M / NM: population métallicole / non-métallicole d’A. capillaris.

21N corrélation positive / négative (Pearson); p-val: 0.1 < #<0.05< /7 <0.1< 277 <0.001< 2277; M/INM > 1-50: population avec sur-expression a 1-50 uM Cu (ratio > x1.5).
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Dans les racines M et NM, I’exces de Cu altere le métabolisme énergétique, avec un
besoin accru en pouvoir réducteur (augmentation de la glycéraldéhyde-3P-déshydrogénase,
G3PDH), mais une réduction de la production d’ATP (diminution de I’ATP synthase), associé¢e

a une augmentation de la respiration cellulaire (formate déshydrogénase).

Dans les racines de la population NM, une limitation des processus énergétiques et des
dommages plus importants sur le métabolisme des protéines sont respectivement suggerés par
la diminution de protéines impliquées dans le cycle de Krebs et le transport d’électron
(aconitases, succinate deshydrogénase, NADH déshydrogénase Fe/S protéine et V-type proton
ATPase) et I’augmentation de plusieurs protéines chaperonnes (CPN60-1, CPN60-2 et protéine
disulfide isomérase ou PDI). L’excés de Cu a des impacts négatif sur le cytosquelette des deux
populations (diminution de tubulines B), plus marqués chez NM (diminution de tubuline o et
actine). L’augmentation, dans les racines NM, de deux cystéine synthases indique un besoin
accru en acides aminés soufrés et la diminution d’une méthionine synthase, une limitation de la
production de méthionine. La production plus forte de S-adénosylméthionine (SAM), suggérée
par I’augmentation des SAM synthétases pourrait jouer un role dans la tolérance au Cu, en

stimulant la synthése de nicotianamine, de glutathion ou d’éthyléne.

Dans les racines M, la coopération de plusieurs enzymes du métabolisme des
carbohydrates pour approvisionner la glycolyse est suggérée par 1’augmentation d’une o-
galactosidase et la sur-expression d’une sucrose:sucrose 1-fructosyltransférase et une 6-
phosphofructokinase pyrophosphate-dépendante aux concentrations intermédiaires en Cu.
L’augmentation linéaire de la G3PDH, en opposition au plateau observé pour la population
NM, insinue un approvisionnement en NADH plus important aux fortes expositions en Cu (40-
50 uM). Plusieurs protéines potentiellement impliquées dans la tolérance des plantes M ont pu
étre identifiées. L’augmentation des malate (MDH) et isocitrate (IDH) déshydrogénases
contribuerait a la chélation du Cu libre dans les cellules, via la synthese accrue d’acides malique
et citrique, tandis que ’augmentation de deux protéasomes et d’une phytepsin, associée a la
sur-expression d’une peptidase, permettrait une protéolyse plus efficace, limitant
I’accumulation de protéines non-fonctionnelles ou dégradées. Les expressions plus importantes
d’une ‘heat-shock’ protéine (HSP 70KDa), de plusieurs ascorbate péroxydases, et d’une
glutathion-S-transférase, aux moyennes et fortes expositions en Cu, associées a I’augmentation
d’une aldéhyde déshydrogénase, sous-entendent une protection plus efficace du métabolisme
des protéines, et des mécanismes antioxydant et de détoxification renforcés chez cette

population.
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Figure 6 : Fonctions et variations des protéines identifiées (en bleu) dans les processus métaboliques (feuilles).

Les enzymes sont représentées par leur nom et EC. Les données proviennent du chapitre V. M / NM: population métallicole / non-métallicole d’A. capillaris. 7/ \: corrélation

positive / négative (Pearson); p-val: 0.1 < #<0.05< 27 <0.1< 277 <0.001< 2777, MINM > 1-50: population avec sur-expression & 1-50 uM Cu (ratio > x1.5).
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Les deux populations présentent des altérations de la photosynthése au niveau
moléculaire, avec la diminution de plusieurs protéines impliquées dans les réactions de
transferts d’¢lectron (OEE, Cytochrome b6-f complexe, Chlorophylle a-b binding protéine) et
d’assimilation du carbone (RuBisCO) ; mais des dommages oxydants plus importants chez NM
sont proposés par 1’augmentation d’une métalloprotéase et d’une ferrédoxine réductase. La
relation entre les chloroses enregistrées a I’échelle de la plante et la déficience en Fe dans les
feuilles est accréditée au niveau moléculaire par la diminution de la sous unité Cytochrome b6-
f complexe Fe/S, une protéine impliquée dans la photosynthése et contenant du Fe. Chez les
deux populations, I’augmentation de cystéine et méthionine synthases indique un besoin accru
en acides amineés soufrés, impliqués dans la synthése de glutathion (GSH), nicotianamine (NA),
polyamines ou phytochélatines (PC), qui participent a la chélation du Cu libre.

Dans les feuilles NM, une stimulation du métabolisme énergétique est suggérée par
I’augmentation d’ ATPases, et d’enzymes impliquées dans la glycolyse (phosphoglucomutase,
fructose-bisphosphate aldolase, triosephosphate isomérase, et phosphoglycérate mutase) ou le
cycle de Calvin (sédoheptulose-1,7-bisphosphatase, RuBisCO activase et phosphoglycérate
mutase). La stimulation des processus de synthése protéique (eukaryotic initiation factor 4A,
50S ribosomal protéine L10 et GTP-binding protéine TypA) et I’induction de plusieurs
protéines chaperonnes (ClpC2, 60kDa chaperonin, chaperonin CPN60-2, nucléorédoxine et
PDI) indiquent des impacts sur le métabolisme des protéines, alors que I’induction de

thiorédoxine et thiorédoxine péroxydases refléte un stress oxydant plus important.

Comme dans les racines, une Heat shock protéine 70kDa est sur-exprimée dans les
feuilles M et peut contribuer a protéger le métabolisme des protéines.

Une approche transcriptomique (QPCR) a été menée dans un dernier temps (Chapitre V1),
afin de complémenter 1’étude de la tolérance au Cu et d’évaluer I’accumulation différentielle
d’ARN correspondant a des protéines d’intérét, impliquées dans la réponse au Cu et identifiées
lors de 1’expérience préliminaire. L’application d’une telle technique sur cet intervalle
d’exposition au Cu apparait relativement limitée ; I’intervalle entre les doses et les changements
(tant moléculaires que phénotypiques) induits par le Cu sont trop importants pour comparer les
conditions. Cependant, cette expérience a permis de réaliser des banques d’ARN et de
construire, tester et valider un couple de primer efficaces pour 19 des 20 génes sélectionnés : 8
genes de réféerence (EF1, RuBisCO, Ubi, ABC, APRT, Cyc, L2 and YLS 8) et 12 génes d’intérét
(Act 101, Act 3, GAPDH, GIx I, MetE, SAMS, Cu/Zn-SOD, TIM, Tub alpha, HMAS5 et NAS).
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Ce travail a permis de relier des symptdmes phénotypiques a des impacts au niveau
moléculaire. La réduction de croissance peut étre expliquée, au moins en partie, par des
dommages sur la photosynthése et sur le métabolisme énergétique dans les racines. L’exces de
Cu entraine des changements complexes sur une large variété de processus cellulaires, incluant
le métabolisme énergétique, les processus antioxydants et de détoxification, le métabolisme des
protéines et du soufre (S). Des impacts moléculaires de 1’exceés de Cu, sur les métabolismes
énergeétique et des protéines dans les racines et les feuilles, expliquent les symptomes plus

importants chez la population NM.

L’identification de plusieurs protéines, potentiellement impliquées dans la tolérance au
Cu de la population M, confirme la coopération de multiples processus (comme suggéré par les
résultats de 1’étude préliminaire), incluant une meilleure protection du métabolisme des
protéines dans les feuilles et les racines (HSP70), un renforcement des processus de protéolyse,

des mécanismes antioxydant et de détoxification.
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Caution for readers

The first chapter of this thesis ‘Cu in plants, from field pollution to cellular impacts’
consists in a bibliographic survey on the phytotoxic effect of Cu excess, from plants to cells.
This part aimed to integrate the knowledge obtained from field experiment to proteomic
approaches. Section 8 of this chapter, ‘Phenotypic plasticity for metal-tolerance in Agrostis
capillaris’ focuses on the previous reports of metal tolerance among and between populations
of A. capillaris. Once corrected and finalized, this section will be submitted as Review. This
first part permitted to formulate several preliminary hypotheses about the mechanisms

underlying the higher Cu-tolerance in the metallicolous population.

In the second chapter is presented a preliminary experiment, initiated in 2008, which was
designed to compare the differential accumulation of root soluble proteins in response to
increasing Cu exposure (1-30 uM Cu) in two Cu-tolerant (Metallicolous, M) and non-tolerant
(Non-Metallicolous, NM) populations of Agrostis capillaris exposed. This work was submitted
to the journal ‘Proteomics’ as a peer-reviewed paper at the end of April 2013 and accepted
recently. The corresponding bibliography list was presented at the end of this chapter to respect
the article form. However, for all other chapters the bibliography list was placed at the end of

the manuscript, in a form of a general alphabetically-ordered list of publications.

Chapters 1Il, 1V and V correspond to complementary parts of a multidisciplinary
approach, written as independent experiment for further publication. This work aimed to
characterize the plant response to increasing Cu exposure (1-50 uM Cu) in both M and NM
populations, and to elucidate the mechanisms underlying the higher tolerance of the M
population under Cu excess. A. capillaris plants were cultivated under increasing Cu exposure
for three months, mimicking a long-term exposition to Cu stress, from germination to harvest.
Chapter 111 presents the variations of plant growth, biomass production and concentrations of
several elements in tissues, while chapters IV and V respectively describes the differential
accumulation of soluble root and leaf proteins under increasing Cu stress. Chapter V1 presents
an attempt to complement and enlarge the multidisciplinary approach, by testing the feasibility
of a transcriptomic procedure, on these two populations and this range of Cu exposure. This
last work aimed at evaluating the differential RNA accumulation of a selected set of proteins
under Cu excess. First part of the ‘General discussion’ consists in the comparison of root and
leaf proteomic profiles, then results of the chapters 11, IV and V were discussed together in the
second part of this chapter to draw a global picture of Cu-induced impacts on plants and to gain

clues about the mechanisms underlying the higher tolerance in metallicolous populations.
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CHAPTER I: Cu in plants, from field pollution to cellular impacts
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1. Cu contamination in soils: sources, dispersion and remediation

Cu is widely used for three main economic sectors of human activities, i.e. industries,

farming activities and domestic purposes.

Industrial purposes consist in a large range of production or transformation processes,
such as wood treatment, metallurgical and mining activities, electricity, Cu-based pesticides,
paper or automobile production, oil refinery etc. (Bes, 2008). In Aquitaine, 15% of the 191
industrial sites inventoried are concerned by a Cu contamination (Basol, 2008) and many of
them host activities linked to fungicides production and wood / paper production.

Median Cu concentration in upper layers of French soils depends on their texture and
varies from 3 mg Cu.kg? for sandy substrates to 17 mg Cu.kg? for clay soils. When
concentrations exceed 35 mg Cu.kg?, an investigation for Cu contamination is highly

recommended (Baize, 1997).

Cu sources from farming activities come from the use of Cu as food additive in animal
farming, the application of Cu-based fungicides and pesticides, and the spreading of solid and
liquid manures. One of the best known Cu-based pesticide is the Bordeaux mixture [Ca(OH):
+ CuSO4] which has been used for a long time in orchards, and which application induces Cu
remaining in cultivated soil (Hirst et al., 1961; Byrde et al., 1965). Bordeaux mixture has also
been extensively used in the past decades to protect vines against pathogen attacks, including
mildews. As a result total Cu concentrations in soils can be up to 100 mg Cu.kg™ soil in old or
abandoned vineyard soils and around 60-70 mg Cu.kg™ soil in more recent vineyards. Although
a high proportion of Cu (between 40 and 50%) is bound to organic matter and to amorphous
inorganic colloids, reducing the adverse effect of Cu toxicity, risks of Cu exposition underlying
new land uses of old or abandoned vineyard remain present (Fernandez-Calvino et al., 2008).

However, many other Cu-based compounds have been tested and used as fungicides, such
as copper oxychloride and cupric oxides or hydroxides (Holmes and Storey, 1962; Till and Fish,
1964). Application of metal enriched sewage sludge also contributes to enhance metal
concentrations and mobility in soils, which pose risks of groundwater contamination and

biological receptors exposition (Yeganeh et al., 2010).

Third use of Cu concerns domestic application, through fertilization of private soils with
domestic composts or non-controlled application of pesticides (Adriano 1986, Baize, 1997,
Arias et al., 2002; Brun et al., 2003; Acemioglu and Alma, 2004; Copper development

association, 2008).
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In a contaminated site, there are different ways of dispersal from soil source to other
ecosystem compartments. Cu may reach superficial or below-ground waters through leaching
or percolation; atmosphere and closed soils through flight of thin soil particles due to aerial and
water erosion. Cu excess in soils leads to exposition of biological receptors, directly, by breath
of soil particles, drinking of contaminated water, ingestion of soil particles or Cu uptake in soil
solution; and indirectly, through food chain contamination, initiated by Cu uptake in plants and
soil feeding organisms (Fig. 1).

Exposition of biological receptors

sl Cu uptake in soil

S Washing of treated wood S
ST e solution

vzl

Food chain

Direct ingestion

% Breath of soil particles,
epidermic contact

" | Leaching or percolation

e Dispersal

Superficial or
——>  Exposition be]ow_pgmun e Deadly threshold for feed: 20 mg/kg

(Kabata-Pendias and Pendias, 1992)

Figure 1: Dispersal exposition ways on a Cu contaminated soil.

In France, management of contaminated soils and environment protection are an
obligation for industrial enterprises since the law of n° 76-663 of 19/07/76 relative to ICPE
(Classified Installations for Environmental Protection), reinforced by the circular of
08/02/2007, edited by the Ministry of Ecology, Sustainable Development and Energy
(http://www.developpement-durable.gouv.fr/Circulaire-du-8-fevrier-2007,19383.html).

Physical and chemical options exist to reduce excessive expositions and related risks;
however, soil excavation and physical/chemical washing with or without granulometry sorting
affect soil properties and fertility, destruct biodiversity together with being expensive (Pilon-
Smits, 2005; Padmavathiamma and Li, 2007). Biological alternative to soil engineering,
phytoremediation approaches avoid soil excavation and lead to restoration of soil and
ecosystem functioning, such as production of usable biomass. These technics, based on the
properties and functioning of plants and associated microorganisms, aim to reduce to an
acceptable level the migration of contaminants and risks linked to contaminated soils. They
provide efficient and poorly invasive solutions, with low cost and promote restoration of

biodiversity and ecosystem services like carbon sequestration and biomass production.
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Two main processes can be distinguished, extraction/degradation and immobilization,
also called phytostabilization (Pilon-Smits, 2005; Padmavathiamma and Li, 2007). During
phytoextraction, metal(loid) is taken up from soil, then translocated and accumulated in shoots,
which may be harvested and valorized, leading to decrease of labile pool in soil. Phytoextraction
technics have been improved by the addition of organic or inorganic soil amendments, which
enable plants to take up higher amounts of metal(loid)s (Meers et al., 2008). Cu immobilization
(phytostabilization) in Cu-contaminated soils using tolerant plants limits the mobility of metals
(decrease of labile pool) in soil solution by binding on organic matter and accumulation in the

rhizosphere.

Plant cover increases soil stability, texture and water retention and limit metal dispersion
through limitation of wind or water erosion and leaching/lixiviation (Fig. 1). Phytostabilization
has also been improved by the association with soil amendments to either increase plant growth
or decrease Cu availability to plant roots. For example, addition of organic compost increases
Cu fixation on organic colloids, enabling a limitation of Cu bioavailability in soil solution, but
also improve soil structure and properties, and favor plant growth as nutriment source
(Nwachukwu and Pulford, 2009; Karami et al., 2011). Phytoremediation technics are also
adapted for contaminated waters, through construction of wetlands with macrophytes and the

associated micro-organisms (Marchand et al., 2010; Rai, 2008).

Selection of tolerant species, adapted to stressful environments, represents a key step for
application of phytoremediation. Cu pollution had many impacts on living organisms, and to
grow on contaminated soils, plants need to develop mechanisms of tolerance together with
particular phenotypic traits. The General context of this work fits into the improvement of
phytoremediation, notably through the selection of tolerant species, for which it is necessary to
improve the knowledge on Cu tolerance mechanisms in plants. Hypothesis of this work is that
a multi-scale approach on a species exhibiting high phenotypic plasticity for Cu-tolerance is a
key to elucidate mechanisms underlying the development of Cu-tolerant populations on

contaminated soils.

2. Impacts on plant community

On Cu-contaminated soils, the composition of plant communities are strongly modified,
with a low diversity and the dominance of a few number of species, often belonging to
Asteraceae and Poaceae families (Lepp et al., 1997; Baize, 1997; Vogeler et al., 2008; Bes,

2008). Wu and Kruckeberg (1985), reported different composition between a Cu-mine waste
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soil and the surrounding meadow, with quantitative and qualitative differences in the dominant
species. Few species developed on both soils but the distribution remained soil-dependent.

3. Plant phenotype regarding Cu-tolerance and accumulation

Two main strategies have been identified to tolerate high Cu exposure, avoidance and
accumulation. Plants with avoidance strategy exhibit an “excluder” phenotype, the Cu is
accumulated in roots and root-to-shoot translocation is reduced. On the opposite, plants with

“accumulator / hyperaccumulator” phenotype exhibit increase of foliar concentrations.

— Fig. 1 Conceptual response diagram for uptake of metals and
metallowds m plant leaves/fronds, after Baker (1981) and with
minor alterations from MeGrath et al. (1999). *Nomal® plants
can only tolerate low concentrations of bivavailable metals/
metallowds in soil, before they die due o acute phytotoxicity.
Excluders however can grow over a wide range of phytotoxic
available metals before physiological mechanisms cannot con-
trol and allow unregulated uptake, resulting in death of the plant.
Bioindicators take up metals over a wider range than “normal’
plants and the concentratons i plant leaves reflect that of the
soil, until phytotoxicity prevents further growth and causes
death of the plant. Hyperaccumulators are able to withstand
‘normal” plants, bioindicators and excluders, and because of
competiive disadvantages and greater sensitivity to fungal and
pathogen infections, most do not occur over non-metal-ennched
soils, depicted by the latent start of the line in the diagram. The
‘| dotted baseline indicates the hyperaccumulator threshold for the
different metals and metallosds: 100 pg/e for Cd, Se and T1, 300
ug'g for Cu, Co and Cr, 1000 pg/g for Ni, As, and Pb, 3000 pg/
g for Zn, and 10,000 pug/g for Mn. Note that the response line for
excluder hyperaccumulators represents the possible behaviour of such
_—-lenormﬂp plant i plants, individual plant concentrations are scattered around the
line, and most hyperaccumulators occupy only a small portion
Plant available metal/metalloid concentration in soil of the line (above the hyperaccumulation threshold)

b?lqlndic ol

Concentration of metal/metalloid in plant leafffrond (ne/s) dw.

Figure 2: Description of plant phenotypes, from (Van der Ent et al., 2013)

3.1. Bio-indicators species

As results of many toxicity tests on different plants species (Wang and Keturi, 1990), a
list of 10 test plants has been recommended by US Environmental Protection Agency as
bioindicators to test the toxicity of pesticides and various substances. These bioindicator species
include Solanum lycopersicum, Cucumis sativus, Lactuca sativa, Glycine max, Brassica
oleracea, Avena sativa, Lolium perenne, Allium cepa, Daucus carota and Zea mays (US EPA,
1996). This list has been enlarged by other organizations with most used species for standard
toxicity tests (OECD, 2003), and these species are currently used as plant-based bioassays to
evaluate the toxicity/genotoxicity of contaminated-soils, sediments or industrial wastewaters
(Charles et al., 2011; Siddiqui et al., 2011), as this kind of routine tests have very low cost and

are reproducible.
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3.2. Hyperaccumulator species

Hyperaccumulation of Ni, Zn, Cd, Mn, As and Se has been identified in plant species but
for Pb, Cu Co, Cr and thallium (TI), the existence of hyperaccumulators needs more proofs to
be confirmed (Van der Ent et al., 2013). Typical elemental concentrations of metals and
metalloids in plant shoots have been established around 1.5 pg/g for Ni, 50 ug/g for Zn, 0.05
ug/g for Cd, 1 pg/g for Pb, 10 nug/g for Cu, 0.2 pg/g for Co, 1.5 pg/g for Cr, 200 pg/g for Mn,
0.02 ug/g for T, 0.1 pg/g for As and 0.02 ug/g for Se. Several reviews on hyperaccumulation
mechanisms and hyperaccumulator species have recently been written and mainly focus on Cd
and Zn (Verbruggen et al., 2009; Verbruggen et al., 2013; Maestri et al., 2010; Van der Ent et
al., 2013).

The ability to hyperaccumulate metals in above-ground tissues without phytotoxic effects
has evolved in at least 500 plant species, mainly from the Brassicaceae family (Kramer, 2010).
In fact, Zn and Cd hyperaccumulation seems to be limited mainly to the Brassicaceae family,
with only few other species able to accumulate Zn and Cd. For example, Thlaspi caerulescens
is one of the best Zn and Cd hyperaccumulators, known to evolve ecotypes with marked

difference in their degree of tolerance (Tuomainen et al., 2006).

Cu-hyperaccumulation is poorly found in plants as most species accumulate Cu in roots
and have a very low translocation factor, i.e. < 0.05 for Sunflower, alfalfa, fodder radish and
Italian ryegrass (Vamerali et al., 2011). However, some copper hyperaccumulator species (cited
in Van der Ent et al., 2013) have been reported in Congo (32 species), China (Elsholtzia
splendens or Commelina communis), Sri Lanka (5 species with Cu > 1,000 pg/g) and Salajar
Island (7 species with 300 > Cu > 600 ug/g). Some species found on highly Cu contaminated
soils and able to accumulate Cu in their shoots, up to concentrations higher than 1,000 mg/kg,
are called cuprophytes. In the Cu-rich soils of the Katangan and Zambian copperbelt, at least
40 out the 500 plant species recorded are considered as endemic of Cu-rich and called “absolute
cuprophytes” (Faucon et al., 2009). For example, shoot Cu concentrations higher than 1300
mg/kg were measured in a small annual Scrophulariaceae, Crepidorhopalon perennis, which
is endemic to the Katangan copperbelt (Democratic Republic of Congo, Africa, Faucon et al.,
2009). Haumaniastrum katangense from the Lamiaceae family, also called the Katangan
“copper flower”, colonizes Cu-enriched soils and has been used as bioindicator for such soils
(Chipeng et al., 2010).

Recently, the ability of Brassica juncea L. to accumulate high levels of Cu and Zn has
been used to synthetize Cu/Zn nanoparticles, indicating a new opportunity to valorize shoot

biomass produced during phytoextraction procedures (Qu et al., 2012).
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3.3. Tolerant species

Several organisms are tolerant to metals, i.e. iron, nickel, lead, zinc, cobalt, silver,
cadmium or copper, or metalloids, i.e. boron, silicon, arsenic, antimony. This part presents some
species known to be Cu-tolerant and/or evolve tolerant populations, but does not consist in an

exhaustive list.

Some pluricellular algae have been studied for Cu-tolerance, the case of unicellular algae
will not be presented. Cu-tolerant populations have been reported for the marine alga
Ectocarpus siliculosus (Dillw.) Lyngbye (Hall, 1980) and Cu-tolerant ecotypes of this species
were more recently studied with a proteomic approach (see section 8, Ritter et al., 2010). Ability
of the marine alga Scytosiphon gracilis to colonize Cu-contaminated areas together with field
and laboratory experiments indicate that Cu-tolerance is linked to a rapid and reversible
antioxidant response, and that this tolerance may be constitutive for the genus Scytosiphon
(Contreras et al., 2010).

Cultivars of Matricaria chamomilla (2 tetraploids ‘Lutea’ and ‘Unknown’ and one
diploid ‘Novbona’) were compared for Cu uptake and impacts on physiology, when exposed to
60 UM Cu for 7 days. Root water content and dry weight is more reduced in diploid cultivar but
lignin accumulation and cinnamylalcohol dehydrogenase activity are the highest. Phenylalanine
ammonia-lyase activity is stimulated in tetraploid but reduced in diploid roots, which contain
higher amount of Cu and soluble phenols in tissues but lower potassium content (Kovacik et
al., 2011)

Many species from genus Silene evolve metal tolerant populations in Europe, including
Cu, such as S. vulgaris (Kovacik et al., 2010), S. maritima (Baker, 1978; Cobon and Murray,
1983), S. cucubatus (SO2, Cu, Zn, Dueck et al., 1987) and some have even been characterized
as full metallophyte, such as Silene cobalticola, which is endemic of Cu/Co contaminated soil
in Zaire (Baker et al., 1983)

Becium homblei, native from Zambia and belonging to the Labiateae family, has early
been studied for its ability to grow on highly Cu-contaminated soils (more than 15 000 ppm)
and to accumulate more than 50 or 100 mg Cu/kg DW in both roots and shoots, tightly bound
within tissues, probably to protein complexes as total nitrogen does increase proportionally to
Cu content, and not as free ionic form in cytoplasm (Reilly, 1969). For this species, higher Cu
concentrations occur in leaves compared to roots. Further investigations have indicated that
17% of the total Cu is bound to leaf cell wall as stable organic complexes, whereas in cell juice
and water extracts of leaf tissues, Cu is complexed with polypeptides and amino-acids (Reilly
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et al., 1970). History of studies on this species was presented in a review paper in 1999
(Brummer and Woodward).

Plantago lanceolata L. populations originated from various contaminated soils (Zn, Pb,
Cu or As) were compared to one from a control and uncontaminated soil and exhibited higher
tolerance to the metal present in collection soil than control population (Pollard, 1980). This
work confirmed the already reported Zn-tolerance in population grown on Zn mine soils but
also reported high As- and moderate Cu-tolerance. In the case of As, even the population from
uncontaminated soil exhibited the potential to evolve highly tolerant individuals, suggesting
high frequency of appearance in few generations (Pollard, 1980). Copper tolerance is still under
debate for this species, as some works provided evidence of Cu-tolerance (Pollard, 1980)
whereas others concluded to an incapacity to evolve Cu-tolerant individuals (Gartside and
McNeilly, 1974). A link between establishment of this species on Cu-contaminated soils and
the presence of abnormal Zn concentrations in those soils has also been pointed out but this

relation and its consequences remain unclear (Pollard, 1980).

Only a low number of Legume species are reported on Cu-contaminated soils. Some of
them, Lupinus bicolor and Lotus purshianus, exhibit tolerant populations collected on Cu-mine
waste soils (25-935 pg Cu.g™ soil), which are more tolerant to Cu than populations of the same

species from surrounding meadow (0.1-1.5 pg Cu.g™* soil; Wu and Kruckeberg, 1985).

Populations of Deschampsia cespitosa, collected on a Cu/Ni smelter complex, exhibited
clear differentiation for their tolerance to these particular metals when compared to the
population grown on uncontaminated soil, based on relative root growth and on frequency
distribution of tolerance index calculated from root growth. However this population has also
a higher tolerance to Al, Pb and Zn, as compared to the control population, despite a high
overlap of tolerance distribution among populations for these three metals. Tolerance to Zn and
Pb is only partial, as exposed plants never reach the size of plants grown in control conditions,
as observed for Cu or Ni tolerance (Cox and Hutchinson, 1980). This study contradicted ideas
that tolerance to a metal does not confer tolerance to another and that multiple tolerance occurs

only on multi-contaminated soils.

Agrostis capillaris, the subject of this work, has been long time studied for its ability to
evolve metal-tolerant populations; history of studies concerning this species is presented in a

special section (see section 6).
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3.4. Higher need in metal for metal-tolerant populations

Some examples of a higher need in metal for proper germination and growth have been
reported in metallophyte species, or in metallicolous populations of pseudo-metallophyte
species. For example, a lower germination of tolerant populations of Deschampsia cespitosa on
uncontaminated compared to contaminated soil support the hypothesis of a higher need for

metal in tolerant plants to maintain correct cell functioning (Cox and Hutchinson, 1980).

Untreated seeds of the cuprophyte Haumaniastrum katangense exhibit germination lower
than 15%, whereas pre-treatment with either copper or fungicide improves germination rate and
combination of Cu or pesticide with washing and heat exposure, increases germination rate
above 80%. Growth is maximal at 12 uM Cu, while at control Cu concentration (0.5 puM) it is
only one third of maximal growth, indicating a higher Cu need to achieve optimal growth
(Chipeng et al., 2010)

4. Different use of proteomic approaches

The proteomic tool is mainly used for three purposes, elucidate differential protein
expression in response to treatments (‘expression proteomics’); analysis of protein complex
structures (‘structural proteomics’) and characterization of protein-protein interactions

(functional proteomics; Monsinjon and Knigge, 2007).

These last two purposes are not discussed as this work aims to study differential protein
expression in response to Cu. Proteomic has been used to study various biotic interactions such
as interactions with microbes and pathogens or symbiosis but also plant development in

response to abiotic stresses (Canovas et al., 2004; Rossignol et al., 2006; Jorrin et al., 2007).

In ecotoxicology, ‘expression proteomic’ may be used in two ways, the ‘identity-based
approach’ aims to elucidate mechanisms underlying toxicological effects of stresses while
‘Pattern-only approach’ aims to identify some sets of protein spots which can be used as
biomarker patterns of environmental stress/pollution exposure, without any attempt of protein
identification (Monsinjon and Knigge, 2007).

The following sections focus only on ‘identity-based approaches’ as the purpose of this

work is to understand the molecular mechanisms underlying plant response to Cu excess.
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4.1. Plant response to metal(loid)s

Selection of tolerant plant species (or cultivars) may improve crop cultures or efficiency
of phytoremediation trials, so proteomic approaches are used to examine plant responses to
abiotic stresses. These technics could give new pieces of evidence to understand the molecular
mechanisms underlying tolerance to abiotic stresses in photosynthetic organisms such as plants
or algae. Numerous studies exist about plant response to metal(loid) excess, including Cd
(Jorrin et al., 2007; Ahsan et al., 2008; Zacchini et al., 2009; Zhang et al., 2009; Zhao et al.,
2011; Gomes et al., 2012; Marmiroli et al., 2013; Weng et al., 2013), or Al (Yang et al., 2007;
Chen and Lin, 2010).

One study exists about A. capillaris response to arsenic and arsenate, in leaves of plants
grown for one month in metal-free conditions, then exposed for 8 days (Duquesnoy et al.,
2009). As altered photosynthesis processes, as shown by the identification of degraded
fragments of RuBisCO and the up-regulation of several oxygen-evolving enhancer proteins.

Some reviews focus on plant response to metal(loid)s excess. For example, Hossain et
al., (2013) did study metal stress-related proteins involved in sequestration, detoxification and

antioxidant defense systems and primary metabolism.

Only works targeting Cu excess are described in this section. Few studies have been
conducted on plant responses to Cu exposure at a proteomic level, i.e. in leaf segments of Oryza
sativa floated in solutions containing 250 uM Cu for 72h (Hajduch et al., 2001); in seedlings
of Phaseolus vulgaris exposed to 15 or 50 uM Cu for 7 days (Cuypers et al., 2005); in roots
and leaves of Elsholtzia. splendens plants exposed to 100 uM Cu for 3 or 6 days (Li et al.,
2009); and in Cannabis sativa seedlings exposed to 150mg/L CuSOa for six weeks, after

germination in metal-free solution (Bona et al., 2007).

Leaf segments of O. sativa were floated in 250 pM Cu solution, but also in solutions
containing 250 uM Cd, Hg, Li, Zn or Sr (Hajduch et al., 2001). Accumulation of RuBisCO
large and small subunits are severely reduced by Cu, Cd and Hg excess, less sharply by Co and
Li but not altered by Zn or Sr. Additionally, increased accumulation of degraded products of

RuBisCO indicates that metals directly impact carbon assimilation in altering enzyme integrity.

Whereas P. vulgaris seedlings shoots don’t exhibit any significant variation in protein
patterns under moderate Cu excess (15 pM), two protein spots, pathogenesis-related (PR)
protein PvPR1 and a 17.4 kDa protein, homologue of A. thaliana thylakoid luminal, appear
under high Cu exposure (50 uM). In roots, all identified proteins belong to the PR-10 family:

two spots, identified as an intracellular pathogenesis-related protein (PR) and a previously
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unidentified member of PR-10 family, matched to PvPR1 and/or PvPR2, appear under
moderate Cu excess (15 puM) and increase under high Cu (50 uM), another PvPR2 spot appears
only at 50 uM, whereas a newly identified PR-10 protein is Cu down-regulated (Cuypers et al.,
2005).

Long-term response to Cu excess was investigated in roots of C. sativa seedlings exposed
to 150mg/L CuSOs4 for six weeks, after germination in metal-free solution (Bona et al., 2007).
Cu stress induces down-regulation of seven proteins, i.e. enolase, cyclophilin, ABC transporter
substrate-binding protein, glycine rich RNA binding protein, putative peroxidase and elicitor
inducible protein; up-regulation of five proteins, i.e. aldo/keto reductase, putative auxin induced
protein, 40S ribosomal protein S20, formate dehydrogenase and actin, and disappearance of

two protein spots, i.e. thioredoxin-dependent peroxidase and 60S ribosomal protein L12.

As Cu-tolerant species and good candidate for application of phytoremediation of Cu-
contaminated soils, variation in root and leaf proteomes of four-weeks-old E. splendens plants
were investigated after exposition to 100 uM Cu for 3 or 6 days (Li et al., 2009). 45 protein
spots, involved in many cellular processes such as energy metabolism, signal transduction,
regulation of transcription and translation, redox homeostasis and cell defense, are either up- or
down-regulated in roots. Only 6 spots vary in shoots, and most were degraded fragments of
RuBIisCO, indicating impacts on photosynthetic activity. The decreased accumulation of a
multi-copper oxidase in leaves has been suggested to confer resistance to oxidative stress by

increasing the ascorbic acid content.

Some works on Cu-tolerance exist also on algae, such as Scytosiphon gracilis exposed to
100 pg.L™! for 4 days (Contreras et al., 2010) and on the yeast Rhodotorula mucilaginosa
(Irazusta et al., 2012) and may be potentially useful for studying Cu-tolerance in plants.

In S. gracilis exposed to 100 pg.L™* for 4 days, several protein spots increase under Cu
stress and are potentially involved in the control of Cu-induced oxidative, i.e. a peroxiredoxin,
able to cope oxidative stress by reducing H202; a phosphomannomutase, which, by increasing
production of mannose 1-phosphate, a precursor of cell wall polysaccharides, was suggested to
enhance the buffering capacity of the algal cell wall; a glyceraldehyde-3-phosphate
dehydrogenase, which was suggested to attenuate the negative effects of Cu-induced oxidative
stress by maintaining energy and reducing power; ABC transporters, suggested to regulate
transport of GSH-metal complex into vacuole or proteasome subunit, suggested to remove
damaged proteins (Contreras et al., 2010). In the RCL-11Cu-resistant strain of the yeast R.
mucilaginosa, exposure to 0.5 mM Cu for 48h up-regulates the expression of 16 protein spots,

of which ten have been identified as heat shock proteins (3 Hsp88, 6 Hsp70 and 1 Hsp60), four
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as methionine synthase and two as superoxide dismutase and beta-glucosidase. These results
suggested that Cu-resistance in this yeast is linked to over-expression of stress-related proteins
such as HSPs, acting as protein chaperones, or SOD, involved in peroxide detoxification, and
to increase in methionine content. Changes in glycolipids content and proportion, related to
changes in beta-glucosidase accumulation, may also play a role in physical and structural
stabilization of the membrane (Irazusta et al., 2012).

Role of Cu/Zn-SOD in Cu tolerance has been studied using transgenic Arabidopsis seeds
constitutively over-expressing Cu/Zn-SOD of Potentilla atrosanguinea (PaSOD), exposed to
Cu during germination (Gill et al., 2012). Transgenic seeds exhibit higher germination
percentage and lower time to germinate, indicating that over-expression of PaSOD in
Arabidopsis enhances tolerance to Cu. 39 protein spots are differentially expressed between
transgenic and wild type (WT) under Cu stress (1 mM Cu). 14 spots, up-regulated by Cu, are
recorded only in transgenics, and related to ammonia assimilation, ester hydrolysis, respiratory
component synthesis, development and detoxification. Up-regulation of a protein homologue
with 26S proteasome AAA-ATPase subunit RPT5a in transgenics compared to WT under Cu,
is also suggested as defense mechanism against Cu. However, as different set of proteins are
involved in seed germination then during plant growth, mechanisms of Cu-tolerance cannot be

compared in this work, which focused on adult plants and not seedlings

4.2. Comparison between sensitive and tolerant cultivars/populations/genotypes

As differences in efficiency of homeostasis and detoxification processes may explain the
higher tolerance of metallicolous individuals, some proteomic studies have focused on
comparison between populations, genotypes or cultivars, exhibiting large difference in metal
tolerance, i.e. metal-tolerant vs metal-sensitive, to gain information on molecular mechanisms

underlying this enhanced tolerance.

4.2.1. Cu-tolerance

Only few comparisons between Cu-tolerant and sensitive populations/cultivars/genotypes
were conducted, one study focused on the alga Ectocarpus siliculosus exposed to 50 pug Cu/L
during 10 days (Ritter et al., 2010), and another on roots of Oryza sativa varieties exposed to
8uM Cu for 3 days (Song et al., 2013),

Cu response under chronic stress (50-150 pg Cu.L™? for 10 days) was examined in Cu-
tolerant and sensitive strains of E. siliculosus, a brown alga able to develop in Cu-enriched
environments (Ritter at al., 2010). Cu excess induced strain-specific up-regulation of different

proteins related to energy, glutathione metabolism and protein metabolism (HSPs). Over-
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expression in the tolerant strain of two spots related to photosynthesis, i.e. PSII Mn-stabilizing
protein and fucoxanthine chlorophyll a—c binding protein, suggested their involvement in Cu
tolerance. Higher expression of proteins involved in glycolysis and pentose phosphate pathway,
i.e. transketolase, fructose bisphosphate aldolase phosphoribulokinase, and glyceraldehyde-3-

phosphate dehydrogenase, indicated higher energy production in the tolerant strain.

In the comparison of Cu stress responses of two O. sativa varieties differing in their levels
of Cu tolerance (Song et al., 2013), pre-germinated seedlings of Cu-tolerant (B1139) and Cu-
sensitive (B1195) varieties were cultivated in normal nutrient solution for 7 days then exposed
to 8uM Cu for 3 days and compared to non-exposed plants. 34 protein spots were differently
expressed under Cu-stress in at least one variety, i.e. antioxidative defense, redox regulation,
stress response, sulfur and glutathione (GSH) metabolism, carbohydrate metabolism and signal
transduction. Nine protein spots, i.e. putative cysteine synthase, probable serine
acetyltransferase 3, L-ascorbate peroxidase 1, putative glutathione S-transferase 2, and
thioredoxin-like 3-3, increased more in Cu-tolerant B1139 compared to sensitive B1195 and
one putative glutathione S-transferase was detected only in Cu-tolerant under Cu stress. Results
indicated that most differentially expressed proteins were involved in redox regulation, and
sulfur and GSH metabolism, suggesting that higher tolerance in tolerant variety was due to

better maintaining of Cu-homeostasis.

Cu-tolerance has been investigated in a plant growth promoting copper-resistant
bacterium, Pseudomonas spp., by generating a library of transposon mutants, and selecting a
copper-sensitive mutant, CSM2, disrupted in clpA gene (ATP-dependent Clp protease), which
was further compared to the wild type (WT) using metabolomic and proteomic approaches.
Growth of mutants did not differ from WT at 0 or 2 uM Cu, but was significantly lower at 4
UM and suppressed at 4.5 uM while the WT survived by reducing cell size and slowing cell
division. The disruption of CIpA in CSM2 caused differential expression of 21 spots, of which
5 were excised for more than three-fold changes between WT and CSM2 grown without copper.
Two spots, Dnal-class molecular chaperone and HpcH/Hpal aldolase, were 8 times more
abundant in CSM2, while three, glycosyl transferase and ubiquinone biosynthesis protein,
respectively involved in tRNA processing, carbohydrate metabolism and energy production
were 3.5 to 4.3 times more abundant in WT. All these five spots were strongly up-regulated in
WT grown in 4 mM copper. Results suggested a direct role of Clp protease, including CIpA, in
copper resistance in degrading the damaged proteins or prevent their irreversible aggregation
under copper stress but also in up-regulating amino acids (L-proline and L-isoleucine), sugars
(glycerol-3-phosphate and alpha-D-glucopyranoside), , or enzymes involved in tRNA

processing, tRNA (guanine-N(7)-)-methyltransferase (Li et al., 2012).
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4.2.2. Tolerance to other abiotic stresses

Numerous other studies focused on understanding metal(loid) tolerance in comparing
plant species, populations, or cultivars. Al tolerance was investigated in roots of rice cultivars
(Arenhart et al., 2013), in leaves of Glycine max cultivars exposed to 10 uM Al for 6, 51 or 72
hours (Duressa et al., 2011), and of Hordeum vulgare cultivars and genotypes exposed to 0, 50
or 200 uM Al for 3 days (Dai et al., 2013). All studies indicated that stress altered different sets
of proteins between tolerant and sensitive plants.

Several have been conducted on Agrostis spp. Proteomic response to heat stress (30 or
40°C for 2 or 10 days) has been characterized in roots (Xu and Huang, 2008) and leaves (Xu
and Huang, 2010a) of 60-days-old clonal plants from two Agrostis species differing in their
thermo-tolerance, the heat-tolerant A. scabra and the heat-sensitive A. stolonifera. In roots of
both species, heat stress induced a reduction of amino acid synthesis, including methionine,
serine, and glycine, but a role of serine and sulfur metabolism in root thermo-tolerance was
suggested by the up-regulation of phosphoserine aminotransferases and ATP sulfurylase only
in the tolerant species. Additionally, the implication of a sucrose synthase in the thermo-
tolerance, in regulating sucrose metabolism to support glycolysis supply, was suggested by its
up-regulation in A. scabra, and down-regulation in A. stolonifera. Heat stress disturbed carbon
degradation and electron transport chain in mitochondria, as shown by the down-regulation of
16 energy-related proteins. Heat also impaired protein folding in A. stolonifera roots while the
up-regulation of heat shock protein Sti (stress-inducible protein) only in A. scabra may protect
protein metabolism. Two glutathione-S-transferase were up-regulated in both species but more
accumulated in A. scabra, while another GST and one SOD increased only in heat-tolerant A.
scabra, suggesting that a better control of active oxygen species also contributed to thermo-
tolerance (Xu and Huang, 2008). In leaves, up-regulated proteins spots belong to four main
functional categories, i.e. metabolism, energy, protein destination/storage and intracellular
traffic, while down-regulated protein spots belonged to metabolism, energy (20%),
transcription, protein destination/storage, cell structure and disease/stress defense. Heat stress
down-regulated several enzymes involved in photorespiration in at least one species
(Hydroxypyruvate reductase, alanine aminotransferase, serine hydroxymethyltransferase,
glycine decarboxylase), indicating inhibition of photorespiration with increasing temperature
(Xu and Huang, 2010a).

Differential accumulation of salt-responsive proteins was investigated, using a 2D-DIGE
approach, in roots and shoots of a salt-sensitive ‘Penncross’ and a tolerant ‘Penn-A4’ cultivars

of Agrostis stolonifera (Xu et al., 2010). Higher tolerance of ‘Penn-A4’ cultivar was associated
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in roots with better maintenance of energy metabolism (higher accumulation of isocitrate
dehydrogenase, phosphogluconate dehydrogenase or enolase and up-regulation of aldolase,
ferredoxin-NADP reductase and GAPDH) and alteration of ion transport (probable
sequestration of Na in the vacuole) through higher vacuolar H*-ATPase accumulation. In
leaves, cultivars were able to maintain the production of ATP and NADH but not the carbon
assimilation, as enzymes related to light reactions (cytochrome f, OEE, PSI subunit N, light-
harvesting complex | and cytochrome b6—f complex iron/sulfur subunit) were up-regulated
while those involved in dark reactions (RuBisCO large subunits, RuBisCO activase,
phosphoglycerate kinase and chloroplastic aldolase) were down-regulated. Higher tolerance of
‘Penn-A4’ cultivar was associated in leaves with better maintenance of glycolysis activity
(higher accumulation of aldolase and GAPDH spots), better maintaining of thylakoid integrity
(UDP-sulfogquinovose synthase), stimulation of polyamine biosynthesis (methionine synthase),
cell wall loosening proteins (beta-D-glucan exohydrolase), and antioxidant defense
mechanisms (increasing accumulation of GST, CAT and APX). These ‘Penncross’ and ‘Penn-

A4’ A. stolonifera cultivars were also tested for water stress response (Xu and Huang, 2010b).

5. Biological roles, impacts and mechanisms of tolerance

As bivalent cation with oxido-reductive properties and essential oligo-element for plants,
Cu plays many roles in cell functioning such as enzyme cofactor and has to be thinly controlled
to avoid both deficiency and excess. However, only the excess aspect will be further discussed,

as the purpose is to identify the mechanisms enabling tolerance to excess Cu.

5.1. Impacts on plant growth

Lots of reviews exist about impacts of Cu excess impacts in plants (Bertrand and Poirier,
2005; Yruela, 2005; Pilon et al., 2006). Cu excess impacts root growth and architecture, leading
to the so-called coralloid architecture and disturbs nutrient uptake. Cu competes with Fe during
root transport, so increasing Cu uptake resulting in a decreased Fe uptake (Song et al., 2014).
Reduction of chlorophyll content, sensitivity to photo-inhibition but also Cu accumulation in
tissues, induced by excess Cu, is alleviated in Phaseolus vulgaris by adding Fe in the growth
medium, which indicates that Cu outcompetes Fe uptake, inducing Fe-deficiency (Patsikka et
al., 2002). In soybean plants, a comparison between two types of Cu exposition, i.e. leaf
treatment or Cu supplementation in hydroponic medium, has revealed that Fe/Cu antagonism
only occurs after root treatment, suggesting that Cu mostly competes with Fe-uptake in roots
(Bernal et al. 2007).
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Root elongation is inhibited when meristem cells become excessively damaged.
Production of primary roots is reduced while the one of lateral roots is increased. Lignification
of cell wall reduces cell growth, function and division (Llugany et al. 2003). Water and nutrient
are reduced due to early suberisation of roots. Growth of aerial parts slows down, biomass is
reduced and foliar epinasty occurs, together with the appearance of phytotoxic symptoms such
as chlorosis, necrosis, discolorations and bronzing (Yruela, 2005). Reduction of leaf thickness
results from cell and tissue modifications, including reduction of inter-cell spaces or reduction

of cell growth and structure of thylakoids is modified (Sanchez et al., 2014).
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Figure 3: Cu impacts on plants and mechanisms enabling Cu tolerance.

Different strategies/mechanisms may lead to enhance Cu tolerance in plants. The first
option to enhance Cu tolerance does consist in preventing Cu entry in cells, through
rhizospheric mechanisms or modification of Cu influx/efflux. Strategies of root-to-shoot
translocation differ between excluders and hyperaccumulators, and this section will focus on

excluder plants such as A. capillaris.
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For these plants, Cu translocation is very low as Cu is stored in roots to limit Cu content in
leaves. Roots represent then the first organ exposed to Cu excess, but also the first barrier to
protect leaves from Cu toxicity. Through a more efficient Cu storage in roots or a reduced root-
to-shoot Cu translocation, leaves may be protected from increase of external Cu. Once in cells,
a large range of molecular processes exist to maintain Cu homeostasis and assure proper
transport and delivery of Cu. The reinforcement of these homeostasis processes may enhance
Cu tolerance of root and shoot cells. Lastly, a more efficient management of oxidative stress,

with better detoxification and repair processes may also protect cells from Cu toxicity.

5.2. Rhizospheric mechanisms underlying limitation of Cu entry in cells

Rhizospheric mechanisms may both limit or enhance Cu uptake in roots, or help in Cu-
storage within root tissues. Moreover, these processes may be linked to plant action on soil
through chemical reactions or may involve symbiosis with microorganisms. As this work aimed
to understand the Cu response in plants and because of culture mode excluding soil use (hydro-
culture), rhizospheric mechanisms underlying Cu-tolerance were poorly presented.

5.2.1. Root exudates

Root exudates can contain a large variety of compounds, including organic acids, acid
phosphatases, phenolic substances, and phytosiderophores and play various functions to
support nutrient uptake by plants, such as modification of soil solution pH and/or
reduction/increase of metal availability/uptake (Meers et al., 2008). Organic acids, including
acetic, oxalic, tartaric, malic, citric, propionic, and lactic acids function as chelating agents, able
of solubilizing mineral soil components such as metal(loid)s. For example, phytosiderophores
are involved in Fe uptake strategy Il of grass plants and oxalate and citrate decrease Cu?*
sorption in soil (Meers et al., 2008). In case of accumulator/hyperaccumulator species, organic
exudates may aim at increasing metal solubility, enabling higher uptake from soil solution.
Rhizodeposition and exsudation of organic compounds can also reduce Cu solubility in soil
solution (Mench et al., 2010; Dousset et al., 2001). For Lupinus albus, grown in hydroponic
system and exposed to 0.5, 20 or 62 uM Cu for 40 days, increase in soluble and high molecular
mass phenols into the solution was reported at 20 uM, with any difference in dry matter
compared to control (0.5 uM) solution, suggesting that complexation of Cu?* in rhizosphere

and soil solution participate to Cu-tolerance through direct binding (Jung et al., 2003).

43



5.2.2. Associations with microorganisms

In soil, plants provide association with diverse microorganisms, such as endophyte
bacteria or mycorrhiza, which may contribute, directly or indirectly, to enhance Cu tolerance.
Associated microorganisms may favor plant growth through improvement of nutrient uptake,
but also accumulate Cu in their tissues. Studies dealing with the effect of mycorrhizal fungi on
metal uptake by host plants have provided conflicting results among species, experimental
conditions, types of substrates and contamination levels and types (Malcova et al., 2003).
However, association with tolerant population of mycorrhizal fungi has been suggested to
enhance metals-tolerance in plants (Griffioen, 1994; Hall, 2002), by decreasing the
translocation of metals in plant cells or by supplying nutrients and water to counterpart the
adverse soil conditions. The beneficial effect of inoculation with arbuscular mycorrhizal fungi
was recently suggested to be related to an improvement of phosphorus nutrition rather than to
a reduction of toxic element transfer to plant tissues (Neagoe et al., 2013). The involvement of
plant-associated bacteria in trace element mobilization and phytoextraction was recently
discussed in a review by Sessitsch et al. (2013).

Effect of mycorrhiza association on Cu-tolerance is still under debate and may depend on
host and symbiotic species, type of contaminant and level of exposure. For example, infection
of Betula papyfera seedlings by 4 ectomycorrhizal species originated from contaminated soils
(Laccaria proxima, Lactarius hibbardae, Lactarius rufus and Schleroderma flavidum) have
different effects on growth under Cu and Ni exposure, depending on both metal and exposure
level but also on the symbiotic species inoculated. In the absence of metal addition, mycobiont
species didn’t influence seedlings growth but influenced the degree of infection, which was
positively correlated with root biomass and negatively with shoot biomass. Copper was more
phytotoxic than Ni, as growth was reduced at low and high Cu exposure (32 and 63 UM Cu)
compared to control, with more drastic reduction at high exposure. Inoculation did not affect
growth at low Cu but at high Cu, a negative effect of symbiosis was reported on growth of
shoots, especially in seedlings inoculated with L. rufus, whereas roots weight did not differ.
Positive correlation was found between both root and shoot growth and degree of infection only
in S. flavidum-inoculated seedlings. However, differences at high Cu couldn’t be related to Cu-
uptake or translocation. At high Cu or Ni exposure, inoculated species affected P content in
roots and S. flavidum inoculated seedlings exhibited the highest P concentrations at high Cu,
but no relationship between P status and metal-tolerance appeared. At Cu and Ni exposure, Fe
decreased in leaves and increased in roots. Fe status was strongly influenced by fungal

inoculation only in metal-free and high Cu solutions (63 uM), with higher Fe content in L.

44



proxima and L. rufus seedlings. Fe in roots did not differ at low Cu, but L. hibbardae seedlings
had lower Fe at high Cu (Jones and Hutchinson, 1986).

5.2.3. Plasma membrane and cell wall

To enter into plant cells, Cu needs to be transported across cell walls and plasma
membranes. Two families of Cu-transporters have been identified in plants, first includes the
“Heavy Metal P-type ATPase”, also called HMAs and second “Copper transporters” or COPTs.
COPTs belong to the “CTR family”, which members were found in mammals and yeast (Hall
and Williams, 2003; Sancenon et al., 2004; Grotz and Guerinot, 2006). Cell wall constitutes
one of the first defense barrier to tolerate excess Cu, as Cu may be bound directly by pectins
and glycoproteins, enabling accumulation and limiting Cu entry in cells (Qian et al. 2005).
Accumulation of Cu in the cell walls was suggested to contribute to Cu detoxification in root

tips of cucumber plants (Song et al., 2014)

The plasma membrane also plays an important role in protecting cells against excess Cu
entry by reducing Cu influx and/or enabling an enhanced active efflux (Hall, 2002). This
strategy exists in Holcus lanatus where As-tolerance is linked to a decrease in As uptake by
disappearance of a high-affinity transporter (Meharg and Macnair, 1991), but no example of
this strategy has been clearly identified for Cu stress. In Silene armeria exposed to 0.1-20 uM
Cu, a better protection of meristem and limited influx are pointed out for being responsible of
better tolerance in metallicolous population (Llugany et al., 2003). In Agrostis capillaris,
integrity and functions of the plasma membrane are impacted by Cu toxicity, as shown by an
increase of ions leakage, such as K* efflux (Wainwright and Woolhouse, 1977). A better
protection of membrane integrity may provide an enhanced tolerance to Cu stress by
maintaining correct membrane functioning, permeability and properties. For example, a lower
lipid peroxidation has been measured in a tolerant ecotype of Holcus lanatus compared to a

non-tolerant one, when exposed to increasing As exposure (Hartley-Whitaker et al., 2001).

A high affinity Cu transporter, COPT1, which belongs to a five-member family (COPT1-
5), has been isolated from Arabidopsis thaliana cDNA by complementation of a defective yeast
mutant. Based on homology, CTR2 gene has been identified in yeast. Depletion in this gene
leads to enhanced resistance to Cu excess while overexpression increased sensitivity to excess
Cu but resistance to Cu deficiency (Kampfenkel et al., 1995). The role of COPT1 in Cu
transport has been confirmed in Arabidopsis using CaMV35S::COPTL1 antisense transgenic
plants (Sancenon et al., 2004). A role in Cu homeostasis during Cu deficiency is suggested for
COPT1 and COPT2, as they are able to restore growth of yeast mutants impaired in Cu uptake,
but exhibited decreased mMRNA levels in the presence of Cu. A role in pollen development is
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also suggested based on investigations on antisense COPTL1 lines (Grotz and Guerinot, 2006).
Several other Cu transporters of the COPT family, COPT1-7 are characterized from rice, as
containing high cysteine and methionine (Yuan et al., 2011; Kochian et al., 2012). A Fe
transporter, YS1, which is involved in uptake of iron complexed with mugineic acid (MA) and
functions as Fe(lI1)-MA/H* symporter, may also transport Cu and be involved in Cu uptake,
when complexed to MA (Haydon et al., 2007).

The alternative of reducing Cu influx in cells to limit Cu content is to increase efflux.
HMADS5, a member of the HMA family, is predicted to participate to Cu efflux from the
cytoplasm, but the final destination, which might be out of the cell or into an organelle for
sequestration, remains unclear. HMADJ interacts with at least two Cu chaperones, ATX1 (Anti-

oxidant) and CCH (Copper Chaperone), from which it can recruit Cu.

5.3. Cu homeostasis, cellular impacts and molecular mechanisms of tolerance

As essential oligo-element, Cu is necessary for many metabolic processes, as cofactor of
several enzymes. Because of its important functions, plants have evolved a complex set of
mechanisms to maintain correct Cu homeostasis. Several reviews have already been written
about Cu homeostasis and tolerance in plants (Clemens, 2001; Yruela, 2005; Clemens, 2006;
Grotz and Guerinot, 2006; Burkhead et al., 2009; Ravet and Pilon, 2013; Yruela, 2013).

5.3.1. Intracellular trafficking

Once inside cells, Cu is bound to chaperones or chelates to avoid free Cu in cells and to
be correctly transported to their biological target. Several proteins acting as metallochaperones
are involved in intra-cellular trafficking of Cu. Function of CCH (Copper Chaperone) in plants
has been inferred from the function of its homolog Atx1 from yeasts, which delivers Cu from
the cytoplasm to the RAN1 transporter, and has been linked to the specific Cu delivery to P-
type ATPases, at the post-Golgi membrane (Puig et al., 2007). A role in recycling Cu from
senescing leaves has also been suggested (Grotz and Guerinot, 2006). AtCCs, a homologue of
the yeast Ccsl Cu chaperone, which delivers Cu to a Cu/Zn superoxide dismutase, has been
characterized in Arabidopsis and localized in chloroplasts, where it has been suggested to
maintain proper Cu levels for plastocyanin and Cu/Zn SODs (Abdel-Ghany et al., 2005). A
third Cu chaperone, COX17 (Cytochrome Oxidase) may participate to deliver Cu to the

cytochrome oxidase complex within mitochondria (Yruela, 2005; Grotz and Guerinot, 2006).

At least three transporters are related to Cu transport in plant chloroplasts, PAAL, PAA2
and HMAL. Several dysfunctions related to Cu deficiency were identified from leaves of paal

mutants, i.e. decrease in chloroplastic Cu content, lack in functional holoplastocyanin but
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accumulation of apoplastocyanin and decreased in Cu/Zn SOD activity, indicating that PAAL
(Arabidopsis P-type ATPase also named HMA®G) transports Cu through chloroplast envelopes
into stroma. While PAA1 could be localized on chloroplast perimeter by fluorescence, location
of PAA2 (also named HMAB), another metal-transporting ATPase similar to PAAL, could only
be restrained to chloroplasts, but it remains unclear. Based on holoplastocyanin levels and
CSD2 activity, PAA2 has been suggested to transport Cu across thylakoid membranes, from
chloroplast stroma to thylakoid lumen, cooperating with PAAL to supply Cu to chloroplasts.
Another Heavy Metal P-type ATPase, HMAZ1 has been localized in chloroplast envelopes and
related to Cu transport into chloroplasts, as hmal mutants exhibited lower Cu levels in
chloroplasts, lower SOD activity and photosensitivity. Function of the P-type ATPase RAN1
(Responsive-to-antagonist), also called HMA7, has been inferred by analogy to Ccc2p
transporter from Saccharomyces cerevisiae, and involved in the supply of ethylene receptors
(ETR1) at the Golgi membrane (Hall and Williams, 2003; Grotz and Guerinot, 2006).

5.3.2. Energy metabolism

Reduction of growth has been linked to both disturbance of roots functioning but also to
direct impacts on photosynthetic apparatus, which limit carbon fixation. Growth of aerial parts
slows down, biomass is reduced and foliar epinasty occurs, together with the appearance of
phytotoxic symptoms such as chlorosis, necrosis, discolorations and bronzing (Yruela, 2005).
Cu excess reduced Fe accumulation in chloroplasts, leading to chlorotic symptoms by
interfering directly with chlorophyll synthesis (Reilly and Reilly, 1973).

In leaf tissues, Cu concentrations exceeding 20 to 30 pg Cu.mg™ DW are toxic to most
plant species (Patsikka et al., 2002). In chloroplasts, Cu is an essential cofactor for plastocyanin,
a Cu-containing protein involved in electron transport during photosynthesis processes. Located
in the thylakoid lumen, plastocyanin acts as a mobile electron carrier between the cytochrome
b6f complex and the reaction center of photosystem 1. In Arabidopsis, the role of the two
plastocyanin isoforms (PETEL and PETE?2) has been studied using mutant lines. Although a
functional redundancy, both isoforms are differentially regulated in response to low or high Cu
supply. PETEL is essential for electron transport under Cu deficiency, as its expression is not
altered by Cu depletion while PETEZ2 is down-regulated, leading to reduced electron transport.
PETEZ2, in addition to its participation in electron transport, is involved in the buffering of
excess Cu in chloroplasts (Abdel-Ghany et al., 2009). Impaired photosynthetic activity and
increased respiration result from the disturbance of electron transport, thylakoid and chloroplast
structures together with the decrease/denaturation of pigments (Mocquot et al., 1996; Yruela,
2005).
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At a proteomic level, only scarce information is available about plant response to Cu
excess; Cu induces differential accumulation of proteins related to glycolysis and respiration
and mitochondria is a major target of Cu toxicity. ATP synthase subunit beta is down-regulated
in E. splendens roots after exposition to 100 uM Cu for 3 or 6 days (Li et al., 2009). Indicating
Cu impacts on photosynthetic activity, several degraded fragments of RuBisCO have been
identified in leaves of E. splendens plants after exposition to 100 uM Cu for 3 or 6 days (Li et
al., 2009) and in leaf segments of O. sativa floated in solutions containing 250 uM Cu for 72h
(Hajduch et al., 2001).

5.3.3. Protein metabolism

Under Cu excess, total content of soluble proteins decreases down to 50% in sunflower
(Jouili and EI Ferjani, 2003) or Solanum melongena (Korpe and Aras, 2011) roots or shoots.
Cu toxicity on protein metabolism is due to the direct interaction (binding) between Cu and
thiols functions (-SH), which leads to activity inhibition, structural disruptions, or substitution
with other essential elements (Hall, 2002). Cu affects transcription and translation, protein
folding, and protein degradation. Metal impacts on protein synthesis are still unclear and differs
on their nature, physiological roles and species. In roots of C. sativa, Cu exposure induced the
up-regulation of a 40S ribosomal protein S20 but the down-regulation of a 60S ribosomal
protein L12 (Bona et al., 2007).

Induction of protein chaperones, protein disulfide isomerase (PDI) or heat shock proteins
(HSP) by Cu exposure may protect cell against Cu toxicity. Better maintenance and repairing
of proteins, together with a better proteolysis of damaged/misfolded proteins may contribute to
enhance tolerance in plants. No evidence exists about up-regulation of PDIs by Cu excess but
a down-regulation has been recorded in response to As in roots of O. sativa (Ahsan et al., 2008).
Role of heat shock proteins (HSPs), which are low molecular mass proteins, remains
controversial concerning the Cu-tolerance and more largely, metal tolerance. These HSPs may
be classed by their molecular mass, such as low (10kDa), or high (90kDa), and their
accumulation is induced by different abiotic stresses (Wollgiehn and Neumann, 1999; Hall,
2002). In Armeria maritime, a small HSP, HSP17, is expressed in roots of individuals grown
on contaminated soil (Hall, 2002). Up-regulation of various HSPs has been recorded at a
proteomic level in plants exposed to metal(loid) excess, including Cu. A HSP9O0 is up-regulated
in rice roots by 8 UM Cu (Song et al., 2013), while a HSP70 is down-regulated in E. splendens
roots exposed to 100 uM Cu (Li et al., 2009). In Cu-sensitive Es32 and Cu-tolerant Es524
strains of E. siliculosus, one HSP10 and one HSP70 are respectively up-regulated by 50 and
150 pg Cu/L (Ritter et al., 2010). In the Cu-tolerant yeast R. mucilaginosa, several spots
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identified as Hsp88 (3 spots), Hsp70 (6 spots) and Hsp60 are up-regulated by Cu excess
(Irazusta et al., 2012).

5.3.4. Chelation and storage

Cu chelation is realized by several distinct compounds. Once bound to molecular
chelators, metals may be transported into vacuoles to be stored in inactive form (Hall, 2002).
Amino- and organic acids are potential ligands due to the reactivity of Cu with amine functions
(-NH), thiols (-SH) and carboxyles (-COOH, Clemens, 2001; Hall, 2002). Increases in free
amino acids content, particularly of S-containing amino acids, occur in leaves of M. chamomilla
cultivars exposed to Cu and probably contribute to their Cu-tolerance by chelating excess Cu
(Kovacik et al., 2011). Proteomic studies indicate that metal(loid) excess greatly affect sulfur
metabolism, with differential expression of cysteine (CS) and methionine (MS) synthases. Two
CS increase in roots of Cu-tolerant and sensitive rice varieties exposed to Cu (Song et al., 2013)
and others are up-regulated by Al (Yang et al., 2007; Yang et al., 2012) or As (Ahsan et al.,
2008). The glutathione (GSH) is a thiol tripeptide composed of glutamine, cysteine and glycine
(yGlu-Cys-Gly) and formed by the consecutive action of y-glutamylcysteine synthetase (YECS)
and glutathione synthetase (GSS). Due to its thiol residues, GSH may chelate Cu and it is also

involved in antioxidative activities (see following section 5.3.4).

Other cysteine-rich peptides like phytochelatins (PCs) or metallothioneins (MTs) are
high-affinity ligands able to chelate metals including Cu (Mc Bride et al., 1998; Clemens, 2001,
Hall, 2002). PCs are synthetized from GSH by phytochelatin synthase (y-glutamylcysteine
synthetase) and are composed by motifs with a general structure (y-Glu Cyst),-Gly which may
be repeated from 2 to 11 times. MTs are polypeptides classified in two main groups, Class 1,
which shares alignments with mammalian MTs and Class 2, which does not exhibit such
alignment, but MT3 and MT4 types have also been identified in plants (Hall, 2002).
Accumulation of such metal-binding peptides may play a role in metal-tolerance including Cu-
tolerance, by increasing chelation of free Cu and by reducing ROS production. However, MT
and PC role in still unclear and remains controversial among species and metal(loid)s.

In H. lanatus, PCs content increased with Cu exposure (Hartley-Whitaker et al., 2001),
whereas in other studies no relation was found between metal exposure and PCs production. In
Silene vulgaris or S. paradoxa, tolerance of metallicolous individuals has been attributed to
amplification of MT genes (Van Hoof et al., 2001; Mengoni et al., 2003). When Saccharomyces
cerevisae was transformed to express MTs gene from Arabidopsis thaliana, sensitivity to Cu

was suppressed (Zhou and Goldsbrough 1994).
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Different patterns of protein accumulation are reported for S-adenosylmethionine (SAM)
synthase (SAMS) under various abiotic stresses, including Cu. Under low Cu exposure (8 uM
Cu for 3 days), SAMS accumulation is up-regulated in roots of a Cu-tolerant (x 2.1) and a
sensitive (x 1.6) varieties of O. sativa (Song et al., 2013), while it was down-regulated in roots
of E. splendens under high Cu exposure (1.5 and 2.4-fold decrease after 3 and 6 days at 100
MM Cu; Li et al., 2009). SAM also acts as direct precursor for nicotianamine (NA), through
nicotianamine synthase (Shojima et al., 1990; Higuchi et al., 1994) and indirect precursor for
glutathione (GSH) through its conversion to cysteine via the trans-sulfuration pathway (Lu,
2000; Brosnan and Brosnan, 2006). NA is a key player in Cu homeostasis, for long distance Cu
transport in xylem and phloem, Cu distribution, and accumulation (Pich et al., 1996; Haydon
et al., 2007; Manara, 2012) but its role in Cu-tolerance remains controversial, as it is induced
in B. carinata xylem sap in case of Cu deficiency but not in Cu excess (Irtelli et al., 2009)
whereas a Cu-induced rise in NA may reflect interspecies variations concerning Cu impacts
(Pich et al., 1996). SAM is also a direct precursor of ethylene (Brosnan and Brosnan, 2006),
which is involved in growth, development, and stress signaling notably during senescence.

Organic acids are involved in root-to-shoot metal translocation, for example, citrate is the
major Fe chelator in xylem sap (Manara, 2012). Citric, malic and oxalic acids, or histidine are
involved in chelation and vacuolar storage (Rauser, 1999). Increasing production of such
compounds could confer higher tolerance to Cu exposure. Phenols are also low molecular
weight antioxidants which metabolites may scavenge ROS directly or through enzymatic
reactions, but they may also directly chelate metals to reduce free content in cells. The role of
high and low molecular mass phenolic compounds in Cu-tolerance by chelation has been
demonstrated in Lupinus albus roots exposed to Cu (0.5, 20 or 62 uM Cu for 40 days; Jung et
al., 2003).
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Figure 4: Cellular mechanisms underlying Cu homeostasis and tolerance (adapted from Clemens 2001;
Hall and Williams 2003; Bertrand et al., 2005; Yruela, 2005; and Pilon et al., 2006)
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5.3.5. Control of oxidative stress

Avoidance of oxidative stress with more efficient homeostasis is suggested as responsible
for Cu-tolerance, rather than a better detoxification of induced oxidative stress (Pilon et al.,
2006). To avoid oxidative stress and maintain correct cell homeostasis, amounts of free Cu in
cells have to be controlled, by limiting entrance and translocation together with favoring its
storage, chelation and detoxification by intervention of chelates, chaperones or antioxidant
enzymes (Yruela, 2005; Grotz and Guerinot, 2006). Limitation of root-to-shoot translocation
permits to reduce oxidative stress in shoots reducing disturbance of photosynthetic apparatus.
One avoiding strategy is the increase of biomass production to limit intra-cellular
concentrations. In Lotus purshianus, tolerance index based on root length are three times higher
in metal-tolerant population (Wu and Lin, 1990).

Due to its properties as bivalent cation, free Cu within cells catalyzes formation of
reactive oxygen species (ROS) and other radicals through Haber-Weiss and Fenton reactions,
i.e. Oz + Cu?" < Cu* + O, or H,02 + Cu* <> Cu?* + OH- + OH~ (Noctor and Foyer, 1998;
Hall, 2002). Oxidative stress, which is defined as the imbalance in favor of production and
accumulation of free oxygen radicals and other oxidants (Kehrer, 2000), needs to be controlled
to avoid oxidative damages. Toxicity of O, ~and H>O accumulation is to create oxidative stress
by initiating reaction cascades producing destructive compounds, such as lipid peroxides
(Noctor and Foyer, 1998), which affect functioning of cell membranes (Hall, 2002), but also
causes protein oxidation and induces irreversible DNA damages leading to cell death (Hall and
Williams, 2003; Yruela, 2005; Pilon et al., 2006; Bes, 2008). However, in plants, ROS are
involved in signal transduction pathway. ROS contents are perceived by proteins, enzymes or
receptors and trigger cascades of signal transduction, involving for example Ca?*-binding
proteins, calmodulin, G-protein activation or serine/threonine protein kinase (Mittler et al.,
2004). Lifetime of ROS in cells depends on antioxidant systems protecting cell functioning.
This system includes enzymatic and non-enzymatic compounds with low molecular mass able

to interrupt the chain of redox reactions (Noctor and Foyer, 1998).

Two major antioxidant enzyme families catalyze direct ROS degradation, i.e. superoxide
dismutases (SODs) and catalases (CAT) (Noctor and Foyer, 1998, Mittler et al., 2004).
SODs are metalloenzymes, classed by their metal cofactors in three groups, Cu/Zn-, Fe- and
Mn-SODs, that catalyze the dismutation of superoxide radicals into hydrogen peroxide:
202 +2H" > H02 + Oy.
The resulting H20: is decomposed by CAT in the following reaction: 2 H>O2 — 2 H>0 + O>.
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H20: is also detoxified through the ascorbate/glutathione pathway (AsA/GSH), where
H20- is used as electron receptor for the oxidation of AsA or GSH to monodehydroascorbate
(MDHA) or GSSG by ascorbate (APx) or glutathione (GPx) peroxidases. AsA acts also as a
direct ROS scavenger. MDHA may either be reduced to AsA by MDHA reductase (MDHAR)
using NAPDH as electron donor or disproportionated non-enzymatically to AsA and
dehydroascorbate (DHA). DHA can also been reduced to AsA by DHA reductase (DHAR),
which acts with oxidized glutathione (GSH) as electron donor (Fig. 5).
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Figure 5: Production and detoxification of reactive oxygen species (ROS) in plants under Cu stress.
AsA: ascorbate; APx: ascorbate peroxidase EC:1.11.1.11; CAT: catalase EC:1.11.1.6; DHA:
dehydroascorbate; DHAR : DHA reductase EC:1.8.5.1; GSH: reduced glutathione; GS-SG: oxidized
glutathione (or glutathione disulfide); GR: glutathione reductase EC:1.8.1.7; GPx: glutathione
peroxidase EC:1.11.1.9; GST: glutathione-S-transferase EC:2.5.1.18; Grx: glutaredoxins; MDHA:
monodehydroascorbate; MDHAR: MDHA reductase EC:1.6.5.4; Prxs: peroxiredoxins EC:1.11.1.15 ;
ROOH: alkyl hydroperoxides; ROH: alcohols; SOD: superoxide dismutase EC:1.15.1.1; Trx:
thioredoxin; TrxR: thioredoxin reductase (Ferredoxin-TrxR, EC 1.8.7.2 and NADPH-TrxR,
EC:1.8.1.9). Adapted from Noctor and Foyer, 1998; Clemens, 2001; Hall et Williams 2003; Bertrand et
al., 2005; Yruela, 2005; Pilon et al., 2006.

GSH is considered as a major antioxidant in plants. It may be oxidized (GS-SG) by
DHAR, but also by GSH peroxidase (GPx), which participates to the degradation of H.O>. GS-
SG is then reduced by glutathione reductase (GR) to maintain balance between both forms.
GSH may also be used for conjugation with various substrates by the glutathione-S-transferase
(GST). Homoglutathione (hGSH) is another tripeptide (yGlu-Cys-fAla), formed by the
consecutive action of y-glutamylcysteine synthetase (YECS) and homoglutathione synthetase

(hGSS), which exhibits similar properties that GSH and may replace it in some plant species.
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Other thiol peroxidases, peroxiredoxins (Prxs) catalyze the reduction of H>O> or alkyl
hydroperoxides (ROOH) to water or the corresponding alcohols (ROH), respectively, using
preferentially thioredoxin (Trx) as an electron donor, but also other thiol active proteins such
as glutaredoxin (Grx) or cyclophilin: ROOH + Trx-(SH), — ROH + Trx-S; + H20. Once
oxidized, Trx are regenerated by Trx reductases (TrxR), ferredoxin-TrxR, and NADPH-TrxR
(Fig. 5). All these ROS-scavenging processes take place in different plant cell compartments as
presented in the figure 2 from Mittler et al., 2004 (Fig. 6).
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Figure 2. Localization of resctive oxygen species (ROS) scevenging pathways in plant cella. A trenamission electron micrograph of & portion of & plant cell is used to
demonstrate the relstive volumes of the different cellular compartments and their physical separation [middle left). The enzymatic pathways responsible for ROS
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[top right). ROS produced in peroxisomes during photorespiration, fatty acid oxidation or other resctions are decomposed by 50D, catalese [CAT) and ascorbate pemxidase
[APX} (middle right). S0D and other components of the ascorbate—glutathione cycle are also present in mitochondriz. In eddition, AQX prevents oxidative damage in
mitochondria [bottom rght). In principle, the cytosol contains the same set of e ey mes found in the stroma (bottom lefth. However, these are encoded by & different set of
genes and the major iron-chelsting ectivity in the cytosol responaible for preventing the formation of HO- radicals is unknown. The enzy matic components responsible for
ROS detoxification inthe apoplest and cell wall (W) are only partially known, end the ROS-scavenging pathways &t the vacuole (V] are unknown. Membrane-bound e rey mes
are depicted inwhite, GPX pathways are indicated by dashed lines and PrcR pathways ame indicsted by dotted lines in the stroma and cytosol. Although the pathways inthe
different compartments are moatly separsted from esch other, Hx0: can easily diffuse through membranes and antioxidents such ss glutathione and sacorbic scid (reduced
or oxidized) can be transported betwesnthe diferent compatments. Abbreviations: DHA, dehydrosscrobate; DHAR, DHA reductase; FD, ferredoxing FNR, ferredoxin NADPH
reductzse; GLR, glutsredoxin; GR, glutsthione reductzae; GSH, reduced glutathione; GS5G, oxidized glutsthione: IM, inner membrane; IMS, IM space; MDA,
maonode ydrosscorbate; MDAR, MDA reductase; PSl, photoaystem I; PSIl, photosystem | Tre, thioredoxing tyl, thylakoid.

Figure 6: Localization of ROS scavenging pathways (Figure 2, from Mittler et al., 2004)
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Some studies indicate stimulated activities of these enzymes in response to Cu excess. In
P. vulgaris roots exposed to 15uM Cu, activities of all enzymes belonging to AsA-GSH cycle
increase, i.e. APx, MDHAR, DHAR and GR, as well as the concentrations in GSH and AsA
(Gupta et al., 1999). CAT activities are stimulated in Helianthus annuus exposed to 50 uM Cu
(Jouili and El Ferjani, 2003) and extreme stimulation of CAT and GPX occurred in roots of
Matricaria chamomilla cultivars exposed to Cu (Kovacik et al., 2008). At the proteomic level,
only few of these enzymes were identified as differentially regulated by Cu excess. Up-
regulation of APX and GST spots has been reported in roots of rice cultivars exposed to 8 UM
Cu for 3 days, with more marked increases in the tolerant one, suggesting a role in Cu-tolerance
(Song et al., 2013). Induction of APx spots were also recorded in response to other metal(loid)s
(Ahsan et al., 2009), including Cd (Weng et al., 2013) or Al (Yang et al., 2012). GST spots
were also up-regulated in response to Cd (Alvarez et al., 2009; Zhao et al., 2011; Weng et al.,
2013), Al (Yang et al., 2007; Navascués et al., 2012; Yang et al., 2012) or As (Ahsan et al.,
2008).

6. Phenotypic plasticity for metal-tolerance in Aqgrostis capillaris

Agrostis capillaris is one of the most commonly herbaceous species found on metals-
contaminated soils; its ability to evolve metal-tolerant populations has been studied for at least
50 years and marked it out as a good candidate for phytostabilization of Cu-contaminated soils,

as presented in the following review.
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Abstract

Agrostis capillaris is a pseudo-metallophyte able to grow on dry, poor and acidic soils,
extensively studied for its ability to evolve populations tolerant to high stressor levels, such as
metal excess and salt stress. Populations from highly contaminated areas show a higher
tolerance to metal excess than populations originated from uncontaminated areas. This species
can store metals in its roots, limiting metal accumulation in shoots. An excluder phenotype with

a root-to-shoot ratio lower than 0.3 exists for Cu and Pb.

Such metal tolerant A. capillaris populations can contribute to seed bank and vegetation
cover and enhance soil biological activity, which promote the ecological restoration of viable
vegetation, ecosystem interaction and services on contaminated soils. Such characteristics and
the various metal-tolerant populations evolved, make this species relevant for a potential use in
phytostabilization of contaminated soils and for studying mechanisms underlying metal(loid)

tolerance by comparing tolerant and sensitive populations exposed to metal(loid) excess.

6.1. Introduction

One option to unravel mechanisms underlying plant metal tolerance is to examine species
and populations adapted to stressful environment, since these plants may evolve and retain the
mechanisms enabling their survival. Some plant species having an intra-specific variability for
adapting to (a)biotic stressful environments are identified, whereas others do not show any
tolerance (Gartside and McNeilly, 1974; Marchand, 2012). Among them, Agrostis capillaris
populations have evolved tolerance to various metal contaminations. This review aimed at
summarizing the knowledge on populations of A. capillaris differing by their tolerance levels
to various stresses and identifying the mechanisms underlying the higher tolerance of

populations established on contaminated soils.
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In addition, the potential use of metal-tolerant A. capillaris populations for
phytoremediation of metal-contaminated soils is examined. Various methods can be used to
remediate metal(loid) contaminated soils. Ecological alternative to soil excavation,
phytoremediation regroups several options with two main processes, removal (extraction) and
containing (immobilization or stabilization) (Pilon-Smits, 2005; Padmavathiamma and Li,
2007). All options consist in using plants with tolerant phenotypes to create a plant cover, which
will improve soil micro-conditions and restore microbial activity and ecosystem services such
as C sequestration and reduced contaminant dispersion by erosion and water (Vangronsveld et
al., 1995; Boon et al., 1998; Padmavathiamma and Li, 2007).

Relevant plant species for phytoremediation of metal(loid)-contaminated soils must
present several characteristics, common to all options, i.e. be native to avoid biological
invasions, have relative fast growth, high soil coverage, tolerance to abiotic/biotic stresses, low-
input production (energy, costs) and low nutrient/water requirements. However different
phenotypes are needed: for phytoextraction, species are selected for their ability to translocate
and accumulate high metal(loid) amounts in aerial parts, which can after be harvested, exported
and valorized. For phytostabilization, species are chosen for their ability to store metal(loid)s
in the root system, limiting translocation to aerial part as non-lethal concentrations in tissues
(excluder phenotype) to limit transfer into food chain (Ruttens et al., 2006, Padmavathiamma
and Li, 2007). Because only very few species are Cu-hyperaccumulators, remediation options
for Cu contaminated soils are mostly immobilization (phytostabilization), by restoring vegetal

cover of tolerant species, with or without addition of organic and inorganic amendments.

Use of metal(loid)-tolerant plants for phytoremediation of contaminated areas is not
recent (Vangronsveld et al., 1995, Romkens et al., 1999), and examples of phytostabilization

of contaminated soils using A. capillaris tolerant populations/cultivar already exist.

The use of A. capillaris and Festuca rubra metal-tolerant cultivars, screened from
commercial cultivars for their Zn tolerance, together with the incorporation of a coal fly ash
(beringite) and compost combination into the contaminated soil has resulted in a rapid and
effective re-vegetation of the bare area of a Zn smelter (6150 mg Zn, 17 mg Cd, 660 mg Cu and
1375 mg Pb.kg "' DW soil; Vangronsveld et al., 1995). Although tolerant plants are able to grow
on this contaminated soil, without amendment, addition of beringite enables them to survive
under higher Zn exposure and drastically reduces toxicity symptoms and shoot Zn

concentrations.

Potential of adding soluble inorganic phosphate, alone or together with growth of A.

capillaris tolerant plants (‘Parys’ cultivar) to form insoluble metal phosphates and then
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immobilize metal excess in contaminated soils has been studied (Cotter-Howells, 1996).
Results evidence the potential of Agrostis to fix Pb and Zn in forming insoluble metal
phosphates, which may, with time, affect the bulk solid speciation of metals in mine-waste soils,

leading to effective immobilization in soil.

Plant species diversity is low in highly metal(loid) contaminated soils. Persistence and
high contribution to seed bank composition has been found for A. capillaris on contaminated
soil indicated that establishment of tolerant populations may highly contribute to restore seed
bank (Meerts and Grommesch, 2001).

Tolerant population of A. capillaris have spontaneously colonized lysimeters filled with
Zn, Cu, Cd, and Pb contaminated soils from a Zn smelter and on which aided-phytostabilization
was tested, with a single addition of various amendments (Ruttens et al., 2006). As A. capillaris
was found in all treated soils and was the only species on untreated soil, it was used to record
effectiveness of chemical amendment tested, by measuring shoot metal concentrations.
Whereas on untreated soil Agrostis plants exhibited Zn and Cd concentrations exceeding
background metal concentrations in grasses and Cu-concentration at the upper-limit of common

range, all amendments were successful to reduce significantly shoot metal concentrations.

A phytoremediation trial of As-contaminated soil has been conducted with the As-
hyperaccumulator Pteris vittata and tolerant population of A. capillaris grown on separate
lysimeters (Cattani et al., 2009).

Effects of lime addition have been tested on contaminated soils and three species were
compared to examine the effects of metal tolerance strategies, i.e. hyperaccumulator
Pelargonium sp. or excluder Silene vulgaris and A. capillaris, on metal uptake, mobility, and
bioavailability of metals after amending (Benz, 2013). Results indicated a positive effect of
plants growth on soil, especially for the two metal excluders, which both increase soil pH and
decrease available fractions of AI** and Cu?*, whereas Pelargonium plants does not change pH
but decreases available fractions of Cu, Zn, and Al by accumulation in tissues. For all species,

liming decreases metal concentrations in shoots.

Restoring a vegetal cover, notably using metallicolous A. capillaris cv. ‘Parys’, can
counterpart Cu impacts by increasing pH, dissolved organic carbon (DOC) and Ca in soil
solution enough to reduce both the total dissolved Cu concentration and the free metal activity
in Cu-contaminated soil (Romkens et al., 1999). It also promotes conversion of ammonia to
nitrate in soil (Romkens et al., 1999), soil microbial activity, bacterial growth and presence of

nematodes in Cu-contaminated soil (Boon et al., 1998; Vogeler et al., 2008). With time,
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establishment of A. capillaris can decrease Cu concentration in upper layers of soil (Dahmani-
Muller et al., 2000) and enhance establishment of less-tolerant species (Bes, 2008).

Based on these works, A. capillaris tolerant populations may be useful for
phytostabilization processes of contaminated soils and particularly adapted for aided-

phytostabilization of metal(loid) contaminated soils.

6.2. Ecological requirements

Agrostis capillaris, formerly called A. tenuis Sibth. (McCain and Davies, 1983,
Humphreys and Nicholls, 1984), belongs to the genus Agrostis (Poaceae) which comprises
more than 200 species. These C3 plant species is a tetraploid (2n = 4x = 28) with a genome
composition listed as A1A1A2A: or A2A2A2Az. Itis a perennial grass with thin leaves, spreading
by rhizomes and stolons, which is used for erosion control and on fairways and tees in golf
courses (Rajasekar et al., 2007; Rotter et al., 2007; Dinler and Budak, 2008).

This species has long seed persistency in soil (Bossuyt et al., 2007) and is able to grow
under adverse abiotic conditions reflecting its high tolerance to partial shade, acidic, poor or
dry soils (Smith, 1972; Osborne and Whittington, 1981; Dixon, 1986, Dunsford et al., 1998;
Bech et al., 2012). Population differentiation in A. capillaris is a major effect of the
environment. Short distances (50 m or less) may isolate populations from others, so this species
is able to evolve to very local environmental conditions (Bradshaw, 1959). Sudden change from
predominantly tolerant to predominantly non-tolerant individuals occurs over a distance of one
meter when Cu increases in soil. Despite high gene flows from non-tolerant to tolerant
populations, the latest maintain their identity because of the strong selection pressure favoring
tolerant individuals (McNeilly, 1968; McNeilly and Antonovics, 1968). This illustrates the
ability of A. capillaris to evolve populations with various phenotypes in a small area if the
originated habitats are different (Bradshaw, 1959; McNeilly, 1968; McNeilly and Antonovics,
1968; Smith, 1972). Agrostis capillaris diversity is identified at the genetic level with AFLP

markers, which suggests a potential value for cultivar improvement (Zhao et al., 2006).

6.3. Localization of metal-tolerant ecotypes of A. capillaris on contaminated sites

Agrostis capillaris colonizes contaminated and disturbed soil surfaces and is a dominant
species on multi-contaminated sites, such as Pb/Zn mine soil (Baker et al., 1986), Zn refinery
(Griffioen et al., 1994), former metallurgical factory (Cu, Zn and Pb; Dahmani-Muller et al.,
2000), soil contaminated by metal-rich dust (Zn, Pb, and Cd; Meerts and Grommesch, 2001),

waste disposal site near a lead smelter (Zn, Cu, Cd and Pb; Sudova et al., 2008), and
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contaminated soils from a former antimony mine (Sb, As, Pb and Cu; Bech et al., 2012).
Tolerant populations of this species are reported on soils mainly contaminated by Cu, such as
a Cu/Pb mine soil (Thompson and Proctor, 1983), Cu/Zn mine/refinery (Benz, 2013), metal
processing factories with Cu smelting and refining, Cu-Cd alloy production and brass (Cu-Zn)
foundry (Cu, Cd, Zn, Dickinson et al., 1996), a copper rod rolling factory (Lepp et al., 1997),
Cu mine soils (McNeilly, 1968; McNeilly and Antonovics, 1968; Griffioen et al., 1994), and a
wood preservation site (Bes et al., 2010). Its ability to survive on both contaminated and
uncontaminated soils marks it out as a pseudo-metallophyte (Dahmani-Muller et al., 2000;
Sudova et al., 2008).

6.4. High metal-tolerance and variability among and within populations

High intra-specific variability in metal-tolerance levels occurs among populations from
Cu-contaminated and normal pasture sites, with metallicolous populations (M, Cu-tolerant)
having higher growth and showing less symptoms than non-metallicolous ones (NM, non-
tolerant) on contaminated conditions (Nicholls and McNeilly, 1985; Symeonidis et al., 1985a
and 1985b; Lepp et al., 1997; Vogeler et al., 2008; Sudova et al., 2008). Variability in Cu-
tolerance exists among and within populations from various Cu-contaminated sites (Gregory
and Bradshaw, 1965; Nicholls and Mc Neilly, 1979 and 1985). Grown on Cu-contaminated
soils, A. capillaris plants accumulate more Cu in roots, with limited translocation to shoot, and
typical shoot-to-root ratio of an excluder phenotype (Dahmani-Muller et al., 2000; Ernst, 2006).
Excluder phenotypes are also identified for Pb (Dahmani-Muller et al., 2000; Malcova et al.,
2003), Cd (Dahmani-Muller et al., 2000) and As exposures (Austruy et al., 2013) but not for
Zn, with a ratio around 0.5 (Dahmani-Muller et al., 2000).

Variability among and within populations occurs in populations originated from non-
contaminated sites and commercial seeds. When sufficiently large, they are able to evolve few
Cu-tolerance individuals just after one cycle of selection, even if it is in lower frequency than
in Cu-tolerant populations (Gartside and McNeilly, 1974; Walley et al., 1974, Sudova et al.,
2008). For instance, some commercial non-tolerant seeds of A. capillaris were sowed in the soil
of a Cu rod rolling factory and after only two years tolerant populations were present even in

most contaminated areas (Lepp et al., 1997).

Flowering time differ between Cu-tolerant and sensitive populations: flowering of
tolerant population begins and ends early, suggesting a possible isolation among populations at
beginning and ending of flowering period (McNeilly and Antonovics, 1968). Mining activities
are impacting seed bank by destroying the vegetation, which leads to soil erosion that also

depletes seed bank. A new seed bank can develop after colonization by tolerant species, with a
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low species diversity, absence of common species found in this type of grassland and dominant
contribution of A. capillaris population (Meerts and Grommesch, 2001). Results are similar at
a wood preservation site, with dominance of A. capillaris in vegetation and seed bank and low
diversity in species (Bes et al., 2013). The distinct pattern between plant species found in seed
bank and vegetation indicates a selection through environmental pressure (Lepp et al., 1997).
However, Cu exposure impacts germination of tolerant populations of A. tenuis in some studies
with a reduction of both germination and growth when the proportion of contaminated soil
increased, even if it was to a lesser extent for the ‘Parys’ ecotype compared to non-tolerant

population (Gartside and McNeilly, 1974; Walley et al., 1974),

Selection of tolerant individuals would occur at three even four levels: first during
flowering stage, with selection of plants able to produce flower and with earlier flowering plants
crossed together (McNeilly and Antonovics, 1968), secondly during persistence in soil (Lepp
et al., 1997), thirdly during germination, with only seeds possessing some tolerance being able
to germinate, and lately during the plant life, with the survival of plants which possess enough

tolerance to maintain growth until maturity (Gartside and McNeilly, 1974; Walley et al., 1974).

Variability between- and within-populations are found on Pb/Zn contaminated soils with
large differences in shoot Pb and Zn concentrations for a given Pb or Zn concentration in soil
(Barry and Clark, 1978). Agrostis capillaris populations sampled from a Pb mine and a rough
grazing have been tested on Pb/ Zn-contaminated mine soil (Goginan mine, UK; Bradshaw,
1960) Based on roots length, the mine population shows greater resistance to Pb and Zn
exposure. Root length highly varies between individual plants within the tolerant population.
Tolerant individuals exist in A. capillaris populations growing on Zn-contaminated soil beneath
electricity pylons, whereas plants collected at a minimal distance of 50 m from the pylons didn’t
show any tolerance. However, the tolerance levels vary among and within populations collected
beneath different pylons (Al-Hiyaly et al., 1988; Al-Hiyaly et al., 1993). This selection of
tolerant plants, together with the high variability within populations have been confirmed for
A. capillaris but also recorded in other plant species, e.g. A. stolonifera, Anthoxanthum
odoratum, Deschampsia cespitosa, and Festuca ovina, even though the last two were found on
only a small number of the 18 pylons tested, whereas in contrast A. capillaris was found under
nearly all pylons (Al-Hiyaly et al., 1990)

Agrostis capillaris evolves As-tolerant populations. Such higher As-tolerance is related
at least from one part to a reduction of As influx, by adaptation of the arsenate uptake system,
I.e. in decreasing the Vmax of high and low-affinity uptake systems and by increasing the Km

of the high-affinity uptake system (Meharg and Macnair, 1991). Based on genetics of As
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tolerance in A. capillaris, As tolerance is a heritable character, the tolerant trait being dominant
to the non-tolerant one and with more than one, but small number of gene loci involved.
Watkins and MacNair (1991) suggested a single major gene is involved in As tolerance, with
one or more minor genes modifying its control, allowing heritable variation in degree of

tolerance among tolerant plants.

Over the years, some cultivars or populations highly tolerant have been identified and
characterized such as Cu-tolerant ‘Parys’, originated from Parys Mountain, Isle of Anglesey
(Gartside and McNeilly, 1974; Walley et al., 1974; Nicholls and Mc Neilly, 1979; Karataglis,
1980; Wu, 1981; Humphreys and Nicholls, 1984; Nicholls and McNeilly, 1985, Symeonidis et
al., 1985; Cotter-Howells, 1996; Boon et al., 1998; Vogeler et al., 2008); Pb/Zn-tolerant
‘Goginan’, originated from a Lead/Zinc mine at Goginan, Dyfed (Bradshaw, 1960; Wu, 1981,
Humphreys and Nicholls, 1984; Symeonidis et al., 1985) or Zn tolerant ‘Trelogan’, originated
from a Zn mine at Trelogan, Flintshire (Turner, 1970; Karataglis, 1980; Walley et al., 1974)

6.5. Salt and seawater tolerance

Both A. capillaris and A. stolonifera have potential to evolve salt tolerance. However,
populations of A. capillaris are inhibited by seawater exposure whereas A. stolonifera is highly
tolerant. The absence of evolution of a seashore ecotype has been related to a lack of Mg
tolerance in A. capillaris, which root growth is almost completely inhibited (less than 5¢cm) in
the presence of 170 mequiv.L™* MgCl whereas A. stolonifera growth, even reduced, is high.
Metal-tolerance couldn’t be related to salt-tolerance, even if the Cu-tolerant population from
Parys Mountain shows appreciable salt-tolerance compared to other A. capillaris populations
(Wu, 1981). Although A. capillaris is absent from areas with high salinity, this species presents
a significant response to salt selection but also a specific response to Mg excess. Other factors
prevent this species from colonizing seashore soils and high Mg concentrations occurring
together with the high salinity would be an explanation for the absence of A. capillaris ecotypes
on seashore (Ashraf et al., 1986; Ashraf et al., 1989).

6.6. High tolerance inter- and intra-populations of Agrostis species

Several species from the genus Agrostis, including A. capillaris, can evolve populations
with different tolerance to metals and other abiotic stresses. A. stolonifera displays Cu-tolerant
populations, with increase in both the tolerance of individuals and the frequency of tolerant
individuals in contaminated areas, as the population age increases. The Cu-tolerance evolves
with the population age, even if the youngest population shows considerable tolerance (Wu et

al., 1975a). Based on Cu-uptake and impacts on roots of tolerant and non-tolerant populations,
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A. stolonifera has an excluder phenotype and the tolerant population accumulates more Cu in
roots than in shoots compared to the non-tolerant one (Wu et al., 1975b). Ecotypes of A.
stolonifera differ for their tolerance to salt stress, with some presenting high levels of tolerance
(Ahmad and Wainwright, 1977; Ahmad et al., 1981; Hodson et al., 1981; Hodson et al., 1985;
Ashraf et al., 1986; Ashraf et al., 1989), and for heat-tolerance (Xu and Huang, 2008 and 2010).
A. castellana and A. delicatula have been studied for their ability to evolve arsenate tolerant
populations (De Koe and Jaques, 1993) and A. scabra for Cu-, Ni- and Zn-tolerant populations
(Dudka et al., 1995) or heat-tolerant populations (Tercek et al., 2003; Xu and Huang, 2008 and
2010a).

6.7. Cases of multiple tolerance

Multiple metal tolerance has been investigated in A. capillaris by comparing root growth
parameters of common pasture populations and Zn, Zn/Pb, Pb and Cu-mine populations on soils
originated from each mine site. Pasture populations does not show any tolerance for any metal.
Conversely, mine populations has marked tolerance to the particular metal highly concentrated
in their original soil but this tolerance stayed specific to the concerned metal and is not measured
for any other metal. Multiple tolerances only happen in populations originated from soil where
more than one metal occur in phytotoxic concentrations (Gregory and Bradshaw, 1965).
Similarly, populations originating from Parys Mountain Cu-contaminated soils show tolerance
to both Cu and Zn, contaminants highly present in originated soil, whereas population from the
Trelogan Zn-contaminated mine soil is only tolerant to Zn, showing no tolerance to either Cu
or Pb (Karataglis, 1980).

Clones from a waste disposal site near a Pb-smelter are more tolerant to Pb, Zn, Cu and
Cd than common soil populations, regarding to growth, dry weight and number of tillers, but
each metal concentration in the contaminated soil exceeded its soil background level (Sudova
et al., 2008).

Germination and growth of Cu-tolerant seeds on Zn-contaminated soils reached
intermediate levels between non-tolerant and Zn-tolerant populations (Walley et al., 1974).
Survivors had tolerance to both metals, suggesting that Cu-tolerance conferred some ability to
survive on Zn-contaminated soil. Grown on Cu contaminated soil, Cu-tolerant population
shows maximal survival, whereas Zn-tolerant population does not differ from non-tolerant.
Same pattern occurred for Zn-tolerant population on Zn-contaminated soil but in mixed Cu-Zn
contaminated soil, both populations behave similarly. Therefore, tolerance to Zn and Cu are

independent, and as genes determining Cu and Zn resistance are not linked, occurrences of
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individuals showing both Cu and Zn tolerance results the product of the frequencies of the

occurrence of tolerance to each metal.

A clone of Agrostis stolonifera is tolerant to Cu and Zn, but Cu uptake is not affected by
Zn exposure and vice versa, whereas strong interaction is found in toxic effects of both metals
on root elongation (Wu and Antonovics, 1975). Additive Cu and Zn toxic effects occurs in
Cu/Zn-tolerant genotype of A. capillaris from Parys Mountain, which, when exposed to both
metals at doses inducing reduction of root length to 50% separately, shows 95% reduction of
root growth (Karataglis, 1980).

More contrasted results have been obtained in comparing Cu-tolerant “Parys” and Pb/Zn-
tolerant “Goginan” cultivars regarding to their tolerance to Cd, Cu, Pb, Ni and Zn. Respective
tolerance to Cu and Pb/Zn was confirmed but tolerance to other metals was also observed.
“Goginan” cultivar showed Cu-tolerance level intermediate between those from “Parys” and
“Highland” (non-tolerant); marked Pb/Zn-tolerance compared to “Highland” was observed for
“Parys” cultivar, despite low Cu and Pb/Zn levels were found in originated soil. To a lesser
extent, both tolerant ecotypes, in particular ‘Parys’, showed higher Cd and Ni-tolerance than
the non-tolerant Highland. Some non-specific general tolerance to metals would be conferred
by tolerance to specific one (Symeonidis et al., 1985).

Tolerance to Co, Cu, Ni and Zn highly varies in three clones of A. gigantea from a mine
waste site; whereas one shows tolerance to Cu, Co and Ni, another is tolerant only to Ni and
any is tolerant to Zn (Hogan and Rauser, 1979). This confirms that the high variability among

plants within one population observed in A. capillaris is also observed in other Agrostis species.

For A. capillaris, the cell wall fraction influenced the Cu and Zn binding in roots of metal-
tolerant plants at high metal exposure and at common metal supply this fraction contained more
metal in metal-tolerant plants compared to non-tolerant (Turner, 1970; Turner and Marshall,
1971). Accumulation of Zn in cell wall fraction is correlated to the tolerance of populations,
and was proposed as a mechanisms underlying tolerance to Zn in A. capillaris (Turner and
Marshall, 1972).

6.8. Association with mycorrhizal fungi

Associations between mycorrhizal fungi and tolerant-populations of A. capillaris occur
frequently on contaminated soils, e.g. Cu-, Zn/Cd-contaminated soils (Griffioen, 1994;
Griffioen et al., 1994). In three populations grown on various contaminated sites (Zn, Pb/Zn)
and a common soil, most fungi belonged to Glomus genus. Infection is seasonal dependent and

decreases in populations from contaminated areas compared to the common one, but it poorly
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influences the ionome of plant tissues. Mycorrhizal infection and metal tolerance are not linked
in Agrostis capillaris (letswaart et al., 1992). Griffioen (1994) listed 26 species of mycorrhizal
fungi found on contaminated soils (Mn, Zn, Cu, Pb, Ni or Cd) and 19 of them belonged to the
genus Glomus. Spores found in Cu- or non-contaminated soils mainly belonged to Glomus

species. The uncommon species Scutellospora dipurpurescens was present in the Zn/Cd soil.

Vesicular arbuscular mycorrhiza (VAM) infection of A. capillaris has been studied on
populations from Cu-, Zn-mines or non-contaminated soil. On highly Cu-contaminated soil,
infection is very low or absent, whereas it is much higher on uncontaminated or Zn/Cd-
contaminated soil and increases in areas surrounding the copper mine, when Cu concentrations
in soil decreased. This supports hypothesis of a higher toxicity of Cu compared to Zn/Cd and
of more severe selection on mycorrhizal fungi in Cu-contaminated soil (Griffioen et al., 1994).

Studies dealing with the effect of mycorrhizal fungi on metal uptake by host plants
provide conflicting results among species, experimental conditions, types of substrates and
contamination levels and types (Malcova et al., 2003). Association with tolerant population of
mycorrhizal fungi has been suggested to enhance metal-tolerance in plants (Griffioen, 1994;
Hall, 2002), by storing metals in cells and then decreasing the translocation of metals in plant

cells or by supplying nutrients and water to countepart the adverse soil conditions.

The work of Neagoe et al., (2013) supported the last hypothesis, showing that on
contaminated soil, the beneficial effect of inoculation with arbuscular mycorrhizal fungi is
rather due to an improvement of P nutrition rather than to a reduction of transfer into plant cells.

Potential synergism between plant and fungal tolerance has been investigated in
associating populations of A. capillaris from contaminated and normal sites with Glomus
intraradices from contaminated and normal sites. Isolates of G. intraradices and populations
of A. capillaris are more tolerant when originated from contaminated soil compared to those
from uncontaminated soils. However, inoculation with each isolate decreases plant biomass
(Malcova et al., 2003) or does not confer any additional metal tolerance on either tolerant or

non-tolerant plants when cultivated on contaminated substrates (Sudova et al., 2008).

In the first work, effect of inoculation on metal uptake has been related to the intensity of
contamination: At 0.01 mM Pb, root Pb concentrations increased for Agrostis plants inoculated
with isolate from contaminated soil compared to non-inoculated and inoculated by the non-
tolerant isolate. However, at a higher Pb level (0.1 mM), root and shoot Pb concentrations of
inoculated and non-inoculated A. capillaris plants did not differ (Malcova et al., 2003). In the
second study, effect on plant growth and metal-uptake was dependent on both combination of

plant population and fungal isolate, without clear differences between tolerant and non-tolerant
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clones (Sudova et al., 2008). These studies pointed out the absence of synergism between plant
and fungal tolerance in case of association between G. intraradices and A. capillaris, although
the low number of isolates studied and the large number of existing associations did not ruled

out such synergism.

6.9. Influence on ecosystem services in metal(loid) and co-contaminated sites

Together with the development of sparse vegetation (Bes et al., 2010), Cu excess in soil
drastically reduces biological activity (Dickinson et al., 1996). Restoring a vegetal cover
notably using metallicolous A. capillaris cv. ‘Parys’ can counterpart Cu impacts by increasing
pH, Dissolved Organic Carbon (DOC) and Ca in soil solution enough to reduce both the total
dissolved Cu concentration and the free metal activity in Cu-contaminated soil (Rémkens et al.,
1999). It also promotes conversion of ammonia to nitrate in soil (Rémkens et al., 1999), soil
microbial activity, bacterial growth and presence of nematodes in Cu-contaminated soil (Boon
et al., 1998; Vogeler et al. 2008). With time, establishment of A. capillaris can decrease Cu
concentration in upper layers of soil (Dahmani-Muller et al., 2000) and enhance establishment

of less-tolerant species (Bes, 2008).

Plant species diversity is low in highly metal(loid) contaminated soils. Persistence and
high contribution to seed bank composition has been found for A. capillaris on contaminated
soil indicated that implantation of tolerant populations may highly contribute to restore seed
bank (Meerts and Grommesch, 2001).

6.10. Conclusion

The ability of A. capillaris to differentiate populations with distinct tolerance to various
metals makes this species interesting for selection of highly tolerant populations called
metallicolous populations. This perennial species is also adapted to adverse soil conditions
which often occur in contaminated soil and presents an excluder phenotype for several metals.
These characteristics and the ecosystem services of tolerant populations pointed out A.
capillaris as a relevant candidate to phytostabilize metal-contaminated soils, in association with
other species such as woody species. Incorporation of amendments into metal(loid)
contaminated soils can limit metal(loid)-uptake in roots, leading to consideration of using this
species for aided-phytostabilization trials. The existence of so many ecotypes makes also this
species important for studying the mechanisms underlying metal tolerance in grassy plants.
Using multiple-scale options with such species may help to elucidate both the mechanisms
underlying the plant stress due to metal exposure and those related to the best metal tolerance

of the metallicolous ecotype.
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7. Hypothesis about better tolerance in metallicolous A. capillaris

Based on existing litterature, different hypotheses may be drawn about mechanisms of

Cu tolerance in metallicolous populations of A. capillaris.

A reduced Cu-uptake, in decreasing number or affinity of transporters in roots, may
limit Cu accumulation and toxicity in root tissues. This mechanism has been suggested for As
tolerance in tolerant populations of A. capillaris L. and Deschampsia cespitosa (L.) Beauv.,
which shows adaptation of the arsenate uptake system, leading to reduced influx of arsenate in
As-tolerant plants, by decreasing the Vmax of high-affinity system (Meharg and Macnair,
1991). Uptake limitation may also be achieved through rhizospheric mechanisms such as
association with microorganisms (endophyte bacteria or mycorrhizal fungi) or exudation of root
exudates. The precise role of association with microorganisms in Cu-tolerance remains unclear,
a storage of Cu in the symbiotic organisms may protect plants from Cu toxicity but a positive

effect on plant nutrition may also be involved.

A higher Cu accumulation or storage in roots of M populations, through a higher root
production and/or a better ability to store Cu in existing tissues, may prevent translocation to
shoots. Greater ability to accumulate Cu in roots of M populations has been suggested to be
responsible for higher Cu tolerance in preventing Cu translocation into leaves (Bradshaw, 1965;
Wu et al., 1975b).

An active limitation of root-to-shoot Cu-translocation may also protect shoot from Cu
toxicity in limiting oxidative stress and disruption photosynthesis processes. Tolerance of
population of A. capillaris to antimony has been attributed to Sb exclusion, as concentrations
of Sb in shoots of tolerant were three times lower than in the non-tolerant plants (Bech et al.,
2012).

A better ability to cope with Cu toxicity in leaves may also increase Cu tolerance in M
plants. This ability may involve both a better Cu-storage in cells and a reinforcement of
homeostasis and detoxification processes. The existence of a metal complexing system, just
after entry of the metal in the cytoplasm may be involved in higher tolerance of Agrostis
populations (Karataglis, 1980)
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8. Origin of the study

An experimental phytoremediation platform, called “BIOGECO platform”, has been
created on a Cu-contaminated site, which purpose is outside-wood treatment, still in activity (St
Médard d’Eyrans, 33; Bes, 2008). This factory first used copper sulfate to protect outside-wood
again pathogens attack, but nowadays, main compound used is the CCA (chromated copper
arsenate) resulting in multiple contamination, dominated by Cu (Solo-Gabriele and Townsend,
1999; Warner and Solomon, 1990). Cu-contamination ranges from 65 to 2600 mg Cu/kg soil
(Bes, 2008; Bes and Mench, 2008; Mench and Bes, 2009) and several trials of phytoextraction
and phytostabilization have been set up.

A biodiversity survey has been realized and pointed out several species as able to evolve
Cu-tolerant populations, and this potential has thereafter been tested on pot experiments. Seeds
of the metallicolous population have been collected on the P7 plot (Fig. 7) whereas the second
population was sampled at a forest edge, free from any contamination (Belin-Beliet, 33; Bes,
2008).

- ] e i o
Figure 7: Localization of the parcel for M seed sampling in the BIOGECO platform (St Médard
d’Eyrans, 33; Bes, 2008).
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9. Problematic, hypotheses and approach of the study

This project was designed to achieve several objectives and to answer several hypotheses.

First aim was to determine the response of Agrostis capillaris populations to an increasing
Cu stress, using phenotypic, physiological and proteomic approaches. Proteomic was chosen to
increase the knowledge about the molecular mechanisms underlying plant response to Cu stress.
Will the exposition to the 1-50 uM Cu range affect A. capillaris population growth? What are
the impacts of Cu exposure at phenotypic, physiological and proteomic levels? May the pattern
of differential protein expression explain the symptoms reported at the plant scale?

Second aim was to evaluate the phenotypic plasticity for Cu-tolerance between two
populations of A. capillaris, first originated from a Cu-contaminated soil (Metallicolous, M)
and second one from an uncontaminated soil (Non-Metallicolous, NM). To what extent exists
a phenotypic plasticity for Cu-tolerance between both M and NM populations in the 1-50 uM
Cu range? Could the physiological and proteomic results explain this plasticity in Cu tolerance?

The higher Cu tolerance was reported for the M population during comparison on Cu-
contaminated soils using a fading technic and hydro-culture in the 1-30 uM Cu range (Bes,
2008). Did a reduced accumulation of Cu in roots or translocation from root-to-shoot occur to
protect leaves from Cu toxicity? Can an enhancement of Cu homeostasis and detoxification

processes in roots and/or leaves be responsible of the higher Cu-tolerance of M plants?

Last objective concerned the potential of using metallicolous A. capillaris populations
such as the one described here, for the phytostabilization of Cu-contaminated soils. Would the
M population have ability to grow on Cu-contaminated soils without accumulating Cu amount

high enough to injure herbivors throughgrazing of aerial parts?

To elucidate these questions, seeds from both contaminated (BIOGECO platform) and
uncontaminated soils were grown on hydro-culture and exposed to increasing doses of Cu in
the nutritive solution. After three months, plant growth of each population were characterized
(length, biomass), then tissues were frozen in liquid nitrogen and stored at -80°C to perform
analyses of soluble proteomes. Concentration elements were measured in tissues and proteins
were extracted by Trichloroacetic acid (TCA)-Acetone procedure then separated with 2D-
eletrophoresis. After images analysis, spots exhibiting variation in response to population origin
and/or to Cu exposure were excised and submitted to LC-MS/MS for protein identification by

bioinformatics procedures (Fig. 8).
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CHAPTER II: Preliminary investigation of root soluble proteome

This part has been published in the journal ‘Proteomics’ as a peer-reviewed paper in August
2014 (Proteomics 2014, 14, 1746-1758; DOI 10.1002/pmic.201300168).

The corresponding bibliography list was presented at the end of this chapter to respect the article
form. For the other chapters, the list was placed at the end of the manuscript, in a form of a

general alphabetically-ordered list of publications.
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Abstract

Differential expression of soluble proteins was explored in roots of metallicolous (M) and
non-metallicolous (NM) plants of Agrostis capillaris L. exposed to increasing Cu to partially
identify molecular mechanisms underlying higher Cu tolerance in M plants. Plants were
cultivated for 2 months on perlite with a CuSO4 (1-30 pM) spiked-nutrient solution. Soluble
proteins extracted by the trichloroacetic acid/acetone procedure were separated with 2-DE
(linear 4-7 pH gradient). After Coomassie Blue staining and image analysis, 19 proteins
differentially expressed were identified using LC-MS/MS and Expressed Sequence Tag (ESTSs)
databases. At supra-optimal Cu exposure (15-30 pM), glycolysis was likely altered in NM roots
with increased production of glycerone-P and methylglyoxal based on over-expression of
triosephosphate isomerase and fructose bisphosphate aldolase. Changes in tubulins and higher
expressions of 5-methyltetrahydropteroyltriglutamatehomocysteine methyltransferase and S-
adenosylmethionine synthase respectively underpinned impacts on the cytoskeleton and
stimulation of ethylene metabolism. Increased L-methionine and S-Adenosylmethionine
amounts may also facilitate production of nicotianamine, which complexes Cu, and of L-
cysteine, needed for metallothioneins and GSH. In M roots, the increase of [Cu/Zn] Superoxide
dismutase suggested a better detoxification of superoxide, when Cu exposure rose. Higher Cu-
tolerance of M plants would rather result from simultaneous cooperation of various processes

than from a specific mechanism.

1. Introduction

Many anthropogenic sources, for example Cu mining, metal (Cu) smelters, recycling of
pig slurries and sewage sludge, Cu-based fungicides, waste incineration, releases from car
engine wear, tire and brake pad wear, dust from urbanized and industrialized centres, and wood
preservation, contribute to high soil Cu concentrations [1, 2]. Excessive root exposure to Cu in
such soils, which often adds to other adverse soil conditions, can result in a sparse plant cover
and low plant diversity with species belonging mostly from the Poaceae and Asteraceae
families [3-5]. Even though Cu is an essential cofactor in many physiological processes, for
example photosynthesis, mitochondrial respiration, oxidative stress responses, and transduction

of ethylene signal, its presence in excess negatively impacts plant growth [6, 7].

Aided phytostabilization is one emerging option to sustainably minimize the dispersion
and biological action of Cu and to restore a vegetation cover at wood preservation sites [8]. Soil
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conditioners are incorporated into the Cu-contaminated soil to decrease the labile Cu pool and
phytotoxicity by inducing various sorption and/or precipitation processes prior to planting
tolerant plants with excluder phenotype [9, 10]. Plant candidates for aided phytostabilization of
Cu-contaminated soils must have several characteristics, such as relative fast growth and
perennial life cycle, high soil coverage, tolerance to abiotic/biotic stresses, low-input
production  (energy, costs), low nutrient/water requirements, and restricted
uptake/accumulation of contaminants (excluder phenotype) [11-13]. Agrostis capillaris L.
(Colonial bentgrass), also called A. tenuis Sibth, belongs to the genus Agrostis (Poaceae). This
perennial grass, tolerant to partial shade and acid soil, is used for erosion control as well as on
fairways and tees in golf courses [14, 15]. This pseudo-metallophyte has been recorded as
dominant species on several Cu-contaminated sites (172 - 469 mg Cu/kg soil [16]; 305-2017
mg HNOz-extractable Cu/kg soil [3]; 152-721 mg Cu/kg soil [5]). Grown on Cu-contaminated
soils, A. capillaris accumulates more Cu in roots, with a shoot:root ratio of 0.3 typical of an
excluder phenotype [16]. Several Cu-tolerant populations and cultivars of A. capillaris have
been reported, such as “Parys” cultivar [17-20], and native populations collected at a Cu rod
rolling factory [3] and at a wood preservation site [21]. The metallicolous (M) A. capillaris cv.
Parys promotes the soil microbial activity, bacterial growth and presence of nematodes in a Cu-
contaminated soil [20, 22]. A M population of A. capillaris from a wood preservation site well
developed up to 1951 mg Cu/kg on a Cu-contaminated soil series (21-2600 mg Cu/kg) whereas
a non-metallicolous (NM) one, from an uncontaminated forest edge was negatively impacted
over 651 mg Cu/kg [21]. Similar results were obtained in perlite moistened with a nutrient
solution (i.e. 1-30 uM Cu) [21].

There is a lack of knowledge on mechanisms underlying Cu-tolerance and low shoot:root
ratio of Cu accumulation in grassy species such as A. capillaris, even though several processes
have been suggested, for example root uptake limitation and efflux, differential accumulation
between roots and aerial parts, and enzymatic and non-enzymatic systems to quench ROS
damage. Complex network of homeostatic mechanisms exist to control metal uptake,
trafficking and detoxification, involving transport, chelation, and sequestration processes [23].
This study aimed at preliminary investigating these molecular mechanisms for excess Cu at a

proteomic level for a limited set of identified proteins.

A Kkey option to investigate such tolerance mechanisms is to examine native populations
adapted to stressful environment in comparison with non-adapted ones, since these plants may
have evolved and retained molecular mechanisms enabling their survival [24]. Proteomic
analysis can help in disclosing new aspects of plant tolerance to excess Cu, and has been used

to study temporal plant responses to Cu exposure in shoots of Oryza sativa [25] and Elsholtzia
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splendens [26], in seedlings of Oryza sativa [27] and Phaseolus vulgaris [28], and in roots of
Arabidopsis thaliana [29], Cannabis sativa [30] and E. splendens [26]. Through regulation at
the mRNA and protein levels, changes occur in the abundance and activity of proteins involved
in redox homeostasis, energy metabolism, cell wall metabolism, cytoskeleton rearrangement,
and cell defenses. Cell defenses include binding Cu to cell walls, sequestrating Cu into
vacuoles, reducing mobile Cu ions, and secreting detoxifying peptides. These processes may
work cooperatively to re-establish the cellular and redox homeostasis upon Cu stress [26, 30].
Most of these temporal studies, however, were carried out using short-term, high Cu exposures
(e.g. 100 uM Cu, 3-6 days [26]; 601 uM Cu, 6 weeks [30]; 0.2-2 mM Cu, 4 days [27]), which
are poorly mimicking plant germination and growth on Cu-contaminated soils.

Here, both NM and M populations of A. capillaris L. were chronically exposed to Cu in
the 1-30 UM range for a 2-month period, then soluble proteins were extracted from roots, which
are primary exposed and retained the highest Cu mass [21]. The objectives were to gain
preliminary information on molecular mechanisms underlying the higher Cu tolerance in the M
population, and to partially elucidate the differential expression of soluble proteins between
NM and M roots in relation to the intensity of chronic Cu exposure.

2. Materials and Methods

2.1. Plants and Cu treatments

Seeds of M and NM populations were respectively collected from A. capillaris L.
growing at a wood preservation site contaminated by Cu [2, 5, 9] and at a forest edge (RN10,
Km 83, Belin Beliet, Gironde, France). Phenotypes of M and NM populations were previously
characterized on a Cu-contaminated soil series obtained with the fading technique and on Cu-
spiked perlite moistened with Hoagland nutrient solution in the 1-30 uM Cu range [21]. Seeds
were sowed and plants cultivated for 2 months on perlite constantly bottom-imbibed with
Hoagland no.2 nutrient solution (HNS) [31] containing 1, 5, 10, 15 and 30 uM Cu (added as
CuSOs, 7H20), weekly changed. Moistened perlite was preferred than hydroponics for
maintaining root ultra-structure and Si nutrition more close to soil conditions [32]. All plastic
pots (15 x 12 x 8 cm®) were placed in a growth chamber with controlled environment (PAR 360
puMol/m?/s; 14-h and 26°C day and 10-h and 18°C night regime, 47-55% relative humidity).
For each Cu concentration in the HNS and population, ten replicates were carried out, divided

in two sets of five pots. To avoid edges effects, sets and pots were weekly moved. Three types
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of neon where used to cover a wide range of wavelength, «daylight» (400-700 nm),
«Warmwhite» (620 nm), and «Fluora» (440/480 nm and 650/680 nm) [33].

After a 2-month period of growth all the plants were harvested. The perlite was removed
with tap water and roots were rinsed in distilled water. For each Cu concentration in the HNS
and population, root aliquots of 0.5 g fresh weight (FW), taken in the median part of root length,
were collected in two pots of each set and pooled to constitute aliquots of 1 g FW (triplicates,
n = 30). Then, these weighed aliquots were frozen in liquid nitrogen. Remaining roots and
leaves were rinsed in distilled water weighed and oven dried (70°C). Dry weighed aliquots (0.5
g DW) were wet-digested in 14 M HNOz and 30% vol. H202 under microwaves (CEM
Marsxpress) and elements determined by axial ICP-AES [5].

2.2. Protein extraction, quantification and separation

For all aliquots (1 g FW, n = 30), frozen root tissues were ground in a small mortar and
pestle in liquid nitrogen. Total protein was extracted following the TCA (trichloroacetic
acid)/acetone procedure described by [34] and modified by [35]. Soluble proteins were
resolubilized in “TCT” buffer (i.e. urea 7 M, thiourea 2 M, Triton X-100 0.4% v/v, CHAPS
detergent 4% w/v, DTT 10 mM, and IPG buffer 1% v/v) for 1 h at room temperature. Samples
were then centrifuged (4 min, 2000 rpm, 20°C) and stored at -80°C. Protein content
determination assay was triplicated for each extract using a modified Bradford assay [36].

Protein extracts were used for the subsequent 2-DE steps.

2-DE was used to analyze total soluble proteins from root samples. For IEF, 24 cm IPG
strips (Immobiline DryStrip, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) were used
with a linear pH gradient ranging from 4 to 7. A total of 300 g of proteins were resuspended
into 470 uL of “TCT” solution. Acidic strips were passively rehydrated with 470 pL of protein
samples for 1 h at room temperature prior to the IEF run using the IPGphor system (Amersham
Biosciences, Uppsala, Sweden) [35]. 2-DE procedure and Colloidal Coomassie Blue gel
staining were performed as described in [35]. Triplicates were performed for the ten

experimental conditions, resulting in a total of 30 gels.

2.3. Image analysis, spots detection and statistical analysis

Image acquisition of the stained gels was done as described in [35]. All scanned gel
images were saved as tiff files and processed together. The alignment of 30 gel images, spot
detection, quantification and pairing were carried out using the complete Melanie 7.0 software

(GeneBio, Geneva, Switzerland) [37]. Protein spots (referred for ease thereafter as spots) were
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automatically detected then manually corrected. For each detected spot in the gel, all intensity
values inside the spot area are summed up to obtain the spot volume. The background estimation
is obtained by fitting the pixel values located outside the spot area with a third-order polynomial

function (automatic sub-routine in the Melanie software).

For each spot, the volume is corrected by subtracting out the respective background and
the volume is then normalized according to the total spot volumes in the gel image, resulting in
a percentage volume (%Vn). The 30 image gels were automatically aligned according to
reference spots manually selected. Spots were matched and then manually corrected. Resulting
matched spots were later visualized with the free and simplified version Melanie viewer 7.0.
Even if this %Vn reflected the amount or accumulation of proteins, as the result of their
synthesis, regulation and catabolism, it will therefore refer as protein expression in the results

and discussion parts.

In this experiment, Cu was considered as a continuous variable so an ANCOVA model
was preferentially chosen to an ANOVA to assess differences across Cu concentrations and
between populations. First, the following model %Vn = Cu concentration (Cu) + Population
(P) + Interaction (Concentration x Population, 1) led to test existence of different ordinates
between populations (P effect), existence of a slope different of zero when Cu exposure rises

(Cu effect), and existence of different slopes for both populations across the Cu series (I effect).

Secondly, three sub-models (1) %Vn = Cu + P; (2) %Vn = Cu and (3) %Vn = P were
used to test the independency of both variables and led to determine (i) existence of different
ordinates and a slope different of zero but identical between populations; (ii) existence of a
slope different of zero but identical for both populations and no P effect and, (iii) existence of
different ordinates for the populations but no Cu effect on protein expression. For each

ANCOVA test, when postulates were not validated, model was deleted.

To characterize the response of each population across the range of Cu exposures, each
dataset was fitted with regression models using three options (Cu: Cu concentration in the
nutrient solution, a, b, and c: constants): (iv) %Vn = a Cu + b, henceforth referred to linear
model, (v) %Vn = a In[Cu] + b, so-called logarithm model, and (vi) %Vn =a Cu?+ b Cu +c,
henceforth referred to polynomial model. Finally, protein expressions in M and NM roots were
compared for each Cu concentration with a Student’s test. Statistical analyses were conducted
on R v2.11.1 (R Foundation for Statistical Computing; Vienna, Austria) and alpha error has
been fixed at 0.1.
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2.4. Protein identification by mass spectrometry (Liquid Chromatography coupled
to tandem Mass Spectrometry: LC MS/MS)

Spots (n = 23) were manually excised, rinsed twice in ultrapure water, and shrunk in ACN

for 10 min. After ACN removal, gel pieces were dried in a vacuum centrifuge, rehydrated in 10
ng/uL trypsin solution (Sigma-Aldrich) in 50 mM ammonium bicarbonate, and incubated
overnight at 37°C. Hydrophilic peptides were extracted with 40 mM ammonium bicarbonate
containing 10% ACN at room temperature for 10 min. Hydrophobic peptides were extracted
with 47% v/iv ACN and 5% v/v formic acid, and this extraction step was repeated twice. All
three supernatants were pooled together, concentrated in a vacuum centrifuge, and acidified
with 0.1% formic acid [35].

Peptide mixtures were analyzed by on-line capillary nano-HPLC (LC Packings,
Amsterdam, The Netherlands) coupled to a nanospray LCQ Deca XP ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA, USA). The peptide digests (10 upL) were
separated using a 75 pm internal diameter x 15 cm C18 PepMapTM column (LC Packings,
Amsterdam, The Netherlands) with a 5-40% linear gradient of solvent B in 30 min (solvent A
was 0.1% formic acid in 5% ACN, and solvent B was 0.1% formic acid in 80% ACN). The
separation flow rate was set at 200 nL/min. The mass spectrometer operated in positive-ion
mode at a 2 kV needle voltage and a 3 V capillary voltage. Data acquisition was performed in
a data-dependent mode alternating in a single run, a MS scan survey over the range m/z 150—
2000, a zoom scan and a MS/MS scan of the most intense ion in survey scan. MS/MS spectra
were acquired using a 2 m/z unit ion isolation window and a 35% relative collision energy [35].
Peptides were identified with SEQUEST algorithm through Proteome Discoverer 1.3 interface
(Thermo-Finnigan, Torrence, CA, USA) against two constructed ESTs databases, translated in
six reading frames by TRANSEQ software (http://www.ebi.ac.uk/Tools/emboss/transeq/). A
first database was constructed on Agrostis spp. ESTs, including A. capillaris, A. stolonifera, A.
stolonifera var. palustris and A. scabra, and resulted in 100 350 sequences (i.e.

http://www.ncbi.nlm.nih.gov/, NCBI website). A second database was built using root ESTs of

Oryzasativa L., a sequenced species from Poaceae genus to increase protein identification (232

476 sequences, http://compbio.dfci.harvard.edu/tgi/plant.html). Spectra from peptides higher

than 5000 Da or lower than 350 Da were rejected. The search parameters were as follows: mass
accuracy of the monoisotopic peptide precursor and peptide fragments was set to 2 Da and 1
Da respectively. Only b- and y-ions were considered for mass calculation. Methionine oxidation
(+16 Da) was considered as variable modification and cysteine carbamidomethylation was
considered as static modification. Two missed trypsin cleavages were allowed. Only “high

confidence” peptides were retained corresponding to a 1% false positive rate at peptide level.
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Additionally, a minimum of two different peptides was considered for protein validation.
Functional information about peptides, Enzyme Code and Accessions numbers were obtained

from the Swiss-Prot database (http://www.uniprot.org). All the spectra generated in this

experiment and the peptide sequences identified were submitted to the proteomics identification

database PRIDE [38, 39], accessions numbers inclusive (in submission).

3. Results

More than 1 000 out of 2 131 spots automatically delimited and paired by the software
were manually validated as reproducible on at least 26 out of 30 gels. After a preliminary
analysis, 23 spots with both a significant effect of either Cu exposure or population and a clear
separation enabling manual excision were retained for LC-MS/MS analysis (Fig. 1).
Unfortunately, further analysis was not practically possible due to material and resource
limitations, leading to deterioration of the gels before any complementary excision. Therefore
results consisted in a preliminary partial view of the response to Cu excess in roots of M and

NM A. capillaris populations.

In NM plants, shoot and root DW yields peaked, respectively, at 1 and 5 UM Cu and then
decreased (Table 1). In contrast, shoot and root DW yields of M plants increased, were the
highest at 5 and 10 puM Cu, respectively, and then decreased. Shoot:root ratio of Cu
concentrations (i.e. transfer factor, TF) increased between 1 and 5 uM Cu for M plants and then
was reduced (Table 1). Conversely, TF value of Cu continuously decreased for NM plants as
Cu exposure increased. The TF value of Cu was lower in NM plants for all Cu concentrations
tested except 1 UM Cu (Table 1), which limited the hypothesis of a lower Cu translocation in
M plants.

Table 1: Phenotypic traits (root and shoot DW yields; root and shoot Cu concentrations, and shoot and
root Cu mineral masses) of M and NM plants of Agrostis capillaris L..

Populations Cu concentrations in the nutrient solution imbibing perlite

M 1M 5pM 10 pM 15 pM 30 pM

Root DW yield (g/paot) 1.37 £ 012 1.44 £+ 0.06 1.74 £ 0.24 1.33 £ 0.07 1.35 £ 0.05
Shoot DW vyield (g/pot) 7.91 + 110 11.23+0.37'"®  10.02+1.3400  gg7+0.270% 758 +0.55 b
Root Cu concentration (mgfkg DW) 25.7 17.7 31.4 64.5 209.6

Shoot Cu concentration (mg/kg DW) 7.09 £1.67 15.96 £ 0.38 19.66 £ 0.24 23.49 £ 1.61 2534 £ 0.94
Transfer factor 0.28 + 0.09 0.9+ 0.03 0.63 £ 0.1 0.36 + 0.04 0.12 +0.01
Root Cu mineral mass (pg Cu/pot) 35.26 25.55 54.69 85.80 282.98

Shoot Cu mineral mass (ng Cu/pot) 56.08 179.23 196.99 203.66 192.08

S:R ratio 1.59 7.0 3.60 2.37 0.68

NM 1M 5pM 10 pM 15 pM 30 pM

Root DW yield (g/pot) 1.53 + 0.04 1.84 £ 0.04 1.7 £ 0.05 1.66 + 0.09 1.51 £ 0.07
Shoot DW vyield (g/pot) 11.51+1.52%®  967+0.36"° 882+ 0.26 =0 9.12 +£0.34 20 7.45 + 0.08
Root Cu concentration (mgfkg DW) 12.1 21.2 47.6 169.8 247.1

Shoot Cu concentration (mg/kg DW)  9.98 + 0.29 16.2+0 20.41 £ 0.99 2156 + 0.24 24.07 £0.73
Transfer factor 0.82 £ 0.03 0.76 =0 0.43 £0.03 0.13+0 010

Root Cu mineral mass (pg Cu/pot) 18.54 39.01 81.00 281.87 373.06

Shoot Cu mineral mass (g Cu/pot) 114.87 156.656 180.02 196.63 179.32

S:A ratio 6.19 4.02 2.22 0.70 0.48

Transfer factor (TF), shoot Cu concentration versus root Cu concentration; S:R ratio, root Cu mineral mass versus shoot Cu mineral mass;
letters indicated significant differences among Cu exposure for each population; data from p. 238 to 247 [21].
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Figure 1. Reference gel showing the distribution of protein spots from Agrostis capillaris roots,
and the location of the 40 spots selected for identification by MS. This master gel was realized
with an equimolar protein extract from all experimental conditions, i.e. five Cu concentrations
for both M and NM roots (Table 1).

3.1. Efficiency of database searching and protein identification.

Twenty-three spots showed a significant P or Cu effect, but four, 22, 73, 711 and 728
remained unidentified and were not further considered. The 19 others were identified and
functionally grouped in six categories (Table 2). Most proteins belong to metabolic processes
with seven spots involved in carbohydrate and energy metabolism, and five spots in nucleotide
and amino-acid metabolism. Other main functions included cytoskeleton (three spots) and
signal transduction (two spots). Three spots (i.e. 82, 92 and 237) matched only in the Agrostis
database and four spots (i.e. 26, 274, 284 and 442) only in the Oryza database, whereas the
twelve last (i.e. 16, 49, 154, 245, 314, 352, 396, 397, 420, 537, 542 and 726) matched in both

databases. All these matches resulted in a unique or very similar identification.
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Table 2: Proteins identified based on searching in Agrostis and Rice databases. Sp: Spot number, Dth: Database used, Agr: Agrostis, Ory: Oryza; (pep): number of

different peptides matched; cov: percentage of coverage for the peptides matched, Access: Uniprot accession; MWI/pl: molecular weight (kDa) and calculated pl
obtained from database searching. Peptides matched: list of peptides identified; x: non-specified isobaric amino acids Leucine or Isoleucine and lower case letters
indicating residues with post-translational modifications (m: oxidation of a methionine residue, c: carbamidomethylation of a cysteine residue).

Sp/Dtb  (pep) cov eval

Access

Protein identification (Enzyme Code)

EST, Contig or Gene Accession MW  pl

Peptides matched

Carbohydrate and Energy metabolism

82/Agr

(4) 8.32

2e-78

P48494

Triosephosphate isomerase cytosolic: TIM (EC: 5.3.1.1)

tef4_al8.z1.abd 18.7

7.09

VIACVGETLEQR
ALLGESNEFVGDK
ESGSTMDVVAAQTK
VAYALAQGLK

92/Agr

(3)0.23

2e-78

P48494

Triosephosphate isomerase cytosolic: TIM

tef4_al8.z1.abd 18.7

7.09

VIACVGETLEQR
ALLGESNEFVGDK
VAYALAQGLK

284/Ory

(4) 4.65

le-58

P17784

Fructose bisphosphate aldolase cytoplasmic isozymes (EC: 4.1.2.13)

C71711 13.7

7.28

GILAADESTGTIGK
FASINVENVEDNR
NAAYIGTPGK
YKDELIK

(2) 6.52

2e-60

P17784

Fructose bisphosphate aldolase cytoplasmic isozyme

AU094990 255

9.28

ANSEATLGTYKGDAVLGEGAAESLHVK
KPWSLSFSFGR

420/Agr

(29.71

5e-34

Q42971

Enolase (EC: 4.2.1.11)

Yan-SSH14-M13R_2009-02-11 7.4

9.91

LAMQEFmMILPTGASSFK
MGVEVYHNLK

(2) 4.88

5e-71

P42895

Enolase 2

Yan-SSH42-M13R_2009-05-05 14.0

5.27

MTEEIGEQVQIVGDDLLVTNPTR
SGETEDTFIADLAVGLSTGQIK

420/0ry

(5)1.68

e-136

Q42971

Enolase

OSJNEe10C18.f 27.9

8.28

AAVPSGASTGVYEALELR
YGQDATNVGDEGGFAPNIQENK
AVDNVNSIIGPALIGK
LAMQEFmMILPTGASSFK
MGVEVYHNLK

(2)6.31

2e-93

P42895

Enolase 2

AF53-pf_12_P20_T7_080.abl 26.1

7.72

MTEEIGDQVQIVGDDLLVTNPTR
VNQIGSVTESIEAVR

245/Agr

(5) 2.17

5e-99

Q08062

Malate dehydrogenase cytoplasmic (EC: 1.1.1.37)

EC01_d_2156 248

9.77

VLVVANPANTNALILK
MELVDAAFPLLK
ALGQISER

EFAPSIPEK

NVSIYK

245/0ry

(3)0.71

6e-53 Q7XDC8 Malate dehydrogenase cytoplasmic

26686rsicef_2125.y1 15.0

5.97

VLVVANPANTNALILK
SQASALEAHAAPNCK
MELVDAAFPLLK

(2) 4.66

3e-22 Q7XDC8 Malate dehydrogenase cytoplasmic

FLO--03-H02.91 16.7

8.79

SFPVTCcSGGEWTIVQGLPIDEFSR
MDATAQELSEEK

352/Agr

(2) 852

3e-70 Q06197 Isocitrate dehydrogenase NADP: IDH (EC: 1.1.1.42)

EC04_d_1814 177

7.08

GGETSTNSIASIFAWTR
TIEAEAAHGTVTR

(4) 4.98

4e-98 Q40345 Isocitrate dehydrogenase NADP chloroplastic

Yan-SSH02-M13R_2008-12-16 30.0

7.44

TLEAEAAHGTVTR
SEGGYVWACK
HAFGDQYR
KWPLYLSTK

352/0ry

(9)30.8

e-130 Q40345 Isocitrate dehydrogenase NADP chloroplastic

OSJINEc16H14.f 311

7.39

DATDDKVTVEAAEATLK
VANPIVEMDGDEmMTR
DKLIFPFLDLDIK
VTVEAAEATLK
YYDLGVLHR
LIFPFLDLDIK
FKDIFQEVYEAGWK
NIINGTVFR

HAFGDQYR
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(7)7.45

0.0

Q40345

Isocitrate dehydrogenase NADP chloroplastic

CT844156

52.1

7.94

GGETSTNSIASIFAWTR
LIDDMVAYALK
TIEAEAAHGTVTR
SEGGYVWACK
FKDIFQEVYEAGWK
NIINGTVFR
HAFGDQYR

(3) 6,59

3e-61

P50218

Isocitrate dehydrogenase NADP

BR060003B10A10.ab1

24.9

9.64

GGETSTNSIASIFAWTR
TIEAEAAHGTVTR
LLDFTQK

442/0ry (4)5.14

8e-69

P12862

ATP synthase subunit alpha mitochondrial

C1310078

15.8

4.84

mTNFYTNFQVDEIGR
VVSVGDGIAR
AAELTTLLESR
TGSIVDVPAGKAMLGR

(7) 857

1le-96

P12862

ATP synthase subunit alpha mitochondrial

CR278871

29.6

9.13

TAIAIDTILNQK
VVDALGVPIDGK
AVDSLVPIGR
VVSVGDGIAR
SVHEPMQTGLK
TGSIVDVPAGKAMLGR
APGIIER

(2) 8.67

9e-89

POC522

ATP synthase subunit alpha mitochondrial

MA_LYP9_09353

18.3

8.13

GIRPAINVGLSVSR
LTEVLKQPQYEPLPIEK

Nucleotide and Amino Acid metabolism

16/Agr (2) 8.93

3e-72

P93554

Nucleoside diphosphate kinase 1: NDK | (EC: 2.7.4.6)

ECO04_d_1103

18.3

8.35

GDFAVDIGR
KGFYLK

16/0ry  (3) 25

4e-40

P93554

Nucleoside diphosphate kinase 1

Cl213465

16.2

7.01

IVSGPVVAMVWEGK
NVIHGSDSVENAR
GDFAVDIGR

274/0ry  (2) 3.02

e-112

Q6Z4G3

UDP-arabinopyranose mutase 3: OSUAM3 (EC: 5.4.99.30)

HDA1--05-L23.91

216

6.38

YVDAVMTIPK
GTLFPmcGMNLAFDR

(2) 16.9

2e-82

Q8H8TO

UDP-arabinopyranose mutase 1: OsUAM1

AU184101

16.2

7.71

GTLFPMcGMNLAFDR
ASNPFVNLK

314/Agr (6) 26.82

e-156 QODKY4 S-adenosylmethionine synthase 1, AdoMet synthase 1 (EC: 2.5.1.6)

EC02_d 2744

37.6

6.61

VHTVLISTQHDETVTNDEIAADLK
FVIGGPHGDAGLTGR
TNmVmVFGEITTK
VLVNIEQQSPDIAQGVHGHFTK
TQVTVEYR

TIFHLNPSGR

314/Ory (5) 335

e-103 P93438 S-adenosylmethionine synthase 2

60317rsicek_3090.y1

216

8.88

VHTVLISTQHDETVTNDEIAADLK
FVIGGPHGDAGLTGR
SIVASGLAR

TIFHLNPSGR

TAAYGHFGR

(5)28.21

e-143 QODKY4 S-adenosylmethionine synthase 1

OSJNEd05G24.f

305

6.28

VHTVLISTQHDETVTNDEIAADLK
TNmVmVFGEITTK

VLVNIEQQSPDIAQGVHGHFTKTQVTVEYR

TIFHLNPSGR

537/Agr (4) 40.36

le-72

P93263

5-methyltetrahydropteroyltriglutamatehomocysteine methyltransferase Yan-SSH11-M13R_2009-02-11

= Methionine synthase, MetE (EC: 2.1.1.14)

17.9

9.07

KLNLPILPTTTIGSFPQTVELR
DEAYFAANAAALASR
VLEVNALAK
LVVSTScSLmMHTAVDLVNETK

(2) 26.75

2e-74

Q42662

Methionine synthase

npl2_b188.b1.abi

17.0

5.10

ALGVDTVPVLVGPVSYLLLSKPAK
WFDTNYHFIVPELGPNTK
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537/0ry (4) 19.75

e-103

Q42699

Methionine synthase

OSIIEb07G15.f 25.9

5.06

DEAYFAANAAAXASR

SFALLSLLSSILPVYKYLFAGVVDGR

EVIAELK

(4) 55.56

4e-54

Q42662

Methionine synthase

35282rsiceg_3210.y1 12.8

9.17
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Figure 2: Functions of the identified enzymes in metabolic processes of plants. Enzymes are represented
by their short name and spot number, referring to Table 2. M: metallicolous (Cu-tolerant) population of
Agrostis capillaris L. NM: non-metallicolous population of Agrostis capillaris.

3.2. Quantification of protein spots and statistical results

Significant results and best models of ANCOVA are presented only for the 19 spots
successfully identified by MS/MS (Tables 2 and 3). For spots 26, 82 and 274, the data were
well fitted by the complete model (Table 3a), with an interaction Cu concentration x Population
(), and different but not significant responses to Cu exposure. The (1) effect reflected slight
differences of protein expression between populations in response to Cu exposure. For spots
92, 154, 237, 314, 352, 396 and 397, highest p-values were obtained with the additive model
(Table 3b), indicating a similar response to Cu exposure for both populations. Based on
ANCOVA, protein expression did not differ for the nine other spots (data not shown).
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Table 3: Significant changes in protein expressions between A. capillaris populations and across
increasing Cu concentrations (ANCOVA analysis, o = 10%).

(a) Complete ANCOVA model

Spot P effect S.g. Differences in ordinates Cu effect S.g. Estimated M/NM slopes | effect R?

26 0.036 * NM = M 0.061 g 0.0008/ 0.0002 0.211 0.29
82 0.023 * NM = M 0.963 Ns —0.001 / 0.002 0.212 0.22
274 0.034 * M = NM 0.279 Ns 0.001 / -0.0002 0.174 0.24

(b) Additive ANCOVA model

Spot P effect S.g. Differences in ordinates Cu effect S.g. Estimated common Direction R?
slope variation

92 0.043 * M= NM 0.7 Ns —0.0009 il 0.19
154 0.004 b M= NM 0.591 Ns —0.0004 J 0.28
237 0.007 e M= NM 0.808 Ns 0.0002 T 0.24
34 0.135 Ns M= NM 0.028 * 0.015 t 0.22
362 0.068 ] M= NM 0.482 Ns 0.001 t 0.13
396 0.046 * M= NM 0.040 * —0.004 } 0.25
397 0.004 b M= NM 0.046 * —0.0016 il 0.35

Data for (a) complete model (different slopes and ordinates for each population) and (b) additive model (common slope but different
ordinates). Spot, spot number. p-values (significant values in bold) are shown for the population effect (P effect: difference between M and
NM ordinates), Cu effect (effect of Cu concentration on M slope in the complete model and on a common [M/NM] slope in the additive
model), and | effect (interaction P x Cu, difference between M and NM slopes). S.g., significance levels: 0.001 < ** <001 <* <0.05<§ <
0.1 < Ns < 1. B?, determination coefficient for the model used.

Eight spots were over-expressed in one population at only one Cu concentration
(Student’s test, Table 4): (i) five in M roots: 352, and 726 at 1 uM Cu; 154 at 5 uM Cu; 397 at
15 uM Cu; 274 at 30 uM; and (ii) three in NM roots: 49 at 5 uM Cu, 82 and 284 at 30 uM Cu.

Only 26 was overexpressed in NM roots at two Cu concentrations, 1 and 10 uM Cu (Table
4). For the ten other spots and all Cu concentrations, protein expression in roots did not differ

between populations, based on Student’s test.

Table 4: Significant differences in protein expression between M and NM roots at each Cu concentration
(1,5, 10, 15, and 30 uM Cu).

Spot 1pM S.g. Ratio 5pM S.g. Ratico 10pM S.g. Ratio 15pM S.g. Ratio 30pM S.g. Ratio

26 0.085 3 82 0.343 Ns 88 0.024 * 72 0.752 Ns 95 0.876 Ns 103
726 0.036 * 123 0.126 Ns 124 0.455 Ns 125 0.420 Ns 116 0.770 Ns 107
352 0.075 & 138 0915 Ns 103 0.682 Ns 108 0.378 Ns 117 0.250 Ns 114
154 0.166 Ns 133 0.023 * 168 0.412 Ns 124 0.206 Ns 152 0.6360 Ns 119
49 0135 Ns 148 0.083 § 75 0.595 Ns 9 0.628 Ns 132

397 0.189 Ns 115 0.133 Ns 118 0.205 Ns 122 0.095 § 142 0.632 Ns 110
274 0332 Ns 136 0.666 Ns 93 0.409 Ns 126 0.928 Ns 102 0.055 § 165
82 0.451 Ns 87 0.212 Ns 82 0.349 Ns 89 0.940 Ns 97 0.081 § 63
284 0338 Ns 64 0.999 Ns 100 0.706 Ns 118 0.236 Ns B0 0.073 § a7

For each Cu concentration, p-values (significant values in bold) of the Student’s test are associated to their significance levels, S.g.: 0.001
< *¥ 2001 <* <005 <5 =01=ns =<1, and to the ratio: %Vn in M roots / %Vn in NM roots, Ratio. Spot, spot number.

Well-fitting regression models between %Vn and Cu concentration are listed in Table
5. Spots 26 and 397 were Cu-responsive in both populations but direction variation increased
for 26 and decreased for 397. In M roots, spots 245, 420, 442, and 542 decreased while 274
increased as Cu exposure rose. In NM roots, spots 16 and 396 significantly decreased whereas

314 and 537 rose as Cu concentration increased.
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Table 5: Well-fitting regression models for the relationship between spot %Vn in soluble root proteome
and Cu exposure for each spot and A. capillaris population.

Spot Pop. p-Values Variat. Model equation R?
337 M 0.082% ! %Vn =-0.017 In{Cu) + 0.312 0.22
NM 0.46/0.024 * | %\Vn = 0.0002 Cu® - 0.009 Cu + 0.28 0.38
26 M 0.04*% 1 %Vn = 0.008 In{Cu) + 0.065 0.29
NM 0.961/0.051% 1 %\Vn = - 0.00007 Cu? + 0.002 Cu + 0.08 0.28
245 M 0.014* ! %Vn =-0.061 In({Cu) + 1.232 0.38
420 M 0.854 / 0.055° | %\Vn = 0.0008 Cu? - 0.028 Cu + 1.895 0.28
442 M 0.668 / 0.041* ! %Vn = 0.001 Cu® - 0.045 Cu + 0.9 0.3
542 M 0.765/0.073° ! %\Vn = 0.0004 Cu? - 0.013 Cu + 0.26 0.25
274 M 0.007 ** /0.123 1 %\Vn = 0.0001 Cu? - 0.003 Cu + 0.134 0.53
16 NM 0.976/0.031* ! %Vn = 0.0003 Cu? - 0.01 Cu + 0.254 0.33
396 NM 0.055% l %\n = — 0.056 In{Cu) + 0.868 0.25
314 NM 0.033* / 0.517 1 %\Vn = 0.001 Cu? - 0.02 Cu + 1.062 0.34
537 NM 0.087% 1 %Vn =0.013 Cu + 1.51 0.21

Spot, spot number; Pop., population; p-values in bold were significant (0.001 < ** = 0.01 <= * < 0.06 = § = 0.1). For the polynomial model,
first p-value refers to Cu? and the second to Cu. Cu, Cu concentration in the nutrient solution. Variat., arrows indicate the direction variation.

R?, determination coefficient for the model used.

3.3. Variations of protein expression

Based on statistical analyses, these spots were classed in three main groups (Fig. 3): (i)
spots differentially expressed between populations but non-responsive to Cu exposure, (ii) spots

overexpressed in one population and Cu-responsive, and (iii) spots only responsive to Cu.

3.3.1. Protein expression only influenced by population effect

Three spots showed a population effect based on both ANCOVA and Student’s tests
(Tables 3, 4 and Fig. 3a): one triose phosphate isomerase spot (T1M, 82) was overexpressed in
NM roots, notably at 50 uM; one isocitrate dehydrogenase (IDH, 352) and one 14-3-3-like
protein spot (154) were overexpressed in M roots, significantly at 1 and 5 pM, respectively.
The second TIM (92) and one legumin A (237) showed a population effect only based on
ANCOVA and were overexpressed in M roots. Three spots showed a population effect at only
one concentration, based on Student’s tests; one tubulin alpha (tub a, 49) and one fructose-
bisphosphate aldolase (FBP aldolase, 284) were overexpressed in NM roots at 5 and 50 uM Cu,
respectively, whereas the second 14-3-3-like protein spot (726) was overexpressed at 1 uM Cu
in M roots.

3.3.2. Spots responsive to population and Cu effects

Four spots, i.e. 26, 274, 396, and 397 were differentially expressed between populations
and across the series of Cu exposures in at least one of the statistical tests (Fig. 3b). Tub o (396
and 397, ANCOVA Table 3, and Student’s test for 397 at 15 uM Cu, Table 4) was
overexpressed in M roots and reduced as Cu exposure rose with a well-fitted regression model
for at least one population, i.e. 396 in NM roots, 397 in M and NM roots (Table 5). UDP-

arabinopyranose mutase (274, ANCOVA, Table 3, and Student’s test at 30 uM Cu, Table 4)
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and [Cu/Zn] Superoxide dismutase (Cu/Zn-SOD, 26, ANCOVA, Table 3, and Student’s test at
1 and 10 uM Cu, Table 4) were respectively overexpressed in M and NM roots and increased
in response to Cu exposure in at least one population with well-fitted regression model, i.e. 26
in M and NM roots, 274 in M roots (Table 5).
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Figure 3: Changes in protein expression (%Vn, n = 3, Melanie 7.0) when Cu exposure increased in the
1-30 uM Cu range, for protein spots a) only influenced by the population origin (P effect), b) responsive
to both Cu and population origin, and ¢) only responsive to Cu (Cu effect). M roots: black; NM roots:
open. Significant differences (Student’s test, Table 4) referred to 0.001 < **<0.01<*<0.05<§<0.1.
Well-fitted regression models were displayed for M (upper part, black line) and NM (lower part, grey
line) roots (Table 5). Abbreviated protein names refer to Table 2, TIM: triosephosphate isomerase (82
and 92); 14-3-3-like prot.: 14-3-3-like protein GF14 (154 and 726); FBP aldolase: fructose-bisphosphate
aldolase (284); IDH: isocitrate dehydrogenase (352); SOD: superoxide dismutase (26); UAM: UDP-
arabinopyranose mutase (274); NDK: nucleoside diphosphate kinase 1 (16); MDH: malate
dehydrogenase (245); SAMS1: S-adenosylmethionine synthetase 1 (314); MetE: 5-
methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (537 and 542).
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3.3.3. Spots only responsive to Cu exposure

In M roots, malate dehydrogenase (MDH, 245), enolase (420), ATP (adenosine
triphosphate) synthase o (442) and the second spot of 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase (MetE, 542) were reduced in response to increasing Cu
concentrations (Table 5 and Fig. 3c). In NM roots, nucleoside diphosphate kinase (NDK, 16),
was reduced as Cu exposure rose (Table 5 and Fig. 3c). Copper effect was significant in
ANCOVA for S-adenosylmethionine synthetase 1 (SAMSL1, 314, Table 3). SAMS1 (314) and
one MetE spot (537) were increased in NM roots (Table 5 and Fig. 3c).

4. Discussion

Elucidation of mechanisms underlying greater Cu tolerance in M populations is one
option to promote plant selection for phytoremediation of Cu-contaminated soils. Having some
Cu-tolerant populations, A. capillaris is a candidate for studying differential responses of grassy
populations to chronic Cu exposure. Plants were cultivated on imbibed perlite, notably as Si

can alleviate Cu toxicity and hydroponics alters root ultrastructure [32, 40].

Proteomic profiles in roots of M and NM populations of A. capillaris exposed to
increasing Cu concentrations from 1 to 30 uM were compared to identify potential soluble
proteins involved in tolerance to Cu excess. However, this experiment constituted a preliminary
work, as only a partial snapshot of 23 spots was achieved due to material and resource
limitations. The functions and accumulation of the 19 identified protein spots were discussed
for their possible implication in Cu-tolerance, without forgetting that the results remained
partial and incomplete. This work will be followed by complementary experiments to increase

these partial results.

More than 1 000 spots were reproducibly recorded (Fig. 1) which exceeded the 300 spots
determined in Cannabis sativa roots exposed to 601 uM Cu [30] and was similar to spot number
recorded in root proteome of E. splendens exposed to 100 uM Cu [26]. Studies on the proteomic
responses to abiotic stresses in Agrostis spp. are scarce,but exist for Cu [41], As [42], and heat
stress [24]. Consequently, few EST sequences of Agrostis spp. are available online and the
additional use of rice database was required to identify proteins (Table 2). Identified proteins
are involved in several metabolic processes, i.e. defense, energy and carbon metabolism,

ethylene metabolism, signaling molecules and cytoskeleton (Table 2, Fig. 2).

Overall, these partial results agreed with the general scheme for plant responses to

excessive metal(loid) exposure, with differential expression of several proteins involved in
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signaling pathways, detoxification processes, and changes in primary metabolism [43]. Several
enzymes identified in this study interact with Cu in A. thaliana roots [29]. This included
enzymes with metal ions as cofactors, for example enolase, SAMS and IDH, and enzymes

interacting with Cu by direct binding, for example metE.

4.1. Proteins involved in oxidative response

As a redox-active metal, Cu catalyzes formation of hydroxyl radicals via Haber-Weiss
and Fenton-like reactions, generating oxidative stress in cells [44]. Accordingly, lipid
peroxidation and other cellular impacts caused by reactive oxygen species (ROS) should be

accompanied by changes in antioxidative and defense mechanisms [43].

One Cu/Zn-SOD (26) was differently expressed in roots depending on either A. capillaris
populations or Cu concentration in the nutrient solutions (Tables 2-5). SODs are converting
superoxide anion radicals (O2") into hydrogen peroxide (H.02) and molecular oxygen [40, 45].
Chloroplastic Cu/Zn-SOD (26) increased with a biphasic response in NM roots but with a
constant rise in M roots (Fig. 3), and was overexpressed in NM roots at 1 and 10 uM Cu (Table
4). This suggested that oxidative stress was higher in NM roots, especially at 10 uM Cu but
also at the lower Cu exposure tested, together with a slight reduction in Cu/Zn-SOD expression
over 15 pM Cu, compared to M roots. Increases in Cu/Zn-SODs are reported in roots of
Poaceae, for example Zea mays [46] and Festuca arundinacea [47]. SOD expression did not
change in Cu-stressed (0.6 mM Cu) C. sativa roots [30], however this harmful Cu exposure is
not common in soil pore water of Cu-contaminated soils [9]. In leaves of Cu-stressed Hordeum
vulgare, Mn-SOD decreased whereas Cu/Zn-SODs increased [48]. Here, Cu stress could induce
chloroplastic Cu/Zn-SOD expression to quench ROS production in roots. Alternatively, as Cu
uptake reduced leaf Fe concentration more in NM than in M A. capillaris [21], Cu-stress may

affect Fe homeostasis and Fe-SOD expression, promoting Cu/Zn- and Mn-SOD expressions.

4.2. Proteins involved in signaling pathways

Proteins involved in signaling pathways are expected to be differentially expressed in
metal (Cu) stressed plants for perception and transmission of stress signals [43]. L-
homocysteine is converted into L-methionine by MetE (537 and 542, Fig. 2) which is then
transformed by SAMS1 (314) into S-adenosyl methionine (SAM), a direct precursor of ethylene
(Fig. 2), which is involved in growth, development, and stress signaling notably during
senescence. For MetE, spot 542 decreased in M roots, whereas 537 increased in NM roots but
regarding to the expression level, the increase of 537 in NM was dominant compared to the
decrease of 542 in M (Fig. 3). The SAMS spot (314) was Cu-responsive and increased in NM
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roots (Fig. 3). In As-stressed rice roots [49] and Cu-stressed resistant and sensitive strains of
the brown algae Ectocarpus siliculosus [50], SAMS increased whereas it slightly decreased in
Cd-stressed B. juncea [51]. Increase in SAMS and MetE abundances in Cu-stressed NM roots
could stimulate ethylene production [52], and may reflect a higher Cu-induced senescence in
NM than in M roots. In parallel, SAM acts as GSH precursor through its conversion to cysteine
via the trans-sulphuration pathway [53]. It may contribute to enhance levels of cellular GSH
level and related metabolites, for maintaining Cu-binding, transport, and storage in NM roots.
SAM and L-methionine are also direct precursors of nicotianamine (NA), which complexes Cu
[50, 54]. Its role is controversial as NA may be only implied in Cu transport from roots to shoots
in case of deficiency [55] whereas a Cu-induced rise in NA may reflect interspecies variations
concerning Cu impacts [56].

Signal transduction in plant cells can be either a direct process where reverse
(de)phosphorylation regulates target enzymes activity or a multistep process involving 14-3-3
proteins [57]. 14-3-3 proteins contribute to regulate H*-ATPase that governs the
electrochemical gradient across the plasmic membrane and is essential to control ion transport
and cytosolic pH [58]. The 14-3-3 proteins are also involved in regulating signal transduction
pathways, hormone signaling, transcription factors, metabolism, apoptosis, adhesion, cellular
proliferation, differentiation, and survival, and ion homeostasis by being positive regulators of
plasma membrane H*-ATPase and ions channels [59-62]. 14-3-3 proteins interact with several
proteins involved in ethylene biosynthesis, for example ACC (1-aminocyclopropane-1-
carboxylate) synthase, ETO-like protein, and SAMS. In this study, spots identified as 14-3-3-
like proteins (154 and 726) were overexpressed in M roots, especially at 5 uM Cu for 154 and
1 uM Cu for 726 (Tables 3-4, Fig. 3), but did not continuously vary with Cu exposure. This
suggested a difference in signal transduction between the M and NM populations of A.

capillaris and potential enrolment of 14-3-3-like proteins to explain their behavior.

4.3. Proteins involved in energy and carbohydrate (primary) metabolisms

To maintain correct cell functioning under Cu stress, an increasing demand for ATP,
NADH (nicotinamide adenine dinucleotide), NADPH (nicotinamide adenine dinucleotide
phosphate), and reducing molecules may occur, leading to changes in expression of enzymes
involved in energy provision [63]. Four energy processes were addressed in our study, i.e.
glycolysis/gluconeogenesis, Tricarboxylic Acid Cycle (TCA cycle), respiratory chain in
mitochondrion (oxidative phosphorylation) and purine/pyrimidine metabolism (Table 2, Fig.
2). All identified enzymes belonging to energy metabolism were highly expressed in A.

capillaris roots (Table 2, Fig. 1).
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4.3.1. Glycolysis

Glucose degradation by dehydrogenation during glycolysis produces pyruvate, and high-
energy compounds, i.e. ATP and NADH (Fig. 2). The five enzymes involved in glycolytic
reactions, TIM (82 and 92), FBP aldolase (284), and enolase (420), were highly expressed in
A. capillaris roots (Table 2). TIM spots 82) and 92 were respectively overexpressed in NM
roots, markedly at 30 uM Cu, and in M roots (Fig. 3). Spot 82 was more expressed than 92 and
more influenced by population effect, indicating a global TIM over-expression in NM roots
when both spots are combined. Additionally, FBP aldolase (284) was overexpressed in NM
roots at 30 UM Cu (Fig. 3). Taken together, this suggested a higher production of glycerone-1-
phosphate in Cu-stressed NM roots, leading to a higher production of methylglyoxal. Less
methylglyoxal production may contribute to the higher Cu-tolerance observed in M population
of A. capillaris. Enolase catalyzes the intermediate step of the conversion of glyceraldehyde-3-
phosphate to phosphoenolpyruvate in glycolysis (Fig. 2). Expression of enolase (420) did not
depend on populations but decreased in M roots as Cu exposure rose (Fig. 3). It was the most
expressed soluble protein in Agrostis roots, suggesting high phosphoenolpyruvate and pyruvate
productions but enolase has a relatively low enzymatic efficiency so a lot of protein is needed
just to keep the pace of the other enzymes. Two spots of enolase occurred in Cu-stressed C.
sativa roots: one was non-responsive to Cu while the expression of the second was halved [30].
In Cu-stressed rice roots, enolase accumulation was also halved [27]. However, Cu exposure

was 100-fold higher in these studies compared to our experiment.

4.3.2. TCA cycle

MDH (245) and IDH (352), which respectively catalyze in the TCA cycle the conversion
of malate into oxaloacetate (and vice versa) using NAD'/NADH and the oxidative
decarboxylation of isocitrate, producing a-ketoglutarate and CO> using NAD*/NADH (Fig. 2)
[64], were highly expressed in A. capillaris roots. In M roots, 245 was reduced as Cu exposure
rose (Fig. 3). At the lowest Cu concentration (1 uM Cu), IDH (352) and MDH (245) were
overexpressed in M roots (Table 3, Fig. 3), suggesting a sub-optimal Cu supply and higher
synthesis of malic and citric acids, which are potential ligands for free Cu?* and may optimize
Cu distribution and use in cells [23, 65].

4.3.3. Oxidative phosphorylation

The ATP synthase subunit o (442, Fig. 2) catalyzes ATP synthesis in the last step of
oxidative phosphorylation [66]. Expression did not differ between M and NM roots, but
decreased in M roots between 1 and 10 uM Cu as MDH and MetE (Fig. 3).
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4.3.4. Purine and pyrimidine metabolism

Expression of NDK (16, Fig. 2) decreased in NM roots between 1 and 10 uM Cu (Fig.
3), which may indicate a slowing of cellular processes as Cu rose. This suggested a higher
energy production in Cu-stressed M roots that may confer a better ability to maintain cellular

processes.

4.4, Other functions

Three spots identified as tub a (49, 396, and 397), one of the two basal components of
microtubules, were over-expressed in M roots (Tables 3 and 4) and only 49 was not Cu-
responsive (Fig. 3). Spot 396 decreased only in NM roots but 397 in both M and NM roots.
However, due to the respective expression rate of these spots, the decrease in NM was the
dominant effect (Table 4, Fig. 3). Cytoskeleton would be negatively impacted by excessive Cu

exposure, markedly in NM roots, confirming previous findings in Allium sativum [67].
5. Conclusion

The soluble proteome was partially analyzed in roots of 2-month-old M and NM A.
capillaris plants cultivated on perlite and exposed to Cu (1-30 pM range) since their sowing to
investigate (i) differential expression of soluble proteins in NM and M roots when Cu stress is
increasing, and (ii) molecular mechanisms underlying higher tolerance to excess Cu in M

plants.

Some insights were gained into mechanisms underlying Cu tolerance in both A. capillaris
populations, but a complete model of such mechanisms could not be drawn, due to the low
number of selected spots. Only 19 out of the 23 spots selected for differential expression were
identified as databases are limited for this non-model plant. Based on these preliminary results,
M plants of A. capillaris did not evolve a specific mechanism in roots explaining their higher
Cu-tolerance in the range 17.7-210 mg Cu/kg root DW, and it would merely result from
simultaneous cooperation of various processes. Main functions in line with differential
responses of M and NM roots at low (1-5 uM Cu) and high (15-30 uM Cu) Cu exposure
concerned antioxidative mechanisms, carbohydrate and energy metabolism, and signal

transduction.

At supra-optimal Cu exposure (15-30 puM), glycolysis was likely altered in NM roots with
increased production of glycerone-P and methylglyoxal based on over-expression of TIM and
FBP-aldolase. Higher superoxide detoxification would occur in M roots, in line with the
increase of chloroplastic Cu/Zn-SOD. Changes in tubulins and higher MetE and SAMS
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abundances, respectively underpinned impacts on the cytoskeleton and stimulation of ethylene
metabolism in NM root cells, which may reflect a higher Cu-induced senescence. Increased L-
methionine and SAM amounts in NM roots may also facilitate production of NA, which
complexes Cu, and of L-cysteine, which is needed for metallothioneins and GSH production.
At low Cu exposure (1-5 uM), soluble root proteomes differed between populations, suggesting
a suboptimal Cu supply in M at 1 uM. Over-expression of 14-3-3 proteins in M roots at 1-5 uM
Cu and of IDH at 5 uM Cu suggested, respectively, a higher signal transduction and higher
synthesis of Cu?* ligands such as citric acids. Over-expression of SOD in NM roots at 1 uM Cu
may indicate a higher oxidative stress in NM plants even at the lower Cu exposure. This
preliminary work will initiate further characterization of soluble proteome in Cu-stressed roots

and leaves of both Agrostis populations.
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Abstract

A. capillaris L. is a pseudo-metallophyte known for its plasticity regarding metal(loid)
tolerance, including Cu. Two populations differing by their Cu tolerance were compared under
increasing Cu excess (1, 5, 10, 15, 20, 25, 30, 40 and 50 uM) to investigate plant response to
Cu stress. Seeds of the tolerant (Metallicolous, M) and the non-tolerant (Non-Metallicolous,
NM) populations were respectively collected on a Cu-contaminated soil and an unpolluted
forest edge. After a 3-month period of growth on perlite moistened with a CuSO4 spiked-
nutrient solution, plants were harvested. Maximal Length (Lmax) and Mean Length (Lmean) of

shoots were measured and root/shoot Fresh and Dry Weight yields (FW, DW) determined.

Cu impacted plant growth, disturbed root architecture and induced chlorotic symptoms in
both populations, more intensively in NM, indicating a higher tolerance of the M population in
this range of Cu exposure. Shoot length, fresh and dry weight yields decreased sharply in NM
but did not vary or slightly decreased in M plants. Shoot/roots ratios of Cu concentrations
confirmed the “excluder” phenotype of A. capillaris and indicated limitation of Cu transport to
aerial parts. Root Cu concentrations refuted the possibility of a reduced Cu accumulation in M
roots at low and high Cu exposure but at intermediate (25-30 uM Cu), lower Cu concentrations
and higher biomass of M plants suggested a similar uptake but a dilution of Cu in tissues
through an increase of root biomass. A better efficiency to cope with Cu toxicity and to maintain
root growth and functions deserved further investigations. Foliar Cu concentrations excluded a
reduced Cu translocation in M plants, as they were either similar or higher in M leaves. On the
contrary, this supported the existence of a better efficiency of M leaves to cope with the
deleterious effects of Cu excess, and even more suggested a high need for Cu in this population.
Foliar Fe concentrations decreased with Cu excess in shoots of both populations, while Zn

concentrations increased, so chlorosis symptoms were rather attributed to Fe than Zn
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deficiency. Maintaining of roots K concentrations and regulation of Ca, Na and Al foliar
concentrations appeared to be involved in the enhanced Cu-tolerance of the M population.

1. Introduction

Some plant species, called “full metallophytes”, have only been observed in naturally
metal-enriched areas, such as Cu-rich soils in Africa, and present growth reduction when
cultivated in low metal supply. In case of Cu, these species have been named absolute
cuprophytes (Faucon et al., 2008). Some others, called “pseudo-metallophytes”, exhibit
phenotypic plasticity for metal-tolerance and may evolve populations on both metal-free and
metal-contaminated soils. These species constitute a relevant tool to examine tolerance
(including resistance) mechanisms, as populations grown on contaminated soil may have

evolved molecular mechanisms enabling their survival.

A tolerant (Metallicolous, M) population of Agrostis capillaris L. (Colonial bentgrass)
has been recorded as dominant species at a French wood preservation site with Cu-
contaminated soils (65 - 2600 mg Cu/kg soil, Bes, 2008; Bes et al., 2010). This pseudo-
metallophyte has long-time been studied for evolving metal-tolerant populations, including Cu
(Gregory and Bradshaw, 1965; Nicholls and McNeilly, 1985; Symeonidis et al., 1985 a and b;
Lepp et al., 1997; Vogeler et al., 2008) and present interesting characteristics for aided
phytostabilization of Cu-contaminated soils, i.e. relative fast growth and perennial life cycle,
high soil coverage, tolerance to abiotic/biotic stresses, low-input production (energy, costs),
low nutrient/water requirements, and restricted uptake/accumulation of contaminants in shoots,
with a shoot:root ratio of 0.3 typical of an excluder phenotype (Dahmani-Muller et al., 2000;
Padmavathiamma and Li, 2007; Vangronsveld et al., 2009).

There is a lack of knowledge on mechanisms underlying Cu-tolerance to excess Cu and
low shoot:root ratio in grassy species such as A. capillaris. At the plant level, several processes
have been suggested, e.g. limitation of root Cu uptake, accumulation in roots and limitation of

Cu translocation into aerial parts and better ability to cope with Cu in both root and leaf cells.

In previous work, this M population has been compared to another non-tolerant one,
called non-metallicolous (NM), and collected on the uncontaminated soil of a forest edge.
Response to Cu exposure has been evaluated on a Cu-contaminated soil series obtained with
the fading technique and indicates a higher tolerance for the M population under increasing Cu
excess (Bes, 2008). A second experiment on Cu-spiked perlite moistened with Hoagland
nutrient solution in the 1-30 uM Cu range for a 2-month period, has confirmed the higher

tolerance of the M population and indicated differential accumulation of soluble proteins
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depending on both the Cu exposure and the population origin (Bes, 2008; Hego et al., 2014,
Chapt. I1).

Here, the M and NM populations of A. capillaris L. were chronically exposed to Cu in
the 1-50 uM range for a 3-month period, to confirm the better tolerance in the M population
under Cu-contaminated conditions and identify the mechanisms underlying the enhanced Cu
tolerance of the M population. Did M plants avoid Cu accumulation or possess a better ability

to cope with Cu excess in cells?

2. Materials and Methods

2.1. Plants and Cu treatments

Seeds of metallicolous (M) and non-metallicolous (NM) populations were respectively
collected from A. capillaris L. growing at a wood preservation site contaminated by Cu (Bes
and Mench, 2009; Mench and Bes, 2009; Bes et al., 2010) and at a forest edge (RN10, Km 83,
Belin Beliet, Gironde, France) in August-September 2011. Phenotypes of M and NM
populations were previously characterized on a Cu-contaminated soil series obtained with the
fading technique and on Cu-spiked perlite moistened with Hoagland n°2 nutrient solution in the
1-30 uM Cu range (Bes, 2008). Seeds were sowed and plants cultivated for three months on
perlite constantly bottom moistened with Hoagland n°2 nutrient solution (Hewitt, 1966)
containing 1, 5, 10, 15, 20, 25, 30, 40 and 50 uM Cu (added as CuSOs4, 7H20), weekly changed.
Moistened perlite was preferred than hydroponics for maintaining root ultra-structure and Si
nutrition closer to soil conditions (Lux, 2010). Seeds were germinated under natural light in
plastic pots (15 x 12 x 8 cm). After 28 days, plants were transferred in a growth chamber with
a 14h, 27°C day and a 10h, 22°C night regime, with 220-240 pmol photons m 2.5t light
intensity and 65-75% relative humidity.

For each experimental condition (i.e. Population x Cu concentration), 6 replicates were
carried out, divided in two sets of three pots, leading to 3 replicates for both populations in each
set. To avoid edge effects, sets and pots were moved every three days.

2.2. Morphological parameters and concentrations in elements

After a 3-month period of growth all plants were harvested by removing perlite from roots
with milliQ water. Maximal length (Lmax) and mean length (Lmean) Were measured only on
shoots for the experiment with a high plant density because of the partial damage of the root
apical parts during the harvest, notably the longest roots. After sampling roots and leaves for
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proteomic experiments (see chapters 1V and V), remaining tissues were rinsed in milliQ water,
weighed and oven dried (one week, 70°C) to calculate fresh and dry weight yields (FW, DW).
Aliquots of root and leaf dry matter (0.5 g DW) were wet-digested in 14 M HNO3z and 30% vol.
H>0> under microwaves (CEM Marsxpress) and elements determined by axial ICP-AES at the
INRA USRAVE laboratory, Villenave d'Ornon, France.

2.3. Statistical analyses

In this experiment, Cu was considered as a continuous variable to include the “dose”
notion in the analysis. To characterize the response of each population across the range of Cu
exposures, Pearson’s correlation was used between each population dataset (M and NM) and
Cu exposure (1-50 uM). Datasets were also fitted with regression models using three options

(Cu: Cu concentration in the nutrient solution, a, b, ¢ and d: constants):

(1) Parammnm = a Cu + b, henceforth referred as Linear model,
(2) Parammmm = a In[Cu] + b, referred as Logarithm model,

(3) Parammnm = a VCu + b, referred as Square root model

(4) Parammmnm = a Cu? + b referred as Square model

(5) Parammmnm = a Cu?+ b Cu + ¢, referred as Polynomial 2 model

(6) Parammnm = a Cu® + b Cu? + ¢ Cu + d, referred as Polynomial 3 model.

To characterize differences between M and NM populations for each parameter, Student’s
tests were applied at each Cu exposure (n = 6). Alpha error has been fixed at 0.1 because of
inter-replicates variability. Statistical analyses were conducted on R v2.11.1 (R Foundation for
Statistical Computing; Vienna, Austria). Graphical figures were obtained on R then modified

with Power Point.
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3. Results

3.1. Phenotype and growth parameters

For the 18 experimental conditions (2 populations x 9 Cu exposure levels), phenotypes
of the 6 replicates after the 3-month-growth period (Fig. 1) were characterized by 4 parameters
in roots and 6 in shoots (Fig. 2). These parameters included mean and maximal shoot length
(Lmean and Lmax), mean fresh and dry weight yield of shoot and roots (FWr, FWs, DWr and
DWs yield per plant). Table of mean values (+/- standard deviation), Student’s test results and
Pearson’s correlations for all growth parameters and ionome are given in Annex 4, 5 and 6

respectively.

As described below, high growth variability occurred among plants composing replicates
(intra-replicate), among replicates of a selected population and Cu exposure (inter-replicates),
among the mean replicate of a population upon Cu exposure (inter-Cu exposures + intra-
population) and between population at each Cu exposure (inter-populations + intra-Cu

exposure).

i) Intra-replicate variability (i.e. among individuals inside the same replicate of one
population). This variability was not quantified because the comparison was made at the
replicate level (one pot consisted in a small population of 30-40 individuals), but noticed
because it was highly visible in M population at high Cu exposure (30-50 pM, Fig. 3). At low
and moderate exposures, this variability was either not observed or low in both populations. At
50 uM, such variability was also observed for NM plants but three groups of M plants were
clearly discriminated for Cu-tolerance: i.e. no or low, intermediate and high tolerance. For all

analyses, mean value of each replicate (among all individuals) was used to make comparisons.

i) Inter-replicate variability (i.e. among the 6 replicates of one experimental condition). This
variability limited application of linear regressions in particular for the FWs and DWs vyield

parameters in M population (Fig. 2).

iii) Variability including inter-Cu exposure + intra-population (i.e. among Cu exposure
conditions of the same population (Cu Effect + Interaction Cu x Pop, Regressions and

Correlations)

iv) Variability including inter-populations + intra-Cu exposure: i.e. between populations at
each experimental condition (Pop Effect + Interaction Cu x Pop, Student’s test).
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30uM 40uM

Figure 1: Pots with high population density (30-40 plants per pot) from M and NM populations of
Agrostis capillaris exposed to increasing Cu exposures (1-50 uM Cu)

Growth of both populations was visibly impacted by Cu exposure (Fig. 1-2, Annex 2 and
3), but reduction was more drastic for the NM one, whatever the plant parameter observed. Both
datasets for shoot length, i.e. Lmean and Lmax, were negatively correlated with Cu exposure
in M plants (r =-0.52 and -0.36, p-values < 0.0001 and = 0.007 respectively) and NM plants (r
=-0.91 and -0.84, p-values < 0.0001, respectively). For each population, these datasets could
be fitted by the same type of linear model: i.e. Polynomial 3 for M (R? = 0.37 and 0.26,
respectively) and Linear for NM (R? = 0.84 and 0.71, respectively; Fig. 2), indicating that for
both parameters these populations had different behavior across this Cu exposure range. For
the M population, an increase of Lmean and Lmax between 1 and 15 uM Cu was followed by
a decrease from to 20 to 40 uM, and a slight increase at 50 uM Cu. For the NM population,

Lmean and Lmax linearly decreased between 1 and 50 uM Cu.

Between 1 and 50 uM, fresh weight yield of roots (FWr yield) and shoots (FWs yield)
were correlated with Cu exposure, positively in M (r = 0.36 and 0.23, p-values = 0.007 and
0.09, respectively), but negatively in NM (r = -0.66 and -0.75, p-values < 0.0001 respectively,
Tab. 1). These results were confirmed for FWr yield by data-fitted models: a Square model (R?
= 0.46) indicated a decrease in NM whereas a Square Root model (R? = 0.14) pointed out an
increase for the M population (Fig. 2). For FWs yield, datasets could only be fitted in NM
population due to the high variability inter-replicates measured in M population, and a

Logarithmic model (R? = 0.35) showed a decrease as Cu exposure raised.

Correlation between both Dry Weight yield of roots (DWr yield) and shoots (DWs yield)
and Cu exposure was negative in NM plants (r = -0.56 and -86, p-values < 0.0001) and non-
significant in M plants (r = 0.22 and -0.02, p-values = 0.11 and 0.90). For DWr yield, data could
not be fitted in any population because of a high inter-replicate variability among experimental
conditions, which in M population increased as Cu exposure raised and peaked at 50 uM. For
DWs yield, data was only fitted for NM population and a Square model (R? = 0.67) showed a
decrease on 1-50 pM Cu range (Fig. 2, Tab. 1).

105



Table 1. Coefficient of correlations (rM/NM) between growth parameters and Cu exposure in roots and
shoots of M and NM populations and results of Student’s tests between M and NM at 1, 5, 10, 15, 20,
25, 30, 40 and 50 pM Cu (alpha = 10%), with significant symbols referring to *** < 0.001 < ** < 0.01
<*<0.05<#<0.1<ns<1and M/NM indicating the population with higher mean value. FWr/FWs:
Fresh Weight yield in roots and shoots in g; DWr/DWs: Dry Weight yield in g; Lmean: Mean length of
shoots in cm; Lmax: Maximal length of shoots in cm. Details available in Annex 4, 5 and 6.
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Figure 2: Growth parameters after 3-months growth of M and NM populations of Agrostis capillaris
exposed to increasing doses of Cu exposure (1-50 uM Cu)
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From 20 uM to 50 uM Cu, all plant parameters were significantly higher in M population
compared to the NM one but more contrasted results occurred at lower Cu exposure (Student’s
tests, n =6, Fig. 2, Tab. 1). At 1 uM, only Lmean was higher in the M population and at 5 uM,
only DWr yield was higher in M population, the other parameters did not differ between
populations at these exposures. At 10 uM, only Lmean and Lmax did not differ between
populations, FWr, FWs, DWr and DWs yields were higher in M population. At 15 pM, only
FWs yield did not differ between populations, all others parameters were significantly higher

in M population.

No toxicity symptom was observed on aerial parts of both plant populations between 1
and 20 uM Cu, but chlorophyll degradation was observed at exposure higher than 25 uM Cu
(Fig. 1 and 2, Annex 2 and 3). Shoot morphological pattern varied from an abundant, dark green
biomass with numerous leaves by stem, distant from few cm, to a small biomass, with few
leaves by stem (2-3) very close to each other’s. Leaves were discolored and thinner than at low
exposure and shoots exhibited a color varying between white, yellow and brown. Root system
architecture was progressively modified in response to Cu exposure, changing from a long,
abundant, highly ramified, fibrous and fasciculate white-yellow system to a short one,
atrophied, blistered, coralloid-like, with low secondary ramifications and a color varying from

yellow to brown-black for the most impacted plants (Fig. 3, Annex 3).

30 40 50
~—Young

=M|ddle

Figure 3: Impacts of Cu exposure on a) roots and b) in leaves from M and NM populations of Agrostis
capillaris exposed to increasing Cu exposure (1-50 uM Cu) and variability intra-population of plant
growth at ) 1-20 pM (M and NM not visibly different) and at 50 uM in d) M and e) NM populations.
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At high Cu (30-50 uM), 4 phenotypes of Cu-tolerance were distinguished (Fig. 3):

1) Sensible individuals, with brown-black coralloid small roots, less than 1cm, and thin shoots
of few centimeters (4-8 cm), with color varying from white-yellow/green- brown, with old

leaves burned-like (Fig. 3e).

ii) Individuals with low Cu-tolerance, which presented small roots (less than 3 cm) with
coralloid aspect and a yellow-brown-black color. Shoot length was slightly higher than non-
tolerant (5-15cm) and leaves were more pigmented, with a coloration depending on leaf age:
young leaves varied from white to yellow whereas intermediate were green and old ones were
brown (Fig. 3d-e).

iii) Individuals with intermediate Cu-tolerance, which exhibited visible but less marked
symptoms on roots and shoots and a growth significantly higher than individuals with low-
tolerance (3-6 cm for roots and 15-25 cm for shoots). Roots exhibited low coralloid symptoms
but were shorter and less abundant. Chlorosis symptoms varied from poorly marked (intense
green) to a patchwork of yellow and green for more severely impacted plants. Once again, shoot
colorations were not homogeneous reflecting leaf age: young leaves were yellow whereas

intermediate were green and old were dark green and sometimes purple (Fig. 3d).

iv) Individuals highly tolerant, which were able to grow without any visible symptoms of
toxicity, neither on roots or shoots, to sizes similar or higher than those measured at low Cu
exposure (Fig. 3d). Unlike plants from the three first groups, these tolerant individuals produced
some stolons, which occurred currently at low Cu exposure, and had a dense, deep root system,
with any symptom, and abundant long green shoots, similar or higher than plants at low Cu

exposure (Fig. 3c).

Individual variability was visible in the 25-30 uM Cu range for the NM population with
a mixed stand exhibiting these four Cu-tolerance phenotypes, but at 40-50 uM Cu, most
individuals presented no or low Cu-tolerance and only some had intermediate tolerance (Fig.
3a, b, e). In the M population, individual variability was detected at 30 UM Cu and increased
drastically at 40-50 uM Cu. Although most plants exhibited intermediate Cu-tolerance, some

displayed one of the three other phenotypes (Fig. 3a, b, d).
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3.2. Shoot and root ionomes

3.2.1. Copper
Mean Cu concentrations ranged from 12 to 543 mg kg™* DW in M roots and from 12 to
840 mg kgt DW in NM ones (Fig. 4) and were positively correlated with Cu exposure (r = 0.81
and 0.85, p-values < 0.0001 for M and NM, respectively). Both populations showed similar
behavior with a visible increase but no model can be applied due to the concomitant increase
of inter-replicate variability (non-respect of homoscedasticity). Student’s test showed that root
Cu concentration was significantly higher in NM plants at 25 and 30 uM Cu (p-values = 0.015

and 0.02) but did not differ between populations at other exposures.
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Figure 4: Root and shoot Cu concentrations of M and NM plants of Agrostis capillaris exposed to
increasing doses of Cu exposure (1-50 UM Cu)

Shoot Cu concentrations ([Cu]s) ranged from 7.7 to 35 mg kg* DW for M plants and
from 8.7 to 33 mg kg* DW for M ones (Fig. 4) and were positively correlated with Cu exposure
(r = 0.92 and 0.89, p-values < 0.0001 for M and NM, respectively). Increases in [Cu]s were
fitted by a Polynomial 3 model for both populations (Fig. 4, Tab. 2) and mean [Cu]s were
significantly higher in M at 5, 20, 25 and 40 uM (Student’s test, p-values = 0.097, 0.031, 0.021
and 0.017, respectively). Cu concentrations were higher in roots compared to shoots for both
populations and mean shoot/roots ratio decreased with Cu exposure, ranging from 0.64