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Cover photos

Upper — The sulfidic metallourgical processing waste&omobil, with the characteristic yellow colour dog
the summer; in the winter the colour turns red frpspecially after raining. These tailings whiwive been
produced between 1953 and 1963, are charactenshigib levels of Ag, As, Bi, Co, Fe, K, S, Sbh, Sda/ and
are weathered to a variable extent. (photo: DiBduranis)

In the background — The theatre of Thorikos above the mine at Velataill, one of the most ancient theatres in
Greece, along with the reconstructed washery. Kberconstitutes a unique ancient mining centre dvade;
the first underground excavations began around 300 a fact that establishes Thorikos mines amdreg t
oldest in Europe. Mining provided silver containimgad sulfide or argentiferous galena. (photo: Elen
Papazoglou)
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Thursday, 5" September 2013

17:00 — 19:00 Welcome and registration

Friday, 6" September 2013

Oral presentations

Session | -ChairpersonMalcolm Hawkesford

09:00

09:05

09:30

09:45

10:00

10:15

10:30

Dimitris Bouranis
Opening of the 4 Sulphyton Workshop

Rainer Hoefgen
Towards systems biology of plant sulfate metabali§hee OAS module

Anna Wawrzynska
Arabidopsis cytoplasmic serine acetyltransferataacts with transcription
factor SCL11

Anna Zngj
In search of UP15 function, a protein encoded megaduced during sulfur
and nitrogen deficiency

Sarah J. Whitcomb
Using metabolic engineering to improve the nutetgquality of rice

Philippe D’Hooghe
Alterations of seed yield and quality in sulphumnilied Brassica napus L.

Coffee break

Session 2 -€hairpersonMario Malagoli

11:00

11:15

Elke Bloem
How abiotic stress affects glucosinolate biosynthesplants

Tahereh Aghajanzadeh
Impact of pedospheric and atmospheric sulfur natrion glucosinolate
metabolism irBrassica species
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11:30 Elise Sorin
Effect of S-limitation on osmotic potential compoit®in oilseed rape leaves:
towards the development of early indicators?

11:45 Assylay Kurmanbayeva
Elucidating the molecular components that alahicornia andSarcocornia
to thrive in high sulfate and sulfide levels

12:00 Dmitry Yarmolinsky
The role of sulfite reductase in sulfite homeostasi

12:30 Lunch

Session 3 -€hairpersonRudiger Hell

15:00 Robert Hansch
Regulatory Network of SQdetoxification

15:30 Elmien Heyneke
The arbuscular mycorrhizal symbiosis influence$usigtarvation responses of
Medicago truncatula

15:45 Bernd Zechmann
Compartment-specific changes in glutathione andraste levels during high
light stress in Arabidopsis

16:00 Nora Luschin-Ebengreuth
The role of antioxidant metabolism during dark-ineld senescence in
Arabidopsis

16:15 Barbara Koffler

Cadmium sensitivity opad2-1 andvtc2-1 mutants is correlated to lower
subcellular glutathione rather than ascorbate ciste

16:30 Coffee break

Session 4 -€hairpersonAgnieszka Sirko

17:00 Luit J. De Kok
Metal toxicity and sulfur metabolism in Chinese loafye

17:30 Martin Reich
Using H'- selective microelectrodes to determine sulfated at roots of
intact plant seedlings
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17:45

18:00

18:15

18:30

18:45

Annekathrin Weese
Metabolic coordination of sulfur metabolismBnassica napus by clock-
controlled genes

George Dilias
The effect of the continuous light in combinatioithasulfur deprivation on
the chlorophyll levels and carotenoids in youngzedeaves

Filippa Maniou
Aerenchyma formation in maize leaves during sulpligprivation

Fayezeh Arabi
Functional analysis of Arabidopsis SDI1/2
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Towards systems biology of plant sulfate metabolisnrThe OAS module

Rainer Hoefgen

Max-Planck-Institut fir Molekulare Pflanzenphysigie, Am Muhlenberg 1, D-14476 Potsdam-Golm, Science
Park Potsdam-Golm, Germany

Hoefgen@mpimp-golm.mpg.de

O-acetyl-L-serine (OAS) provides the carbon backbmneysteine synthesis and is assumed
to positively regulate sulfur deficiency-responsgenes as its amount increases upon sulfur
limitation. Therefore, MRNA accumulation of a numba&f sulfur responsive genes is
apparently controlled by OAS. Recently this hypethewas strengthened by global co-
expression analysis under conditions of variableSQévels with constant sulfur status, such
as light dark shifts, oxidative stress and, obvigusalso under sulfate starvation. This led to
the identification of a stably co-regulated genestgdr, the OAS-module.
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Arabidopsis cytoplasmic serine acetyltransferase teracts
with transcription factor SCL11

Anna Wawrzyiska, Monika Mierzwinska, Agnieszka Sirko

Institute of Biochemistry and Biophysics, Polishatlemy of Sciences, Warsaw, Poland

* blaszczyk@ibb.waw.pl

Cysteine biosynthesis in higher plants involvesienbyme complex, the cysteine synthase
complex (CSC), which consists of serine acetylferase (SAT) and O-
acetylserine(thiol)lyase (OAS-TL) enzymes. The fation of CSC alters the activities of
both enzymes and serves SAT activation but OAS-Tactvation. This reversible
association of both proteins controls cellular stuHomeostasis. There are different isoforms
of both enzymes in cytosol, plastids and mitoch@dhowever, the relevance of CSC
formation in each compartment for flux control gsteine synthesis remains controversial. In
this study, we report the application of a yeasb-twbrid method that used the entire
Arabidopsis cytoplasmic CSC to search for interagtproteins. This approach identified,
among other putative partners of the CSC, a trgtgum factor SCL11. Interestingly, the
formation of the CSC is not a prerequisite forititeraction as more detailed studies revealed
that SCL11 binds to SAT5 but not to OAS-TLAL. Adaitally, the interaction domain is
likely present in a structurally conserved regidnSAT because SCL11 was also able to
interact with other SAT isoforms. The interactiormsvnext confirmed by BiFC method,
revealing the cytoplasmic localization. The possildiological role of SAT5-SCL11
interaction will be discussed.

Acknowledgments This work was supported by the Polish MinistrySifience and Higher Education (project
No 344/N-DFG/2008/0) and the National Science Gefgroject No 2011/03/B/NZ1/01243).
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In search of UP15 function, a protein encoded by ge induced during
sulfur and nitrogen deficiency

Katarzyna Zientara-Rytter, Anna Znéjnna Wawrzyiska, Agnieszka Sirko*

Institute of Biochemistry and Biophysics, Polistademy of Sciences, Pawkiego 5A, 02-106 Warsaw, Poland

* asirko@ibb.waw.pl

Many regulatory aspects of plants adaptation tluisdeficiency are still poorly understood.
Investigation of the proteins of unknown functiomceded by the genes strongly regulated
during sulfur limiting conditions may help to cligrthese processes. In our laboratory, by the
application of SSH method, we identified severahegefrom tobacco as “up” or “down”
regulated during sulfur deficiency. We concentrated defining the function of genes
encoding proteins of unknown function. One of thgsaes iSUP15, strongly induced by
sulfur deficit. UP15 encodes a small protein (168aa) with a Gly- arstridih regions and one
possible nuclear localization signal (NLS) locatdthe C-terminus. However, despite the
fact that UP15::GFP fusion protein shows a nucleealization, UP15 fused to the double
GFP::GUS-tag was observed only in cytoplasm, whanstently expressed iNicotiana
benthamiana leaves. Therefore, the functionality of NLS signal still unclear. Strong
regulation ofUP15 expression by sulfate availability or by nitrogémitation was confirmed
by northern blots and RT-PCR. The highest levaUBi5 transcript was observed in young
and mature leaves of tobacco while in roots theegexpression was rather low. Sequence
similarity and expression patterns allowed us tecdour putative homologs aJP15 from
Arabidopsis thaliana (At2g05580, At2g05510, At1g64730, At5g46730). Theipression in
response to low sulfur or low nitrogen stress wascked by RT-PCR. Based on these results
At2g05510 was chosen for further studies. Our prielary results suggest that UP15 may
play a role in adaptation of plant metabolism te imbalanced nitrogen/sulfur supply.
However the precise role of UP15 in this regulatoeywork remains to be uncovered.

13
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Using metabolic engineering to improve the nutritie quality of rice

Nguyen Huu Cuong, Franziska Briickner, Sarah J \WWimb: Rainer Hofgen*

Max Planck Institute for Molecular Plant Physiolp@otsdam-Golm, Germany

* Hoefgen@mpimp-golm.mpg.de

Rice is a staple food for 3 billion people and eanount for a significant proportion of their
dietary protein, especially in the developing nasiof Asia. However rice protein is deficient
in several amino acids essential in animal diekduding lysine, tryptophan, and methionine.
Unless the diet is supplemented with other progeurces, these amino acid deficiencies can
result in significant health consequences for husmand significantly stifled growth in
animals. Traditional breeding programs have dewlopigh yielding varieties with higher
seed protein levels (e.g. IR64), but these vasadre still deficient in several essential amino
acids. A more targeted approach to improve amind balance in rice is seed-specific
expression of exogenous storage proteins rich sergml amino acids. Despite high
exogenous storage protein expression in the seedalb levels of essential amino acids
remained nearly unchanged, perhaps due to limiteel &amino acid pools in these plants.
Similarly, increased biosynthesis of these esdematmino acids in leaves also failed to
sufficiently improve seed protein quality. Sinceither manipulation of sink nor source
strength proved to be sufficient on its own, we @senbining these two approaches in one
rice line. We anticipate that this “Push plus Pw@pproach will result in rice with greatly
improved nutritive quality for human and animal somption.

14
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Alterations of seed yield and quality in sulphur-lmited Brassica napus L.

Philippe D’Hoogh&?? Lucie Duboussét= Karine Gallard$ Stanislav Kopriva
Jean-Christophe Avi¢é* Jacques Trouverié*.

Normandie Univ, France

2UNICAEN, UMR 950 Ecophysiologie Végétale, Agrononsieutritions N.C.S., F-14032 Caen, France
]INRA, UMR 950 Ecophysiologie Végétale, Agronomien&tritions N.C.S., F-14032 Caen, France
“INRA, UMR1347 Agroécologie, BP 86510, F-21000 Dijnance.

®John Innes Centre, Norwich Research Park, Noriétd 7UH, UK.

* jacques.trouverie@unicaen.fr

Sulphur (S) limitation reduces seed yield and quali various crops such as cereals, mainly
used for producing flour, or oilseed rape, a highd@nanding plant cultivated for its
nutritional value for animal and human feedingthis work, we describe the impacts of S
restriction applied at the bolting (LS32), earlgvilering (LS53) or start of pod filling (LS70)
stages orBrassica napus seed composition. For this purpose, lipids wer@ysed by Near-
infrared spectroscopy and two-dimensional electoogdis were performed on total proteins
extracted from mature seeds. The major S compoohdsture seeds were also determined.
The reduction of protein quality observed for 8 keeds was related to a reduction of S-rich
seed storage protein (SSP) accumulation (as Crurcif&ru4) at benefit of S-poor SSP (as
Cruciferin BnC1). Through this adaptive response, protein contents of LS70 and LS53
seeds were not affected, but it was reduced foRLs®ds. The reduction of lipid content in
LS53 and LS32 seeds was primarily associated wittdaction of C18 derivates. Th®/n3
ratio was increased in LS53 and LS32 sedtizdulations of proteins associated with lipid
storage and carbohydrate metabolism (reductioralgosines, glyoxysomal malate synthase,
thiazole biosynthetic enzyme THI1; accumulatiortitrfate synthase) could be involved in the
alteration of lipid composition of LS53 and LS32eds. The accumulation of proteins
associated with stress response and a lower Iéggli@thione in LS53 and LS32 seeds may
decrease seed resistance to biotic/abiotic strelssesy conservation and germination.
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How abiotic stress affects glucosinolate biosynthissn plants

Elke Bloent*, Kathrin Gualatd, Silvia Haneklaus Maik Kleinwachtef, Jana Paulsén
Ewald Schnuy Dirk Selmaf

!Institute for Crop and Soil Science, Federal Rese&entre for Cultivated Plants (JKI), Bundesallee
50, 38116 Braunschweig

?|nstitute for Plant Biology, Department of Appli€tant Biology, TU Braunschweig,
Mendelssohnstr. 4, 38106 Braunschweig, Germany

* elke.bloem@ijki.bund.de

The glucosinolates (GSL) content is an importardlitgiparameter in crops such as mustard
and nasturtium. Both plants are grown for theitetaend medical purposes. The impact of
different stress parameters on the GSL contengamath of Tropaeolum majus, Snapis alba
andBrassica juncea was investigated in greenhouse trials. Drouglsst(soil water content
of 4-8 Vol% in comparison to 12-18 Vol% in the cat), salt applications (2 mg per day
with irrigation water until evapotranspiration weesduced effectively) and methyljasmonate
(MeJA) (spray application of 4mL of a 200umol/L Megolution) were applied. Different
parameters were recorded to classify the impadheftreatments on plant performance:
evapotranspiration, biomass development, speaft Wweight, plant pigments, plant thiols
and the GSL content. Plants were harvested thresstduring the vegetation period.

In all three plant species drought stress and pipéication of MeJA increased the content of
major GSLs on a dry weight basis: sinalbin & alba, sinigrin in B. juncea and
glucotropaeolin inl. majus. Salt applications did not affect the GSL contemsistently. It
can be concluded that drought stress and MeJAustrabke to increase the GSL content on
production fields. However, drought stress redumemass production whilst increasing the
GSL content so that total GSL yield proved to bmparable to the control or even lower. A
high GSL concentration in the dry mass togetheh vaitreasonably high yield was only
achieved after application of MeJA.
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Impact of pedospheric and atmospheric sulfur nutriton
on glucosinolate metabolism irBrassica species

Tahereh Aghajanzadéh Sujeeth Neerakk3l Malcolm J. Hawkesfortl Anna Koprivové, Stanislav
Kopriva® and Luit J. De Kok

! Laboratory of PlanPhysiology, University of Groningen, P.O. Box 1118300 CC Groningen, The
Netherlands

2BioAtlantis Ltd., Kerry Technology Park, Tralee, G¢erry, Ireland

3Plant Science Department, Rothamsted Researchehi@ep, Hertfordshire AL5 2JQ, UK

* Department of Metabolic Biology, John Innes Cenltetwich Research Park, Norwich NR4 7UH, UK
* t.aghajanzadeh@rug.nl

In addition to sulfate taken up by the roddsassica species are able to utilize atmospheric
sulfur gasses, viz. 1% or SQ taken up by the leaves as sulfur source for groWmtlturrent
study the impact of atmospheric sulfur depositiargtucosinolate metabolism was studied in
two Brassica species characterized by a high {uncea) and low B. rapa) glucosinolate
content. At an ample sulfate supply, exposure dh I3pecies to atmospheric sulfur gasses
hardly affected content and composition of glucokite. HS and S@exposure resulted in a
slight decreasén expression of APS reductase expression whehedsof APS kinase and
ATP sulfurylase remained unaffected. Sulfate-degion of plants resulted in a decreased
biomass production and glucosinolate content. ESgio@ of APS reductase was strongly
enhanced in sulfate-deprived plants but expressidioth APS kinase and ATP sulfurylase
was unaffected. When sulfate-deprived plants wepssed to HS or SQ, plant growth was
restored, however, the glucosinolate content reathiower than that of sulfate-sufficient
plants. Moreover, the expression of APS reductass wartially downregulated again,
whereas expression of APS kinase and ATP sulfueylasiained unaffected.
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Effect of S-limitation on osmotic potential componsts
in oilseed rape leaves: towards the development eérly indicators?

Elise Sorit*®* Anne Maillard*® José Maria Garciamifa Angel Mari Zamarrer
Mustapha Arkoufy Florence Cruz Jean-Claude Yvih Philippe Etiennt®? Alain Ourry-?*

!Normandie Univ, France

2UNICAEN, UMR 950 Ecophysiologie Végétale, Agronomeienutritions N, C, S, F-14032 Caen, France
3INRA, UMR 950 Ecophysiologie Végétale, Agronomienetritions N, C, S, F-14032 Caen, France
*Timac Agro International, 35408 St Malo, France

®Timac Agro Spain, Orcoyen 31160, Spain

* alain.ourry@unicaen.fr

Oilseed rapeRrassica napus) is a S demanding crop, S-limitation resultingaineduction of
yield and of nutritional quality of seeds. Optintipa of S fertilization requires to identify
indicator of S nutrition that could be used eanlyhe growth cycle.

In this study, we examined the effects of S-limiaton osmotic potential components of
oilseed rape leaves. Plants were grown at vegetatage and submitted to S-limitation (S+:
508.7 UM SG or S-: 8.7 uM S@) and were harvested at 0, 1, 2, 3, 7, 13, 24 dnib§s of
S-limitation. Each plant was sampled as old leanesy leaves emerging after S-limitation,
roots and petioles.

Plant growth was maintained during the first 13<ay S-limitation as a result of massive
internal sulfate mobilization mostly from leaveddats subsequent assimilation. This was at
least partly compensated for by an accumulatiomalate, nitrate, chloride and phosphate in
leaves and to a lesser degree in roots. More sumgly, leaf osmotic potential decreased after
two days of S-limitation. Other compounds such msna acids, soluble sugars and cations
will be quantified in order to evaluate their capiition to the leaf osmotic potential.
Additional data {°N-nitrate uptake, nitrate reductase activity, tcaips levels of sulfate and
nitrate transporters) show that under S-limitatioamotic potential is affected earlier that
growth or N metabolism suggesting that field measiwents of leaf ion contents, acting as
osmoticum, could be used as early indicators ffarization management.
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Elucidating the molecular components that allowsalicornia and
Sarcocornia to thrive in high sulfate and sulfide levels

Assylay Kurmanbayevyaiizat Bekturova, Moshe Sagi*

Plant Stress Laboratory, The Albert Katz Departmanbryland Biotechnologies, French Associatesiluta
for Agriculture and Biotechnology of Drylands, B&ein Institutes for Desert Research, Ben-Gurioivérsity
of Negev, Sede Boger Campus 84990, Israel

* gizi@bgu.ac.il

Salicornia and Sarcocornia are extreme halophytes that grow on sea water higth sulfide
and sulfate levels and have been recently intradiasenew crops for extreme salt conditions
such as in the level of Dead Sea water. We areodarpglthe mechanism/s that allows these
plants to cope with sulfate and sulfide levels \hace toxic to many other plants. We grew
the plants at different NaCl, sulfate and sulfideels and scanning for relevant genes and
proteins that might be related to plant resistandbose stresses.
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The role of sulfite reductase in sulfite homeostasi

Dmitry Yarmolinsky, Galina Brychkova, Moshe Sagi

French Associates Institute for Agriculture andtBahnology of Drylands, Blaustein Institutes forsBe
Research, Sede Boger Campus, Ben-Gurion Univetsiggel

* yarmod @post.bgu.ac.il

Using Arabidopsis and tomato plants with modifieR $xpression, we invastigated the role
of SiR in various metabolic processes in plants. Miserved that resistance to ectopically
applied SQ@sulfite was a function of SiR expression leveld #&mat plants with reduced SiR
expression exhibited higher sensitivity than thddwliype. The sulfite sensitive mutants
accumulated sulfite and showed a decline in glidathlevels. In contrast, mutants that over-
express SiR were more resistant to sulfite toxi@ihibiting little or no damage. Resistance
to high sulfite application was manifested by fastfite disappearance and increase in
glutathione levels. The notion that SiR plays & rol the protection of plants against sulfite
was supported by the rapid up-regulatior&ét transcript and activity within 30 min of sulfite
injection into Arabidopsis and tomato leaves. Oasutts indicate that, in addition to
participating in the sulfate assimilation reductpathway, SiR also plays a role in sulfite
homeostasis together with sulfite oxidase and theranembers of the sulfite network.
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Regulatory Network of SO, detoxification

Robert Hansch, Domenica Hamisch Dérte Randewfg Andrea Brautigaf Andreas P. M. Webgr
Cornelia HerschbaéhHeinz RennenbefgRalf R. Mendél

Ynstitut fir Pflanzenbiologie, Technische UniveisiBraunschweig, HumboldtstraRe 1, D-38106 Braunsit)
Anstitut fir Forstbotanik und Baumphysiologie, Rmssur fiir Baumphysiologie, Albert-Ludwigs-Univeisit
Freiburg, Georges-Kdéhler Allee 53/54, D-79085 Fueif)

3Institut fur Biochemie der Pflanzen, Heinrich-Heidaiversitat, Universitatsstrae 1, D-40225 Diigseld

* r.haensch@tu-bs.de

Abiotic stress occurs when plants are exposeddgb toncentrations of sulfur dioxide (§0
and its derivative sulfite. Physiological studiesggested sulfite oxidase (SO) as one
important component of SQletoxification. However, it is unknown to whichterd plant
fumigation with SQ triggers a specific transcriptional response. ddress this question, we
compared Arabidopsis wildtype (WT) and SO knockdmas (SO-KO) facing the impact of
600 nL L' SO, using RNAseq to quantify absolute transcript atames. These
transcriptome data were correlated to sulfur mdisino related enzyme activities and
metabolites obtained from the same samples in aiplogical study. SO-KO plants showed
first symptoms of leaf injury after fumigation thatere not detectable in fumigated WT
plants. Analogously, SO-KO exhibited remarkable dmdad regulative responses at the
MRNA level, especially in transcripts related téflsumetabolism enzymes but also of those
related to stress response and senescence. Oyrduaide evidence for a highly specific co-
regulation between SO and sulfur related enzynkesAPS reductase. Involvement of other
sulfite detoxification mechanisms will be discussethin the talk.
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The arbuscular mycorrhizal symbiosis influences stlir starvation
responses oMedicago truncatula

Daniela Sieh, Mutsumi Watanabe, Emanuel A. DeVenaziska Brueckner, Elmien
Heyneke Rainer Hoefgen and Franziska Krajinski*

Max Planck Institute of Molecular Plant Physiologym Muehlenberg 1, 14476, Potsdam, Germany

* krajinski@mpimp-golm.mpg.de

Arbuscular mycorrhizal (AM) symbiosis is a mutuaiisnteraction that occurs between the
large majority of vascular plants and fungi of gig/lum Glomeromycota. In addition to other
nutrients, sulfur compounds are symbiotically tfarmed from AM fungus to host plants;
however, the physiological importance of mycorrhiz@diated sulfur for plant metabolism
has not yet been determined. We applied differanfuis and phosphate fertilization
treatments toMedicago truncatula and investigated whether mycorrhizal colonization
influences leaf metabolite composition and the esggion of sulfur starvation-related genes.
The expression pattern of sulfur starvation-relagedes indicated reduced sulfur starvation
responses in mycorrhizal plants grown at 1mM phatphnutrition. Leaf metabolite
concentrations clearly showed that phosphate sh@ss greater impact than sulfur stress on
plant metabolism, with no demand for sulfur at strgphosphate starvation. However, when
phosphate nutrition is high enough, mycorrhizabo@ation reduces sulfur stress responses,
probably as a result of symbiotic sulfur uptake.cllyhizal colonization is able to reduce
sulfur starvation responseshh truncatula when the plant’'s phosphate status is high enough
that sulfur starvation is of physiological importan This clearly shows the impact of
mycorrhizal sulfur transfer on plant metabolism.
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Compartment-specific changes in glutathione and ascbate levels
during high light stress in Arabidopsis

Elmien Heynekg& Nora Luschin-EbengretfthMaria Miille? and Bernd Zechmafn

! Max-Planck-Institute of Molecular Plant Physiolo@epartment of Lothar Willmitzer, 14476 Golm, Genya
2 University of Graz, Institute of Plant Sciencesh@bertstrasse 51, 8010 Graz, Austria

* bernd.zechmann@uni-graz.at

Excess light conditions induce the generation efctige oxygen species (ROS) which are
detoxified by antioxidants such as ascorbate amdatyione. In this study compartment
specific changes in antioxidant levels and relamtzymes were monitored among
Arabidopsis thaliana Col-0 plants exposed to d#férlight intensities (150 which was
considered as control condition, 300, 700 and 1}580! m?® s®) for 4 h and 14 d. The results
revealed that wild type plants reacted to shorintexposure to excess light with the
accumulation of ascorbate and glutathione in clplaxsts, peroxisomes and the cytosol and an
increased activity of catalase in the leaves. Loy exposure led to an accumulation of
ascorbate and glutathione mainly in chloroplastee @accumulation of ascorbate in vacuoles
indicates an important detoxification route for hygen peroxide which accumulated in the
tissue especially along the tonoplast and insidei@i@s during the exposure to excess light in
the short term. The results obtained in this stuelped to draw a model for the compartment
specific detoxification of ROS by ascorbate andahione during high light conditions in
plants.

Acknowledgement We would like to thank the Austrian Science FUR&/F 22988-B16) for financial support.
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The role of antioxidant metabolism
during dark-induced senescence in Arabidopsis

Nora Luschin-Ebengreuttand Bernd Zechmann

University of Graz, Institute of Plant Sciencesh@uertstrasse 51, 8010 Graz, Austria
* nora.luschinebengreuth@edu.uni-graz.at

During senescence an oxidative burst can be oldeand hydrogen peroxide £6,) is
known to have important signaling functions in ¢eging the expression of many senescence
related genes. The equilibrium between the prodnaind the scavenging of reactive oxygen
species is influenced by antioxidants as well doxidative enzymes. The aim of this study
was to investigate the compartment specific impaeaof ascorbate and glutathione and
related enzymes during dark induced senescenceaibidopsis Col-0 and the ascorbate and
glutathione deficient mutant linetc2-1 andpad2-1, respectively.

After initiating leaf senescence by dark treatmegtllowing of the leaves could be observed
which correlated with a strong accumulation ofoK This oxidative burst correlated with a
significant decrease in pigment contents, a staewease in subcellular glutathione contents
and a decrease in the activities of antioxidativeyees such as dehydroascorbate reductase,
catalase, and glutathione reductase. Only minomgds were observed in subcellular
ascorbate contents, whereas ascorbate peroxidasedla strong increase in all investigated
plants.

Thus, we can conclude that the compartment speddarease of glutathione rather than
ascorbate contents contributes to the accumulafidtyO, which is a well known signal for
triggering senescence.

Acknowledgement This work was supported by the Austrian Scienged<FWF 22988-B16).
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Cadmium sensitivity of pad2-1 and vtc2-1 mutants is correlated to lower
subcellular glutathione rather than ascorbate contets

Barbara Koffle¥, Lisa Polanschiitz and Bernd Zechmann

University of Graz, Institute of Plant Sciencesh@uertstrasse 51, 8010 Graz, Austria

* barbaraeva.koffler@edu.uni-graz.at

Toxic levels of cadmium (Cd) can cause alteratioihthe chloroplast ultrastructure, disturbs
the synthesis of chlorophyll and carotenoids, l¢adSQ, deficiency due to stomatal closure
and can cause several other metabolic disturbahugisectly Cd can cause oxidative stress
and thus leads to the accumulation of reactive emygpecies (ROS). Ascorbate and
glutathione detoxify ROS through the ascorbateaghibne-cycle which makes these two
antioxidants essential during Cd-induced stresdithxhally, glutathione has the ability to
bind to Cd directly and serves as a precursor gtqahmelatins which forms complexes with
Cd which are then deposited in vacuoles.

In this study changes in the compartment speciBtridution of ascorbate and glutathione
were analyzed over a time period of 14 days inr€dtéd (50 uM and 100 uM) Arabidopsis
Col-0 plants. To obtain a deeper insight into hoasgible limitations of ascorbate and
glutathione contents affect the defense of plag@inst Cd we additionally analysed the
importance of subcellular ascorbate and glutathamments in mutants deficient in ascorbate
and glutathionefc2-1 andpad2-1, respectively).

The results revealed that both mutants showed highmesitivity to Cd treatment than the
wildtype (earlier and stronger development of Cdudiced symptoms) and thgiad2-1
mutants developed even stronger symptoms wte?1 mutants. Additionally, strongly
reduced glutathione contents could be correlateéd thie development of symptoms in both
mutants throughout the experiment. These data stgytfeat higher sensitivity glad2-1 and
vtc2-1 to Cd is related to low glutathione rather tham Escorbate contents.

Acknowledgement:We would like to thank the Austrian Science FuRd&/E 22988-B16) for financial support.
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Metal toxicity and sulfur metabolism in Chinese cabage
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Copper and zinc are essential nutrients for thentpjahowever, they become rapidly
phytotoxic at elevated concentrations in the roatirenment. Exposure of Chinese cabbage
(Brassica pekinensis) to CUf* or Zr* concentrations 5 uM resulted in leaf chlorosis and a
decreased biomass production. The uptake and niistabof sulfur and nitrogen were
differentially affected at elevated Ewr Zrf* concentrations. Both Gliand ZA* exposure
resulted in an increased sulfate uptake by thesrantl in enhanced total sulfur content of the
shoot, which could be ascribed partially to an awoalation of sulfate. Moreover, exposure
resulted in a strongly enhanced level of water{seltnon-protein thiols in the root, which
only partially could be ascribed to a metal-indusgdthesis of phytochelatins. The nitrate
uptake by the root was decreased upofi 6uZrf* exposure, demonstrating the absence of a
mutual regulation of the uptake of sulfate andatér There was no direct relation between
the sulfur metabolite leveldz. total sulfur, sulfate and water-soluble non-pnotiiiols and

the expression and activity of the sulfate trantgyerand the expression of APS reductase at
elevated Cu and Zn concentrations. Apparently,ptesumed signal transduction pathway
involved in their regulation appeared to be ovedubr bypassed at high tissue Cu and Zn
levels. It is doubtful that the Glior Zrf*-induced effects on the uptake and metabolism of
sulfate have any adaptive significance in the détation of these metals in Chinese
cabbage.
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Using H'- selective microelectrodes to determine sulfateukes
at roots of intact plant seedlings

Martin Reicht, Marten Staal, J. Theo M. Elzenga and Luit J.Koé&
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Netherlands
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lon-selective microelectrodes are a useful tochriewer questions in various fields of plant
physiology, e.g. growth regulation, calcium signgli salt stress, calcium signaling, growth
and defense responses to pathogens. In plantiowitioh-selective microelectrodes have been
used to study e.g. the uptake preference of pfantdifferent nitrogen sources or the uptake
of calcium and potassium by wheat seeds. Howeaterhination of sulfate uptake by plant
roots using ion-selective microelectrodes was m@otied out until now, probably due to the
lack of a liquid ion exchanger that is selectivewgh for sulfate over other anions. Here we
present the possibility to properly estimate selfatflux at plant roots by measuring the
corresponding proton fluxes (sulfate is taken up @hant sulfate transporters via
sulfate/proton-symport), using the non-invasive fdaectrode lon Flux Estimation method
(MIFE). In a case study roots of seedlings thatewgrown under sufficient nutrient
conditions were compared with roots that had begfursdeprived with the result that the
latter showed a much higher proton influx in resggoito addition of MgS® This strongly
indicates that the activity of the sulfate uptakestem can be determined directly by
measuring proton fluxes using the MIFE techniquie Tmpact of compounds that are
potentially controlling sulfate transporter actwivill be dissected subsequently. Because ion
fluxes are recorded non-invasively at the root aefof intact plants and with a high
resolution in time, direct biochemical effects dre ttransport system can be distinguished
from effects on the gene expression of transppriaeins which are expected to set in later.
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Metabolic coordination of sulfur metabolism inBrassica napus
by clock-controlled genes

Annekathrin Weeselutta Papenbrock; Anja Riemenschneider*
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Experiments done witArabidopsis plants so far, such as results from microarraydicate
that some key enzymes in sulfur metabolism arelaggn diurnally and/or by the circadian
clock. Understanding metabolic changes in plants determining output-related function of
clock genes could help in elucidating circadianeklonechanisms underlying plant growth
and development. The sulfur requirement of thetplfiaoctuate during plant development and
vary between species differing in sulfur need foswgh and the potential sink capacity of
secondary sulfur compounds.

Several sulfur-containing metabolites are involwegathogen defense mechanisms and are
suggested as compounds to enhance defense (SEDr enthanced defense). We analyzed
whether in addition to genes involved in sulfur afelism also the levels of sulfur-containing
metabolites such as cysteine and glutathione wexk cegulated. They could be released
rhythmically to the apoplastic fluid or via the stata and defend the plants against attacking
pathogens.

Oilseed rape (canola) is one of the most impoignitultural crop plants for oil and declared
as renewable resource. Two differ@nassica napus L. (oilseed rape) lines were analyzed on
the transcriptomic and metabolomic level in lightkdand free-running conditions. Different
sulfur fertilization was applied to analyze theeets on pathogenesis-related compounds.
Results from these experiments could help to ogentihe use of fertilizer and if applicable
reduce the amount of fungicides/pesticides.
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The effect of the continuous light in combination wh sulfur deprivation
on the chlorophyll levels and carotenoids in youngnaize leaves

George Dilias Styliani N. Chorianopoulou*, Dimitris L. Bouranis
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Light fulfils two significant roles in plant growthit drives photosynthesis by providing
energy and it is perceived by several photorecepttius activating signal pathways.
Continuous light changes plant physiology by affegboth roles, thus creating difficulties in
identifying the factors that are responsible fguiiies under such treatment. The effect of
continuous light in combination with plant’'s nuipibal status or nutritional deficiency on its
physiology is poorly studied and there are no exfees with regard to sulfur deficiency. The
responses afea may plants to light environment in combination withtmition were studied

in four treatments; C: normal photoperiod & comglattrient solution, Cc: continuous light
& complete nutrient solution, -S: normal photopdri nutrient solution without sulfur, -Sc:
continuous light & nutrient solution without sulfuPlants were grown for seven days under
normal photoperiod condition and then the treatnvesd applied for 3 weeks. The photon
flux density was not modified during this period.

A two days delay was observed in laminag Ls, Ly and sheaths ;S S during sulfur
deficiency under normal photoperiod. No injuriesreveaused in laminas. The laminas’
average Chla:Chlb ratio increased by 5.6%, whiist dverage one in sheaths decreased by
10.4%. In laminas, the average of Car:Chl raticeaased by 13.6%, whilst in sheaths the
corresponding average increased by 3.6%.

Under continuous light combined with sulfur defrug, the appearance of organs took place
at the same time as in control plants, with theepkon of Ly and $. This fact indicates that
the deficiency counteracted the effect of contusilight. Aging and collapsing was observed
at the oldest organsyLL; Sy, Si. In laminas, the average value of Chla:Chlb ratweased
by 5.6%, whilst in sheaths the corresponding rd&areased by 6.9%. At the end of the
experiment, in laminas the average value of Carx@hb increased by 22.7%, whilst in
sheaths the corresponding one was as in contnaispla
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Aerenchyma formation in maize leaves during sulpha deprivation
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Aerenchyma is the term given to plant tissues ¢éom@ enlarged gas spaces exceeding those
commonly found as intracellular spaces. Nitrogen-pbosphorus- or sulphur deficiency
leads to formation of aerenchyma in maize adventstiroots by lysis of cortical cells.
Seven-day-old maize plants were grown in a hydragzoeetup for nineteen days under S
deprivation conditions against plants under fulirition. At day 17 and 26 from sowing (d10
and d19 of the deprivation respectively), samplesnfthe fresh plant material had been
taken, fixed and embedded in paraffin. Sectionseweceived with microtome from the top,
middle and base of thd'®leaf and stained with safranin-fast green. In 4&ts, the leaf
showed enlarge gas spaces between the intermesghidtemall vascular bundles by lysis of
mesophyll cells to a greater extent on the d17 @etpto d26.

Under the deprivation, the —S leaf presented lessuat of total sulphur by 48% and 63%
than control at d17 and d26 respectively. The spoading percentages of the sulphate were
74% at d17, whilst it was as in control at d26. Séheata indicate that aerenchyma in maize
leaves may be formed in response to sulphur defigie

On d17, the S-deprived leaf presented less speifface (g DM/crhleaf surface) and more
width by 18,5% and 12,2% respectively in relatiorcontrol. On d26, the S-deprived leaf’s
specific surface was as in control and it presedi2% less width compared with control.
These results were in accordance with the redueeceptage of aerenchyma presented on
d26.
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Functional analysis of Arabidopsis SDI1/2

Fayezeh Arabi Hans-Michael Hubberten, Mutsumi Watanabe, Rakheefgen
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O-acetyl-L-serine (OAS) provides the carbon backboneysteine synthesis and is assumed
to positively regulate sulfur deficiency-responsgenes as its amount increases upon sulfur
limitation. Therefore, MRNA accumulation of a numioé sulfur responsive genes might be
controlled by OAS. Recently this hypothesis wasrgjthened by global co-expression
analysis under conditions of variable OAS levelthwionstant sulfur status. The function and
the signaling cascade regulating the identified @ASter genesPI-1, SDI-2, LUJ1, LSU2,
ChaC and SHM7) are mostly unknown and need further elucidatidfunctional
characterization of SDI (sulfur-deficiency-inducké®) is the main part of our study as these
candidate genes are prominently expressed uporatesuleprivation and upon OAS
accumulation. Our work will contribute to our unsi@anding of signaling processes and the
actual function of these genes. To this end, krmgkand over-expressor lines are being
analysed by transcriptomic and metabolomic appremeimd some promising results relating
to the metabolite alternation could be observed.
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Saturday, 7" September 2013

Scientific excursion

Departure from Stanley Hotel

During the ride to Lavrion, brief description oktlexcursion’s background
(Dimitris Bouranis)

Visit to Thorikos place

Visit to Cultural — Technological Park of Lavrion
The excavations of Kamariza — Soureza

Ride through the Sounion National Park

Arrival at Assimakis’s resort place
Swimming (optional)
Conference Lunch

Ride to Sounion

Arrival at Neptune’s Temple in Sounion
Visit to the Temple
Chat and coffee

Arrival at Stanley Hotel

Sunday, 8" September 2013

Cultural sightseeing

Visit to Acropolis (optional)

End of Workshop
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Making wealth out of sulfides
and its consequenses in Lavrion peninsula, Greece

Dimitris L. Bouranis , Kostantinos G. Serefisnd Styliani N. Chorianopouldu

! Plant Physiology Laboratory, Department of CrojeSce, Agricultural University of Athens, lera Odos,
11855, Athens, Greece

2 Mineralogy and Geology Laboratory, Department afiMal Resources and Agricultural Engineering,
Agricultural University of Athens, lera Odos 75,86b, Athens, Greece

* bouranis@aua.gr

The history and the environmental issues of Lavaoa closely connected to sulfur and this
connection was the subject of an excursion dutiegd’ Sulphyton Workshop. The ancient
mining activities were aiming at the excavation tbé silver-bearing galena of Lavrio
deposits, the main mineral among the mixed sulplsim@res, such as PbS, ZnS, and FeS.
Silver was extracted from galena and used to miwker €oins. During the period 1864—-1989
mining and metallurgical activities exploited themaining deposits and the huge piles of
mineral and metallurgical wastes, rich in Pb, Zny, e and other mineral elements.
Enormous quantities of wastes from these activitieeye deposited in heaps around Lavrio
area, near the coastline, or dumped into the se@eavily burdened the natural environment.
Lavrion has many peculiarities with respect toatsmtamination characteristic¥he local
population in Lavrion is exposed to multiple hazarsl pollution sources, including acid-
generating sulfidic tailings, slags, contaminatedssand the carbonaceous tailings. Each
specific pollution source contributes with a diffet intensity and through different pathways
to the migration of contaminants and their finaiake by humans. Extended pollution has
been determined especially Pb, and As, whilst asxd concentrations of heavy metals are
present especially in the mineral excavation aagasin the processing and depositing waste
areas. High concentrations of heavy metals arerdedoin groundwaters of Lavrion, too.
These facts reveal the coexistence of physicalaatisropogenic pollution in these areas with
obvious adverse effects on man, animals and plants.
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Introduction

A sulfide is an anion of sulfur in its lowest oxita state of 2-. Many important metal ores
are sulfides. Argentite (silver sulfide), cinnalfarercury), galena (lead sulfide), molybdenite
(molybdenum sulfide), pentlandite (nickel sulfidejealgar (arsenic sulfide), stibnite
(antimony sulfide), sphalerite (zinc sulfide), pgri(iron disulfide), and chalcopyrite (iron-
copper sulfide). Iron disulfide (pyrite, F§Son the other hand consists ofS or "S-S
dianion, in association with divalent iron in therhal 2+ oxidation state (ferrous ion:’Pe
This ensemble of sulfides is present in Lavregbéninsula and constitutes the base of this
excursion.

Lavrion was rich in argentiferous galena and theieant Greeks developed a remarkable
technology to extract this silver, which was thesdaf the wealth of the «golden» age of
Athens during the " century BC. Actually it was the base of the siigmifit cultural and
scientific development in this period of historyhel contemporary minig and metallourgical
activity left the area with wastes heavily pollutb@ environment with heavy metals; among
these wastes are also sulfidic ones.

In this review, we have summarised the mining ottarastics and history of Lavrion, the
emphasis given to sulfide ores, sulfidic tailingsl dhe related environmental pollution due to
the presence of a vast array of heavy metals. Tigenal material that provided us with the
various historical and scientific aspects presefwgdw is given in the literature, which is a
rather rich one. Our goal was to provide the pigudicts of the # Sulphyton Workshop a
brief and concise summary of the connection betvgedfar and the various aspects of life in
Lavreotiki through the years.

Lavrion and the area of Lavreotiki

Fifty five kilometers from Athens is Lavrion, a tawnhabitated by more than 10,000 people.
Lavrion exhibits a rich history, which is reflectbyg its neoclassical buildings, the Town Hall,
the monument of Serpieri, the Mineral and Archagigi@ Museum, the churches of Agia
Paraskevi and Evangelistria, the Old Market (bmiltL885-1887), the French Ore Loading
Dock in the harbour (created in 1888), and pictyuesalleys; all of them are worth-seeing
sights during a visit to the town.

34



4™ Sulphyton Workshop,"5— 8" September 2013, Athens, Greece

Lavrion is situated in the eastern part of a paragalled Lavreotiki, i.e. the surrounding
area of Lavrion, and it took its name after theiemcGreek word «lavra» which means
narrow passage or tunnel, describing the charatitsxriof mining galleries. Lavreotiki is
located in the southeastern tip of Attica, it cever surface of approximately 200 square
kilometers where the places of Thorikos, KamarRiaka, Botsaris Valley, Cavity Soureza
Valley, Megala Pefka, Dimoliaki etc. are situat®thst of these places are remarkable centres
of cultural and scientific tourism with ancient ragmand ore washing plants, the Ancient
Theatre of Thorikos, the natural National Park otiion, and the temples of Neptune and of
Athena at Sounion.

The landscape is characterized as hilly or seny-hiith medium highs, from 0 to 372 m (the
highest altitude is at Megalo Ribari site); it iogsed by numerous valleys, whilst small
plains extend down to the coast where there aresceuitable for anchorage. The area runs
along the western coast of the Aegean Sea. In gmrte of the basin the relief becomes
intense with the appearance of some ravines. Tadhé is located the Thorikos-Plaka basin
which dominated by agricultural activities. To theuth the area is surrounded from smaller
basins with more intense relief. Lavreotiki endsGape Sounion, where the strategically
important ancient fort was also located. Lavreoskrather dry, characterized by the typical
Mediterranean climate of Attica and covered pabyypine trees. Access to it is normally
through paved roads which are relatively easyaoeit

Lavreotiki today is an industrial over ground museof ancient and 19th century metallurgy
industry and a huge underground mineralogical aswtclgemical laboratory of nature. The
total length of galleries is approaching 2000 knhjlst the presence of about 500 mineral
species has been ascertained by geologists. Thayhisf the area, its sights, its natural
beauty, its proximity to Athens, and its tourigtifrastructures render Lavreotiki peninsula a
marvelous spot for visits.

Among the important sights is the Technological wt@al Park of Lavrion, a unique
monument of industrial archaeology and architectline site of the Technological — Cultural
Park of Lavrion is an initiative of the National dhical University of Athens, which has
undertaken the responsibility of marking, protegt@ind promoting the region. Thus, the
Technological — Cultural Park of Lavrion contribsitéo the development of the area by
providing a link between the scientific and teclugatal research conducted in the National
Technical University of Athens, and the needs amtdrésts of businesses. It was created in
1992 at the place were the old French Mining Compa@adquarters used to be and it
comprises of 41 buildings 25,000 sqg.m overall, Wwhiave been designated as protected sites
by the Ministry of Culture. (Brochure of Archaeolcgl Museum of Lavrion, Theodossiou
2009, Demetriades 2010)

Ancient history and ancient mining activities of Lavreotiki

Lavrion and the wider area of Lavreotiki was thatoe of considerable mining and smelting
activities from ancient to recent times, due to rith mineral wealth which consists of

polymetallic sulphides and iron ore. Lavreotiki wah in argentiferous mineral deposits, due
to which the history of Lavrion mines is directlgrmected with the history of Greece.

Human presence in the area is confirmed in theeBhdhic period (40,000 years ago) in the
Cave of Kitsos, where there was also a large setihe in the Late Neolithic period (5300 —
4500 BC). From the Final Neolithic {4millennium BC) onward, Lavreotiki became more
densely populated. Exploitation of Lavreotiki’'s raral wealth is attested from the Early

35



4™ Sulphyton Workshop,"5— 8" September 2013, Athens, Greece

Bronge Age (¥ millennium BC) at Thorikos. This apparently coniéd uninterrupted and
seems to have gradually intensified from tHec6BC.

The first mining and smelting activities in the kaotiki Peninsula began early in history.
Intense mining and metallurgical activity was deypeld from 3500 BC reaching its peak in
the 8" and 4" centuries BC. That activity brought about economlong with cultural
developmentThe ancient Greeks exploited the minerals of Lawtm extract mainly silver
and lead. Mining galleries and shafts are exceptiprconcentrated throughout Lavreotiki.
The workshops for cleaning the argentiferous aites,washeries, were in the valleys where
there was water. In the valley of Soureza, a compfesuch workshops has been turned into
an archaeological site open to the public. In SmuriNational Park, silver and lead were
produced in the furnaces of the smelting workshabswhich only six have been found.
There are also quarries that the area of Agrilezviged the marble for the temples at
Sounion.

The mining history of Lavrion begins at Thorikossettlement to the north of Lavrion and
one of the most ancient industrial areas in Eurdperikos is one of the important sites of
Lavreotiki, which grew into a centre in the LateoBge Age (Mycenaean period 1600-1100
BC), as the monumental tholos tombs and their fiodsthe Velatouri hill attest; the site
continued to flourish during the ensuing Geomettichaic, and Classical periods (16 4"
BC). A number of scattered farming installationsd ahouses, accommodations for
entrepreneurs and slaves who worked in the miresgeteries, and small sanctuaries have
also come to light in Lavreotiki. Archaeological caxations at Thorikos confirmed the
existence of mining activities as early as 3000 BRe first underground excavations began
around 3000 BC. This fact establishes Lavrion miagghe oldest in Europe. The ancient
town extends from the foot of Velatouri hill to tp&in and to the sea in the East, where the
ancient port was. On the hill there are ruins d¥ycenaean acropolis (4800 BC), vaulted
Mycenaean tombs of elliptical form, a settlementindaback to the geometric period, a
temple of Demeter and Persephone, a sanctuaryaé@ias and Hygeia, a theatre, etc. The
theatre of Thorikos is one of the most ancientttiesain Greece (end of th&' . BC). The
excavations by the Belgian Archaeological Schoal archaeologist B. Stais unearthed an
industrial town of 150,000 sq.m with houses, waltsyers, galleries, shafts, ore washing
plants, cisterns, graves and port infrastructuf@sme of the washing plants have been
reconstructed and the oldest gallery above theikt®theatre has been partly reconstructed.
Thus, Thorikos constitutes a unique ancient minocagtre worldwide; it combined the
economic, religious and artistic aspects of lifeywas the rule in ancient times.

The peak of mining and smelting activities was et the 6th and 4th centuries BC, and
especially during the 5th century BC, the Goldere Af Athens or Pericles. The production
of silver was limited until 483 BC (the period ofé&gk-Persian wars), when the rich deposits
of Maronia (present day Kamariza or Aghios Konstars) were discovered and the greatest
mining period began. Mining galleries up to 120and were opened. There are the deeper
deposits, in the contact zone between marble amdtsin 480 BC the proceeds from silver
extraction were so remarkable that Themistoclepgmed that they be used to build a fleet.
The historians of the Classical Period wrote: <leer is flowing like spring water». The
Lavrion silver mines soon became the principal seusf wealth for the Athenian State.
Hundreds of tons of silver that had been initiadlpred in the Parthenon treasury were
liquefied in order to erect several of the citytstatectural monuments. The construction of
an enormous war and trade fleet with a hegemoresgnrce in the Eastern Mediterranean
region was financed. Fine Arts and Sciences (pbidbg, mathematics, astronomy, drama,
history etc.) flourished. The tetradrachmon, therency of the Athenian State, which was
constructed from the silver, became the dominarneaagy of the ancient world. The revenue
from the mines was used first to build in 483 BCldrge Athenian fleet, which defeated the
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Persians at the naval battle of Salamis in 480d1(d, subsequently financed the construction
of the renowned monuments seen today on the Adeomdl Athens, the Parthenon, the
Erechtheum, etc. The mines belonged exclusivelyght city of Athens, which granted
concessions to exploit them to private citizens.

Eight municipalities were created through the neforoy Kleisthenes (507 BC). The most
popular were the coastal municipality of Anaphlgsmodern Anavyssos) and the mountain
municipality of Phrearrhioi (from the Greek «phreawhich means shaft). From the
municipality of Sounion, part of the settlementla front on the cape and the agora of the
Salaminians at Limani Passa are known. From theiaypatity of Thorikos large portions of
its neighbourhoods, sanctuaries, the theatre (wW&hunusual oval cavea), cemeteries, a
washery, and a gallery on the western slope oYtiatouri hill are accessible to the public.

During the classical period {5- 4" century BC), a system of collaboration was impletee
involving the Athenian state, owner of the metalidus land, and entrepreneurs. The mine or
area to be mined was leased for a specific peaahtrepreneurs on clear legal terms. At the
same time, support enterprises developed for tleeasal rental of slaves, the water trade,
foodstuffs and wood for the furnaces, and for amasion of mining installations by skilled
artisans.

During and after the Peloponnesian War, Lavrionides, mainly due to the discovery of
rich silver and gold deposits in Thrace and Mac@&lorfhe decline of the mines came during
the Peloponnesian War, a 30 year civil war betwAdrens and Sparta. In 413 BC, the
Spartans captured Lavrion and the excavations enniimes ceased. Some decades later,
Athenian economy recovered and silver productiocomemenced. However, Macedonia
under Philip 1l (Alexander’s father) was now thendonant power in the Hellenic region and
the silver Athenian tetradrachmon was surpassethéygolden Macedonian drachma. The
works in Lavrion mines will continue, but with deased rates, until the first Byzantine
Period (&' century AD).

After the 4" century BC it appears that exploitation declinghing and smelting activities
continued intermittently until the®1century AD. During the Roman and Early Byzantine
period (2% century BC — 8 century AD) it was sporadic and of small scalevrian area
between the 6th and 19th century was abandonesintpall of its old glory.

Excavations by various entities unearthed excagasites, galleries and shafts, washing
plants, cisterns and furnaces, thus leading touusenclusions and considerable knowledge
on the ancient mining and metallurgical art. As atter of fact, the remnants of ancient
technological plants (washing plants mainly) amaaat intact, despite the passage of time.
They are permanent constructions, either builtasved in the rock. Similar plants have not
been found anywhere else on the planet, as otlogrig@p@sed wooden constructions that did
not stand the passage of time. (Brochure of Arclogezal Museum of Lavrion, Theodossiou

2009, Demetriades 2010)

The geological traits of Lavreotiki

Lavreotiki is part of the Attic-Cycladic massif aredcomposed of metamorphic rocks such as
schists, phyllites and marbles. The Attic-Cyclaiassif in southern Attica consists of two
main units (Marinos and Petrascheck 1956, Staraatit 2001).

(@) The autochthonous unit: It consists of marbl@éslomites and schists with visible
thickness greater than 1000 m. This unit comprafethree subunits, from bottom up: the
lower marble (the thickness exceeds 600 m), thearsahist of Kamariza-Kaisariani (the
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thickness is approximately 600 m), and the uppebladthe thickness is approximately 100
m).

(b) The overthrust nappe unit: It consists mainfypbyllites with marble intercalations,
guartzites, prasinites and serpentinites.

Under high pressure and temperature conditions, dider basic igneous rocks were
metamorphosed to prasinites, metabasites, whichfared as intercalations inside the
phyllites. After the metamorphism a granodioritdruded into both units; the granodiorite of
Plaka. This intrusion caused intensive contact metphism in the surrounding area.

The mixed sulfurous ore-bearing of the broader afdaavrio are composed of silver-bearing
galena (the majority of which has been exploitexhhalerites and silica. The ores occur
mainly inside marbles and close to their contacthwschists. Ore is of hydrothermal
apomagmatic origin. The metalliferous liquids hagsulted from the granodiorite of Plaka
(Marinos and Petrascheck, 1956).

The Quaternary deposits, located in the valleys,cemposed mainly of clays, gravels and
coastal coarse-grained sandstones alternationshankos basin unconsolidated sediments
overlaid the mica schists to the NE and the uppebia to the SE, and their thickness is up to
10 m. In the northern part of the area the loog®osiés overlaid phyllites and schists of the
nappe unit and their thickness reaches 5 m. Therlomarble forms an anticlinal structure,
west of Lavrio with an almost N-S trending axisaversing the hilly area of Sounio-
Kamariza-Plaka. WNW-ESE to W-E trending folds hheen also encountered across the
above-mentioned large-scale structures. In theeeagart of the Lavrio area, the bedding
planes of the nappe unit dip gently to the East.

The ore deposits of Lavreotiki

There are mainly two types of mineralisation in s@stratum of Lavreotiki:

a mineralisation of mixed sulfide ores of basic aigtsuch as lead, zinc, iron and
copper, which has been intensely exploited

and a metallifery of Fe-Mn ores, the presence atlvis limited in general.

The primary sulfide mineralisation of mixed sulfsdeconstitutes the main mineralisation of
the area, characterised formerly by the presengaleia rich in silver, sphalerite and iron-
pyrite. A number of other sulfide minerals (e.g., @8) and a variety of sulfur salts also take
part in the ore mineral suite of the area. The ssm®y minerals that prevail are fluorite,
calcite, barite, quartz and dolomite. Sulfide matisation is mainly hosted within the
carbonate formations of the «paraautochthonousessef Lavreotiki or «<Kamariza series»
(«lower marble», «upper marble», «transgressivedione»). As regards the form of the
sulfide ore, they relate mainly to vein-like, lestsaped and stratiform forms (the last one near
the contact of carbonate and schistose rocks). rllaap to the prevailing view, the origin of
the sulfide mineralisation is epigenetic, directblated to the Upper Miocene magmatic
activity; it is of hydrothermal origin, with a terapature of formation of 28%C and it belongs
to the category of replacement type carbonate,edostassive sulphide Pb-Zn-Ag ore
deposits.

As a result of the extreme phenomena of oxidatiahthen displacement of the ingredients of
primary mineralisation, large accumulations of setayy ores, such as zinc carbonate or
smithsonite or «calamines» (Zng)Qargentiferous lead carbonate or cerusite (PHO&ere

created in the wider area of Lavreotiki and undestwatense exploitation. In the area of
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Plaka, a significant massive magnetite skarn tyjgedeposit is located. (Theodossiou 2009,
Demetriades 2010)

The ancient technology of silver and lead extractiofrom galena

The ancient Greeks extracted mainly silver and lgath the minerals of Lavrion, and
especially from galena ore, with remarkable techesyof underground exploitation, of
hydrometallurgical processing and of smelting the grade sulfide deposits. Galena is a lead
sulphide plus silver. The extraction of silver dead from galena ore in the ancient times was
indeed a technological miracle, a process accohgdisn four stages.

The galena ore was enriched in washing units by using wateteun pressure in order to
remove the light and poor in metal parts of the ore

The enriched galena was converted to the oxide form (PbO + Ag) by pnecess called
reduction roasting. The PbO + Ag chemical compound is callgdarge.

Litharge was directed into a furnace, where it stelvith carbon (a process calleatluction
melting) and produced BbAg alloy.

The Pb-Ag alloy was next placed into a fireproofameic cup. The cup was heated in a
specially constructed furnace were air was blowinder pressure. At 90C the alloy melted
and lead was oxidizing whilst silver was not oxidg Then the alloy formed two separate
layers, a heavy one containing silver in the bottdrthe cup and a lighter containing litharge
in the top. Litharge was removing and the proceas wontinuing until the silver in the
bottom was pure (over 99%). The precious metal thaes ready for coins construction.
(Konofagos 1980)

The mining activities in Lavrion in the modern era

In 1859, the Greek State (founded in 1830) sentGieek metallurgist Andredéordelas to
Lavrion with the mission to examine the possibibfyreopening the mines. Kordelas detected
the presence of extensive ancient mining residwbg;h could produce large quantities of
lead and zinc, and he proposed the exploitatiah@f&ancient slags. The excavations of these
residues during 1860 unearthed the ancient minlagtpZinc was an unknown metal in
ancient world, whilst lead had limited applicaticarsd was produced in small quantities.

In 1863, the Italian I. BSerpieri arrived in Lavrion and the following year he foeadthe
Italian-German company Roux-Serpieri-Eressynet OW. metallurgical industry with
furnaces, small washing plants and machine shopgs established and the production of
argentiferous lead began in 1865, by means of theegsing of slags and poor ores. In 1869,
an underground tunnel was constructed for the faidvay line in Greece, which was used to
transfer the minerals to the port. In 1871, po@sowrere proclaimed national property, due to
the arbitrary appropriation of the poor ore anddlaem of property on the land by the foreign
company. This caused a conflict with the Greek éstathich was the beginning of the
«Lavreotiki issue» that shook Greece. The issue saged when the foreign company
granted its rights to the slags and the poor aréise Bank of Constantinople (A. Syngros).

In 1873, theGreek Company of Lavrion Metallurgical Plants was founded, aigiat the
exploitation of the ancient mining tailings. Thermiexploitation rights were granted to the
French Company, a new company founded by Serpieri in 1875 withinmeentres of
extraction in Kamariza, Soureza and Plaka. The dire@ompany was exploiting newly
discovered underground ore deposits. Both compamiesenated the abandoned city of
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Lavrion, which became one of the most importantingfmetallurgical centres in Europe
with thousands of workers. Silver, lead, zinc argknic were produced in vast amounts. This
industrial activity became an important source mfome for the Greek State. The ore
floatation factory of the Greek Company in the begig of 20" century was one of the
biggest in the world. Unfortunately, a small paritas saved in nowadays. The metallurgical
process of ancient Greek metallurgists was follgwetith no essential changes, until
nowadays for silver production. Its efficiency wslgghtly improved in the late decades of
19" century with the discovery of flotation method fitee ore enrichment and the Water-
Jacket furnace for reduction melting. In 1917, @reek Company interrupted its activity, due
to a stock market scandal, and strikes by the werke

The cessation of the French Company’s activitié®r ahe definite exhaustion of the ore
deposits, as well as the reduction of the Greek fgamy's activities following the gradual
reduction of the mining tailings brought economecithe in Lavrion leaving thousands of
workers unemployed in the late 80s. The French Gmypvas active until 1982 when it let
its plants to the Greek company, whilst the lattesed down permanently in 1989. In 1992,
the plants of the French company were bought byGieek state and the National Technical
University of Athens started the creation of a Tresbgical — Cultural Park.

Thanks to the natural beauty of Lavreotiki andh® ¢xistence of archaeological monuments,
a passenger’s port was constructed and tourismderasloped and the situation changed to
new economic development in late 90s.

The consequent environmental issues of Lavrion

The ore beneficiation and smelting activities of teeent period produced large volumes of
hazardous metallurgical processing wastes. Lavii@s developed close to the waste
stockpiles. The industrial and urban developmeattiqularly during the 1950s and 1960s,
has led to the expansion of residential areas ewethe top of these stockpiles. Nowadays,
the wastes are used by the Municipality, the laaalabitants, and the various private
companies for a variety of purposes, e.g. slagaad bore on roads, school yards, the port
facilities, infilling of foundations of buildings,owering of dirt roads by sand-blast material
made from slag, the flotation sands as building natéor houses. Accordingly, houses,
schools, parks, playgrounds, shops and roads thex situated on the wastes or they are very
close to these wastes.

The comparatively dry climate for most months ardsisportation of dust by wind. Dusta
major hazard in Lavrion; it is released from sqgjilthe action of wind, with or without the
assistance of mechanical disturbance. During lgadiransportation and unloading of the
metallurgical processing waste, fine dust is rel@as® the ambient air, thus being available
for transportation by wind. The winds transport fite medium-grained metallurgical
processing wastes to distant places. Depositithesfe materials and their subsequent mixing
with residual and alluvial soil, caused the alteratof the chemical composition of surface
soil.

It goes without saying that the industrial condigoin Lavrion were adverse and this fact
stimulated several epidemiological and other medittadies. In the late 1980s, the Institute
of Geology and Mineral Exploration began environtakimpact studies in Lavreotiki, which

provided evidence of widespread contamination dfawd stream sediment. In 1990, urban
geochemical surveys started in Lavrion and Aghi@nstantinos and lasted up to 1992.
Samples of garden soil, road dust and house dust eatlected from Lavrion and analysed

for As, Cd, Cu, Fe, Pb, Zn, and Hg. In 1992, theanrgeochemical surveys were extended
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covering the whole Lavreotiki Peninsula with thélection of surface soil and rock samples.
Finally, the most comprehensive environmental inmpstady ever carried in an urban—
suburban environment was co-financed by the Euro@anmunity and the Greek State
through the LIFE programme with the title «Soil Rblitation in the Municipality of
Lavrion». The project began in 1994 and was coraglen 1999 with the submission of a
massive report, as well as other site or subjeetifip reports and papers, revealing the
environmental issues of Lavrion (for details seemBw&iades 2010 and references cited
therein).

The characteristics of the metallurgical processingvastes

Metallurgical processing of ore-grade materialsrfrt864 to 1989 produced a considerable
amount of waste materials, including pyrite, si@ation sand and other coarser materials. In
other words, the metallurgical wastes in the Lavuoban area which are the products of over
hundred years of ore processing, accumulated inh aumlume that ancient wastes that may
have existed are completely masked. The metallargiocessing wastes cover a large part of
the Lavrion urban area, and nowadays they are #Hjerrprimary source of contamination of
the surface environment.

Three main categories of these wastes occur ihdkigon urban area: Slagacid-generating
sulfidic (pyritiferous) tailings andarbonaceoudeneficiation tailings, exhibiting different
geochemical and environmental characteristibéfferences in the mineralogy of processed
ore and changes made in the metallurgical methesidted in the production of wastes of
different chemical compositioiThese wastes cover approximately 25% of the arbair T
subsequent redistribution by aerial, fluvial andhampogenic processes has caused the
contamination of surface residual soil and houss.ds a consequence, each waste category
represents different risks and requires the impidai®n of specific remedial measures in
order to protect the wellbeing of the local popigiatand prevent further contamination of
adjacent soils and natural waters.

Especially, the area covered by sulfidic tailingasher small, mostly the coastal area from
Nichtochori-Komobil to Kiprianos and KavodokanosheT sulfidic (pyrite) tailings are
distinguished chemically into four broad categaries

(i) The Nichtochori-Komobil tailings have been pusgéd from 1953 to 1963, are
characterised by high levels of Ag, As, Bi, Co, keS, Sb, Sn and V and are weathered to a
variable extent.

(i) The Kavodokanos-Kiprianos-Santorineika sulfidiilings are characterised by high levels
of Al, Ca, Cd, (Cr), Cu, Fe, (Hg), La, Li, Mn, (Ni?, Sr and Zn; Cr is only enriched in pyrites
of Kavodokanos and Hg and Ni are only enrichedyintgs of Kavodokanos and Kiprianos.
The Kavodokanos sulfidic tailings are the most Wwegdd.

(iif) The Thorikos Gulf beach sulfidic tailings aoharacterised by high levels of As, Bi, Co,
Fe, Mn and S.

(iv) The Thorikos inland (Komobil) sulfidic tailiryare characterised by high levels of Ag,
Al, B, Ba, Cd, Cr, Hg, K, La, Li, Ni, P, Sb, Sn,, M and Zn.

All pyrite tailings produce acid drainage; therefoare hazardous for polluting groundwater
resourcesThe mobility of cations in the largest part of kiaw is in general comparatively
low to moderate due to the alkaline pH of soil wate the area of pyritiferous tailings the
action of air and rainwater causes the oxidatiorpywite and generation of acid drainage
which is very corrosive due to sulphuric acid.elai¢ches metals from the wastes, thus the acid
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drainage contains high to extreme concentration®xt elements, which in turn could be
harmful to humans, animals and plants. The acithdge is also a hazard to groundwater
supplies.

The metallurgical wastes are the major source aoftacnination of overburden materials,
including residual soil, because they possess taogitentrations of As, Be, Cd, Cu, Hg, Pb,
Sb, and ZnResidual soil has been contaminated to a variabdge®, and constitutes today
the greatest hazard, since it covers the greateatia Lavrion. Uncontaminated soil is found
only in a few places. The natural landscape has biered considerably by the deposition of
these wastesby their subsequent moving about by the localalmtants, and by the
importation of garden soil from other parts of GeAccording to Demetriades, the local
situation is described perfectly well by the ternoverburden», which means any
unconsolidated material overlying bedrock, eith@nsported or formed in place, i.e. the
loose soil, silt, sand, gravel, or other. Therefdree restoration of the areas covered by
metallurgical processing wastes is of first pripri(Kontopoulos et al. 1995; Mylona et al.
2000, 2005, 2007; Xenidis et al. 2002, 2003, 2@¥Emetriades 2010)

Land use in Lavreotiki of today

The use of land is an important parameter in thgosire assessment to environmental
contaminants, and also in the «soil» restoratiam.pl’he Lavrion urban area extends from the
residential part of the town into its outskirts, ighhare either agricultural or forestddand
use categories are classified into two broad grolgke residential area, tillage, forest and
open space and ii) the industrial and commerced.ar

Open space with or without bushes and scattered,te@eas occupied by pine forest, open
space with trees, olive groves, vineyards, vegetabhd wheat fields make up 70% of the
total area. Vineyards are mainly grown over théation residues, as is a large part of the
olive groves. All industries cover 16% of the tosmka, and only about 14% of the land is
utilised for residential and recreational purposHse agricultural part dominates the area,
followed by the industrial area. The residentiadl @aacreational section of the town covers the
smallest area, a large part of which is situateer @ontaminated soil, flotation residues and
slag. Local inhabitants live, work and play in thest hazardous areas.

The contemporary hydrogeological traits of Lavreotki

A relationship between the quality of groundwated @he geological environment has been
established by a hydrogeochemical study (Alexakid Kelepertsis, 1998) carried out in
many sampling areas of eastern and southern Af8pata, Keratea, Thorikos and Aghios
Konstantinos/Kamariza). It has also revealed thtergxof pollution in these areas resulting
from natural and man-made factors.

Another study (Stamatis et &001) focussed on the hydrogeological conditionlation to
the quality of different aquifers developing in thavrio area. The heavy metals distribution
inside the aquifers is particularly stressed arel ¢lktent of physical and anthropogenetic
activity taking place in the historical area is lexadied.

The lithological composition of geological formai® and the intense tectonism directly
affect the hydrogeological conditions of LavreatiHihe area is composed of geological
formations with differing hydrogeological behavisurThere are similar hydrogeological
properties among the massive rocks, schists anditphy These rocks are particularly
impermeable, because their fracture system is bbbdly finer-grained material. Weathered
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subsurface zones of schists and phyllites form aoonfined aquifer exploited by the
inhabitants, mostly in the southern area of Lawaim Kamariza from shallow wells. The
water supply from these wells is not adequate teicthe water demands and most of them
dry up during prolonged periods of drought. Theitéd permeability, characterizing these
formations, results in high runoff. This is refledtin the drainage pattern development, which
is of the dendritic type.

In carbonate rock areas a parallel pattern is dgeel. Consequently, the distinction between
the two prevailing hydrolithological units of theea is feasible. Carbonate formations, the
lower and upper marbles, compose the main (kagsifex of the area. These rocks have high
permeability due to intense fracturing and espBc@eat karstification. The lower marbles
crop out in restricted areas located South of Kamaaand southwest of Lavrion. On the
contrary, in the western area of the Lavrio perisngioe development of lower marble is more
extensive and constitutes the coastline. The lAekhampermeable horizon (baselevel) results
in groundwater seeping under the lower marble tdwaea level. The upper marble has
overlaid the mica schists of Kamariza and is wideag in the area. Its thickness can reach as
much as 100 m and varies either because the upgdrieroverlays the lower one, without
any schist intercalation, or because it has undergatense erosion and weathering. The
infiltrating water following the general Eastwardpdof the beds, decant partially lateral
toward the loose quaternary deposits or they fiqbssible submarine outlet. In the alluvial
deposits, which cover the greater part of the piaithe Thorikos basin and parts of the
Lavrion basin, an unconfined aquifer has develop&dis aquifer displays limited
permeability and poor hydraulic characteristics dioe fine grain compositions. The
impervious bedrock in the Thorikos basin is form®d mica schists of Kamariza. In the
Lavrion basin the impermeable bedrock consists hyfllpes and schists of the overthrust
nappe. The replenishment of unconfined aquifedluvial deposits is ensured, both from the
direct infiltration of rainfall throughout the allial deposits and also from lateral seepage of
karst water of upper marble and of groundwater fraeathered schists.

The hydraulic connection of both karst and uncadimquifer with the sea, in combination
with their intensive exploitation for irrigation,alle contributed to the deterioration of
groundwater quality, due to seawater intrusion. Beawater intrusion is exceptionally
intense in both the Thorikos and Lavrion basins.

For the hydrochemical traits of the Lavrion arée, tollowing conclusions have been drawn:
There is wide dispersion of values of Mn, Zn, Cdjiaundwater and much smaller dispersion
of Cu, Fe and Ni, mainly in alluvial unconfined &gu High concentrations of heavy metals

are recorded at groundwater samples in Lavrio dheahighest from the unconfined aquifer
(alluvial deposits and schists). The concentrattbriead and cadmium is higher than the
upper limit for drinking waters for 66 and 75% bétcollected samples from both unconfined
and karst aquifers, respectively. High zinc coneditns were detected in most groundwater
samples from the unconfined aquifer of schistsateel to oxidation of sulfide minerals and

the leaching of schist. Nickel concentration ishhig both the unconfined and karst aquifers.
Quality deterioration of groundwater is documended attributed to seawater intrusion and
nitrate pollution due to intensive agricultural iaities. A significant relationship has been

observed between the major ions Ca—Na, Mg—Na, Na@atS0O4 and Ca—Mg (karst

aquifer). There is a close relationship betweeneleenents participating in the sulfide (Pb,

Zn, Cu, Cd) and iron-manganese mineralization astticag relationship between Ni—Cr.

The intensive mining activities and the intensifiexploitation of aquifers resulted in the
groundwater pollution.
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The presence of heavy metals in Lavrion

On the basis of the aforementioned traits and #wmults, which have risen from the
environmental studies up to now, the broader ared awrion is classified, from an
environmental point of view, as a high risk arearfkopoulos et al. 1995; Demetriades 2010).
The improper management of the metallurgical psiogswaste in the past resulted in the
migration of heavy metals to the surroundings, Gbuting to widespread soil and water
contamination. The overburden materials, includiegidual and alluvial soil, have been
contaminated to an extremely high degree by thealinegical processing activitief\s a
result, the local population is exposed to multipsezardous pollution sourceBhe extreme
multi-element soil contamination in Lavrion is arp@nent feature, since the residence time
of heavy elements in solil is very highree high-risk exposure routes for humans have bee
identificated: direct contact, ingestion and inkiala of contaminated material. The
epidemiological studies have shown very high cotteéions of Pb and As in blood and urine
and high concentrations of Pb, Cd and Zn in childréeeth. Lead poisoning is a common
phenomenon in adults and elderly men (Eikmahal., 1991; Makropoulo®t al., 1991).
These data from human tissues show, therefore,Phand As are in bioaccessible forms,
and remedial actions must be taken to reduce erxpdsuacceptable levels. Apart from the
extreme contamination of overburden materials &edrésidual soil, the house dust exhibits
values varying from 500 to 18,600 ppm Pb and Amfti80 to 3,820 ppm.

Site-specific Soil Action Levels (SAL) have beemwguced and used for the estimation of the
contamination index for As, Ba, Be, Cd, Cr, Cu, Rlp, V and Zn. The concentrations of Pb
and As in all Lavrion overburden samples are wikthe their respective SALs of 500 ppm
Pb and 25 ppm As. Barium, Ni and V have valuesweéloe estimated site specific Soil
Action Levels for Lavrion. The other elements haaesmaller proportion of samples
exceeding their SALs. (Demetriades 2010)

High concentrations of heavy metals (lead, cadmiumc, nickel) are recorded in
groundwater samples in the Lavrio area, too. Tighdst concentrations are recorded in the
unconfined aquifer (alluvial deposits and schistBhere is a relationship between the
elements participating in the sulfide (Pb, Zn, @Qa) and iron-manganese mineralization.
Most of the water demands are covered from theogstion of groundwater by numerous
bored and dug wells. Due to the gradual impairnzérgroundwater quality from seawater
encroachment, the water supply of the area is lfinathieved by importing water. The
industrial and animal rearing activities in andwuard the Lavrio area and the land is used
locally for the cultivation of cereals, olives, etgbles and vineyards. Also, in the recent
decades, industrial units located in the regionehaiso affected groundwater quality.
Therefore, it is easy to conclude that the effectshe health of the population from the long-
term use of the local water sources may be sedaado high concentrations of heavy metals.
In view of the alarming conditions an integratedtevaresources management should be
applied for the confrontation of the environmergadblem of Lavrion, too. (Stamatis et al.
2001)

Lavreotiki is a challenge for phytoremediation pro@sses

The molecular links between metals in the envirammand plant sulfur metabolism have
been reviewed (Sirko and Gotor, 2007). To our kealge, no phytoremediation actions have
taken place in Lavreotiki. Plants are the mostrasieliving organisms to pollution, a fact that
is most profound in Lavreotiki. This fact emphasizbeir utility for phytoremediation, a
promising strategy for environmental cleanup. Madmwtanical families include multiple
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species which exhibit a notable phytoremediatiotempiial (Gawronski and Gawronska,
2007). Each of these species enjoys certain adyesitdout at the same encounters some
limitations with respect to its application as mirgimediant.

Careful selection of the appropriate family andagpe to match the particular pollutant and
environment is crucial for successful phytoremedmmand the Poaceae family seems to be
one of the most important for this technology (Baus et al. 2012). Efficient phytoextraction
techniques require large biomass yield, fast grosatle, easy harvest, metal accumulation
ability and tolerance to heavy metal strefsundo donax (giant reed, Poaceae) is widely
spread in Lavrion peninsula. It is a fast growingpust, invasive perennial grass,
wildgrowing in southern European regions and oMediterranean countries. Giant reed can
easily adapt to different ecological conditions andws in all types of soils, it is a highly
pest-resistant crop and it produces high biomaslsl {B2—-37 tons or dry mass per hectar).
Growth and photosynthesis of giant reed was na&ctdtl by high cadmium and nickel soil
content (Papazoglou et al. 2005, 2007). For thessons giant reed is proposed as a
potentially high-yielding nonfood crop, which diagé many attractive characteristics for the
production of biomass, of pulp and paper and afatgd carbons.

Concluding remarks

Sulfur and Lavreotiki seem to be interwoven to anether. From the sulphurous ores to the
sulfidic tailings through the centuries, a longiohaf mining and metallurgical activities has
led to a seriously contaminated land, starting fraemlth that produced history, culture,
philosophy and science, beyond the amazing, sldvasgd mining and metallurgical
technology. In his detailed review on the environtak pollution of Lavrion, Demetriades
(2010) stressed out that «although a detailed sty completed at the end of 1999, and a
massive report submitted in 2000 to the Lavrionaarbuthorities and the Hellenic Ministry
of Environment, with concrete cost-effective proglesfor remediation of soil, not a single
action was taken up to now. The situation remdiesstame. Houses and schools are built on
metallurgical processing wastes, whilst childrer @aults alike are exposed to the same
environmental contaminants.». As a concluding r&m2emetriades (2010) wrote thatVe

are obliged to offer better and healthier livingnditions to the new generation; otherwise, in
the near future we may resort to extreme solutibesause the remediation of “soil” would
be more costly than moving the whole populationLafrion and Lavreotiki Peninsula to
another more suitable area».

The aforementioned concluding remark reflects thmndn point of view of course, because
the natural vegetation seems to have adapted raftelyall. Ironically or thankfully, sulfur is

a strong player in the detoxification and/or homasis mechanisms which are in charge of
plant growth in such contaminated soils. Contrariiumans, the plants of the area, especially
those of the natural vegetation, seem to haveynigetked out their own protection and, as it
turns out, they are happily living in Lavreotiki.
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