UNIVERSITA DEGLI STUDI DELLA TUSCIA DI VITERBO

DIPARTIMENTO DI Scienze dell’Ambiente Forestale e delle sue Risorse

CORSO DI DOTTORATO DI RICERCA

In Ecologia Forestale - XXI Ciclo.

PHYTOEXTRACTION AND
HYDROLOGICAL PHYTOCONTROL
IN AN INDUSTRIAL SITE CONTAMINATED
BY HEAVY METALS AND ARSENIC

(FITOESTRAZIONE E FITOCONTROLLO DEL BILANCIO IDROLOGICO
IN UN SITO INDUSTRIALE CONTAMINATO DA METALLI PESANTI E ARSENICO)

settore scientifico-disciplinare
AGR/05

Coordinatore corso di Dottorato:
Prof. Paolo De Angelis

Tutorl Tutor2
Prof. G. Scarascia Mugnozza Dott. A. Massacci

11—

Dottoranda
Lucia Pietrosanti

\')AJ\Q&Q_ Q‘L\'YD Xm\‘\






A mio padre

per le volte che aveva ragione e che bo capiio solo adesso,

per le cose che non gli bo mar detfio e valeva la pena di dire,
per ogni volta che guards da questa parie ¢ conlinus ad aratarmi






INDICE

GENERAL INTRODUCTION. .. .ttt ettt s et e et e e e et e e e e ne e ee e 7
The world decontamination needs and the phytoregiodi..................coooviiiiiiiiiiiinnas! 9.
Phytoremediation methodology and its applications.............cccceevvvveveviiiiiiiicies s 11
Currently used decontamination tECNNIQUES ..ccceeeerrrrnniiiiiieeee e 18
ORGANIZATION OF STUDY AND GENERAL AIM .....iiieiieee e 21

PART I: A SURVEY ON THE METAL AND METALLOID PHYTOEXTRACTION
ABILITY OF SPONTANEOUS AND CULTIVATED PLANTS GROWINE IN THE

LANDFILL OF AN INDUSTRIAL SITE IN THE VENICE LAGOON.........cccvvvvvveeeeen. 27
ADSITACT. ...eeeeiiiieee et e a e e e e e e e e e e 29
1o To [¥Tox 1 o] o PP UUPPPPPTPUTPPRRTR 30
Materials and METNOUS........uuiiiiiiiiii e 31
Y100 )V T - PP 31
Plant, water and SOil SAMPIING .......ccoo s e e e e e e e e eeeeaaeeaes 33
Y= a ] o] L o] £=T oF= T = 11 0] o ST 34
Heavy metal and metalloid analysSis .........ccccceeuvieiiiiiiiiiiee e 35
Soil and groundwater properties and chemical arglys...............ccoevvviieeeeeeennnnnn. 53
Data @NalYSIS.....cceeeieeeiieieeit e ———————————————a 36
RESUIES e e e e ettt ettt ettt e et e et bn e e e e e e e e eeeees 36
General characteristics of the site: soil and gdoater ................ooovvvvvvvvininnnnnn. 36.
Heavy metalS in PIantS.........oooiiiieeeeee e 39
Bioconcentration factor (BCF) .............vvvowmmmreeervenniiiiise e e e e e e eeeeeeeeeeesesesmnnnnsennnes 42
IS CUSSION ...ttt mmmmmm e e e e e e e e e e e e e et et e et te bbb e e e e e e e ea e e e e e e e e e e eeeeeeeeeeeeenrrrnanan 45
(@] o[ 1153 o] o PP PPPPPPPPPPPPPR 50

PART II: SITE REMEDIATION AND HYDROLOGICAL CONTROL IN LANDFLLS:
STUDY ON A POPLAR PLANTATION IN AN INDUSTRIAL SITEIN THE VENICE

LAGOON .ottt emmm e e e oo oo oo e e e e e e s bbb bbbttt ettt ettt e e e e e b e bbb n e e e e 51
ADSTIACT. ...ttt e e et ettt te b ————————rrn e e e e aaaaaaees 53
1] 10 o [0 [t i o] o RO PTTPPPP 54
Materials and MethOAS..........ooo oo e 56
BT (0 [0 | V= T U 56
MeteorologiCal PAraMELEIS ...........coiiiii oo e ettt e e e e e aaeeeeeaaeeaeas 57
B I = o] F= U = U1 o o P 58
BIiomass SAMPIING ......ccooiiiiiiiiiiee e e e e e ee e 58
Heavy metals content in trees, SOil and Water o .....ovvveiiiiiiiieee e 58
Measurements of tree Sap flOW ... 60
StatiStiCal ANAIYSIS ......ooveieeeeiiii i eeeee e ——————————— 62
RESUIES e e e e ettt ettt et bbb n sttt bn e e e e e e e e e eeees 62
Climate during the Study Period ............uuueeiiiiiiiee e e 62
PlaNt DIOMASS ...ttt e e e e e e e e e et eeeeeeeeeeeaeenerannna 66
Heavy metals in soil, water and tre€S ......cccceeeiiiiiiei i 67
Transpiration of the tree plantation ... 71
DT ol B K= o] 1T PPPPPUPPPPPRRR 73
(0] o Tod 1§17 (0] o TP URUPRPPPPPTPRTTRN 75



PART Ill: A LONG-TERM EXPERIMENT TO TEST P.vittata L. UNDERIGH As

CONCENTRATION ..ottt et e e e e e e e e e e e e eaeeasasannsssssbnnnneeaeaeasseaans 77
Y 013 1 = o OO P PP PPPPPP 79
11 oo [8Tox 1o o SRR 80
Materials and MEthOd ...........uuuiiiiiiiii e 83
ey d 01 4 a1 01 Y= (] O 83
Chemical and biochemical analySiS............cceeeiiiiieiiiiiiiieeee e 84
INAEXES USEA ...ttt ettt e e e e e e e e e e e e e e e e eeeeennaneeeeeesssnnennnnns 85
Chlorophyll fluorescence image and chlorophyll emttanalysis. ............cccccvvveennnn. 86
Data @NAlYSIS .. .o e a e 87
RESUILS ..o e e e e e e e e e e e e e e 88
PlaNt DIOMASS .....oiiieeiiiiiii et e e e e e e e et et e e e e eeeeeeeeeerneennnna 88
Arsenic in plants, BCF and TF ......ccoiiiiiiiiiiceeeeeess e veeeeen e 89
Analysis of other elements iN PIANTS ... 90
Analysls of CYS, GSH and PCs concentrations... . SRR © 122
Chlorophyll fluorescence image and chlorophylltemm anaIyS|s ............................ 93
DISCUSSION ...ttt ettt e e bbbttt ettt et e e e e e e e e e e e e e e e s s s smmne et eeeeeeeaeaeeeaeeeaanaans 95
CONCIUSIONS ...t e e e e e e et e ettt ettt a s e e e e eeeaaaseeeeeeeeaaeeeeeeennnnes 101
GENERAL CONCLUSION ....ciiiiiiiiiieie ettt e e e e e e e e e e e e e e e e s s enneeeees 103
LILEIrature CITEA .. ..o e e e e et e e e e e e e e e e e e b aeb s 107
(10 [ gTol U] (8] g AV | = TSR 117



GENERAL

INTRODUCTION






The world decontamination needs and the phytoremediation

More than two hundred years of industrialisationenhkeft their trace on the status
of soil. In fact Europe has a problem of historicahtamination of soil due to the use and
presence of dangerous substances in many produgiionesses. Moreover, soil
contamination is still currently being producedibgdequate practices and accidents.

Soil contamination is an unresolved problem, du¢ht widespread presence of
contaminated soils and to technical and economawbacks of current remediation
techniques. Worldwide there are many sites contaied) to various extent, by heavy
metal, hydrocarbons and organic chemical substahcédizly, for example, more than 3%
of the whole National territory with more than 400@ites have been indicated as
contaminated above threshold risk limit for humaalth. Because of their high number
and of the high costs of the de-contamination &/ the authorities on these sites are
limited to take concrete actions to cope with fimigblem.

Soil degradation has a direct impact on water andjaality, biodiversity and climate
change; it can also impair the health of Europeiéimeas and threaten food and feed
safety. Furthermore, the conventional methods aotlyreused have other consequences
besides the high costs: they can lead to an atiaraif the ecosystem where they are
applied that persists for long time.

Phytoremediation is a recently developed and sustée innovative technologies
that is defined as the use of plants to removeutsits from the environment or to render
them harmless (Salt et al., 1998). As reported diyeRPal, 1999 the basic idea that plants
can be used for environmental remediation is cqupide However it was not until 1948 that
some lItalian researchers first reported Nickel hgpeumulation in the serpentine plant

Alyssum bertoloniiDesv.. This finding was all but forgotten until 779 when in new



Zealand researcher made similar observation. Time the concept caught on. So over
past decades phytoremediation emerged as a newotegly opposed to conventional
methods.

The advantages and disadvantages of phytoremediaie reported below
according to Pilon-Smith, 2005 and Ghosh et Si2g05 .

Advantages:

Amended to a variety of organic and inorganic coumats

Used for solid, liquid and gaseous substrates

- Defined as clean sun-power technology, with no simisof greenhouse gasses

- Relatively inexpensive: the conventional methodseshediation may cost from
$10 to 1000 per cubic meter, while phytoremediatiosts are estimated to be as
low as $0.05 per cubic meter

- In situapplications show a minimum disturbance of sodl anvironment.

- Plants can stimulate microorganisms through theass of nutrients and the
transport of oxygen to their roots so to allow ackuestoration of the biological
activities of contaminated soil

- Plants produce biomass that can be used for epeogyction.

- Appealing visual results

Disadvantages/Limitations:

Restricted to sites with low contamination concatmns and with shallow

contamination within rooting zone of remediativargk
- Process may take up many growing season to rereei@ntaminated site
- In situ solil proprieties, toxicity level and clineashould affect the plant growth

- The food chain could be adversely affected by #gpadation of chemicals
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- Harvested plant biomass from phtoextration maylassdied as a hazardous waste
hence disposal should be proper

In the phytoremediation process different plantcgse can be used and once moved up
along the plant, metals should be preferentialbrest in the woody parts that are less
physiologically active with respect to foliage, mehewable and can be easily harvested
and burned to produce bioenergy (Pietrini et &109.
In this context, research should be focused oreasing knowledge of the mechanisms by
which plants can tolerate, accumulate and trantongetals, as well as exploring the
variability in these traits in spontaneous andicated species. Then, it is important to
screen out the spontaneous and cultivated planil@ibgns growing in contaminated sites
to individuate the specific capabilities of thesangs to tolerate or accumulate a particular

pollutant or a combination of them.

Phytoremediation methodology and its applications

Phytoremediation is potentially applicable to remoxarious contaminants from soils,
sludge, sediments, ground and surface waters astewaaters. Many plants absorb from
the rhizosphere, organic and inorganic xenobiotiolecules that have similarities
(hydrophobicity, polarity, molecular weight and malilar sizes) to the nutrients essential
for their growth. Arsenic, for instance, has similas with phosphate and is absorbed
likely using the same specialised transportersieA®elenium has similarities with sulphur
and cadmium with calcium and zinc (Salt et al.,&)99

Potentially, a large variety of contaminants, imlthg heavy metals, hydrocarbons,
halogenated compounds, radionuclides, nutrients)tapblorophenol and polycyclic
aromatic hydrocarbons may actively or with somerée@f passivity, enter roots and thus

be transferred from soil or water to plants. Thg &etion of this removal process is the
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transport of contaminants from soil or water intwots. Many absorbed xenobiotic
molecules or contaminants remain in the roots liggbobund to wall and membrane
structural molecules, or move through the epidenmishe Casparian strips where they
face a strong specific selection for passing thnoagd eventually reach, the above ground
organs via the xylem vessels. The high shoot actation and tolerance of contaminants,
heavy metals in particular, are considered asstmasieful to select among species and
genotypes for some activities required in phytordiatgon of contaminated environments
(Baker et al., 2000).

Some plants displayed an extreme form of toleraalb@ying to accumulate exceptionally
high amount of heavy metals in their tissues, soetch a metal concentration in the
aboveground biomass higher than that in the soihes&€ plants are called
hyperaccumulators (Cai et Ma., 2003). Studies edrout in recent years on species hyper-
accumulating and tolerating heavy metals and osdlable to colonize sites contaminated
by organic substances have produced some impondications on their characteristics.
Specifically, for the removal of heavy metals (sospecies do it between 0.1-1% of their
dry weight), useful plants should apparently mdwe absorbed metal ions from roots to
shoots and neutralize their toxicity through theusstration into the large volume of
vacuoles therein. Further, only hyperaccumulatoith va high and rapid biomass
production could be effectively used for phytoremg&dn.

Currently, at least 45 families of higher plante &nown to include species which hyper
accumulate heavy metals in shoots, and more thatf@8ent species of plants and trees
are reported to be able to take up and accumuéagedde or transpire 70 organic and
inorganic xenobiotic chemicals, representing mdagses of compounds.

An example of hyperaccumulator plant specieB.isittatal., a fern that can accumulate

extremely large concentrations (up to 23000 mgig}his toxic element in its above
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ground biomass. Several other fern species have tegorted by Zhao et al. (2002) to
hyperaccumulate As to concentrations similaPteittata L. (P. cretica, P. longifolia, P.
umbrosa ).

P. vittataL. shows the common traits associated with metgHitoid hyperaccumulation:
enhanced root uptake, efficient root-to-shoot ti@regtion and a far elevated tolerance
through internal detoxification (Caille et al., Z)0

Some plants show considerable promise in the ratedi of both chlorinated
hydrocarbons and heavy metals. The soil and wéligosphere of these plants is the
optimum environment for the growth and the metabdalctivities of useful micro-
organisms (e.g. bacteria and mycorrhizae) thategratie organics and increase heavy
metal bioavailability for plant extraction. Thesetigities are naturally sustained by plant
root exudation of photosynthates and many othemussiting molecules into the
rhizosphere.

Studies on this natural process have allowed tcamr# this rhizosphere remediation
activities by amending the soil with specific samstes. This practice is now defined as
enhanced rizoremediation. Various clones of poplaiows, eucalyptus are currently
under investigations for evaluating if they aretaie for rhizoremediation. All these
plants are fast growing, are highly symbiotic ineith extended rhizosphere with
mycorrhizae and many bacteria, have large rooesystable to explore the soil down to
few meters, and represent a rich germplasm with Qenetic variability that make them
adaptive to most pedo-climatic conditions. Thesa{d are also tolerant and itself able to
degrade chlorinated hydrocarbons even under gediconditions

Salicaceae, such as Poplar and Salix spp, have fmeegxample, used because associate

high biomass accumulation and transpiration rdteshe ability of decontaminating soils
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from organics such as, for example, atrazine, pdymated biphenyls, heavy metals,
hydrocarbon, herbicides and trichloroethylene.

Numerous studies are currently under developmenexjlore plant biodiversity for
various phytoremediation abilities and these swidibow that plants can really be a
sustainable solution to cope with many environmemtablems. Modern analytical tools
based on identification of genetic diversity cowlohtribute to a future increase of the
number of eligible species. Anyway most of the tipg/toremediation applications have
been successful when the evolution of the decomi@iion have been monitored and when
the selection of the plants and the modality ofrtheplications have been studied very
thoroughly in the site to decontaminate.

However, there is not yet available a universafipleable phyto-solution to the problem
of contamination. Only few species can be applaghytoremediation schemes and most
of them are trees that has to be often used incedgm with herbaceous plants more
effective in decontaminating soils from a given taoninants.

Furthermore, Phytoremediation is a general termefarring to many forms and processes
based on plant application (Ghosh et Singh, 20@8y Ret al., 2006). Thus, it is difficult to
have a single process as the most effective irrifit sites. To remove specific types of
contaminants and some contaminated sites may eeqifferent types of plants. Often
different plant activities such as extraction, @efgtion, immobilization, volatilisation etc.,
combine to deliver these various forms of phytoréiaigon. A brief description of these
applications and of their use in soil and sludgeodéamination is given in Fig.1 and

following delineated.
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Fig.1 — Various forms of phytoremediation

Specifically:

a) Phytoextraction and Rhizofiltration

The extraction activity of plants (phytoextractipopncerns the uptake of metals
(Ag, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Zn), mébads (As and Se), and radionuclides
(90Sr, 137Cs, 234U, 238U) by roots and transfer ihé harvestable portions of the plant.
Laboratory based experiments have been extensiteobly a few field-scale test
applications have been successfully conducted, ofdsiem in USA. Notably, it has been
reported that the extraction coefficients undetdfieonditions were lower than those
determined in laboratory. Generally, a reduced Jadability of metals due to metal
sorption by soil has been regarded as the mairecafushis difference between laboratory
and field results. In effect, the extraction takéece in the root zone of plants, which can
generally offer a limited surface contact with s&ilrther, many chemical substances in
the solil, particularly relevant are humic substanoan bind and trap some contaminants

impeding their diffusion to the rhizosphere. Theliadn of chelating agents seems to help
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with this problem. It should be underlined that f@extraction of organic contaminants is
not as used as phytoextraction of metals.

In this process, detailed investigation are needdoin the technology include the final
combustion of the contaminated biomass, to envisiagealisposal of ashes and to ensure
that products that will be released in the atmosphéth fumes are not toxic.

Rhizofiltration is the removal by root trapping, me contaminants from surface
water, waste water, or extracted ground water. Tgrgcess is very similar to the
phytoextraction but has the advantage of an ehsietest of all contaminated plant parts,
specially roots for the final disposal. It is elifg to remove metals and radionuclides from
large volume of water using plants with greater dadter growing root systems.
Interestingly, this process can be used eithersiaxX’ or “in situ”. Rhizofiltration using
sunflower has been applied to remove 137Cs and &iffonuclides from a small pond
near the Chernobyl reactor in Ukraine.

b) Phytostabilisation/immobilisation and hydrologiantrol

Plants can efficiently be used to contain/stabile@l contaminants in situ.
Phytostabilisation is as relevant a strategy asgaxyraction, and for many of the metals
the only practical option, since there are limifgdnts available which can extract them
from the soil or water. Phytostabilisation does clean the soil but rather, it prevents the
loss of contaminants from a site through wind otewarosion, or where pertinent, through
leaching, such that the site no longer representssia to the wider environment.
Phytostabilisation may be used for both metals @iganic contaminants. Plants seem to
be able to significantly modify the chemical, bigical, and physical conditions in some
soils. Roots can release exudates that can incdecgjation of contaminants in solution,
their complexation, or the metal valence reductrathin the rhizosphere. This phyto-

application is, unfortunately, a long-term processl requires to maintain an active
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vegetation in an unfavourable environment. When leyinpg phytostabilisation as a

strategy, it is desirable to select varieties whweifi tolerate metal contaminants but

exclude them from their above ground tissues, wald® producing economically viable

amounts of biomass. This also overcomes the needalke special provision for the

subsequent handling of biomass which contains auntnts collected during growth.

To date, much effort has been focused on idengfyiarieties which will take up large

quantities of contaminant, most notably, heavy iset@ith mixed success. Cd, Zn and to a
more limited extent, Cu and Ni may be remediatentassfully in a reasonable timescale.

A phyto-application that is considered in someseast field is the hydraulic control of

deeply contaminated soils by using Salicaceae. oWilland poplar, classifiable as

phreatophytes or water-loving plants, seem far npoe¢erable for these applications than
other trees since between 100 and 1000 liters/daybe transpired by a single poplar or
willow tree.

c) Rhizodegradation and Phytodegradation.

Plant roots are also able to enhance naturally rdogubiodegradation of some organic
chemicals by bacteria, fungi (mycorrhizae), andnachycetes in soil. Significantly higher
populations of denitrifiers, BTX (benzene, toluengjenes) degraders, and atrazine
degraders have been identified as colonizers oftiz@sphere soil around hybrid poplar
trees in a field plot. Probably, root exudates sashsugars, amino acids, organic acids,
fatty acids, sterols, growth factors, nucleotidisjanones, enzymes, and other compounds
stimulate microbial growth and degradation actatin the rhizosphere. This process of
rhizodegradation is a very promising and convenigmbcess when applicable.
Contaminant destruction, in fact, takes place fin"sand, as a consequence, eliminate the
necessity of disposing of contaminated materialweier, an impediment can be that

sometimes only part of the contamination is in aohtwith roots, whose further growth
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into new areas may be impeded by the inhospitabiteitons. As for phytoextraction,
trees with a large and tolerant root systems, stschkome Poplar or Salix clones, can be
used to explore a deep soil with high contamin#fiigion and interaction of bacteria with
poorly-hydrosoluble organics. Most of organic comt@ants are removed with
rhizodegradation, as indicated by a variety of gheeise, laboratory, and growth chamber
studies. Nevertheless, some species have beentagpts be useful for uptake,
metabolizing, and degradation of contaminants witlihe plant. Phytodegradation,
contrarily to rhizodegradation, is not dependenassociated microorganisms and fungi in
the rhizosphere. Some explosives, chlorinated stdyderbicides, and insecticides can be
degraded by this way. A typical example is the ioetiaation using poplar of organic
compounds like TCE , TNT and atrazine.

In some cases degradation reactions can lead it poaducts that can be released to the
atmosphere through stomata transpiration. Thisga®ds known as phytovolatilization
and is sometimes used to transfer contaminantdjoutitany transformation, to the

atmosphere.

It is important to consider that all these formgbftoremediation can be often combined
and deployed in a phytoremediation site simultasBoor in sequence for a particular
contaminant and that different forms may act orfiedgint contaminants or at different

exposure concentrations.

Currently used decontamination techniques

Besides the phytoremediation, which is a relativelew technique for soil
decontamination, there are other methodologies (RTIP98) that are used in sites

characterized by a higher contaminant concentration
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Generally conventional methods include one of dlleding techniques:

Excavation with off-side disposatemoval of the source contamination from the site

transporting the soil to landfills designed to gutdeazardous wastes.

Off site and on site soil incineratiooontaminated soils are burned at temperaturdsdsg
much as to destroy the toxic contaminant.

Thermal desorption:generally this remediation technology is applied temove

chlorinated compounds from soils or other subsdratinat are subjected to high
temperature to volatilise the chemicals absorbepanticles.

Vaporous extractionthrough the usage of particular chemical solvemd liquids the

contaminants in the soil react and pass into awagtate. In this way they left the soil and
go on air. This in situ technique move the contatiam from soil to air, thus implying the
necessity of analysing the vapours that are retease

Soil Washing:ithe soil to be decontaminated is exported in $ijgesite where it is washed
with chemical solutions or solvents and it is cle&nOnce the cleaning operation is ended
it is brought back to its original place and thdirensite is decontaminated. This ex-situ
technique anyway is applicable only to little sded is very expensive, due to the
transportation of the soil and to the washing ojpama. Obviously, this way other
contaminated substrates are obtained such as washblation that need to be fatherly
cleaned and disposed This ex-situ technique hafuttieer disadvantage of modifying the
soil chemical composition, thus increasing the tiim&t the soil takes to get back to its
normal state (e.g. the state in which it was befloeecontamination took place).

On site stabilisation/solidificationwith this technology soil contaminants are coreert

into less soluble or less mobile forms. Solidificat in particular, involves the use of a
polymer to encapsulate the soil or the vitrificatlwy passing electricity through the melted

soil. This way the contaminant is stabilised butaestroyed.
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Pump and treathis remedy of contaminated ground water can veelarious treatments

such a selective barrier filtration or absorpti@ir, sparging (this remedy can be also
applied in situ without pumping) that is based ofatilisation and further condensation of

chemical substances.

With respect to Phytoremediation, the other decumtation techniques have the
following disadvantages:
they have higher costs;
they can be performed only in site with a smalleaesion. The transportation and
the operation that have to be performed on theisuily in fact a large usage of
machineries that are expensive;
they are destructive. Once one of the mentionedealdecontamination technique
is performed, the soil loses its natural composiand its basic components and it
takes a long time to go back in a healthy staténaga
their ex-situ characteristic implies a complete ification of the landscape for all
the time that the decontamination takes to be ceteg)
they are not preventive. The usage of a decontdimmanethod based on the
phytoremediation enables a preventive functiort, ieelated with the deployment
of the plants in the sites to be decontaminatethdcase that a new contamination
appears the dead of the plants is a clear sigréeept the enlargement of the

contamination.
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Studies were performed:
in situ, investigating the utility of some spontaneous anitivated plants in a
phytoremediation strategy and analysing the capalof a poplar plantation in
remediate soil and in water control of an indust@ntaminated site
ex sity making growth P. vittata L. in greenhouse to stigate the tolerance and
accumulation capability of this plant to elevatedsénic concentration with in

order to introduce this specie in the island.

It's possible divide this work in 3 parts. Each tbem is organized as monothematic
chapter, with an identical internal partition: ambstract”, where all chapter is
summarised, an “Introduction” where the subjecatied in the chapter is analysed by the
literature, a “Materials and Methods”, where methaaf sampling and analyses are
reported, a “Results”, where all results obtainezlisted, a “discussion”, where results are
explained and at last a “Conclusion”, where thessesf the chapter is explained.
The three parts are:
1- PART | - A SURVEY ON THE METAL AND METALLOID PHYTOEXTRACTION ABILITY
OF SPONTANEOUS AND CULTIVATED PLANTS GROWING IN THE LANDFILL OF AN
INDUSTRIAL SITE IN THE VENICE LAGOON : to investigate the capability of different
spontaneous and cultivated plant species growingstamd, to examine their
potential use for a phytoremediation strategy.
2- PART Il - SITE REMEDIATION AND HYDROLOGICAL CONTROL IN LANDFILLS
STUDY ON A POPLAR PLANTATION IN AN INDUSTRIAL SITE IN THE VENICE
LAGOON: to verify if in an industrial island in Porto Mgltera a poplar plantation
was useful both in site reclamation strategy anthe)hydrological control. The

hydrological control of this site became necessange year 2008, when island
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was wholly separated from surrounding sea to agomronmental contamination
by a waterproof barrier.

3- PART Ill - A LONG-TERM EXPERIMENT TO TEST P. vittata L. UNDER HIGH AS
CONCENTRATION : to investigate the As tolerance and accumulatipability of
P.vittata exposed to a remarkable As concentration in a-teng hydroponic

experiment, evaluating some implications at phygjmal and biochemical level.

A detailed description of the study locations (bwtlsitu and ex situ) will be done in each
chapter.

The experimental fieldirf situ location) is an Island of the industrial zone airt®
Marghera (Venice lagoon, Italy) classified as odéh@ most important “contaminated
sites of national interest”’(SIN) in Italy and casesied as an area of high environmental
risk which needs to be reclaimed. The island, dallsola dei Petroli” is 12 ha and has
been used as an industrial landfill. Previous stutdscribed the island as highly
contaminated by As, Cd and Zn mainly in soil dejptige of 1-2 m.

Since 2008 the island was wholly separated fromosuading sea by a waterproof barrier
to avoid environmental contamination. This manufeet bounds the contamination
scattering bat also it modifies the water balant¢he island, annulling all exchanges
island-sea.

In this context a vegetation cover could be usé&bufemove water in excess, but soil
toxicity could affect the growth plants. So an istigation of species both spontaneous and
cultivated grown in the island are performed tolgs®their utility in a phytoremediation
and phytocontrol of hydric state strategy and theapability to survival in the

contaminated site.
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Spontaneous plants are mainly herbaceous and shadies, probably transported in the
island by the wind or presented in the cleaned sséd to made a unpolluted top layer.
Planted species consist in some herbaceous andpestes previous introduced in the
island. Among these species the most interestiegttanee clones of poplar: Dvina and
Lena Populus deltoidedBartr.Ex Marsch) and NevaP¢pulus x canadensisloench),
planted in 2004 in a high density plantation desighe plantation is studied both for
phytoextraction function and for water phytocontratcording to knowledge that poplar
species usually show a high transpiration capgbilit

The laboratory analyses and tie situstudy location are performed in the IBAF, in the

CNR centre in Montelibretti.
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A SURVEY ON THE METAL AND

METALLOID PHYTOEXTRACTION

ABILITY OF SPONTANEOUS AND

CULTIVATED PLANTS GROWING IN THE

LANDFILL OF AN INDUSTRIAL SITE

IN THE VENICE LAGOON.
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Abstract

This work aimed to evaluate the capability of spoebus and cultivated plants growing in
an industrial landfill island in Porto Marghera {Wee lagoon, ltaly) to take up heavy
metals and metalloids such Pb, Cd, Zn and As amcbbcentrate them in their leaves and
stems. Specifically, it focused on the most abuntf@e, shrub and herbaceous species to
identify useful plants to for the reclamation oistlarea. In soil of different depths and in
the groundwater table, a large degree of heteratyenemetal contamination, with values
close to or higher than Italian guideline valueg Itialian law D.Lgs 152/06), was found.
Plants differed in pollutant accumulation. All spameous species, except famaranthus
retroflexusL. towards zing showed a higher ability to exclude rather thanuaudate
heavy metals compared with cultivated species, ngakhem unsuitable for thien situ
phytoremediation of a contaminated industrial a€@athe contrary, in cultivated species a
valuable heavy metal concentration in above-groarghns was detected. In particular,
good performances were evidenced fGhrysopogon zizanioides (L.) Roberty to
bioconcentrate Pb and for bdBalix matsudan&oidz. andSalix albaL. to bioconcentrate
Cd and Zn, allowing the evaluation of the possibi#ization of these species for the

phytoremediation of contaminated sites.
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Introduction

Heavy metals and metalloids are natural constituehthe Earth’s crust. Their release into
the environment can arise through the waste of ntamgan activities such as mining,
industry and agriculture in different chemical farifi.e., chloride, sulphate and fluoride).
If this waste is not properly stored, air, soil amater pollution can pose a serious threat to
human and animal health. In fact, most of metats raetalloids are toxic, mutagenic and
carcinogenic. Low cost, effective and sustainabéhmods need to be further developed to
remove these contaminants from the environmentetoxify them (Bozkurt et al., 2000;
LeDuc et Terry, 2005). Conventional methods dewelopo remediate contaminated
substrates byn situ or ex situtreatment are cost intensive, technically compdhex
environmentally invasive procedures. In this coptéixe possibility of using plants and
microorganisms to reduce soil and water pollut®an old and fascinating idea. Over past
decades the concept of phytoremediation emergacdhasy technology based on the use of
vascular plants for cleaning or decreasing thecttyiof soils, sludges, sediments and
wastewaters contaminated by metals, organic xetiobj@xplosives or radionuclides (Salt
et al., 1998; Barcelo et Poschenrieder, 2003). d?agtediation has numerous advantages.
First, it is a solar-driven process that minimisegrgetic input and thereby represents an
environmentally friendly technique. Furthermoreg #stablishment of a vegetation cover
over a contaminated site can limit soil erosioreate an aerobic environment in the
rhizosphere that favours microorganism colonisa@owl activity, enhance soil organic
matter and increase soil aggregation. Moreovertgoagnediation is considered a low cost
technology, estimated to be 50-80% less expendiam tconventional applications
(Pulford et Watson, 2003; Vamerali et al., 20090 Be even more attractive,

phytoremediation should be performed by plantscsetefor their enhanced capability to
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tolerate the elevated concentration of heavy matad®il and water and to absorb metals
by roots and translocate them in above-ground @r¢@nbinson et al., 2000). Once moved
up along the plant, metals should be preferentstibyed in the woody parts that are less
physiologically active with respect to foliage, mehewable and can be easily harvested
and burned to produce bioenergy. In this contesgearch should be focused on increasing
knowledge of the mechanisms by which plants caeraté, accumulate and translocate
metals, as well as exploring the variability in dBetraits in spontaneous and cultivated
species. Then, it is important to screen out thentgmeous and cultivated plant
populations growing in contaminated sites to indlinate the specific capabilities of these
plants to tolerate or accumulate a particular heaeyal or a combination of them. This
information is useful for using these plants boshbéomonitors for the evaluation of the
distribution of heavy metal pollution over largeri®ries (Djingova et al., 1999; Madejon
et al., 2004) and to phytoremediate contaminatess §Rosselli et al., 2003; Nagendran et
al., 2006; Komarek et al., 2008).

The aim of this study was to investigate the cdjgbof different spontaneous and
cultivated plant species growing on an industaaldfill island in Porto Marghera (Venice
lagoon), one of the most important Italian ind@dtsites to accumulate arsenic and heavy

metals, to examine their potential use for a plgytwdiation strategy.

Materials and methods

Study area

Porto Marghera is one of the main chemical digtrictltaly, located in the Venice lagoon
(45° 24 47" N, 12° 1750" E), a shallow transitorial environment in the hern basin of

the Adriatic Sea (Fig. 2). This industrial zone wasated in 1917 on the border of the
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Venice lagoon, as an extension of the Venice Portsustain oil- and coal-related

activities.

Considerable industrial activities, in particulanemical production, oil refining and

storage, shipbuilding, metal extraction and metgiluenergy production and distribution,
wastewater treatment and hazardous waste inciaeratcaused the extensive
contamination of air, soil, groundwater and inridalt canals. Moreover, industrial plants
were built on marshlands, previously filled withntaminated materials. The industrial
zone of Porto Marghera is now classified as onth@fmost important “contaminated sites
of national interest” (SIN) in Italy and is considd an area of high environmental risk that
needs to be reclaimed (Bellucci et al., 2002; Zental., 2007).

Previous studies on the sediments of the Venic®olaghave evidenced a diffuse
contamination of both organic compounds and heastals, with a prevalence of Zn over
Pb, As and Cd, caused by activities involving tise of minerals, metals and catalysts
(Argese et Bettiol, 2001; Giusti et Zhang, 2002rhiato et al., 2008).

The study area is an island located inside theefithery of Porto Marghera (Fig. 2) in a

macro-area called the “Area dei Petroli” (oil aredh this macro-area, studies

(www.ambiente.venezia.it/suolo.asp?sub=chimicasuslm&petroli#setje have shown

that 90% of soil contamination is caused by heawjafs, in particular As, Zn and Cd,
with concentrations higher than the Italian lawitsnmainly in the soil depth range of 1-2
m. This island, called the “Isola dei Petroli” (i8land), is 12 hectares and until recently
was used as an industrial landfill. Approximatedfflof its surface is now taken up by oil

storage containers.
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Fig. 2 — Location of study area. A) Venice lagoomiltalian peninsula B) Porto Marghera C) “Isola dei
Petroli”

Plant, water and soil sampling

Plants, soil and groundwater were sampled in autdf06 at the end of the vegetation
phase. Regarding plants, this study focused onnlest abundant tree, shrub and
herbaceous species growing on the island (Tablant Bpecies were spontaneous or
planted but all were characterised by a good atlaptéo the site conditions. For each
species, three to five individuals were samplededdmg on their abundance. For
herbaceous and shrub species, pooled leaves fromiredividual were taken. Similarly,

for tree species pooled leaves or stems were tetidicom each individual. Thirteen soil

sampling points were cored in a randomised bloakgte covering the whole island area,
and two samples for three depth layers (0—40 cm:8@0cm and 80-100 cm) were
collected. Groundwater samples were collected fi@piezometers randomly distributed

over the study area
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Tab.1 - Plant species sampled in “Isola dei PetrdliVenice lagoon, Italy.

Plant species Family Origin * Type**
Amaranthus retroflexuts. Amaranthaceae S H
Blackstonia perfoliatL.) Hudson Gentianaceae S H
Cornus sanguineé. Cornaceae S S
Eleagnus angustifolid. Elaeagnaceae S S
Ulmusminor Miller Ulmaceae S T
Paulownia tomentos&teud. Scrophulariaceae P T
Phragmites australigCav.)Trin. Poaceae S H
Rubuscaesius L. Rosaceae S S
Verbena officinalid.. Verbenaceae S H
ChrysopogorzizanioidegL.) Roberty Poaceae P H
Salix matsudan&oidz. Salicaceae P T
Salix albalL. Salicaceae P T
Eucalyptus camaldulensizehnh. Myrtaceae P T

° Origin - S: spontaneous ; P: planted; * Type - H: herbaceous ; S: shrub ; T: tree

Sample preparation

Soil samples were oven-dried at 60°C and passedighra 2 mm stainless steel mesh,
separating the skeleton fraction. The sieved foactivas used for granulometry, pH,
carbon and nitrogen determination and heavy meilnaetalloid detection. Groundwater
samples were stored in polypropylene bottles. Cotinty measurements were taken
situ by a Hydrolab QuantaG (Loveland, Colorado, USA)tiparameter probe. All plant
samples, leaves and stems were oven-dried at 60@tiCauconstant weight was reached.

Before analysis, samples were ground into a finedao.
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Heavy metal and metalloid analysis

Arsenic, cadmium, zinc and lead concentrations vasirmined in the plant, soil and
water samples. Plant materials (0.5 g d.w.) wegested with 5 ml of HN©®65% (v/v)
and 2 ml of HCIQ 60%, whereas soil samples (1 g d.w.) were digestdd3 ml of HNG;
65%, 9 ml of HCI 37% and 3 ml of &, 35% using the TMD20 digesting system (Velp
Scientifica, Milano, Italy). The metal and metatl@oncentrations on filtered extracts were
determined by ICP-MS (Thermo Jarrell, Ash Iris Adieye, Thermo Electron Corp.,
Milford, MA, USA) in soil samples and by Zeeman @miée Tube Atomic Absorption
Spectroscopy(Varian SpectrAA-800 Mulgrave, Victoria, Australia) in plant and
groundwater materials. Reagent blanks and intestaaldards were used where appropriate

to ensure accuracy and precision in analysis.

Soil and groundwater properties and chemical analysis

To determine the soil granulometry and consequextuite, the physical separation of soil
particles was carried out. In particular, a wetvisig procedure was performed to
determine the amount of sand. The finer fractioes silt and clay, were separated on the
basis of the fall rate in a liquid, followed by thgette method as described by Fontaine et
al. (2000). For pH analysis (HI9321 pH meter, Hannstruments, Woonsocket, RI,
USA), 10 g of sieved and oven-dried soil was plao¢a a beaker with 25 ml of 1M KCI
and stirred for 2 h. Carbon and nitrogen analysis performed with a Elemental analyser
(Carlo Erba CHNS 1108,Rodano, Italy). An oven-dii@d°C) sieved aliquot was ground
and directly analysed on a tin cup. Groundwaterpesnwere filtered through a 0.45 pm
filter (Polypropylene Filter Media, Whatman) andabsed for pH determination. To

preserve water characteristics, samples were sdidiith HNG; to pH< 2.
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Data analysis

Statistical analyses of the heavy metal concentratin samples were performed using
analysis of variance (ANOVA), and means were comregpary Tukey's test (SPSSWIN
software, Chicago, IL, USA). Results were evaluaiedhe basis of homogenous group at

a given significance levep€0.05).

Results

General characteristics of the site: soil and groundwater

Soil characterisation (Tab.2) showed a soil sarldy loam with an approximately neutral
pH, and low contents of total C and total N, dediteg a poor soil characterised by slow
biological and mineralisation processes.

Concentrations of As, Cd, Pb and Zn at samplingssiind at different depths are
summarised in Tab.3. A large degree of heterogemeitontamination at all depths was
found. The levels of heavy metals were generalghér at greater depths (80—-100 cm),
exceeding considerably the Italian guideline val{iéd/, by Italian law D.Lgs 152/06) for
an agricultural soil. Values up to five times highlean the IGV were found for As, 13
times for Cd, eight times for Zn and two times féib considering the law limits for
agricultural soils. Instead considering IGV for ustrial soils mean values found in the site
were lower for all pollutants, while maximum valuesind were up approximately to two
times higher only for As and Cd.

Characteristics of the groundwater are listed ibh.ZaWater table depth varied from 86 to
150 cm and pH was approximately neutral. Electrimahductivity analysis allowed to

evaluate the depth of seawater infiltration.
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Tab.2 — Characteristics of soil and groundwater oflsola dei Petroli”, Venice lagoon

SOIL CHARACTERISTICS  (Mean * St.Err.)

Granulometry: Releton @ >2 mm) 0%,
(according to USDA classification) Sard:(2.0-0.05 mnp 48%,
Silt (@: 0.05-0.002 mm) 23%
Clay @: less than 0.002 mm 29%

pH: 7.05+0.05

Total C (%): 6.16 £ 0.14

Total N (%): 0.07 £0.02

GROUNDWATER CHARACTERISTICS (Mean * St.Err.)

Depth (cm) of water table 121 +5.9
(min-max) (86-150)
pH 7.3+£0.0
Depth (cm) average of mixing 32.3+81
zone (fresh and salt water)
Conductivity (mS) up mixing border 87+1.1

down mixing border 18.8+1.5
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Tab.3— Concentration (mg/kg dry matter) of arsenic,cadmium, zinc and lead in soil of “Isola dei
Petroli”, Venice lagoon: average and values in difrent depth layers.

Average in
) ) ) IGV**®
Concentration Italian soll
Heavy ] . .
Depth soil | min-max mean St.Err. [mg/kd
Metals Agr. Ind.
(0-80/>80 cm)
average 3.75-105.15 20.05 4.88
As 0-40 4.70 - 41.33 1353 b 2.76 10.2/10.9 20 50
40 -80 3.75-18.77 6.82 b 1.01
80 -100 78.86 — 105.15 9733 a 6.24
average 1.51 -27.70 8.36 1.18
Ccd 0-40 1.84 - 26.80 7.73 a 1.94 0.44/0.4 2 15
40 -80 1.51-27.70 9.17 a 2.12
80 - 100 3.93-13.35 8.26 a 1.29
average | 123.60—1183.80 447.16 50.19
Zn 0-40 133.42 — 859.19 363.97 b 53.52 86.2/78.3 150/ 1500
40 -80 123.60 — 812.05 34592 b 47.76
80 - 100 795.34 -1183.80 1050.33 a .966
average 22.15-199.52 75.60 7.75
Pb 0-40 30.55 -154.94 64.43 b 9.34 31.6/25 100! 1000
40-80 22.15-123.33 58.12 b 7.31
80-100 | 88.91-199.52 152.79 a 16.84

The “average” are data from the mean of whole sampk (n=78) while for each depth layers n=26. For
comparison of means, ANOVA followed by Tukey’s testwith 95% confidence level, were performed.
Values in columns followed by different letter aresignificantly different (p< 0.05) among depth layes
for each heavy metal analysed. s : APAT — yearbook 2009 — (Data 20059 «: IGV- Italian Guideline
Values (D.Lgs 152/06) in: Agr. - soil for agriculral uses and Ind.- soil for industrial uses.

Metal and metalloid concentrations in groundwatex depicted in Tab.4. The mean

concentration values were under the IGV threshatgtpt for As. High scattered values of

metal concentration were detected among piezometgts the upper values of the range

3—4 times higher than the maximum limit.
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Tab.4 - Concentration (pg/kg) of arsenic, cadmiumzinc and lead in groundwater samples In “Isola dei
Petroli”, Venice lagoon.

As Cd Zn Pb
IGV * 10 5 3000 10
Groundwater samples
Mean + St.Err. 15+1 4+£2 1500 + 659 61
(min-max) (12-20) (0-14) (70-3668) (3-16)

n=12;e IGV- Italian Guideline Values in groundwater (D.Lgs 152/06)

Heavy metals in plants

Thirteen plant species, chosen among the most abtirttee, shrub and herbaceous
species, spontaneous or cultivated, growing oristaad, were sampled. The concentration
of different heavy metals in the leaves of the daohplant species is shown in Tab.5.
Large variations among species in metal conceantratnd distribution occurred, following
the order Zn > Pb > Cd and As.

For most species analysed, the concentration ov#s within the normal range (1.0-1.7
mg/kg) reported for leaf tissues of plants growmumnpolluted areas (according to Kabata-
Pendias and Pendias, 2001). Values exceeding dmgerwere found irBlackstonia
perfoliata(L.) Hudson(4.67 mg/kg)Verbena officinalid.. (2.13 mg/kg) andJimus minor
Miller (1.87 mg/kg). However, these values wereolethe threshold of phytotoxicity (5

mg/kg, Madejon et al., 2004).
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Tab.5 — Concentration (Mean + Err.St.) of arseniccadmium, zinc and lead (mg/kg dry matter) in

leaves of 13 species sampled in “Isola dei Petrgli¥/enice lagoon.

Plant species As Cd Zn Pb
Amaranthus retroflexus L. | 1-16%019  bc| 116 +0.19 841.7+1478 |a  9.2025 c
Blackstonia perfoliata (L.) | 467+030 a| 0.78+0.15 2006+421 |c 565044 b

Hudson
Cornus sanguinea L. 1.06+0.04 c| 0.12+0.03 525+56 |c  13.46%61. ¢
Eleagnus angustifolia L. | 0-95£0.03  ¢| 065007 103.7+50 |c 1216660 ¢
Ulmus minor Miller 1.87+0.23 bc| 0.54+0.02 815+21.2 |c 82780 ¢
b
baulownia tomentosa Steud. | 0-90£0.04  ¢| 0.18+0.08 381421643 | 8.54+002 c
Phragmites australis(Cav.) | 129+0.17 bc| 0.11+0.02 658+13.7 |c 217240 ¢
Trin.
RUDUS caesiUs L. 1.31+0.15 bc| 0.63+0.16 184.2+57.0 |c  8.d844 c
Verbena officinalis L. 213+0.82 b| 0.40+0.16 186.2+340 |c 209588 ¢
Chrysopogon zizanioides (L) | 0.95+0.02 ¢| 0.82+0.21 100.8+152 |c 263.2B25 a
Roberty
a
Salix matsudana Koidz. 1.09+0.03 bc| 10.93+0.67 698.3+757 | 7324078 c
Salix alba L. 1.13+0.05 bc| 10.73+0.89 1079.3+378.8 | a 6004 c
: b
Eucalyptus camaldulensis | 1 154+0.08 bc| 5.60+1.15 351.69 + 31.5 37.07+524  bc
Dehnh. ¢
NORMAL RANGE * 1.0-1.7 0.05-0.2 27 -150 5-10
PHYTOTOXIC RANGE ** 5-100 5 - 700 500 - 1500 30-300

For comparison of means, ANOVA followed by Tukey'stest, with 95% confidence level, were
performed. Values in columns followed by differentletters in the columns indicate significantly
differences (p< 0.05) among species for each heawmgtals analyzed.» Normal values (range) for trace
elements in plants, according to Kabata-Pendias anBendias (2001) - » Phytotoxic range according
to Alloway (1990) except for As (Peer et al. 26D
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Cadmium and zinc concentrations in leaves werednitfian the normal values in 10 and
eight of the 13 plants, respectively. Bdhlix species showed the highest values of Cd
concentration among sampled plants. Moreo@&aljx albal. also showed the highest
detected values for Zn concentration. Beydhdalbal., Salix matsudan&oidz. and
Amaranthus retroflexuk. both showed Zn concentration values higher tharphytotoxic
threshold reported for plants by Alloway (1990).

Lead concentration exceeded the normal value ierseut of the 13 plants, reaching the
highest value irChrysopogoreizanioides(L.) Roberty leaves. Nevertheless, all sampled
plants revealed Pb concentrations in the leavesibile phytotoxic threshold.

Tab.6 reportgshe concentration of heavy metals in leaves anusia the planted woody
species $. alba S. matsudanand Eucalyptus camaldulensidehnh.) In these woody
plants, stems accumulated a higher concentratioAsoand Pb than leaves, except for
E.camaldulensisvhere no significant difference in lead concemrabetween leaves and
stem was found. On the contrary, Cd and Zn conatotrs were higher in leaves than
stems. The tw&alix species were not significantly different in cadmigoncentrations in
both stems and leaves; the latter values were highan those detected Ii.
camaldulensisleaves. By contrastEucalyptus plants revealed notably higher Pb

concentrations in leaves compared with the 8abx species.
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Tab.6 — Concentration (Mean + Err.St.) of arseniccadmium, zinc and lead (mg/kg dry matter) in
leaves and stems of the tree species found in tlstand and ANOVA results for species and part plants
(leaves and stems) in tree species analysed.

Tree species As Cd Zn Pb
. Leave | 1.09 +0.03 10.93+0.67 a | 698.27+7567 ab|7.32+078 b
Salix matsudana
Koidz. Stem | 1.89 +0.08 3.23+014 bc | 11896+871 ¢ |5264+834 a
. Leave | 1.13+0.05 10.73+0.89 a | 1079.3+3788 a |6.06+024 b
Salix alba L.
Stem | 1.96 +0.09 3.20+0.20 bc | 130.65+10.02 ¢ |50.19+40 a
Leave | 1.15 +0.08 5.60 +1.15 b 351.69+31.48 bc | 37.07+5.24 ab
Eucalyptus
camaldulensis  giem | 2.22 +0.16 0.84+0.11 ¢ |14347+1534 c |5857+559 a
Dehnh.
ANOVA results As cd Zn Pb
Species ns 111 111 [1T]
Part Plants (I 11 O [
Species x Plant Par{s ns ns 0 ns

For comparison of means, ANOVA followed by Tukey'stest, with 95% confidence level, were
performed.. Different letters in the columns indicae significatively differences (p< 0.05) among spis
for each heavy metals analyzed. In ANOVA results: & not significant; O p< 0.05; [ p<0.005; 0TI
p<0.001, significance of the main effects and theinteraction.

Bioconcentration factor (BCF)

The BCF is defined as the ratio between total metaicentration in leaves and soil
(Zayed, 1998) and describes the capability of antpta extract heavy metals from a
contaminated substrate. Tab.7 reports the BCF adfele and stems in analysed species.
The BCF of arsenic was rather low (0.04-0.1) iniallestigated plants, except fé.
perfoliata where a BCF three times higher than the mean vedleulated for all the
species was observed.

The leaf BCF for cadmium and zinc was highly vaeadimong species, ranging from 0.01
to 1.31 for Cd and from 0.12 to 2.41 for Zn. Thghast BCF values were found in the

Salix species $. matsudand.31 for Cd and 1.56 for Z1§. albal.28 for Cd and 2.41 for
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Zn). A notable BCF value (1.88) for zinc was aldis@rved inA. retroflexus The BCF
values for Pb ranged between 0.08 and 3.8, withvélee of C. zizanioidesnore than
sevenfold higher than the mean value calculatedlf@pecies.

Stem BCF values in the three planted woody specers similar for the different metals
analysed, except for Cd where a lower valu&.iramaldulensisompared with the two

Salixspecies was observed.

43



Tab.7 - Bioconcentration factor (BCF) for different heavy metals in leaves of thirteen species and in
stems of three woody plants sampled in “Isola of R®Ii”

Plant species As Cd Zn Pb
LEAVES
Amaranthus retroflexus L. 0.06 +0.01 bc| 0.23+0.105 c| 1.88+0.33 a| 0.12+0.017 c¢
Blackstonia perfoliata (L.) 0.23+0.015 a| 0.09+0.018 [c 0.45+0.094| ©.75+0.125 b
Hudson
Cornus sanguinea L. 0.05+0.002 bg 0.02+0.007 c| 0.12+0.012 c| 0.16£0.021 c
Eleagnus angustifolia L. 0.05+0.002 c| 0.08+0.009 c| 0.23+0.011 c| 0.16£0.009 c
Ulmus minor Miller 0.09 £0.015 bdg 0.06 £0.002 c| 0.18+0.047 c| 0.11+0.011 c
Paulownia tomentosa Steud. | 0.04 +£0.002 c| 0.02+0.010 c| 0.85+0.367 bg 0.11 £ 0.0003 (
Phragmites australis (Cav.)
T 0.06 £0.008 bg 0.01+£0.002 c| 0.15+0.031 c| 0.29+0.02 c
rin.
Rubus caesius L.. 0.07 £0.008 bg 0.08+£0.020 c| 0.41+0.127 c| 0.12+0.019 c
Verbena officinalis L. 0.11+0.041 b| 0.05+0.019 c| 0.42+0.076 c| 0.28+0.038 c
Chrysopogon zizanioides (L.)
0.05+0.001 c| 0.10+0.026 c| 0.23+0.034 c| 3.48+0.308 a
Roberty
Salix matsudana Koidz. 0.05+0.002 bg 1.31+0.081 a| 1.56+0.169 abh 0.10+0.010 c
Salix alba L. 0.06 £0.002 bdgd 1.28+0.107 a| 2.41+0.847 a|l 0.08+0.003 c
Eucalyptus camaldulensis
0.06 £0.004 bg 0.67 +0.137 b| 0.79+£0.070 bag 0.49 + 0.069 bq
Dehnh.
STEMS
Salix matsudana Koidz. 0.09+ 0.004 al 0.39+0.017 a|l 0.27+0.019 a| 0.70+0.11 a
Salix alba L. 0.10£0.004 a| 0.38+0.024 a| 0.29+0.022 a| 0.66+0.053 a
Eucalyptus camaldulensis
Dehnh 0.11 £0.008 a| 0.10+0.013 b| 0.32+0.034 a| 0.77 +0.074 a
ehnh.

For comparison of means, ANOVA followed by Tukey'stest, with 95% confidence level, were
performed both in leaves and in stems. Different téers in the columns indicate significatively
differences (p< 0.05) among species for each heawmgtals analyzed, in leaves and stems separately.
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Discussion

Industrial sites are known to cause severe heavslmpellution to adjacent ecosystems. In
the past few years, numerous studies have higkligtite role of plants in metal polluted
areas regarding environmental stabilisation antupoh control. In fact, it was reported
that a vegetation cover can limit the dispersiometal containing soil particles exerted by
water and wind erosion, and reduce the water tearedbng the soil profile towards the
groundwater table (Vangronsveld et al., 1995; Yanguet al., 2005; Yang et Ye, 2009;
Migeon et al., 2009).

A successful reclamation of degraded industriagssiis conditioned by the choice of
selected plant species that can efficiently colraad grow in metal contaminated soils
(Evanylo et al., 2005; Dongmei et Changqun, 2008)his context, natural or assisted-
selection can represent a valuable tool for idgintif metal accumulating plants and
improving them for characteristics useful for mafficient metal phytoextraction. The
physiological and biochemical characterisation lainfs growing in contaminated areas
can then single out plant species or genotypes aviplarticular ability to tolerate, extract
and bioaccumulate metals in their organs. Accotglingis work was focused on assessing
the ability of plants, spontaneous or cultivated,an industrial landfill island in Porto
Marghera (Venice lagoon, Italy) to accumulate arsand heavy metals to evaluate their
potential use for phytoremediation.

Previous studies characterising the contaminatibthe sediments and waters in the
Venice lagoon have highlighted the role played iy Porto Marghera industrial area as
the main source of heavy metals (Apitz et al., 2@8atnardello et al., 2006; Mattiuzzo et
al., 2007).

On the “Isola dei Petroli”, an area used as lahddit industrial waste, a considerable

patched contamination of soil and groundwater by @d, Zn and, to a lesser extent, Pb
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was detected (Tab.3 and Tab.4). These resultsoagstent with a previous study in this
area that reported that As, Zn and Cd were the rsainand water contaminants with

concentrations higher than the Italian law liméspecially in the 1-2 m soil depth layer

(http:/Mvww.ambiente.venezia.it/suolo.asp?sub=chimicasusimg&petroli#setie

Patched contamination detected in the area coulskbebed to the different composition
of the industrial waste that, covered by an unpetisoil layer, gave rise to the island over
time. Moreover, the different degree of contamiriaathing because of both groundwater
table movement and the origin of soil contributedail contamination.

Several studies have focused on the factors theattathe movement of trace elements
along the soil profile and cause groundwater pioitutThese studies underlined that metal
mobility depends on the geochemical propertiesoif & well as other environmental
factors (Prokop et al., 2003; Maddocks et al., 2@0tho et al., 2009). Garcia et al. (2009)
showed that the mobility of As, Cd, Zn and Pb saady-loam textured soil, similar to that
on the “Isola dei Petroli”, followed the order PAs < Zn and Cd. Data reported in Tab.3
evidence a homogeneous Cd distribution in all lsgiers because of the high mobility of
Cd. On the contrary, lesser mobile elements sudksaand Pb accumulated preferentially
in the deeper layers sampled. Zn distribution althregsoil profile could be the result of the
particular soil composition, i.e., industrial waskat could have reduced the mobility of
this metal despite the movement of seasonal groatehto the top layer.

Significant groundwater contamination by heavy rseteas detected (Tab.4). This aspect
Is a particular environmental pollution hazard,exsplly on an island. In fact, seawater
intrusion, a common phenomenon on the island amdastal waters, represents a serious
risk factor for pollutant diffusion to marine ecetyms. Scattered data regarding metal
presence in the groundwater samples might be abtefliect the patched distribution of

soil contaminants, leaching processes exertedibfalicand degree of seawater intrusion.
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On the “Isola dei Petroli”, the vegetation covensists of spontaneous species, mainly
herbaceous and shrubbery (Tab.1). Adult plantsEof camaldulensis S. alba S.
matsudanaPaulownia tomentos&teud. ancC. zizanioidesvere all recognised as planted
species in the study area.

Analysis of metal concentration in leaves (Tab.8yealed that, as commonly found
(Yanqun Z. et al., 2005, Dongmei L. et al., 20@8ants growing on polluted soils showed
different adaptive responses depending on the hesatgl element. In fact, these plants
exhibited different capabilities to exclude or centate metals into their organs. As a
general trend, spontaneous species showed lowgy Imeetal concentration than planted
species. The former evidenced a good ability tdusbec contaminants, (Madejon et al.,
2004), except foB. perfoliata and A. retroflexusfor As and Zn, respectively. On the
contrary, planted species seemed to express aegiality to concentrate metals in their
leaves, even if the metal concentration degreerdigueon the species and metal analysed.
On the “Isola dei Petroli”, the range of arsenion@antration detected on spontaneous and
planted leaf species varied from 0.9 to 4.67 mgtkggreement with that found by Burgos
et al. (2008) in spontaneous grasses growing irerapill-contaminated soil and by Del
Rio et al. (2002) in analyses of 99 spontaneoust [@pecies on a polluted site in Mexico.
A notable variability of metal concentrations amaulgnt species occurred, varying from
0.11 to almost 10 mg/kg for Cand 52.5 to 1079.3 mg/kg for ZiThese data are in
accordance with those previously reported by D@ &i al. (2002), but are higher than
those found by Burgos et al. (2008) and Brunetale{2009). Lead concentration in the
analysed plants ranged from 7.32 to 263.2 mg/kggmneement with the values reported by
Del Rio et al. (2002) and Migeoen et al. (2009)e igh concentration value detected for

Pb inC. zizanioidesonfirms the capability of this plant to extrasistmetal from different
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contamination conditions such as hydroponics (Amdral., 2009), pot (Wilde et al., 2005;
Chiu et al., 2006) and field (Yang et al., 2003).

Among tree species, heavy metal concentration avele and stems differed markedly
(Tab.6). Cd and Zn concentrations in leaves weghdrithan in stems, whereas As and Pb
showed the opposite behaviour, as previously reddoy Unterbrunner et al. (2007) and
Tlustos et al. (2007). This feature is in accoragawith the mobility of metals along plant
axis (Boruvka et al., 1997; Ko et al., 2007) traltows the order Zn > Cd > Pb aAd. Cd
and Zn concentrations detected in willow leavessarelar to those found by French et al.
(2006) for plants growing on industrial waste amghkr than those reported by Vamerali
et al. (2009) in pyrite mine waste near Venice.

No differences in metal concentration in stems werexd among species. By contrast,
metal concentration in leaves varied markedly, dpdirgher in willow species than i&.
camaldulensiexcept for lead. The significance of a preferérdi@umulation in woody
plant tissues instead of foliage has been discusgethcchini et al. (2009) and Pietrini et
al. (2009). The storage of metals in non-renewphl¢s of plants (i.e., stems and branches)
represents a goal of the phytoremediation strabegyause it allows for the more effective
removal of metals from soils without recycling themthe top soil by leaf shedding.
Moreover, woody biomass obtained by tree plantattam also be used for energy
production (Puldorf et al., 2003; Rockwood et @D04) by appropriating pyrolysis and
burning processes, with metal remaining in the sshiéhese arguments should be
considered when choosing the plants to be useettaim heavy metal-polluted sites.

To better evaluate the capability of plants groworgthe “Isola dei Petroli” to extract
metals, the BCF calculation for leaves and stems pexformed (Tab.7). In all plants
analysed, the BCF value for As was below one, agmised threshold for assessing the

ability of a plant to hyperaccumulate metals (MaGrand Zhao, 2003; Yanqun et al.,
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2005). However, the BCF values obtained in thisestigation were 10 times higher
compared with some herbaceous species growing oe mailing (Chang et al., 2005),
even if these values are notably lower than thdsgyperaccumulating ferns (Ma et al.,
2001). In woody plants, stem tissues exhibitedghdri BCF value than leaves because of
the low mobility of this metal inside plants.

S. albaand S. matsudandeaves showed BCF values for Cd and Zn higher tas
confirming the good ability of thes®alicaceaeplants to accumulate these metals. In fact,
many authors pointed out the great capability diowis to accumulate Cd and Zn in their
organs under different pollution and growing coiatis (Landberg and Greger, 1996;
Rosselli et al., 2003; Lunackova L. et al., 2002c&hini et al., 2009). According to
Chehregani et al. (2009), the zinc accumulatiorabaipy of A. retroflexusfound on the
“Isola dei Petroli” characterises this species dsaPb, Cu, Cd and Ni accumulator.

All BCF values for Pb in the analysed plants weetoly one except fo€C. zizanioides
which showed a notable capability to bioaccumuthie metal in the aerial parts. This
plant has been investigated for its special affi@hd tolerance to toxic heavy metals
(especially Zn and Pb) and metalloids and its ci#ipato tolerate several environmentally
critical conditions such as temperature, salindgikalinity, floods and the presence of
xenobiotics (Srivastava et al., 2008). In this wdtk zizanioidesexhibited a BCF value
several times lower than that reported by Boonykapna et al. (2005) in hydroponics,
even if this growing system could have exploitesl tteximum potentiality for this plant to

concentrate lead in its tissues.
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Conclusion

The survey of the most abundant plant species gpwn the “Isola dei Petroli” and
analysis of their ability to bioconcentrate metalsow a different behaviour between
spontaneous and planted species. All spontaneoesiesp except forA. retroflexus
towards zing¢ exhibited a higher ability to exclude rather treccumulate heavy metals
compared with planted species, resulting not slatédr thein situ phytoremediation of a
contaminated industrial area. Nevertheless, foagropriate evaluation of the role of a
natural vegetation cover in contaminated industsail, it should be considered that
naturally growing plants limit pollutant leachingcametal mobility along soil profiles and
modify the rhizosphere to favour biological proesssPlanted species seemed more
suitable for reclaiming metal-contaminated sitesparticular,C. zizanioidexonfirmed its
valuable capability to mitigate lead contamination an industrial site, whereaS.
matsudanandS. albashowed the potential to reclaim Cd- and Zn-conteateid soils. The
suitability of these5alicaceador the phytoremediation of metal-polluted sitesviorthy of
further investigation. Further studies should cdesiother interesting traits such as
adaptability to harsh soil conditions, high biomassductivity, effective nutrient uptake

and high evapotranspiration that can limit watereroent in the soil.
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Abstract
This work aimed to verify if, in an industrial sitecated on a small island (Porto

Marghera, Venice, ltaly), a poplar plantation wagful both in site reclamation strategy
and in the hydrological control of the site thatithier to reduce transfer of contaminated
water down to the water table, became fundamemiak syear 2008, when island was
wholly separated from the surrounding sea by anpedef barrier to avoid environmental
contamination. The plantation consisted of threelgroclones: twoPopulus deltoides
Bartr. Ex Marsch clones (Dvina, Lena) and dPepulus x canadensiMoench clone
(Neva). P..To investigate the poplar capabilitpacumulate As, Cd and Zn plant material,
soil and groundwater table were sampled from 20062008 while to study the
hydrological control by the plantation, plant trpimation was measured by Granier sensors
during the three years.

The results showed as the poplar plantation wass tabtegulate the hydrological balance
of the site during growing season, with the ex@epbf occasional heavy thunderstorms at
the end of summer. Differences among clones waraddor extraction efficiency of Cd,
Zn and As: Cd and Zn are more bioconcentrated &med\eva seems to show the best

performances.
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Introduction

Trees and forests play an important role in therdlpgical cycle. In recent years, several
studies on the quantification of the effect of thed use on soil water dynamics and on
soil characteristics have been performed (Yunudsdestton, 2003; Jackson et al., 2005;
Gyenge et al., 2009;).

During their normal physiological process plantsnpularge amount of water, but also
solutes and organic matter. This pumping action lmarexploited to improve degraded
environments by stabilizing, removing or breakirgh contaminants in the substrates
(Al-Yousfi et al., 2000; Robinson et al., 2003).eThio-pump characteristic is related to
the transpiration process: the large water —pdakntifference between soil-plant-
atmosphere drives the flow of sap from the rootshto leaves. The sap flow movement
depends on the water-potential in the leaves antdar@ogical parameters as well as on
soil moisture. (Raven 1990, Canny, 1998; Robefi67

The direct measurements of sap flow is the mosd usay to follow the water
consumption of trees in their natural environmé&tich attention has been given to water
use at the scale of individual leaves and to hoWerdint species are adapted
morphologically and physiologically to drought iartrolled environment conditions. The
development of techniques for measuring sap flowlmwle trees (Cermak et al., 1973;
Granier, 1987) has made it possible to study triaaispn and water relations at the whole
trees or stand scale (Zhang et al., 1999; Kubotd. £2005). There are different methods
of sap flow monitoring: each of them has specifleantages and allo  f them are based
on heat diffusion in the xylem (Granier et al., 829

Scaling-up is often required in ecosystem studies order to extrapolate local

measurements to larger areas. Extrapolation ofis@pfan be done at different spatial
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scales: from sensor to tree, from tree to standeseth up to a regional scale (Granier et
al., 1996).

Numerous studies have highlighted the role of glant areas polluted by metals in
environmental stabilization and pollution contréh fact, it has been reported that
vegetation covers can limit the dispersion of gaitticles containing metals exerted by
water and wind erosion, and reduce the water tearedbng the soil profile towards the
groundwater table (Vangronsveld et al., 1995; Yanepual., 2005; Yang et Ye, 2009).
Pollutants are taken up by plants generally by maad micro nutrient transport systems,
that are often metal chemical analogues and arenadated in plant organs. Ernst et
Nelissenl (2008) found that bleeding sap and leafesiver birch can be considered as
bioindicators of metal contaminated soils.

Hence, plants can be used for treating environrheotgaminants such as heavy metals,
trace elements, organic or radioactive compoundsoils, groundwater and industrial
waste in an emerging cleanup technology indicateglatoremediation. (Baker et al.,
1991, Raskin et al., 1997)

The aim of this study was to verify if in an indusk site located on a small island (Porto
Marghera, Venice, ltaly), a poplar plantation wagful both in site reclamation strategy
and in the hydrological control of the site thatitfier to reduce transfer of contaminated
water down to the water table, became fundamenmteé srear 2008, when the island was
wholly separated from the surrounding sea by anpedef barrier to avoid environmental

contamination.
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Materials and methods

The study area

Porto Marghera is one of the main chemical digriat Italy, located in Venice lagoon
(45°2447'N, 12°1750"E), a shallow transitorial environment in the nerth basin of
Adriatic Sea. This industrial zone was created947Lon the border of the lagoon, as an
extension of the Venice Port, in order to sustativaies related to oil and coal.
The considerable industrial activities, in partaoulthe production of different basic
chemicals, oll refining and storage, shipbuildinggtal extraction and metallurgy, energy
production and distribution, wastewater treatmemd @cineration of hazardous waste,
caused the extensive contamination of air, soiugdwater and inner tidal canals.
Moreover, industrial plants were built on marshignthat were previously filled with
materials, frequently contaminated. The industizaine of Porto Marghera is now
classified as one of the most important “contan@dagites of national interest” (SIN) in
Italy and it is considered as an area of high emvirental risk which needs to be reclaimed
(Bellucci et al., 2002; Zonta et al, 2007).
Previous studies on the sediments of Venice lagbane evidenced a diffuse
contamination by both organic compounds and heastalsy with a prevalence in Zn over
Pb, As and Cd, caused by activities involving tise of minerals, metals and catalysts
(Argese et Bettiol, 2001; Giusti et Zhang, 2002rhiato et al., 2008).

The study area is an island located inside thesimdl zone of Porto Marghera, in a
macro-area called “Area dei Petroli” (Oil area). this macro-area some studies

(www.ambiente.venezia.it/suolo.asp?sub=chimicasuslm&petroli#setle showed that

90% of soil contamination is caused by heavy metalgarticular As, Zn and Cd, with

concentrations higher than the Italian law limitginly in the soil depth range of 1-2 m.
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This 12 hectares island is called “Isola dei Pét(@il Island) and it was used as landfill

of industrial wastes until few years ago. Approxietg half of its surface is now taking up

by oil storage containers.

To avoid environmental contamination, since 2008 fland was physically separated

from surrounding sea by a waterproof barrier.

Meteorological parameters

Some meteorological variables were monitored caotigly throughout the year with an
automatic weather station. All the measured pararseind relative sensors are listed in

Tab.8.

Tab. 8 - Measured parameters and relative sensorsead for meteorological monitoring

Parameters Sensor type Unit of measurement
Air temperature Rotronic MP-100 °C
Air umidity Rotronic MP-100 %
Photosynthetically active radiation LiCor 190 pmof s*
Global incoming radiation Kipp&Zonen CM5 Wm
Global reflected radiation Kipp&Zonen CM5 Wm
Net radiation Radiometer REBS Wm
Radiative flux in soil Plate REBS W
Precipitation Pluviometer ARG100 mm
Soil water content (5-20 cm) (three sensors inYofaTDR CS 616 Campbel| #m™ (converted to %)
Groundwater depth Piezometer TecnoH| Cm

Data are recorded each 10 seconds and averagedrwned for precipitation) each 30

minutes on a CR10 datalogger (Campbell Scientifaggan, UTAH, USA).
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The potential evapotranspiration of the site wakutated according to the Penman-

Monteith equation — FAO method equation (Allenlet098)

The plantation

The studied plantation, established in 2004, ctesisf three poplar clones: tWRppulus
deltoidesBartr. Ex Marsch clones (Dvina, Lena) and dtmpulus x canadensigloench
clone (Neva). Planting density was 5880 stems/pac{ag 1.7 x 1 m) and clones were
disposed in randomized rows. Experimental area wwamposed by four parts: three

repeated blocks with plantation and one with oplgrdéaneous vegetation used as control.

Biomass sampling

To assess biomass of poplar clones, the averageapproach was used, involving
destructive sampling of trees that best repredentrtean size of the plantation and using
the number of trees in the plantation to expandmtese values to a plot surface. The
selection of sample trees was based on multipleactexistics, i.e. the average diameter at
breast height (DBH) and height of the plantatiolmanPDBH and heights of all trees were
measured annually. Three “average” trees, with gooth and vigour, were selected for
destructive sampling every year. Each sampledwa divided into stem, branches and
leaves. Green weights of all components were datednin the field, and samples were

collected to assess their dry-to-fresh weight ratio

Heavy metals content in trees, soil and water

Plant components, soil and groundwater were sangiléte end of every growing season

in 2006, 2007 and 2008. For each clones, leavesiches and stem were taken, from
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plants of each row in the experimental plots. Sasphken from single rows were pooled
for subsequent analysis. Nine soil sampling poim&se cored in a randomised block
design, covering the whole experimental area, amdptes for three depth layers (0—40
cm; 40-80 cm and 80-100 cm) were collected. Groatelnwsamples were collected from
12 piezometers randomly distributed over the staha Soil water was sampled by 9
lisimeters (6 under the plantation and three urigercontrol area) placed grouped in three
at 15, 30 and 45 cm depth.

Soil samples were oven-dried at 60°C and passedighra 2 mm stainless steel mesh,
separating the skeleton fraction. The sieved foactivas used for granulometry, pH,
carbon and nitrogen determination and heavy meiglnaetalloid detection. Groundwater
and soil water samples were stored in polypropylesiies. Conductivity measurements
in groundwater were takein situ by a Hydrolab QuantaG (Loveland, Colorado, USA)
multiparameter probe. All plant samples, leaves staths were oven-dried at 60°C until a
constant weight was reached. Before analysis, ssmwpére ground into a fine powder.
Arsenic, cadmium and zinc concentrations were detexd in the plant, soil and water
samples. Plant materials (0.5 g dry weight) wegestied with 5 ml of HN©65% (v/v)
and 2 ml of HCIQ 60%, whereas soil samples (1 g d.w.) were digestdd3 ml of HNG;
65%, 9 ml of HCI 37% and 3 ml of &, 35% using the TMD20 digesting system (Velp
Scientifica, Milano, Italy). The metal and metatl@oncentrations on filtered extracts were
determined by ICP-MS (Thermo Jarrell, Ash Iris Adtege, Thermo Electron Corp.,
Milford, MA, USA) in soil samples and by Zeeman @ge Tube Atomic Absorption
Spectroscopy (Varian SpectrAA-800 Mulgrave, Victoria, Australip in plant and
groundwater materials. Reagent blanks and intestaaldards were used where appropriate

to ensure accuracy and precision in analysis.
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The bioconcentration factor (BCF) was used to awale capability of poplar clones to
extract heavy metals from the contaminated sulestitis index was defined by Zayed

(1998) as the ratio between total metal concepinati leaves and soil.

Measurements of tree sap flow

Xylem sap flow density was monitored continuousisotighout the growing season using
the heat dissipation method according to Granier €L al., 2004). The Granier system
consists of two sensor probes (Fig.3) to measwegttantity of sap moving around the
sensors for a given sapwood area. Each probe t®mdis heating element (which also
represents the effective sensing part of the priyipgcally 20 mm long), wound around a
steel needle containing a T-type thermocouple (Epgonstantan) with the tip located in
the middle of the heating element. The constantais ef the two thermocouples are
connected to measure the temperature differeneeebatthe two probes at the ends of the
copper wires. The two probes are typically insertadially into the stem 10-15 cm apart,
in pre-inserted heat-distributing aluminium tub&se upper probe is continuously heated
at constant power (approx 0.2 W) while the lowesber is left unheated to measure the
ambient temperature of the wood tissue and acta asference probe. Temperature
difference between the two probes is influencedhayheat dissipation caused by the sap
flowing in the vicinity of the heated probe (Lamé&isMuller, 2002; Lu et al., 2004). The
difference is maximum during night, with no sapwiing, and minimum at the hour of

maximum sap flow.
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Fig. 3 — Granier system diagram

A preliminary test installation was made at the ehdrowing season in 2006 (September)
to test the sensors and the clones variabilityhig test only two poplar clones (Dvina and
Lena) were considered.

From 2007 to 2009, the trees to be measured wézetseg among the 30% bigger and
healthy plants, with the aim to investigate the tabaotion of a mature population to
hydrological control of a mature population in thite.

The sensors were installed before the startindhefgrowing season and were generally
removed after leaves had fallen to avoid damageinter. Every years, six trees, two for
each clones, were monitored for sap flow.

The output value of each sensor was measured &0esyand averaged over 30 minutes.
This study utilized environmental and sap flow dgndata measured respectively from
beginning of September 2006 to November 2009. Thatwn of the growing period was
generally from April to October, with earlier stamtmid March and later closing in early
November. Transpiration of the measured trees \pasaled to the whole plantation using
the average transpiration of each clone multipbgdthe number of plants of that clone

present in the plantation. For days when measuiga ffow data were missing,
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transpiration at stand scale was calculated ugiegrelationship between measured data
and global incoming radiation.

Since the main interest is in seasonal and long-teends, meteorological variables and
sap flux density were aggregated daily, monthly and seasonaiklues depending on

circumstances.

Statistical analysis

Statistical analyses of the heavy metal concentratin samples were performed using
analysis of variance (ANOVA), and means were comegpary Tukey's test (SPSSWIN
software, Chicago, IL, USA). Results were evaluaiedhe basis of homogenous group at

a given significance levep€0.05).

Results

Climate during the study period

Meteorological variables were measured from Julp62@o November 2009 and their
monthly trend are shown in Fig.4.

Mean temperatures across sampling period were °I7.ih 2006 (June-December), 14.7
°C in 2007, 14.0 °C in 2008 and 15.8° C in 2009 ¢&ay-November). Seasonal trends in
temperatures were similar across the sampling yedrbited as well as those of incident
radiation.

Overall, similar trends in precipitation were oh&sl from 2006 to 2009. Total annual
precipitations during the period of study were 83%m (June-December), 783.2 in 2007,
888.0 in 2008 and 614.4 in 2009 (January-Novembemny-of-summer thunderstorms

occurred in September 2006 and 2007, the lattéicpkarly relevant.
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Mean annual vapour pressure deficit (VPD) was 8B (June-December), 0.55 kPa, 0.49
kPa and 0.55 kPa (Jan-Nov) respectively in 200®72@008 and 2009. The seasonal
trends in monthly VPD were comparable among years.

Soil water content measured at the same depth shewsmilar trend in planted and
control plot. However, the seasonal variationsan water content were affected by the
presence of plant canopy, with the planted plotshg lower values at growing seasons’
peak in 2006 and 2007 due to evapotranspirationséigttly higher values in Autumn,
when soil was temporarily covered by leaf litteheTdifference generally disappeared in
Winter.

Groundwater table was oscillating in time reachimgximum values in spring and winter
and minimum values at the end of each summer. \@ny values were measured in
summer 2007. In that year, a relatively warmer dmner spring and the limited amount of
rain of summer months (the thunderstorm was at @hdummer) resulted in higher
evaporative demand, reaching maximum VPD and mimnair and soil water content

values.
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Fig. 4 - Meteorological variables, measured from Jy 2006 to November 2009. a) Rainfall (mm); b) Air
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Plant biomass

At the beginning of this study the plantation wagears old. Diameter at breast height

(DBH) and plant average height (H) during the thyears of study are reported in Tab.9.

Tab. 9 — Living plants, diameter (D) and breast hgjht (DBH) for each clones and during the three

years of study

clone 2006 2007 2008
Living 57 55 53
Dvina DBH (cm) 42+0.3 5304 6.7+0.4
H (m) 56+0.3 6.7+0.3 7.4+0.2
Living 62 54 50
Lena DBH (cm) 48+04 6.1+£0.5 7.8+0.5
H (m) 6.5+0.3 76104 8.3+0.3
Living 63 63 63
Neva DBH (cm) 56+04 6.3+0.5 9.0+0.6
H (m) 6.5+0.3 76104 8.7+0.3

The distribution of dry biomass in tree compondatem, branch and leaves) are presented

in Fig.5. The aboveground mean tree dry weighteases with stand age but was also

different among the clones. At the beginning odgtperiod trees weighed, on average,

3.2+0.5 Kg for clone Dvina, 3.91£0.6 kg for clonenzeand 5.5+0.7 kg for clone Neva,

reaching at the end of study period 8.0+1.12 kdfena, 11.6+1.5 kg for Lena, 14.7+1.86

kg for Neva.
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Fig. 5 - Distribution of dry biomass (Kg d.w./planj in tree components for each clones and during the
three years of study

Heavy metals in soil, water and trees

Concentrations of As, Cd and Zn at sampling sitesat different depths are summarized
in Tab.10. A large heterogeneity in contaminatiaasviound during all three years and at
all depths. The concentrations of heavy metals wererally higher at greater depths and
frequently exceeding the Italian guideline valuasdn industrial soil (IGV, by Italian law

D.Lgs 152/06) particularly for As and sometimes@at. If the comparison is made against
the legal limits for agricultural soils (IGV, byalian law D.Lgs 152/06), the soil can be

considered as contaminated for Cd and Zn, with eotnation were always higher than
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legal limits, while for As the contamination wasriadle, depending on soil depth

(Tab.10).

Tab.10 - Concentration (mg/kg dry matter) of arsent, cadmium, zinc in soil of “Isola dei Petroli”,
Venice lagoon: average and values in different delptayers and during the three years of study.

Control Planted
Mean * Er.St. Mean * Er.St.
min-max min-max
Soil depth As Cd | Zn As Cd Zn
2006
0-40 13.8+4.3 73120 438.4 +80.2 13.3+£3.6 8.2+3.7 271.0+55.6
47-41.3 2.4-23.3 210.1-859.2 4.9-32.1 1.8-26.8 133.4-561.0
40-80 6.3+1.0 7.2+3.0 334.9+89.4 7.2+1.7 10.9+3.0 355.6 £50.3
3.8-11.8 1.5-23.0 123.6 - 812.1 3.8-18.8 2.0-27.7 132.9 - 492.2
80-100 89.8 £10.9 10.0+£0.2 1153.7 £ 30.1 104.9+£0.3 75+1.7 981.4 +93.3
78.9 -100.7 9.8-10.2 1123.5-1183.8 104.6 — 105.2 3,9-133 795.3 -1086.3
2007
0-40 20.6 +0.4 7.0£0.3 322.2+13.4 21.7+15 8.3+1.1 390.2 £45.2
17.9-24.4 3.8-10.5 185.6 — 435.5 14.2-29.4 3.2-16.9 186.5 - 621.9
40-80 18.1+0.4 19.9+3.7 629.2 +95.4 185+1.0 174 +£5.1 518.4 +69.2
17.3-18.8 14,6 -27.1 478,1 - 805.5 15,4 -235 6,9 —55.5 301,7 — 945.0
2008
0-40 36.4+1.6 9.3+34 379.6 £ 80.6 39.9+26 8.2+1.2 319.3+50.0
31.9-39.3 0.5-15.6 244.0 -582.9 30.1-52.7 5.8-16.3 162.8 — 596.5
40-80 345+1.8 84+1.6 282.9 +58.5 32.1+1.9 12.7+£4.0 339.0+92.4
29.7-37.9 5.7-119 163.8 —415.8 21.5-37.6 3.4-36.9 77.5-808.9
80-100 53.9+104 6.2+1.0 442.4 +13.2 29.0+2.6 99+29 371.4+110.7
43.5-64.6 52-7.2 429.2 — 4555 23.6 - 36.0 47-17.1 113.6 — 654.0

IGV (D.Lgs 152/06) - mg/kg -

Industrial
soil
Agricultural
soil

50 15 1500

20 2 150

Metal and metalloid concentrations in soil watex presented in Tab.11 while pollutants
contamination in groundwater in Tab.12. The mednesin groundwater were below the

IGV threshold except for As in 2006 and Cd and A008. It is worth to mention that
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values of metal concentration detected were venabke among piezometers, with the

upper values of the range 3—4 times higher thamigeamum limit.

Tab. 11 - Metal and metalloid concentrations in sbwater, under poplar plantation and control part

2007 pg/l As Cd Zn
Control 7.78 £0.78 1.25+0.46 126.68 + 16.04
Planted 8.35+0.43 0.69 +0.11 113.55 +5.04

2008 g/l As Cd Zn
Control 8.42+1.16 0.12 £0.01 83.79 +16.07
Planted 6.15 +0.68 0.34 £0.08 100.00 = 15.04

Tab. 12 - Metal and metalloid concentration in gromd water table

g/l
Mean * St.Err. As Cd Zn
(min-max)

GV ° 10 5 3000
15+1 4+2 1500 + 659

2006 (12 - 20) 0.2 - 14) (70 - 3668)
10 + 4 7+1 2254 + 639

2008 (0.1-54) (0.7 - 13) (73 - 7714)

In Tahl13, the concentrations of heavy meitaldifferent plant components during the
study period are presented. During all of the thyears, Cd and Zn concentrations
followed a trend as leaves>>branches>stem in ahed, while the concentration of As
was similar in all organs. Among clones, no clegnisicant differences were found in

time. The bioconcentration factors (BCF) for ealdne and for whole plants are reported

in Tab.14.
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Tab. 13- As, Cd and Zn concentrations (mg/kg d.wip different parts of three poplar clones and
during the three years of study

2006 leaves stem Branches 2006 Leaves stem branches 2006 leaves stem branches
As Cd Zn

Dvina 11 b 21 a 09 a Dvina 184 b 28 a 6.7 a Dvina 1384 b 143 a 195 a
Lena 12 ab 18 a 10 a Lena 238 a 43 a 6.3 a Lena 1677 a 156 a 202 a
Neva 14 a 11 a 1.0 a Neva 249 a 39 a 8.2 a Neva 1664 a 151 a 284 a
2007 leaves stem Branches 2007 Leaves stem branches 2007 leaves stem branches
As Cd Zn

Dvina 09 a 10 a 09 a Dvina 204 b 53 a 99 b Dvina 1430 a 124 b 229 b
Lena 12 a 11 a 0.8 a Lena 267 ab 52 a 136 a Lena 1469 a 147 ab 284 b
Neva 12 a 09 a 09 a Neva 272 a 52 a 132 a Neva 1445 a 197 a 408 a
2008 leaves stem Branches 2008 Leaves stem branches 2008 leaves stem branches
As Cd Zn

Dvina 06 a 08 a 0.6 a Dvina 184 a 7.1 a 100 a Dvina 900 a 9% a 216 b
Lena 06 a 07 a 0.7 a Lena 169 a 87 a 144 a Lena 868 a 125 a 277 a
Neva 07 a 07 a 05 a Neva 167 a 6.6 a 99 a Neva 835 a 100 a 294 a

For comparison of means, ANOVA followed by Tukey'stest, with 95% confidence level, were
performed. Values in columns followed by differentletters in the columns indicate significantly
differences (p< 0.05) among plant organs for eacHomes analyzed, for a single element and during
each years of study.

Tab. 14 - Bioconcentration factor for the three pplar clones during the three years of study

BCF

2006 As Cd Zn
Dvina 0.04 0.71 0.74
Lena 0.04 0.94 0.87
Neva 0.03 0.96 0.87
2007

Dvina 0.05 0.68 0.87
Lena 0.05 0.81 0.94
Neva 0.05 0.81 1.03
2008

Dvina 0.02 0.94 0.78
Lena 0.02 1.06 0.84
Neva 0.02 0.87 0.78
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Transpiration of the tree plantation

In Fig.6 monthly values of stand-scale transpiradod potential evapotranspirationdEt

Penman equation) are presented.

=—&—Eto (Penmann 1)
160 —li—traspiration (sapflow)
140 A
120 /\ A
100 “ \ [:‘/ \
o0 o\ \
RN -\ /! A\
20 TR 4/ AN /]
2o | ~, /]
. pa g A Y
SE33E855FS53938 3858555585858
2006 | 2007 | | 2008

Fig. 6 —Trend of poplar plantation transpiration (by Granier sensor) and potential evatranspiration
(Et, by Penman equation)

Transpiration was maximum in spring and early summeaking in May and June, while
in late July, August and September was affectech byiore limited availability of soil
water, particularly evident in 2007. In Spring agafly summer, stand transpiration was
close to potential evapotranspiration, indicating efficiency of the poplar plantation in
regulating the hydrological balance of the sit@am-limiting conditions. This is confirmed
when monthly stand transpiration is compared totimgmprecipitation (Fig.7).

In 2007, the plantation transpired amount of waigher or similar to precipitation from
April to August and then in October and Novembehdgw incoming rain was unusually

low), while in 2008 the same occurred from May tlgb October (Fig. 5).
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Fig. 7 — Trend of total monthly precipitation and poplar plantation transpiration during the three
years of study

Summing precipitation, transpiration and the po#&trgvapotranspiration for the whole
year and for the growing season are presented ml%a Transpiration was close to
precipitation (80-85%) for the growing seasons 002 and 2008. Over the whole year,
precipitation was more than 1.4 times transpiraiior2007 and more than 2.2 times in

2008. In 2006, from September to December, pretipit was 2.5 times transpiration.

Tab. 8 Precipitation, Transpiration and Potentialevapotranspiration over the whole year and over
the growing season during the three years of study

Full year 2006 * 2007 2008
Precipitation 294 772 904
Transpiration 118 541 405
Potential Evapotranspiration 161 826 717
Growing season (Apr - Oct) 2006 * 2007 2008
Precipitation 200 576 502
Transpiration 105 496 405
Potential Evapotranspiration 121 706 628

(*: study period from September to December)
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Discussion

Growth and biomass data can be related to thereliffeolerance of the poplar clones to
the pollutants present in the contaminated siteririguthe three year of the study, the
clones, that were initially selected for their daifity to adapt to mean climate condition of
the area, showed inter-clonal differences bothemgit and in diameters (Tab.9): clone
Neva exhibited the best growth performance, a lomertality rate and reached higher
total aboveground biomass of clone respect Dvinkesd (Fig. 4).

The heavy metal concentrations in soil (Tab.10)ycutating water (Tab.11l) and
groundwater table (Tab.12) indicated a heterogengollutants distribution and a degree
of contaminant leaching in soil profile, particijarfor Arsenic, found in high
concentration also in circulating water.

The use of plants to decontaminate soils pollutgd heavy metals has received
considerable attention in recent years. PoplBaplusspp.) can accumulate relatively
high levels of certain metals and numerous studyeweerformed to investigate the
responses to heavy metals conditions in terms ¢ékep transport and tolerance for
different clones (Vandecasteele et al., 2003; Giettcet Sebastiani, 2006; Hermle S. Et
al., 2007).

In the three analysed clones (Dvina, Lena and NeXa)and Cd presented a higher
mobility in plants (according to Boruvka et al., 919 (Tab.13). For this two heavy metals
the lowest concentrations were found in stem, wihiéiehighest concentrations were found
in leaves, suggesting that, in accordance with éyaens et al. (2004), removal and
treatment of fallen leaves should be necessary atliom- to long-term decrease of
pollutants in soil has to be sought. On the otlard) As showed a similar concentration in
all plant parts, that could be indicative of a li@d mobility into the plants. Moreover Cd

and Zn were most efficiently taken up respect totAse bioconcentration factors (BCF —
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Tab.14) for Cd and Zn were close to 1, while BCFAs was very low during all period
and for all clones.

This study reported seasonal transpiration by eetlslones poplar plantation of 118 mm in
2006 (considering only September to November), 8d#id in 2007 (Mid March — Mid
November) and 405 mm in 2008 (April — October) wahdaily mean (x standard
deviation) of 1.42+0.79 mm ddyin 2006, 2.15+0.98 mm dayin 2007 and 2.3+0.98 mm
day” in 2008. The stand transpiration values of thislgtare close to those available in the
literature for poplar plantation. For example Meoene and colleagues (1999) reported a
daily mean transpiration of 1.9 mm dafor a plantation of hybrid poplars in Belgium,
Anselmi (1982) observed values of 158 mm over 1&gsdorPopulusx euramericanan
ltaly, while a transpiration range of 2.7-3.8 mnydavas reported for in trees Bopulus
trichocarpa Torr&A.Gray x P.tacamahacal. (clone TT32) in Southeastern England
(Zhang et al, 1999).

The potential evapotranspiration (Tab.14) durirg study periods was always higher than
the annual poplar stand transpiration, in accoreavith review data from several studies,
that found annual transpiration totals substantialver than potential transpiration ( Hall
and Roberts, 1990).

In the specific conditions of the present study tfanspiration process was effective in
regulating the hydrological balance of the Portarghi@ra site in spring and summer and,
generally, along the growing season when only isecaf heavy thunderstorm, the

plantation was not able to transpire back the pretion amount.
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Conclusions

This study analysed the capability of a poplar f@aon in reclamation strategy and in
controlling the hydrological balance in an pollutesland in Porto Marghera. The
hydrological control is a necessity since the idlamas completely separated from
surrounding sea by a waterproof barrier to avoidirenmental contamination. In this
respect, the poplar plantation was able to regulaehydrological balance of the site
during growing season, with the exception of oawaeli heavy thunderstorms at the end of
summer. Differences among clones were found faretibn efficiency of Cd, Zn and As:

Cd and Zn are more bioconcentrated and clone Nesasto show the best performances.
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PART IIT: |
ALONG-TERM EXPERIMENT |
TO TEST P, vittatal. UNDER |

HIGH As CONCENTRATION |
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Abstract

Pteris vittatal. is the first plant reported to be a hyperccurauaf arsenic (As). Several
studies, aimed at evaluating the abilityRieris vittatalL. in the As hyperaccumulation,
were carried out in the field or pot conditions lghonly a few in a hydroponic system.
Moreover, hydroponic studies were commonly perfatragher at low As concentrations
for long time or at high concentrations but only #to 10 days. This study was aimed to
investigate the tolerance and accumulation capgalofiP. vittataexposed to a remarkable
As concentration in a long-term semi-hydroponic eskpent, evaluating some
implications at physiological and biochemical level

After 17 weeks in pre-treatment condition, Na2HAsH20 was added to solution in
two times to reach a concentration of 7 mg/l indabelimatizing phase of 13 days and then
of 21 mg/l in the treatment phase for seven wefkdhe end of treatment plants were
sampled and divided into fronds, rhizome and roBismass, As concentration, Cys,
GSH, PCs, chlorophyll fluorescence image and ciployd content analysis were
performed. It can be highlighted that organs dgvatioduring As treatment can maintain a
valuable physiological status despite of the el¥as concentration in their tissues and
that the main changes in the chlorophyll fluoresegmarameters due to As treatment were

the large reduction i®PSII (45%) and the notable increase in NPQ (350 %).
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Introduction

Arsenic (As) is a natural element, classified a»xc and carcinogenic metalloid and
distributed ubiquitously throughout earth crustjl,seediments, water, air and living
organisms. The terrestrial abundance of this elénsearound 1.5-3.0 mg/kg. Since the
20t" century the anthropogenic activities caused a rieaée increase of arsenic and other
pollutants in the environment compromising the ratuesources and affecting also the
residue levels in plants and animals (Leist et28lQ0; Mandal et Suzuki, 2002).

Living organisms faced such environmental changesnbdifying metabolic pathways
through adaptive processes. In this context, ptaattl tolerance can be considered as one
of the best examples of an evolution process driweanthropogenic activities (Bondada
et Ma, 2003). Metal tolerance in plants can beedd by different mechanisms (Baker et
al., 1988) among which the enhanced metal accuron|dbllowed by metal sequestration
or compartmentalisation, characterise some plams ¢an be so considered as metal
accumulators.

Plants can also displayed an extreme form of totaracalled hyper-tolerance allowing to
accumulate exceptionally high amount of heavy mseatatheir tissues, so to reach a metal
concentration in the aboveground biomass highem that in the soil. These plants are
called hyperaccumulators (Cai et Ma., 2003). Tolwata the capability of a plant to
hyperaccumulate metals, some descriptive indexed) as the Bioconcentration Factor
(BCF: ratio of metal concentration within plant siies to that in soils) and the
Translocation Factor (TF: ratio of metal concembrain the aboveground plant tissues to
that in the roots) have been proposed (Ma et &01R For example, it is generally
accepted to define a plant an arsenic hyperaccuonutat shows a BCF>1 and a TF>1 as

well as it accumulates > 1,000 pg/g arsenic intdigamass (Cai et Ma., 2003).
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Arsenic is a nonessential element for plants amsl tdkken up via the phosphate transport
system, being phosphorous its chemical analogoweh@kg) 1994; Santos et al 2008). At
high concentrations, if not safely sequestered; thetalloid interferes with basic plant
metabolic processes, by reacting with sulfydril ugp® of enzymes and tissue proteins,
leading to severe damages for plants ranging froot growth inhibition to plant death
(Meharg et al., 2002; Tu et Ma, 2002).

The discovery of an As hyperaccumulator plant s quite recent. In 2001 Ma et al.
reported that a ferrRteris vittatal., can accumulate extremely large concentrat{apso
23000 mg/kg) of this toxic element in its abovelgrd biomass. Several other fern species
have been reported by Zhao et al. (2002) to hyparaalate As to concentrations similar
to P. vittata (P. cretica, P. longifolia, P. umlagswith significant differences in their
accumulation ability linked to the growth conditeofWang et al., 2007).

P. vittata shows the common traits associated wighal/metalloid hyperaccumulation:
enhanced root uptake, efficient root-to-shoot ti@regtion and a far elevated tolerance
through internal detoxification (Caille et al., Z2)0'u et Ma., 2002).

Detoxification of arsenate by plants is reported b® carried out by means of an
intracellular chelation by ligands followed by coanpnentation (Meharg 1994). Inside
plant cells, arsenate may be detoxified througlkiecigdn to arsenite and its sequestration in
vacuoles by thiol-containing compounds as glutaihi¢GSH) and phytochelatins (PCs),
that are considered to be the main ligands of nraatals and metalloids (Lombi, 2002;
Zhang et al., 2004).

PCs are a family of sulfur-rich peptides charagztati by a general structure ag (
GluCys)-Gly (n=2 to 11) and they are synthesized fromaghibne (GSH), a tripeptide
containing cysteine (Cys) (Grill et al.,1989; MemddCozatl, 2005). These compounds

play a key role in constitutive and adaptive tabee to As in several
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nonhyperaccumulating plant species (Zhao et abR2Caille et al., 2005; Kim et al.,
2009). As far as concerns hyperaccumulating plagtgeral authors reported that even if
arsenate exposure induces PC synthesis and armasecd thiols in P.vittata leaflets
(Vetterlein et al., 2009; Zhao et al., 2003), P@Quiction did not appear as the main process
responsible for As hypertolerance, as reportedhmng et al., 2004. In this regard, Raab et
al., (2004) showed that less than 1% of the As mctated in fronds of the
hyperaccumulatoP. creticawas complexed with PCs, while Cao et al. (2004ppsed
that inP. vittataan important role in detoxification was exertedloav levels of As (up to
20 mg/kg), by enzymatic antioxidants (SOD,CAT,APatd GPX) whereas at high As
concentrations (50-200 mg/kg) by non-enzymatidoaidants (GSH and other —SH
compounds).

Several studies, aimed at evaluating the abilitf? ofittatain the As hyperaccumulation,
were carried out in the field or pot conditions leghonly a few in a hydroponic system.
Moreover, hydroponic studies were commonly perfatragher at low As concentrations
for long time, i.e 145ug/l of As for 45 days (Santos et al., 2008) orighltoncentrations
(10-20 up to 208 mg/l) but only for 3 to 10 day$da et al., 2003; Kertulis et al., 2005;
Luongo and Ma, 2005; Singh et Ma, 2006).

Hydroponics is a very suitable growth system tol@kphe potentiality of a plant towards
metal tolerance and accumulation and more in génkna the evaluation of its
phytoremediation ability (Lunackova et al., 2003lip@vic et al., 2005; Dos Santos
Utmazian et al., 2007; Zacchini et al., 2009).

Then, this study was aimed to investigate the anlee and accumulation capability of
P.vittataexposed to a remarkable As concentration in a-teng hydroponic experiment,

evaluating some implications at physiological armthemical level.
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Materials and method

Experiment setup

Three-month-old P.vittata L. plants were obtaimeanf a nursery (IBAF - CNR Legnaro) .
At the 3-4 frond stage, plants were transferreanfioots to a semi-hydroponic growth
system, washing carefully the roots with waterémove soil residues. Semi-hydroponic
growth system was chosen as a growth system maoduoksted in two polyethylene tanks
(0,81 nf): the tank A contained sand to anchor plants wihiéetank B was used as water
drainage collector. A pumping system forced thendyé water to move continuously from
tank B to A to assure oxygen for roots and to atvbélformation of pollutant and nutrient
gradients. A nutritive solution was prepared witi r/l of soluble fertilizer NPK 20-20-
20 (Nutri-Leaf, Miller, Hannove, Pennsylvania, (AS. especially formulated for
hydroponics and added every ten days to tank B.cClifculating solution volume was 130
| and pH was maintained aroundTivo similar modules were created to establisbrdrol
(module 1) and a treatment (module 2) thesiseé&iftplants, homogeneous in size and in
root development, were assigned to each module.

These modules were placed inside a greenhouselamis pvere exposed to controlled air
temperature (25°C) and photon flux density of L6l m?sec.

After 17 weeks in pre-treatment condition, ,NAsO,-7H,O was added to tank B in two
times to reach a concentration of 7 mg/l in thdiaatizing phase of 13 days and then of
21 mg/l in the treatment phase for seven weeksryEien days nutrient solution was
replenished. At the end of the experimental pecatrol and treated plants were collected
and separated into fronds, rhizomes and rootselitdd plants fronds were also divided
into old and young fronds, depending on their catga or uncompleted unrolling at the

beginning of the treatment. In particular, the ftsralready unrolled were marked and
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indicated as old. Control plants were collectechwitt separation in young and old fronds
because similar As concentration was found betwbem in preliminary experiments

(data not shown).

Part of samples were oven-dried for 3 days at 607&ghted and ground to fine powder
for arsenic concentration analysis and the remgimias stored at -80°C for thiol and PC
analysis.

Before treatment water and sand As concentratios iMal + 0.98 ug/l and 1.7 £ 0.15

mg/kg respectively.

Chemical and biochemical analysis

For element concentration analysis all samples wayested: the different parts of plants
with a mixture of concentrated HN@5 % v/v), HO, (35% m/v) and bi-distillate $D;
water with 3 ml of HN@and sand with 2 ml of D, (35% m/v) and 5 ml of HNE(65 %
v/v). Digestion was carried out with a closed-véss&Erowave system (Excel-Shanghai
EU, Microwave Chemistry Technology Co.Ltd.).

Arsenic analysis were performed with a Zeeman Gtaphube Atomic Absorption
Spectroscopy (Varian SpectrAA800, Mulgrave, Viaioriustralia). The concentrations of
micro and macro nutrients in extracts were cargatlusing a Plasma Atomic Emission
Spectroscopy (ICP-MS, Thermo Jarrell, Ash Iris Aukzge, Thermoelectron, USA).
Reagent blanks and internal standards were useck\aperopriate, to ensure accuracy and
precision in analysis.

For Cys, GSH and PCs analysis samples were honssgemn liquid N with three
volumes of extraction buffer (0.1 N HCI, 1 mm EDT4#Q0 mg/ml PVPP) and centrifuged

(15,000 g) for 25 min at 4°C. Supernatant aliq®@0 pl) were mixed with 15l 0.2 M

HEPES and 2%l 3mM DTT, then some drops of 2 N NaOH were addedadrrect pH to

84



8.0. After 1 h of dark incubation at room temperefu5ul 30 mM monobromobimane
were added to the assay buffer that had been sicelsincubated in darkness for 15 min
at room temperature. To stop the reaction,uf30% acetic acid were mixed into the
solution, centrifuged (15,000 g) for 5 min at 4°@diltered (0.2um) ready for injection
into an HPLC system (Beckman-Coulter, Fullerton,, CISA). Phytochelatins (PCs) were
separated on a C18 reverse-phase column (250x4.65maim pore size; Grace Davison,
Deerfield, IL, USA). Elution was performed withlimear gradient (A = MeOH with
0.25% acetic acid, pH corrected to 4.3 with NaOHs BL,O with 0.25 % acetic acid, pH
corrected to 4.3 with NaOH) as follows: 90-60 %nBLb min, 60-20 % in 5 min, 20-90
% in 1 min, re-equilibration in 90 % B for 5 mint a flow rate of 1 ml/min).
Chromatograms were recorded and integrated usieg3th KARAT™ Software 5.0
(Beckman-Coulter). PCs were identified by comparigdth standard PC samples purified
from Silene vulgaris(Moench). Quantification was performed with a @dafloorescence

detector (model FP 2020 Plus; Tokyo, Japan; exaits&880 nm, emission 480 nm).

Indexes used

Bioconcentration Factor (BCF) was calculated asrdi® of arsenic concentrations in
fronds to concentration in soil (Tu et Ma, 2002p describe the ability of a plant to
translocate pollutants Translocation Factor (TF$ weeasured. This index is defined as the
ratio of arsenic concentrations in fronds to thiosseoots (Wei et al., 2006). In addition to
frond/root, TF was expanded to rhizome/root anchdfthizome to better understand

arsenic distribution in the plants (Singh et M@0®@)
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Chlorophyll fluorescence image and chlorophyll cont ent analysis.

Chlorophyll fluorescence image of fern leaves wadsqymed using a MINI-Imaging PAM
(Walz, Effeltrich, Germany) in order to investigatikee heterogeneity of chlorophyll
fluorescence parameters under metal stress comglitiche MINI-Imaging-PAM employs
blue LEDs, with a peak wavelength at 450 nm, folspumodulated measuring light,
continuous actinic illumination and saturation pslsThe charge-coupled device (CCD)
camera has a resolution of 640 x 480 pixels. Puadlie images of the fluorescence
parameters were displayed using a false colour caraging from black (0.000) through to
red, yellow, green, blue and pink (1.000) (Bergeale 2004). Leaves were dark adapted
for at least 30 minutes before determiningkd F,. The maximum quantum yield of PSII
photochemistry (#F,), was determined as {F R)/Fn. Leaves were then adapted to a
light intensity of 100 pmol  s* and a saturating pulse was applied to determine the
maximum fluorescence (fj and steady-state fluorescences) (luring the actinic
illumination. Saturation pulse images and valuesvafious chlorophyll fluorescence
parameters were captured. The quantum efficienc S photochemistrydPSIl, was
calculated according to Genty et al. (1989) usihg formula (R, — R)/F'm. The
coefficient of photochemical quenching, gP, is aasugement of the fraction of open
centres calculated as (F~ R)/(F'm — F'o) (Schreiber et al., 1986). The value of Was
estimated by the approximation of Oxborough et Bgk897), namely ' = RJ/(F/Fn +
Fo/F'm). Calculation of quenching due to non-photocheimiissipation of absorbed light
energy (NPQ) was determined at each saturating piddowing the equation NPQ = {F
—F'm)/F'n (Bilger et Bjorkman 1991). The measured valuesliBf) were divided by four
to display values less than 1.000. Chlorophyll fészence determinations were obtained

fromn =5 leaves.
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The chlorophyll content of the leaves was rapidigessed using the SPAD-502 chorophyll
meter (Konica Minolta, Tokyo, Japan). Plants weesvhsted immediately after these

measurements were completed to assess dry matter.

Data analysis

All results were expressed as an average of 5cadph at least. Normally distributed data
were processed with analysis of variance (ANOVA)ngsthe SPSS software tool
(Chicago, IL, USA).. Correlations were evaluatedhgsbi-variation method, with two-

tailed significance and Pearson correlation coeffiis. Student t-test were used to

compare data from treatment and control conditions.
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Results

Plant biomass

Total biomass at the beginning of the experimerg 287+0.33 g D.W. per plant, while at
the end of the experiment it reached 14.16+1.76céortrol and 15.14+2.43 g D.W. for

treated plants. Biomass distribution among frombdgome and roots analysed at the end
of the experiment is shown in Fig.8. Data revealesignificant biomass reduction in the

roots of As-treated plants compared to control.

ERONDS

CONTROL 13132257 a

TREATME 0:1038=123 & |
L T-197=042 b ||
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CONTROL 112027 2

TREATMENT 0.53=008 B

Fig. 8— Biomass distribution in plants. Old and youag ..see M&M For comparison of means ANOVA
was performed by followed by Tukey’s test, with 95%confidence level. Different letters indicate
significatively differences (p< 0.05) among treatednd control for each heavy metal analyzed in each
plant parts.
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Arsenic in plants, BCF and TF

After 9 weeks of growth in control or As-spiked wixdn plants showed different arsenic
concentrations in the sampled organs. Both in obmind in treated plants the metalloid
concentration followed a trend such as root = nmiec< frond (Fig 9). In As-treated plants
a highly significant difference between the youmgl ahe old fronds in As accumulation
was found, being the concentration of the metalioidhe former more than 13 times

higher compared to the latter, already completadlled after the adaptation step.

FROND  TY - [ 151612492 ¢ |
j
RHIZOME
4
ROOT )

0 3 6 9 12 15 800 1600 2400 3200 400
mg As / Kg D.W.

Fig. 9 — Arsenic concentration in different plant @rts. For comparison of means was performed by
ANOVA followed by Tukey’s test, with 95% confidencelevel. Different letters indicate significatively
differences (p< 0.05) among plant parts.

The Bioconcentration factor (BCF) iR. vittata fronds was higher than 1 (Fig.10), as
commonly found in hyperaccumulating plants. In conplants, BCF was 6.2 while in

treated plants young fronds exhibited a much higtadue than old fronds. Old fronds in
treated plants showed a similar BCF value thandsarf control plants.

Translocation factor (Tf — Fig. 10) was calculatectvaluate the capability of the plants to

move the metalloid among the three organs of féantp (root, rhizome and fronds). Tf
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values were always higher than 1 except for Astkgplants where the ratio old
frond/root and old frond/rhizome was 0.7 £ 0.1 &l + 0.1 respectively.

In As-treated plants Tf calculation revealed thoatth in frond/root and in frond/rhizome,
Tf values of young frond/roots were notably highempared to old frond/root, while no
statistical differences were observed between Tliesmrelated to young frond/root in
treated plant and total frond/root in control plaht values related to rhizome/root were

not significant.

BIOCONCENTRATION FACTOR TRANSLOCATION FACTOR
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101 e . i | ([0 Esd L] gy
0 Liiil frond/root rhizome/root f rond/rhizome

Fig. 10 — Bioconcentration (left) and Translocatiorfactor (right) for treated and control plants

Analysis of other elements in plants

Macronutrient (Ca, Mg, K, P), micronutrient (B, g, Mn, Zn) and metal (Al, Cd, Cr,
Na, Ni, Pb) concentrations within plant parts wereasured and a comparison between
control and treated plant was performed (Tab.163ighificant increase in B, Cd, Cr, Cu,
Fe, Ca, K, Pb concentrations and a decrease iroNeeotration in roots of treated plants
with respect to control plants were observed. lizaime, an enhancement of Cu
concentration and a decrease of Ni and P charsetkethe treated plants from the control
plants. In treated plants, only the concentratibK avas higher in young fronds compared
to old fronds being Al, B, Fe, Ca, Na, Mn and Mgcentrations higher in old than young

fronds. In general, in control fronds, the concatidns of most analysed element were
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similar to treated old fronds except for Cd, Cu,, ¢ concentrations that were

significantly lower in control plants.

Tab.16— Macronutrient, micronutrient and some metal concentrations within plant parts. About root and
rhizome: comparation of means between treated andoatrol was performed by t-student test with n.s.: ot
significant O p< 0.05; [T p<0.005; (111 p<0.001. About fronds comparison of means was permed by ANOVA
followed by Tukey’s test, with 95% confidence levelDifferent letters indicate significatively differences (p< 0.05)
among control, treated young and old fronds for edtelements .

" Root Rhizome Frond
malkg t-test t-test
Ster. | C T C C TOld T Young
Al 2271 4485 ns 2101 2262 ns 500 a 527 a 276 b
1277 470 S 211 557 % 62 42 30
B 74 173 - 170 189 ns 81 ab 107 a 70 b
19 9 35 29 S 3,7 6.9 8,5
1,6 2,6 - 1,8 2,3 08 b 1,4 a 1,3 a
Cd [ o4 01 0,07 04 ™ 01 0.1 0.2
10,5 17,9 ok 5,6 8,5 46 a 6,9 a 57 a
Cr| 11 0.8 01 16 % 0.7 1,2 0.2
Cu 290 801 x 99 257 . 83 b 126 a 11,6 a
77 22 13 43 0.4 0,9 0.6
Fe 4279 6365 . 2257 2037 ns 318 a 332 a 50 b
996 412 25 197 "™ 72 61 2.6
Ca 35518 56723 . 38322 45222 ns 10972 b 18211 a 4559 ¢
10373 3196 4643 5867 | aes 254 450
Na 1623 776 . 5569 4556 ns 5108 b 12496 a 2512 ¢
241 214 2669 4923 5| 708 824 232
354 454 264 264 33 a 31 a 6,1 b
Mn | “g 280 % 36 52 " 3.9 3.4 03
M 5887 5210 ns 3859 3223 ns 4358 a 5660 a 2055 b
9| 1054 323 S 380 573 | 253 382 145
K |18 230 . | 300 276  [302b 3006 383 a
39 53 26 14 S 6.7 7.6 11,4
Nni | 20 17 |08 62 L |19a 21a 22a
55 0.8 S 15 1.2 0.6 03 12
P 6890 7086 ns 10956 4962 . 1643 b 2114 ab 2356 a
1893 813 S| 1969 830 127.2 134,9 1177
9,9 16,0 . 9,9 13,1 39 a 6,0 a 6,2 a
Pb [ 77 13 11 22 M 0.2 1,3 1,0
344 204 308 237 43 a 33 ab 18 b
Zn | o5 a7 n-s. 59 . 8.4 3,1 2.9
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Analysis of CYS, GSH and PCs concentrations

The content of phytochelatins (PCs) and of two Ithiaysteine (Cys) and gluthatione
(GSH), was investigated in roots and fronds of mdrand treated plants (Fig.11).

Thiol and PC content showed lower concentrationsowts respect to fronds; Cysteine
content under arsenic treatment increased significen fronds compared to control with
the old fronds that showed a Cys content highen thiaung fronds. No significant
differences in roots were observed between comtnol As-treated plants. GSH content
showed in treated plants a decrease in old frondgpared to young fronds. This decrease
was significantly observed also in comparison wibimtrol fronds. Similarly to Cys, GSH
content did not evidence significant differencesrants between control and As-treated
plants.

PC concentration was higher in treated young frindomparison with old treated and
control fronds, being the content of old fronds fiewted by the As treatment. PCs were
not detected in control roots while an inductiontieése polythiols was observed as a

consequence of As treatment.
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Fig.11- Cysteine (Cys), Gluthatione (GSH) and phytihelatins (PCs) concentrations in different plant
parts. For comparison of means was performed by ANWA followed by Tukey’s test, with 95%

confidence level. Different letters indicate signi€atively differences (p< 0.05) among plant parts
among each biochemical compound .
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Chlorophyll fluorescence image and chlorophyll content analysis

Chlorophyll a fluorescence parameters in contral &s treated pinnae were shown in
Tab.17. A representative image of chlorophyll feswence in two control and metal
treated pinnae measured at the end of As treatrmemported in Fig.12. All parameters
were affected by treatment. In particular arsereéatment compared to control caused an
increase of Fo and Fm values by around 37 % an®o1despectively. On the contrary,
Fv/Fm and®PSII showed a decrease by around 13 % and 46%gatasgly. Moreover, P
was significantly reduced with respect to contimhile NPQ showed an increase of 3.5

times.

Tab. 7 - Chlorophyll fluorescence parameters in twaontrol and arsenic treated leaves dPteris vittata
measured at the end of the experiment. J minimum chlorophyll fluorescence yield obtained \th
dark-adapted leaf; F,, maximum chlorophyll fluorescence yield obtained \th dark-adapted leaf;
FJ/Fn, maximal quantum efficiency; ®PSIl, quantum efficiency of PSII photochemistry; qP,
photochemical quenching; NPQ, non-photochemical queehing. Values are means of 5 samples. For
comparison of means, ANOVA followed by Tukey’s HSDest, calculated at 95% confidence level, were
performed. Values followed by the same letter indite no significant differences.

Species Treatment Fo Fm FJ/Fn, OPSII qP NPQ
) Control 0.093 b 0371 b 0.750 a 0.458 a 0.843 a .7310 b
P.vittata
Arsenic 0.149 a 0.432 a 0.655 b 0.248 b 0.720 b 582 a

93



Control Arsenic

Fu/Fm

DPSI|

gP

NPQ

Fig.12 — Chlorophyll fluorescence images of Fo, Fand Fv/Fm in two dark-adapted pinnae and PSII,
gP and NPQ at steady-state with actinic illuminatio of 100 umolphotons m-2s-1 measured at the end
of the experiment. The false colour code depictedt dhe bottom of each image ranges from 0.000
(black) to 1.000 (pink)
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Pinnae chlorophyll content (Fig.13), assessed bACERhowed a significant lower value

in treated plants (37.5£0.5) compared to contlahis ( 43.9+0.9).

*kk
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chlorophyll content
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Fig.13— Chlorophyll content in conterol and treatedpinnae. Comparation of means between treated
and control was performed by t-student test andTT1p<0.001

Discussion

P. vittatacan tolerate and accumulate high levels of Adsrorgans. For this reason this
plant is considered an As-hyperaccumulator ablenaove efficiently this metalloid from
soil (Ma et al., 2001). Most part of the informatiabout this aspect has been obtained in
soil studies where the environmental conditionseotthan pollution could represent a
limiting factor. To overcome this problem and tgit and compare the potentiality of
different plant species to phytoextract metals, rbgdnic studies are commonly
conducted (Dos Santos Utmazian et al., 2007; Bal®viButcher., 2007; Zacchini et al.,
2009). Few studies regarding the evaluation of FEhevittata capability in the As
phytoextraction were carried out under hydroponikimost all were performed either at

low As concentrations for long time or at high Ascentration in short time experiments
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(Santos et al. 2008; Zhao et al. 2003; Kertuliale2005; Luongo and Ma 2005; Singh et
al. 2006).

With this in mind this study was designed to inigede some physiological and
biochemical responses, associated to arsenic adatiomuand tolerance, in a long-term
and high As concentration experiment in hydropanidge rationale of this experimental
design was to evaluate the potentiality of thisnplspecies to tolerate and remove the
metalloid from a substrate in extremely toxic coiodis.

Arsenate toxicity on plants has been well descriffadiouris et Hutchinson, 1991; Tu et
Ma, 2002). In particular, toxic symptoms such anplgrowth and crop yield reduction, a
decrease in root functionality, a wilting and anoscs of leaf tips and leaf margins and a
decrease in photosynthetic capacity have beentegp{Bondada et Ma, 2003; Shaibur et
Kawai, 2009).

In this study,Pteris vittataplants exposed for 9 weeks to 28 mg/l of As exbiisome
visible toxic symptoms (not shown). In particulat,the end of treatment period, in old
fronds already developed before As exposure, niscadsthe tips and margins in some
leafleats and leaf withering were noticed, whergasng fronds, emerging during As
treatment, showed no toxic symptoms. This obsamatian suggest that newly formed
leaves have developed some tolerance mechanismowirgdl plant to cope to high
concentration of As in the growing medium.

Biomass production is an another important parantéi can be used to evaluate the
capability of plant to tolerate the presence ofvigaaetals in the growing solution. In this
study a significant reduction in root biomass ieated plants compared with control
occurred, while biomass of other plant parts wasaffected (Fig.8). The reduction of root
biomass following As treatment represents a glpitoxic symptom induced in plants by

this metalloid, as already reported by Wang e28l02 and Zhang et al., 2004.
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The As absorbed by the plants was accumulatecjamily in the fronds, followed by the
rhizome and the roots (Fig 9). The same behavias also observed in control plants.
The As concentration in the fronds showed a sigaifily difference between old and
young fronds being 113.20 + 28.02 and 1516.202 31 respectively. These results were
in agreement with Tu et Ma (2005), that reportesliighest As accumulation in the young
fronds, followed by mature and old frond, in plamsposed to <30 mg/kg As.

Rhizome showed a notable concentration of arserttoout a decrease in biomass under
our treatment condition (Figgs. 8 and 9). This pfzart could be very important in limiting
the traslocation of the toxic element from rootgramds, accumulating a large amount of
As especially when plants grow in heavily contartedasoils. Liao et al. (2004) suggest
that rhizome irP.vittatacan act as a “buffer-storage” for As restricting thanslocation to
aerial parts to avoid the toxic effects on the phlggical processes occurring in the
fronds.

BCF is a useful index to evaluate the potentiaditya plant to phytoextract metals from a
substrate and concentrate them into its organgs ltommonly utilised to identify
hyperaccumulating plants that can be so definatiafBCF value is higher than 1. In
literature, the BCF value reported fBrvittata fronds were significantly higher than 1
(Gonzaga et al., 2008), reaching also a value dfia&antos et al. (2008). In the present
work, BCF was 13.5 times higher in young than ih fobnds of As-treated plants, ranged
from 4 in the former to 54 in the latter. This fing underlines the ability of this plant to
bioconcentrate the toxic element especially in dorompletely developed during the
treatment (Fig 10). An accumulation of As in theoad ground biomass in un-polluting
conditions was also observed. In fact, due to ¢éisedue levels of As in the sand, in control
plants, total plant BCF was 6.23 + 0.5, proving tfapability of this fern to accumulate

the toxic element also in very low arsenic presenc
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Beyond to extract arsenic from sdi, vittata efficiently translocates this element from
roots to fronds. In this work, the Tf calculatioRig.10) showed a higher capability of
young fronds to translocate arsenic from roots camexqg to old fronds, evidencing the
capability of the organs developed under treatrteeattivate metabolic processes to act as
a sink of the absorbed arsenic.

It has been reported that toxic metals may interfeith the uptake of other elements by
plants causing a notable detrimental effect ontgaowth. In fact, among these chemical
elements there are some essential macro- and mitrients beyond other non essentials
metals (Cao et al., 2004; Gonzaga et al., 2004e@ls et al., 2009). In this study the
chemical element concentrations within plant orgalese modified differently by the As
treatment (Tab.16). In fact, in roots of treateainpd an increase for all elements, except for
Na, was observed, particularly for B, Cr and Cugrevf only eight out of 15 element
evidenced statistically significant difference resfto control.

In rhizome the concentration of the elements wasstsutially unaffected by the As
treatment since a difference between control aedtéd plants was only ascertained in
three out of 15 elements. On the contrary, in feotied concentrations of the nutrients were
notably altered by the exposure of the plants éortietalloid. In fact, only four out of 15
elements did not change their titre between con&mtl young/old treated fronds.
Particularly interesting resulted the increasehaf tnacronutrient P and K concentrations
occurring in young treated fronds respect to con€onversely, the young treated fronds
showed a remarkable reduction compared with comrd&a, Mg and in micronutrients
such as Al, Na, Mn, Fe and Zn. Under As treatméet d¢ld fronds did not reveal a
remarkable change in element composition compardth wontrol except for an

enhancement in Na, Ca, Cu and Cd. An enhancerm&# concentration in mature fronds
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of P. vittata following As treatment was shown by Fayiga et(aD08), supporting the
hypothesis of a role in As detoxification.

Considering the whole plant, a general trend ofgase in nutrient absorption in response
to arsenate could be evidenced.

In fronds different behaviours has been notice ddimgy on element analyzed. Cao et al.
(2004) reported that along with As uptake in Ptavé there was enhanced uptake of plant
nutrients including K, Zn, Mn, Fe and especiallyT®is study confirms the increase of
elements concentrations in treated plants espgamtbots.

In the present study, in fern plants exposed terat® in a long-term hydroponic
experiment an induction of thiols and PCs occurfeig.11). This finding agrees with
previously reported data (Zhao at al, 2003; Zharaj.e2004; Cai et al., 2004) obtained in
different experimental conditions than those adbjptehe present work. In particular, PCs
were induced in roots by arsenic treatment and ttaitent enhanced markedly in young
treated fronds in comparison with old treated fioadd control fronds. These observations
are in agreement with the As content detected endifferent plant parts, confirming the
role of PCs as bio-ligands for As even in plantpased for several weeks at a notable
arsenate concentration. In this context, it wasiedgby different authors (Zhang et Cai,
2003; Vetterlein et al., 2009) that in arsenic érgecumulating plants the capacity to
tolerate high concentration of this metalloid i swictly related to the induction of thiols.
In fact, it was suggested that in As-hypertolerplaints an adaptive PC-independent
sequestration in vacuole occurs as a main detaxibic mechanism, supplemented by a
PC-dependent detoxification process that activates the former is saturated.

Beyond many other important functions in plant ,cé€lys and GSH are involved in PC
formation and changes of their concentration innplaxposed to metals have been

extensively reported (Schmoger et al., 2000; Caal.e2004). In old fronds a higher Cys
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content and a lower GSH content compared with yofnogds occurred (Fig.11).
Moreover, old fronds showed a lower PC content lasve discussed. In this regard, a
preferential accumulation of a low molecular th&lch as Cys could be an adaptive
mechanism to reduce As transport and storage, iekpdathe lower As accumulation in
old fronds in comparison to young fronds.

GSH content did not vary both in roots and in yodrands of arsenic-treated plants
compared with control as previously reported by@bgal (2003).

Chlorophyll fluorescence imaging allowed to invgate the effects of heavy metal on the
photosynthetic activity in young fronds of P. \#athat showed a remarkable as-
concentration exposed for 9 weeks to 28 mg/l of M@.study about the utilisation of this
technique on P. vittata was found in literaturelo@phyll fluorescence images indicated a
reduction of the photosynthetic activity in treatedves of P. vittata with respect to control
(Tab.17 and Fig.12). In particular, arsenic treattriacreased the values of Fo and Fm.
According to Gilmore et al. (1996), Fo increaseswtihe photochemical apparatus is
damaged or, more specifically, when the numbeun€tional chlorophylls not connected
to the reaction centres of PSIl increases. Stoeva €2003) showed both an increase of Fo
and a considerably decrease of Fv/Fm in Zea maydpkxposed to arsenic. In this study
arsenic treatment reduced Fv/Fm values of about 18#h respect to control.
Nevertheless, the main changes in the chlorophydiréscence parameters due to arsenic
treatment were the large reduction &PSIl (45%) and the notable increase in NPQ
(350%). The quantum efficiency of PSIlI photochemis®PSII, can be used to estimate
the photosynthetic activity, while NPQ reflects hdssipation of excitation energy in the
antenna system and is a good indicator for excggg Energy (Demmig-Adams et
al.,1996; Rohacek 2002). Little is known aboutefffect of arsenic on photosynthesis, but

some authors consider that the limiting step ontggymthesis is due to the inhibition
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effect of this element on the chlorophyll synthggisupa and Moniak, 1998; Stoeva et al.
2003). According to these authors this study shoaveynificant reduction of chlorophyll
content in arsenic treated plants in comparisorcdnotrol plants (Fig.13). Moreover,
Miteva and Merakchiyska (2002) reported that arsesoncentrations higher than 25
mg/kg significantly reduced the chlorophyll contesrtd inhibited the photosynthetic

process by 40% in bean plants.

Conclusions

This study shows that P. vittata can activate piggical and biochemical processes
targeted to As hyperaccumulation and tolerance a@vemtremely toxic growth conditions
such as the exposure of elevated concentratiorersginate in hydroponics for a long
period. The relationship between the bio accumutatif the metalloid and the capability
to tolerate its toxic effects varied remarkably agglant organs. As expected, to cope
with the metalloid in the growth solution plantstalgly reduced their biomass production,
probably due to the metabolic efforts carried ootinduce and maintain tolerance
processes. Particularly, it can be highlighted trgians developed during As treatment,
such as young fronds, can maintain a valuable plogical status despite of the elevated
As concentration in their tissues. A role for P@ghe safe accumulation of As in these
organs was highlighted.

The main changes in the chlorophyll fluorescencarpaters due to arsenic treatment were
the large reduction i®dPSII, used usually to estimate the photosynthetiwity , and the
notable increase in NPQ indicator for excess lgiergy. Also chlorophyll content was

significantly reduced under arsenic condition.
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Therefore P. vittata showed some damage durintptigeexposure to 28 mg/l of As, but it
proved able to tolerate this concentration witheauction of less than 50% of the

photosinthetic activity.
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This study show some different capability of diéfiet species to survival in the
contaminated site of Isola dei Petroli in the Venicagoon and their utility in a
phytoremediation and phytocontrol of hydric statategy.

The survey on the metal and metalloid phytoextoactability of spontaneous and
cultivated plants growing in the landfill of thedustrial site of Isola dei Petroli in the
Venice Lagoon, show a different behaviour betwgentaneous and planted species. All
spontaneous species, except Aorretroflexustowards zing exhibited a higher ability to
exclude rather than accumulate heavy metals compeith planted species, resulting not
suitable for then situ phytoremediation of a contaminated industrial aievertheless,
for an appropriate evaluation of the role of a ratwegetation cover in contaminated
industrial soail, it should be considered that nallyrgrowing plants limit pollutant leaching
and metal mobility along soil profiles and modityet rhizosphere to favour biological
processes. Planted species seemed more suitabiecfaiming metal-contaminated sites.
On the contrary, planted species seemed more mufiabreclaiming metal-contaminated
sites. In particular,C. zizanioidesconfirmed its valuable capability to mitigate lead
contamination in an industrial site, wheré&asmatsudanandS. albashowed the potential
to reclaim Cd- and Zn-contaminated soils.

The study on a poplar plantation in the contamuphatee of Isola dei Petroli showed as this
plantation was able to regulate the hydrologicdhee of the site during growing season
with the exception of occasional heavy thunderssoanthe end of summer. This is an
important result because hydrological control & $ite is a necessary since the island was
completely separated from surrounding sea by arpatef barrier to avoid environmental

contamination. Differences among clones were folancextraction efficiency of Cd, Zn
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and As. In fact Cd and Zn are more bioconcentratetl clone Neva seems to show the
best performances both in pollutant extractionianglomass increase.

The ex situ study on the capability of Pteris ¥étha. to tolerate a long exposure to a high
arsenic concentration proved that this speciesactimate physiological and biochemical

processes targeted to As hyperaccumulation anchtade even in extremely toxic growth

conditions. This study, with in order to introdubés species in the Isola dei Petroli, shows
that P.vittata suffers some damage during the équpsure to 28 mg/l of As, but it proves

able to tolerate this concentration with a reducid less than 50% of the photosynthetic
activity. In this contest this specie could be pdanin situ even if some studies on

tolerance of particular soil should be performed.
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mar 2006 — lug 2006

Borsa di studigpresso I'lstituto di Biologia Agro-Ambientale e Fetale (IBAF) del CNR
di Monterotondo Scalo (Bando N.010.BS.2/06 del 02086 prot:408/06) nell’ambito
progetto della Regione Lazio “Modelli applicativi @igricoltura multifunzionale nello
sviluppo sostenibile di alcune aree della regioazid”.

Il lavoro svolto rientra nella tematica del fitomgtio e in particolare si & studiato I'uso di
colture forestali, quali pioppi e salici, nel fibmredio di alcuni metalli pesanti come As, Cd,
Zn, Pb.

Contratto di prestazione d’opera in regime di lav@@tonomo occasional@resso I'lstituto
di Biologia Agro-Ambientale e Forestale (IBAF) del CN& Monterotondo Scalo
riguardante attivita di analisi delle caratterisécfotosintetiche su diverse varieta di cotone
e in condizioni di campo al fine di valutare diffeze nella tolleranza alla siccita di tali
varieta.

In particolare lo studio svolto rientra nellambitdi un progetto EU-INTAS, una
collaborazione tra task provenienti da SvizzerkgltaUzbekistn e Kazakistan, per la
selezione di genotipi di grano e cotone resistidisiccita

Marie Curie Fellowshippresso Institute of Forest Botany, Georg-August-University,
Gottingen, Germania, con tema di ricetftapact of elevated C{and fertilization on some
biochemistry wood property of P.euramericana”.

In particolare studio del contenuto in proteineubdi, zuccheri e amido, Klason lignina e
potere calorifico in campioni di legno di Populusramericana provenienti dal sito
sperimentale EURO-FACE di Tuscanica (VT, UniversiglladTuscia).
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dic 2005 - feb 2006 Contratto di prestazione d’'opera in regime di lav@otonomo occasionalpresso presso
I'lstituto di Biologia Agro-Ambientale e Forestalt(BAF) del CNR di Monterotondo Scalo
riguardante attivita di studio e ricerca per latgpe® sostenibile delle risorse forestali e
faunistiche della Riserva Naturale Monte Navegnae/i@, con particolare attenzione allo
studio sulle potenzialita di assorbimento del caiboda parte della stessa riserva per
‘applicazione del Protocollo di Kyoto a livello liegale

Idoneita:

gen 2006 Idonea ma non vincitrice per il conferitoedi una borsa di studio per I'approfondimentoleléématiche di
particolare rilievo per il settore della pesca #'atjuacoltura, indetta con bando su G.U.
n°3 del 13 gennaio 2006 dal Ministero delle PdiigicAgricole, Alimentari e Forestali,
Dipartimento delle filiere agricole ed agroalimenteDirezione generale della pesca
marittima e dell'acqua coltura.

Attivita scientifico-divulgativa:

PUBBLICAZIONI ISI

- Pietrini F., Zacchini M., lori V., Pietrosanti LEerretti M. & Massacci A- Spatial distribution of cadmium

in leaves and its impact on photosynthesis: exam@f different strategies in willow and poplar cloes —
Plant Biology 2010, 12:355-363

- Pietrini F.; Zacchini M.; lori V.Pietrosanti L.; Bianconi D.; Massacci A. Screening of poplar clones for
cadmium hytoremediation using photosynthesis, biomss and cadmium content analyses International
Journal of Phytoremediation, 2010, 12:105-120

- Zacchini M., Pietrini F.,Scarascia-Mugnozza G.,i lgt, Pietrosanti L., Massacci A.-Metal tolerance,
accumulation and translocation in poplar and willow clones treated with cadmium in hydroponics—
Water Air Soil Pollut, 2009, 197: 23-34

- Massacci A., Nabiev S.MPietrosanti L., Mematov SK., Chernikova T., Leipner J.Response of the
photosynthetic apparatus of cotton (Gossypium hirstwm) to the onset of drought stress under field
conditions studied by gas-exchange analysis and ohbphyll fluorescence imaging- Plant Physiology and
Biochemistry, 2008, 46:189-95

PROCEEDINGS NAZIONALI ED INTERNAZIONALI

- Pietrosanti L., Matteucci G., Pietrini F., Stivanello S., Capat@t, Molinari M., Magnani E., Santarelli G.,
Zuin M.C., Aromolo R., Massacci A Hydrological control and phytoremediation by poplar and willow
clones in a contaminated industrial site in Venicdagoon”. In Book of Abstract (pag. 53) and in CD e-
proceedings (ID138) — 4° European Bioremediationf@amce, Chania, 3-6 sett 2008PRESENTAZIONE
ORALE

ABSTRACT

- De Paolis M.R.Pietrosanti L., Capotorti G., Molinari M., Masacci A. and Lippi. B Cadmium-resistant
bacterial communities in a contaminated industrial site in Venice Lagoon— 14" International
Biodeterioration and Biodegradation Symposium — IBBSgBy. 174, (Sant’Alessio siculo, Messina, Itaby,
11 ott 2008)

- Capotorti G., Nardella A., Molinari M., Massacci ARietrosanti L., Matteucci G., Zuin M.C. -
Phytoremediation Test for Arsenics Pollution Contrd in contaminated Industrial Soil in Porto
Marghera-  Paper B-11 in: A.R. Gavaskar and C.F. Silver (Symposium Chaiirs)Situ and On-Site
Bioremediation—2007Proceedings of the Ninth International In Situ @ Site Bioremediation Symposium
(Baltimore, Maryland; May 7-10,2007). ISBN 978-1-574161-9, published by Battelle Press, Columbus,
OH, www.battelle.org/bookstore

ALTRO
- POSTER DI PRESENTAZIONEMesocosmi sperimentali per lo studio dei processisfologici di specie
arboree forestali nellambito del fitorimedio. - Responsabili; Massacci A., Scarascia-Mugnozza G.;
Collaboratori: Pietrosanti L., lori V., Barchetti Rpsati S., Pietrini F., Zacchini M.”.
Meeting “Modelli applicativi di agricoltura multifizionale nello sviluppo sostenibile di alcune adedla
Regione Lazio” PRAL — progetto codice 2003/92, Regioao, Direzione Agricoltura, CRA, Unita di ricerca
per la climatologia e la meteorologia applicatéglicoltura, 14 marzo 2008
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- POSTER DI PRESENTAZIONERelazione tra ecosistemi terrestri ed inquinanti: ipristino ecologico,

biorimedio e  biomitigazione — Massacci A., Bianconi D., Pietrini F., Pietrosanti, Uori V.,
Zacchini M.”

REMTECH, | Salone sulle bonifiche dei siti contamipkerrara, 26-28 sett 2007

Altre partecipazioni a corsi e meeting

giu 2009 Corso di formazione ambientale - Siti aomibati : caratterizzazione, bonifica e analisfisichio — |

modulo: Caratterizzazione ambientale” — ISPRA, I&itGuperiore per la Protezione e la Ricerca
Ambientale, Roma

mag 2008 Giornata Internazionale della BiodivemsdaAgricoltura- Bioversity International, Roma

mag 2006 Corso di Metodologia Sperimentale in Agtica — Prof. R.Casa, Universita delle Studi deliacia,
Dipartimento di Produzione Vegetale, Viterbo

ott 2003 Corso R.Y.L.A.: “Ambiente e territorio: fmematiche dello sviluppo sostenibile in un temio

costiero soggetto a forti pressioni antropiche’cBadazionale del Circeo , Sabaudia-LT

Palombara Sabina, 28/02/2010

Lucia Pietrosanti
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