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1 GENERAL INTRODUCTION
1.1 Heavy metals pollution
Heavy metals are commonly defined as elements with atomic number >20 and metallic proprieties
(ductility, stability as cations, ligand specificity, conductivity, etc.). Metals are natural components
in soil but the industrial revolution has accelerated drastically the pollution of the biosphere due to
heavy metals mining and utilization. Soil pollution by metals differs from air or water pollution,
because heavy metals persist in soil much longer than in other compartments of the biosphere
(Lasat et al., 2002).
Sources of heavy metal contamination in soils include point sources such as emission, effluents and
solid discharge from industries, metals from smelting and mining, warfare and military training and
vehicle exhaustion, and nonpoint sources such as soluble salt, disposal of industrial and municipal
wastes, use of insecticides and pesticides in agriculture, and excessive use of fertilizers (McGrath et
al., 2001; Nriagu, 1979; Alloway et al., 1995). For example, mine tailings rich in sulphide minerals
may form acid mine drainage (AMD) through reaction with atmospheric oxygen and water, and
AMD contains elevated levels of metals that could be harmful to animals and plants (Stoltz, 2004).
Ground-transportation also causes metal contamination. Highway traffic, road maintenance, and deicing operations generate continuous surface and ground water contamination. Tread ware, brake
abrasion, and corrosion are well documented heavy metal sources associated with highway traffic
(Ho and Tai, 1988; Fatoki, 1996; García and Millán, 1998; Sánchez Martín et al., 2000). Heavy
metal contaminants in roadside soils originate from engine and brake pad wear (Cd, Cu, and Ni)
(Viklander, 1998); lubricants (Cd, Cu and Zn) (Birch and Scollen, 2003; Turer et al., 2001); exhaust
emissions, (Pb) (Gulson et al., 1981; Al-Chalabi and Hawker, 2000; Sutherland et al., 2003); and
tire abrasion (Zn) (Smolders and Degryse, 2002). In the Table 1, are reported in detail the sources of
contamination for each heavy metal.
Land and water pollution by heavy metals is a worldwide problem. Over recent decades, the annual
worldwide release of heavy metals reached 22,000 t (metric ton) for cadmium, 939,000 t for copper,
783,000 t for lead and 1,350,000 t for zinc (Singh et al., 2003).
According to a report (ETCS 1998), in Western Europe about 1,400,000 sites were affected by
heavy metals and/or organic pollutants (McGrath et al., 2001). In the USA there are 600,000 fields
which are contaminated with heavy metals and need reclamation. Coal mines have contaminated
more than 19,000 km of US streams and rivers with heavy metals, acid mine drainage and polluted
sediments. More than 100,000 ha of cropland, 55,000 ha of pasture and 50,000 ha of forest have
been lost (Ragnarsdottir and Hawkins, 2005). The heavy metals pollution is also a great problem in
4

China, where one-sixth of total arable land has been polluted, and more than 40% has been
degraded by erosion and desertification (Liu, 2006). Soil and water pollution is also high in India,
Pakistan and Bangladesh, where small industries are spilling their untreated effluents in the drains,
which spread near agricultural fields.
METALS
Pb
Cu

Cd

Ni
Cr

SOURCES

METALS

Mining and smelting of metalliferous ores,
burning of leaded gasoline, municipal sewage,
industrial wastes enriched in Pb, paints (Gisbert
et al., 2003; Seaward and Richardson, 1990)
Electroplating industry, smelting and refining,
mining, biosolids (Liu et al., 2005)
Geogenic sources (Baize, 1997), anthropogenic
activities (Nriagu and Pacyna, 1988), metal
smelting and refining, fossil fuel burning,
application of phosphate fertilizers, sewage
sludge (Alloway, 1995; Kabata-Pendias, 2001)
Volcanic eruptions, land fill, forest fire, bubble
bursting and gas exchange in ocean, weathering
of soils and geological materials (Knox et al.,
1999)
Electroplating industry, sludge, solid waste,
tanneries (Knox et al., 1999)

Hg
Zn

As

Se

SOURCES
Volcano eruptions, forest fire, emissions
from industries producing caustic soda, coal,
peat and wood burning (Lindqvist, 1991)
Electroplating industry, smelting and
refining, mining, biosolids (Liu et al., 2005)
Semiconductors, petroleum refining, wood
preservatives, animal feed additives, coal
power plants, herbicides, volcanoes, mining
and smelting (Nriagu, 1994; Walsh et al.,
1979)
Coal mining, oil refining, combustion of
fossil fuels, glass manufacturing industry,
chemical synthesis (e.g., varnish, pigment
formulation)

Tab. 1: Different sources of heavy metals and metalloids (Lone, He, Stoffella, Yang, 2008).

As above-mentioned, heavy metals are present in soils and aqueous streams as natural components
or as a result of human activity (Raskin et al., 1994). Widespread low to medium pollution of
agricultural land represents a specific problem and, in Europe, the polluted agricultural lands are
likely to encompass several million of ha (Flathman and Lanza, 1998).
A European Union Council Directive (86/278/EEC, 1986) limited the values for concentrations of
heavy metals in arable soils to 3 mg*kg-1 for Cd, 140 mg*kg-1 for Cu, 75 mg*kg-1 for Ni, 300
mg*kg-1 for Pb, 300 mg*kg-1 for Zn, and 1.5 mg*kg-1 for Hg (Grčman et al., 2001). Besides, heavy
metals are highly persistent in soils, with residence times in the order of thousands of years
(McGrath, 1987). Unless remediation action is undertaken, the availability of arable land for
cultivation will decrease because of stricter environmental laws limiting food production on
contaminated lands (Grčman et al., 2001), causing socioeconomic problems for the affected rural
populations.
Excessive uptake of metals by plants may produce toxicity in human nutrition, and cause acute and
chronic diseases. Heavy metals are toxic for humans mainly because they cause DNA damage, and
their carcinogenic effects are probably caused by their mutagenic ability (Knasmuller et al., 1998;
Baudouin et al., 2002). Exposure to high levels of these metals has been linked to adverse effects on
human health and wildlife. Like with all toxic substances also for heavy metals there is an “acute”
5

exposure and a “chronic” exposure. The symptoms of the acute exposure differs from those of the
chronic, in fact in the former case there is the formation of bleeding wounds and other skin lesions,
breath impairment, severe neurotoxic syndroms and sudden death; in the latter case the
development of cancer is more likely to occur. (Järup, 2003). Lead poisoning in children causes
neurological damage leading to reduced intelligence, loss of short term memory, learning
disabilities and coordination problems. The effects of arsenic include cardiovascular problems, skin
cancer and other skin effects, peripheral neuropathy (WHO 1997) and kidney damage. Cadmium
accumulates in the kidneys and is implicated in a range of kidney diseases and respiratory damages
(WHO 1997). The principal health risks associated with mercury are damage to the nervous system,
with such symptoms as uncontrollable shaking, muscle wasting, partial blindness, and deformities
in children exposed in the womb (WHO 1997; www.atsdr.cdc.gov/spl/).
Some metals are essential for life because they provide cofactors for metalloproteins and enzymes.
On the other hand, at high concentrations, metals can act in a deleterious manner by blocking
essential functional groups in biomolecules (this reaction has been reported mainly for non-redoxreactive heavy metals such as Cd and Hg) (Schutzendubel and Polle 2002), displacing essential
metal ions, or modifying the active conformation of biological molecules (Collins and Stotzky,
1989).
Furthermore, high concentrations of heavy metals in soil can negatively affect crop growth, because
metals interfere with metabolic functions in plants, including physiological and biochemical
process, inhibition of photosynthesis, respiration and degeneration of main cell organelles, even
leading to plants death (Schmidt, 2003; Schwartz et al., 2003).
Metal toxicity for living organisms is known to involve oxidative and/or genotoxic mechanisms and
plants protect themselves by controlling root metal uptake and transport (Briat and Lebrun, 1999).
Inside plant cells, some proteins, such as ferritins and metallothioneins, and phytochelatins
(glutathion-derived peptides) participate in excess metal storage and detoxification. Oxidative stress
defense mechanisms also play an important role against metal toxicity in plants (Briat and Lebrun,
1999). Sanità di Toppi and Gabbrielli (1999) reviewed several mechanisms of plant response to
cadmium, such as phytochelatin-based sequestration and compartmentation processes, additional
defense mechanisms based on cell wall immobilization, plasma membrane exclusion, stress
proteins, stress ethylene, peroxidases, metallothioneins, etc.
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1.2 Remediation technologies and Phytoremediation
For above-mentioned reasons toxic metal contaminations needs an effective and affordable
technological solution. In order to maintain good quality of soils and waters and to keep them free
from contaminations, continuous efforts have been made to develop technologies that are easy to
use, sustainable and economically feasible. Different approaches have been used and developed to
mitigate the heavy metal polluted soils and waters. These may be classified into physicochemical
and biological approaches.
The physicochemical approach includes chemical and physical techniques (McEldowney et al.,
1993) such as: excavation and burial of the soil at a waste site, fixation/inactivation and chemical
processing of the soil to immobilize the metals, using acid solutions or proprietary leachants to
desorb and leach the metals from soil followed by the return of clean soil residue to the site (Salt et
al., 1995), precipitation or flocculation followed by sedimentation , ion exchange, reverse osmosis
and microfiltration (Raskin at al., 1996). These approaches, although very fast, have some
disadvantages: they are expensive (the costs of some of these are listed in Table 2), cause nuisance
to people living near the area, and leave a barren environment. In fact they irreversibly affect soil
properties, destroy biodiversity and may render the soil useless as a medium for plant growth.
(Raskin at al., 1997; McGrath at al., 2001).
TREATMENT

Cost ($/Ton)

Other factors

Vitrification

75 - 425

Long-term monitoring

Landfilling

100 - 500

Transport/excavation/monitoring

Chemical treatment

100 - 500

Recycling of contaminants

Elettrokinetics

20 - 200

monitoring

Tab. 2: Cost of traditional soil treatments (Glass, 1999).

The biological approach includes: (1) use of microorganism to detoxify the metals by valence
transformation, extracellular chemical precipitation or volatilization and (2) use of any type of
plants to extract, sequester, detoxify and decontaminate soil or water by inactivating metals or other
organic compounds, in the rhizosphere or traslocating them in the aerial parts. This approach called
phytoremediation, is considered as an highly promising technology, is cheaper then the
physiochemical approaches, and more suitable for its positive impact on the public opinion (Garbisu
and Alkorta, 2001; McGrath et al., 2001; Raskin et al., 1997). Phytoremediation is a greentechnology that can be applied to both organic and inorganic pollutants present in the soil, water or
7

air (Salt et al., 1998). The term phytoremediation (“phyto” meaning plant, and remediation from the
Latin suffix “remedium” meaning to clean or restore) refers to a diverse collection of plant based
technologies that use either naturally occurring, or genetically engineered, plants to clean
contaminated

environments

(Cunningham

et

al.,

1997;

Flathman

and

Lanza,

1998).

Phytoremediation can be applied to remediate soils, liquid and gaseous substrates (Pilon-Smits,
2005). This bio-technology employs the naturally occurring processes by which plants and their
rhizosphere microbial flora degrade and/or sequester organic and inorganic pollutants. Depending
on their chemical properties organic pollutants may be degraded in the root zone of plants or taken
up by the plant and subsequently degraded, sequestered or volatilized (Pilon-Smits, 2005). On the
contrary, inorganic pollutants, as heavy metals, cannot be directly degraded (Nriagu, 1979) and
therefore they can only be stabilized, sequestered and stored in plant tissues. However, the ability to
accumulate heavy metals varies significantly between species and among cultivars within species,
as different mechanisms of ion uptake are operative in each species, based on their genetic,
morphological, physiological and anatomical characteristics.
Depending on the contaminants, the site conditions, then level of clean-up required, and the types of
plants, phytoremediation technology can be used for containment or removal purposes (Thangavel
and Subhuram, 2004). Five main different categories of phytoremediation have been identified
including

phytoextraction,

phytofiltration,

phytostabilization,

phytovolatization

and

phytodegradation (Fig. 1). Some plants may have one function whereas others can involve two or
more functions of phytoremediation:
Phytoextraction involves the use of plants to remove contaminants from soil and concentrate
them in the harvestable parts of plants (Kumar et al., 1995). The metal ions accumulated in
the aerial parts that can be removed to dispose or burnt to recover metals.
Rhizofiltration involves the plant roots or seedling for removal of metals from aqueous
wastes. (Dushenkov et al., 1995).
In Phytostabilization, the plant roots absorb the pollutants from the soil and keep them in the
rhizosphere, reduce the mobility and bioavailability of pollutants in the environment,
rendering them harmless by preventing them from leaching. (Vangronsveld et al., 1995;
Smith and Bradshav, 1972)
Phytovolatization involves the use of plants to volatilize pollutants from their foliage such as
Se and Hg. (Burken and Schnoor, 1999; Banuelos et al., 1997).
Phytodegradation means the use of plants and associated microorganisms to degrade
organic pollutants (Garbisu and Alkorta, 2001; Burken and Schnoor, 1997)
8

Fig 1: Categories of phytoremediation technologies: the pollutant (represented by red
dots) can be stabilized or degraded in the rhizosphere, sequestered or degraded inside the
plant tissue, or volatilized (Pilon-Smits, 2005).

The application of the phytoremediation technology is influenced by many aspects. Firstly, plants
involved in phytoremediation processes must co-locate together with the pollutant. Secondly,
phytoremediation is limited by the root depth, which should be long enough so that roots can reach
the pollutant in the matrix. Aspects as the chemical/physical properties of soil, the toxicity level and
also the climate are important for plant growth and consequently for their remediation performance.
Moreover, depending on the biological processes, phytoremediation may be slower than the more
established remediation methods like excavation, incineration or pump-and-treat systems: the flowthrough phytoremediation systems and plant degradation of pollutants are rather fast (days or
months), but soil cleanup via plant accumulation often takes years, limiting the applicability of
these in situ techniques. Finally, pollutant bioavailability might limit the phytoremediation process:
if only a fraction of the pollutant is bioavailable but the regulatory standard cleanup requires that all
pollutant is removed, phytoremediation is not applicable by itself (Flechas and Latady, 2003).
Despite of these limitations, phytoremediation technology has gained popularity because of its low
cost since biological processes are ultimately solar-driven. It has been estimated that
phytoremediation is tenfold cheaper than engineering–based remediation methods, such as
excavation, soil washing or burning and pump-and-treat systems (Glass, 1999). The low cost is also
due to the fact that the phytoremediation is usually carried out in situ, reducing in addition the
exposure of pollutants to humans. Last but not least, phytoremediation enjoys popularity with the
public opinion as a “green clean” alternative to conventional remediation methods.
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1.3 Hyperaccumulation
In addition to anthropologically polluted sites, many regions in the globe naturally present high
concentrations of heavy metals in the soil and water. In these particular areas several plants have
developed ability to tolerate and also accumulate high concentration of these heavy metals. In many
ways these plants can be compared to solar driven pumps which can extract and concentrate several
elements from their environment (Memon et al., 2000). These plants exploit the natural propensity
to take up heavy metals from soil and water because a lot of them (Fe, Zn, Cu, Mn, Mo, Se) at low
concentration are essential nutrients for the plants. They are, in fact, co-factor of many enzyme and
structural component of several proteins. The beneficial range of heavy metal concentration is
extremely narrow and at high concentrations all the metals are toxic because they replace essential
metals in pigments, denature enzymes, inactivate proteins or cause oxidative stress by formation of
free radicals. Other heavy metals (Cd, Pb, Cr, Hg) have no known physiological activity and are
important environmental pollutants, toxic at very low concentration (Lasat, 2002), but these few
exceptional plants have evolved specific ability to tolerate and accumulate heavy metals at
concentration toxic for the rest of the plants. Two interesting strategies have been developed by
these plants to grow on contaminated and metalliferous soils (Baker and Walker, 1990). A first
strategy is defined "metal exclusion": plants prevent the assumption and in particular the
translocation of the metal in the aerial part; they are able to tolerate high concentration of heavy
metals, these plants are not good for the phytoremediation because the large amount of the metals
remain in the soil. The second strategy is defined "metal accumulation" these plant species can take
up high quantities of metal, transfer effectively from roots to shoots and concentrate the metal in the
above-ground parts (shoots and leaves): these plants are defined "hyperaccumulators" (Reeves and
Baker, 2000). These hyperaccumulator plants are capable of accumulating potentially phytotoxic
elements to concentrations more than 100 times than those found in nonaccumulators (Salt et al.,
1998; Chaney et al., 1997; Raskin and Ensley, 2000), without symptoms of toxicity (Reeves and
Brooks 1983; Baker and Brooks 1989; Baker et al. 1991; Entry et al. 1999). A plant is termed
"hyperaccumulator" if it contains 1.000 µg ⋅ g-1 (dry weight) or more of metal for Ni, Cu, Co, Cr
or Pb, or 10.000 µg ⋅ g-1 or more for Zn or Mn (Baker and Brooks, 1989). Hyperaccumulation is an
active process that depends on an endogenous hypertolerance mechanisms to resist the cytotoxic
levels of the accumulated metals (Salt, 2006). Heavy metal hyperaccumulators are not so common
in terrestrial higher plants (only 0.2 % of all angiosperms) (Baker et al., 2000). The first observation
of plants containing high concentration of certain metals dates back to the 1865: F. Risse, a German
botanist, observed that leaves of particular plant species growing in soils naturally enriched in Zn
contained extraordinarily high levels of this element (up to 1.5 % of the shoot dry weight) (Sachs,
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1865). Other two Italian botanists discovered that dried leaves of Alyssum bertolonii, grown on
Nickel enriched ultramafic (serpentine) soils, contained ~ 1% Ni, more than 100 to 1000 times than
others plants growing nearby (Minguzzi and Vergnano, 1948).
It has not yet been totally established what form of adaptive advantage may be conferred on plants
by this capability. At least five principal hypotheses have been proposed to understand the
ecological and evolutionary significance of the hyperaccumulation trait: (1) defence against
herbivores and pathogens; (2) interference with neighbouring species (alleopathy); (3) increasing
drought resistance; (4) inadvertent uptake while acquiring essential nutrient and (5) a corollary of
the mechanism of metal tolerances (Boyd and Martens, 1995). The first hypothesis is presently
favoured by several studies that have demonstrated the presence of high concentration of Zn or Ni
in the hyperaccumulator plants as defensive role against herbivores (Martens and Boyd, 1994:
Pollard and Baker, 1997; Pollard et al., 2000; Davis and Boyd, 2000; Behmer et al., 2005) and
pathogens (Boyd, 2004; Ghaderian et al. 2000). Studies have also proven the other hypothesis that
metal tolerance and hyperaccumulation were genetically independent traits (Macnair et al., 1999;
Pollard, 2000; Macnair, 2003): there are many plant species, in fact, that do not hyperaccumulate
metal, but they are tolerant to high soil metal concentration, anyway hyperaccumulation implies
mechanisms of metal tolerance and these two features may be genetically distinguishable in a
hyperaccumulator species (Assuncao et al, 2003a.; Bert et al., 2003). There is also a third
hypothesis that explain hyperaccumulation as a trade off between plant genome and plant
phenotype (Maestri et al., 2010).
To date, more than 400 metal hyperaccumulator species are known (Eapen and D‟Souza, 2005),
belonging to at least 45 plant families. A large part of these plants are Nickel-accumulator (about 80
% of them) or Zn accumulators (15 species) (Brooks, 1998), while only few species
hyperaccumulate Cd. The most common are Thlaspi species, such as T. caerulescens J.Presl &
C.Presl and T. praecox Schleich. ex DC. Syst. Nat., A. Halleri (L.) and Alyssum bertolonii Desv. J.
Bot. Agric. (van de Mortel et al., 2008). Thlaspi species are polymetallic hyperaccumulators known
to accumulate high amounts of Zn, Cd, Ni and Pb (Mari et al., 2006), whereas A. halleri is able to
tolerate Zn, Cd and Pb and hyperaccumulates Zn and Cd (van Rossum et al., 2004). Sedum alfredi
Hance J. Bot. has been identified as a Zn hyperaccumulator, and only recently it has been confirmed
to also hyperaccumulate Cd (Zhou and Qiu, 2005).
The idea of using plants to extract metals from contaminated soil was reintroduced and developed
by Utsunamyia (1980) and Chaney (1983). The first field trial on Zn and Cd phytoextraction was
conducted by Baker et al. (1991).
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Exploitation of metal uptake into plant biomass as method of soil decontamination is limited by
plant productivity and the concentrations of metals achieved (Baker et al., 1991). For instance,
Thlaspi caerulescens is a known Zn hyperaccumulator, but its use in the field is limited because
individual plants are very small and slow growing (Ebbs and Kochian, 1997). The ideal plant
species to remediate a heavy metal-contaminated soil would be a high biomass producing crop that
can both tolerate and accumulate the contaminants of interest (Ebbs and Kochian, 1997). Such a
combination may not be possible, there may have to be a trade-off between hyperaccumulation and
lower biomass, and vice versa.
Hyperaccumulator plants can be directly employed as pollutant removers or can represent sources
of genes to improve non-hyperaccumulator plants. Nevertheless, natural hyperaccumulators have
generally low biomass and slow growth rate. These restrictions may be overcome by transferring
the genetic potential responsible for hyperaccumulation from hyperaccumulator species to plants
characterised by fast growth and high biomass production (Maestri et al., 2011). For example,
Indian mustard, Brassica juncea L., is a suitable target specie, because of its large biomass
production, a relatively high metal uptake and accumulation and the already well established
transformation technology. Differently to non-hyperaccumulator plants, which normally accumulate
heavy metals in roots, hyperaccumulators are able to transport most of the absorbed metal to the
shoots (Lasat et al, 1998). Thus, a metal translocation from root to shoot through the xylem is a
determinant for the hyperaccumulation phenotype. In fact, it has been recently demonstrated that
the metal transporter HMA4, expressed at higher levels in the hyperaccumulator A. halleri if
compared to the non-tolerant A. thaliana, is essential for the root-to-shoot transport (Hanikenne et
al., 2008). At molecular level, even amino- and organic acids have been proposed to play a role in
heavy metal hyperaccumulation and tolerance (Sharma and Dietz, 2006). Typically, chelation of the
metal ion, transport of metal or its complexation and subsequent compartmentalization in vacuoles
are the processes where biotechnology can play a part in the enhancing the phytoremediation
capacity of plants. For example, transferring a single gene involved in metal transport, such as
HMA4, from A. halleri to A. thaliana has increased the shoot metal up-loading in this nonaccumulator specie (Hanikenne et al., 2008). Regarding metal-conjugates transport, plants
overexpressing

specific

transport

proteins,

might

acquire

higher

detoxification

and

compartmentalization of GS(glutathione)-Cd conjugates into the vacuoles (Krämer et al., 2007).
Transgenic B. juncea plants engineered to produce more glutathione and phytochelatins
accumulated significantly more Cd than wild-type plants (Bennet et al., 2003), while A. thaliana
and tobacco plants overexpressing MT (metallothioneins) genes showed more Cd tolerance and
accumulation (Eapen and D‟Souza, 2005). Furthermore, Cd tolerance and accumulation is also
12

enhanced by overexpressing the γ-glutamylcysteine synthetase, an enzyme with an important role in
controlling glutathione synthesis and therefore metal chelation (Zhu et al., 1999). Another study
revealed that the expression of the AtPCS1 gene, encoding phytochelatin synthase (PCS), increased
Cd and As tolerance and accumulation in B. juncea (Gasic and Korban, 2007) and in tobacco plants
(Pomponi et al., 2006).
The comparison between hyperaccumulator and non-accumulator sister species suggests that the
hyperaccumulating features could reside in sequence mutations, gene copy number and/or in
different expression level of proteins that contribute to metal tolerance (Hanikenne et al., 2008;
Plaza et al., 2007; Visioli et al., 2010; Visioli and Marmiroli, 2012; Marmiroli M., 2004). These
findings highlight that probably part of the genetic potential for metal detoxification is already
present in most plant species and that small sequence changes, which influence both metal sensing
and activation of appropriate responses, make the difference.

Fig. 2: Heavy metal hyperaccumulator species: Thlaspi caerulescens L., Alyssum bertolonii L., Astragalus pettersoni L.,
Sedum alfredi, Arabidopsis halleri L., Brassica juncea L.
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1.4 Mechanism of bioaccumulation in plants
The phytoavailability of metals in the soil is an important factor related to the mechanisms of
bioaccumulation and the consequent possibility to use phytoremediation techniques. Heavy metals
exist in colloidal, ionic, particulate and dissolved phase and they have high affinity for humic acids,
clays and organic matter. The solubility of metals in soil is predominantly controlled by pH,
concentration of metal, cation exchange capacity, organic matter content, oxidation state of the
mineral components, and the redox potential of the system (Ghosh and Singh, 2005). In general pH
seems to be the most important factor: under neutral or basic condition, typical of most soils,
cationic metals are strongly adsorbed on the clay fractions. Study conducted by Naidu et al. (2003)
focused their attention on the importance of the soil type to understand the phytotoxicity of the
different metals: the bioavailability of elements such as Zn and Cd, in fact, is lower in clay soils
than in sandy soils. The possibility to uptake heavy metals and the consequent capacity to
bioaccumulate them is also increased by different strategies adopted by the plants: one of them is
achieved by secreting phytosidophores into the rhyzosphere to chelate and solubilize metals that are
soil bound (Kinnersely, 1993). After this process of mobilisation, a metal has to be captured by root
cells and transferred into the organism. Inside the plant most metals are too insoluble to move freely
within the vascular system, so they usually form carbonate, sulphate or phosphate precipitates being
immobilized in apoplastic (extracelluar) and symplastic (intra cellular) compartments (Raskin et al.,
1997). Three processes govern the translocation of metal from the root into the xylem: sequestration
of metals inside root cells, symplastic transport into the stele and release into the xylem. Metal ions
can be actively transported into the xylem as free ions or as metal-chelate: nickel, for example,
forms complexes with the amino acid histidine, in A. halleri, and is carried in the xylem (Kramer et
al., 1996). Nicotinamine proteins also chelate metals and may facilitate their transport (Stephan et
al., 1996; Von Wiren et al., 1999). The movement is generally a tightly controlled process mediated
by membrane transport proteins (Ghosh and Singh, 2005) like ZIP (ZRT/IRT related proteins)
proteins family and the NRAMP (Natural Resistance Associated Macrophage Proteins) proteins
family. The first one has been shown to transport Zn2+, Fe2+, Cu2+, Cd2+, Co2+, Mn2+ (Grotz et al.,
1998; Pence et al., 2000; Lasat et al., 2000), the second one has been proven to transport Fe2+, Cd2+,
Mn2+(Curie et al., 2000; Goswami et al., 2001; Thomine et al., 2000). These transporters are not
highly specific, they have high affinity for several metals but in many case also transport, with less
affinity, other potentially dangerous metal ions like Pb2+ and Cd2+. Large translocation of metals
from roots to leaves and a high metal concentration in the xylem fluid are typical of the
hyperaccumulators (Kramer et al., 1996). Essential metal ions enter into plant cells by an energy
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Fig. 3: Heavy metal uptake at plant level (Clemens et al., 2002)

dependent saturable process via specific or generic metal ion carriers or channels, but non-essential
and toxic heavy metals may compete for the same transmembrane carriers used by micronutrient
heavy metals (Bubb and Lester, 1991). An example was provided by Crowley et al. (1991) who
showed the competition between the essential Cu2+ and Zn2+ and the non essential Ni2+ and Cd2+
ions for the same transmembrane carrier by using kinetic data. Accumulation of large amounts of
metals requires, also, the presence of high-capacity detoxification mechanisms, for example the
sequestration in organelles like the vacuole that works as a buffer against excess amounts of metal
in the cytosol. The synthesis of chelators or oligopeptide ligands like organic acids, amino acids,
phytochelatins and metallothioneins, generally play an important role to avoid damage induced by
the presence of high concentration of metals into the plant cells (Fig. 3) (Cobbett, 2000; Clemens et
al., 2002).
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Fig. 4: metal response mechanisms for metal pollutants in plant cells generally involves conjugation followed by
active sequestration in the vacuole and apoplast. Chelators shown are GSH: glutathione, MT: metallothioneins, NA:
nicotinamine, OA: organic acids, PC: phytochelatins, AA: aminoacid. (Pirondini, 2007)

In conclusion we can summarize that the mechanisms adopted by hyperaccumulators works in
different ways: plants may immobilise metals mostly in roots and stems or accumulate and store
metals in non-toxic forms by chelation with proteins or bind potentially toxic metals to the cell
walls molecules (cellulose and lignin) or in old leaves, away from sensitive sites (Memon et al.,
2001) (Fig. 4).
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1.5 Phytoremediation using woody trees
The potential use of woody trees as a suitable vegetation cover for heavy metal-contaminated land
has received increasing attention over the last twenty years (Aronsson and Perttu, 1994;
Glimerveen, 1996; EPA, 1999, 2000). Trees have been suggested as a low-cost, sustainable and
ecologically solution to the remediation of heavy metal-contaminated land (Dickinson, 2000),
especially when it is uneconomic to use other treatments or there is no time pressure on the reuse of
the land (Riddell-Black, 1994). Benefits can arise mainly from stabilisation of the soil or waste,
although in some cases phytoextraction may be sufficient to provide clean up of the soil. Before
these benefits can be realised, the trees must become established on a site. The physical and
hydraulic conditions of a site are of primary importance to tree establishment. Phytostabilisation can
result from either physical or chemical effects. Once the trees have become established, the
vegetation cover can promote physical stabilisation of a substrate, especially on sloping ground.
Moreover, on highly contaminated soils or on mining wastes, tree establishment may be inhibited
by high concentrations of heavy metals. Under such conditions root immobilization, which would
normally protect a plant, may not be able to prevent toxic amounts of metal being translocated to
the aerial parts of the plant and stunting the growth. In less-contaminated soils, other factors may
limit plant growth; such as macronutrient deficiencies (Pulford, 1991) and physical conditions,
especially those properties leading to poor soil waterholding capacity, aeration and root penetration
(Mullins, 1991). When trees are well fixed, long-term stability of the land surface can be achieved
as the standing trees decrease erosion of the substrate by wind and water (Johnson et al., 1992).
Trees have massive root systems, which help to bind the soil (Stomp et al., 1993), and the addition
of litter to the surface quickly leads to an organic cover over the contaminated soil. In addition,
transpiration of water by the trees reduces the overall flow of water down through the soil, thus,
helping to reduce the amounts of heavy metals that are transferred to ground and surface waters.
Phytostabilisation of a heavy metal contaminated substrate may also be achieved by causing
chemical changes to specific metals, which result in their becoming less bioavailable. Chaney et al.
(1997) identified two elements, Cr and Pb, which may be immobilised by a vegetation cover. They
suggested that deep rooting plants could reduce the highly toxic Cr(VI) to Cr(III), which is much
less soluble and, therefore, less bioavailable (James, 2001). Although no mechanism for this was
suggested, organic products of root metabolism, or resulting from the accumulation of organic
matter, could act as reducing agents. It is known that Cr tends to be held in plant roots, whether
supplied as Cr(VI) or Cr(III) (Pulford et al., 2001), which may also suggest reduction and
immobilisation in the roots. Lead may be immobilised by the formation of the lead phosphate
mineral chloropyromorphite in soils and within roots (Cotter-Howells et al., 1994), which has been
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shown to be formed in soils by Agrostis capillaris L. growing on lead/zinc mining wastes (CotterHowells and Caporn, 1996). For the purposes of phytoextraction, Punshon et al. (1996) suggested
that the following characteristics were beneficial:
a) ability to grow on nutrient-poor soil
b) deep root system
c) fast growth rate
d) metal-resistance trait
In addition, an economically viable secondary use would be desirable. Trees have been shown to
meet all of these requirements, the first three in particular. While a high metal content in
agricultural crops is not desirable, and indeed is potentially dangerous, a higher metal content in
trees is acceptable, as long as normal physiological activity is not affected (Labrecque et al., 1995).
Several studies have shown the potential of plants of genus Populus L. for site reclamation and
partial decontamination, as several species and clones of the genus Salix L. take up relatively high
levels of heavy metals (Riddell-Black, 1994; Watson et al., 1999; Pulford et al., 2002). Poplars (or
cottonwoods) are being used throughout North America to clean up sites that contain heavy metals,
pesticides, and landfill leachates. Poplars are well suited for phytoremediation because they can
remove contaminants in several ways, including degrading them, confining them, or by acting as
filters or traps (Isebrands and Karnosky, 2001). Poplar and willow are often grown in short rotation
coppice cultures (SRC), intensively managed plantations for rotations shorter than 15 years
(Dickmann and Stuart, 1983; Macpherson, 1995). Plant material is selected for high biomass
production, high growth vigor, and disease resistance. Cultural management includes site
preparation, high planting density, and coppicing (Dickmann and Stuart, 1983; Macpherson, 1995;
Ledin and Willebrand, 1996). Coppicing refers to the cutting of a tree at the base of its trunk,
resulting in the emergence of new shoots from the stump and/or roots (Blake, 1983). A coppice
regime not only makes replanting of trees unnecessary for several rotations, but also results in a
much higher biomass yield for several species (Sennerby-Forsse et al., 1992; Macpherson, 1995).
Studies on phytoextraction have mainly focused on metal hyperaccumulating plants, as they
accumulate 100–1000-fold the levels normally accumulated in plants, with no adverse effects on
their growth (Reeves et al., 1999). In comparison with hyperaccumulators, trees tend to take up
relatively small amounts of heavy metals, but they provide economic return from contaminated land
through the production of reusable biomass. Moreover, SRC has many additional ecological
benefits: a positive impact on biodiversity, nutrient capture and carbon sequestration (Gordon,
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1975; Perttu, 1995). Wood from SRC has traditionally been seen as a resource for the paper and
pulp industry. But, in light of the greenhouse effect and the depletion of fossil fuels, SRC is now
seen as a source of energy, because of the possibility of carbon sequestration and the substitution of
fossil fuels. In addition plants use the atmospheric CO2 and produce oxygen. Furthermore, SRC on
polluted land may reduce dust-blow, leaching and run-off of contaminated water (Watson et al.,
1999; Isebrands and Karnosky, 2001). Both biomass production and metal concentration should be
taken into account when assessing the phytoextraction potential of a species or clone. Many studies
have shown „„toxic‟‟ metals to accumulate primarily in the root system; relatively high metal
concentrations have also been found in leaves and bark (Rachwal et al., 1992; Landberg and
Greger, 1996; Pulford et al., 2001; Thiry et al., 2002). As the amount of bark of a stem depends on
its diameter, the shoot diameter distribution and population dynamics of the species or clone might
also be considered. Large clonal variations in the number of shoots per stool and in the diameter
distribution have already been demonstrated in poplar SRC (Laureysens et al., 2003) by repeated
coppicing of the trees. Willow and poplar are considered best suited for this task because of their
strong nature to coppice, their high capacity for metal uptake, and their high biomass production
(Schnoor et al., 1996; Greger and Landberg, 1999; Robinson et al., 2000; Roselli et al., 2003). Salix
spp grow well and fast in soils with large quantity of water and can tolerate moderate chilling and
altitudes, while poplars can tolerate moderately dry soils with discrete degree of salinity
(Kuzminsky et al., 1999). At the same time the high transpiration capacity of the salicaceae family
allows some poplar clones to extract from soils organic xenobiotics which are moderately
hydrophobic. Plant density is also an interesting characteristic of salicaceae which can be as high as
8-10,000 per ha, forming a dense and deep root system, useful to explore both superficial and deep
ground contaminated soil. Moreover, salicaceae associate a very high biomass accumulation and
transpiration rates with the ability of decontaminating soils from heavy metals (Robinson et al.
2000) and other contaminating substances such as hydrocarbon (Jordahl et al. 1997), herbicides
(Gullner et al. 2001) and trichloroethylene (Newman et al. 1997). Furthermore, willows and poplars
show a high intraspecific genetic polymorphism and a number of different genotypes could be
available with a high degree of adaptability to a given climate and able to tolerate and
uptake/degrade a given contaminant. For the genus Populus, for example, more than 30 species
have been already classified, they all are diploids (2n = 38) and some species can be crossed.
Hybrids are fertile and various pedigrees are also available. Further, the poplar genome of the
species P. trichocarpa Torr. & A.Gray is small (only 4 times that of Arabidopsis, and 400 times
smaller than that of Pinus) and is available (http://genome.jgi-psf.org). Bioinformatics is, thus, a
powerful way to develop rapid analysis of genes involved in metabolic and physiological
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mechanisms useful for phytoremediation. The genus Salix is a member of the Salicaceae plant
family. There are 400 species of willows, with more than 200 listed hybrids (Newsholme, 1992).
The majority of the genus Salix grow in lowland wetland habitats and have evolved a number of
varieties and hybrids (Sommerville, 1992). The large number of species and hybrids of Salix
suggest a wide genetic variability within the genus. The genus features many species of high
productivity and invasive growth strategies (Punshon et al., 1996). Many species, such as S. caprea
L. and S. cinerea L., and the hybrid S. viminalis Balb. Fl. Taur., are known to colonise edaphically
extreme soils (Dickinson et al., 1994).

Fig. 5: Trees used for phytoremediation purpose: trees of the genus Populus L. and Salix L.
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1.6 Proteomics
Proteome analysis is "the analysis of the entire PROTEin complement expressed by a genOME".
(Wilkins et al., 1996; Pennington et al., 1997).
Proteomics can be defined as the systematic analysis of proteome, the protein complement of
genome (Pandey and Mann, 2000; Phizicky et al., 2003). This technology allows the global analysis
of gene products in various tissues and physiological states of cells. With the completion of genome
sequencing projects and the development of analytical methods for protein characterization,
proteomics has become a major field of functional genomics (Park, 2003).
The essence of this “system biology” approach is that, for any given species, the space of possible
biomolecules and their organization into pathways and processes is large but finite. In theory,
therefore, the biological system operating in a species can be decribed comprehensively if a
sufficient density of observation on all of the elements that constitute the system can be obtained.
Proteomics is a particularly rich source of biological information because proteins are involved in
almost biological activities and they also have diverse properties, which collectively contribute
greatly to our understanding of biological system (Patterson and Aebersold, 2003). Many different
technologies have been and are still being developed to collect the information contained in the
properties of proteins (Patterson and Aebersold, 2003).
Many different extraction methods have been developed for protein extraction from different plant
and animal tissues and a large number of separation techniques have been developed in order to
decrease the complexity of the proteome.
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1.7 Protein separation techniques
After carefully assessing the best method to extract the proteome from its medium, the second
challenge is to extract information from the proteome, which generally starts by separating the
proteins contained in the proteome. Some proteomes are relatively small, containing a few hundred
proteins or less, while others contain thousands of proteins. One-dimensional (1D) separation
techniques do not have the resolving power to separate complex mixtures. The combination,
however, of orthogonal (independent) separation techniques can provide the required resolving
power. Furthermore, it is important that the quantitative aspect of the proteome be conserved
through the separation technique.

1.7.1 Two-dimensional electrophoresis
About 30 years ago, a technique called 2D gel electrophoresis was introduced, and this technique
satisfied the resolving power requirement while conserving the quantitative aspect of the proteome.
Two-dimensional gel electrophoresis has been the method of choice for the large-scale purification
of proteins in proteomic studies. The 2D gel electrophoresis method can potentially separate several
thousand proteins in a single experiment (Gorg et al., 1988; Klose and Kobalz, 1995). Although the
predictions for the number of genes in some genomes are high, it is generally believed that the
number of genes expressed is, on average, between 5000 and 15,000 per cell type. However, these
genes and post-trasductional modifications can lead to many forms of proteins, greatly increasing
the complexity of the proteome.
Two-dimensional electrophoresis (2-D electrophoresis) is a powerful and widely used method for
the analysis of complex protein mixtures extracted from cells, tissues, or other biological samples.
This technique sorts out proteins according to two independent properties in two discrete steps: the
first-dimension step, isoelectric focusing (IEF), separates proteins according to their isoelectric
points (pI); the second-dimension step, SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
separates proteins according to their molecular weights (Mr, relative molecular weight). Each spot
on the resulting two-dimensional gel corresponds to a single protein species in the sample.
Thousands of different proteins can thus be separated, and information such as the protein pI, the
apparent molecular weight, and the amount of each protein is obtained.
Two-dimensional electrophoresis was first introduced by P. H. O'Farrell and J. Klose in 1975. In the
original technique, the first-dimension separation was performed in carrier ampholyte-containing
polyacrylamide gels cast in narrow tubes. The power of 2-D electrophoresis as a biochemical
separation technique has been recognized since its introduction.
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IEF (Isoelectric focusing) is an electrophoretic method that separates proteins according to their
isoelectric points (pI). Proteins are amphoteric molecules; they carry either positive, negative, or
zero net charge, depending on the pH of their surroundings. The net charge of a protein is the sum
of all the negative and positive charges of its amino acid side chains and amino and carboxylterminal. The isoelectric point (pI) is the specific pH at which the net charge of the protein is zero.
Proteins are positively charged at pH values below their pI and negatively charged at pH values
above their pI. The presence of a pH gradient is critical to the IEF technique. In a pH gradient,
under the influence of an electric field, a protein will move to the position in the gradient where
its net charge is zero, with a specific velocity (Fig. 6). A protein with a positive net charge will
migrate toward the cathode, becoming progressively less positively charged as it moves through
the pH gradient until it reaches its pI. A protein with a negative net charge will migrate toward the
anode, becoming less negatively charged until it also reaches zero net charge. If a protein should
diffuse away from its pI, it immediately gains charge and migrates back. This is the focusing
effect of IEF, which concentrates proteins at their pIs and allows proteins to be separated on the
basis of very small charge differences. The resolution is determined by the slope of the pH
gradient and the electric field strength. IEF is therefore performed at high voltages (typically in
excess of 1000 V). When the proteins have reached their final positions in the pH gradient, there
is very little ionic movement in the system, resulting in a very low final current (typically below 1
mA). IEF of a given sample in a given electrophoresis system is generally performed for a
constant number of Volt-hours (Volt-hour (Vh) being the integral of the volts applied over the
time). IEF performed under denaturing conditions gives the highest resolution and the cleanest
results. Complete denaturation and solubilization is achieved with a mixture of urea and detergent,
ensuring that each protein is present in only one configuration and aggregation and intermolecular
interaction is minimized. The original method for first-dimension IEF depended on carrier
ampholyte-generated pH gradients in polyacrylamide gel rods in tubes (O‟Farrel, 1975; Klose,
1975). Carrier ampholytes are small, soluble, amphoteric molecules with a high buffering capacity
near their pI. Commercial carrier ampholyte mixtures are comprised of hundreds of individual
polymeric species with pIs spanning a specific pH range. When a voltage is applied across a
carrier ampholyte mixture, the carrier ampholytes with the highest pI (and the most negative
charge) move toward the anode and the carrier ampholytes with the lowest pI (and the most
positive charge) move toward the cathode. The other carrier ampholytes align themselves between
the extremes, according to their pIs, and buffer their environment to the corresponding pHs. The
result is a continuous pH gradient. Although this basic method has been used in hundreds of 2-D
electrophoresis studies, it has several limitations that have prevented its more widespread
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application. As a result of the limitations and problems with carrier ampholyte pH gradients,
immobilized pH gradients were developed (Bjellqvist et al., 1982). Görg et al. (1985,1988)
pioneered the development and use of IPG IEF for the first-dimension of 2-D electrophoresis. The
techniques used today are largely based on the work of A. Görg and her colleagues. An
immobilized pH gradient (IPG) is created by covalently incorporating a gradient of acidic and
basic buffering groups into a polyacrylamide gel at the time it is cast. Immobilized pH gradients
are formed using two solutions, one containing a relatively acidic mixture of acrylamide buffers
and the other containing a relatively basic mixture. The concentrations of the various buffers in
the two solutions define the range and shape of the pH gradient produced. Both solutions contain
acrylamide monomers and catalysts. During polymerization, the acrylamide portion of the buffers
copolymerize with the acrylamide and bisacrylamide monomers to form a polyacrylamide gel. For
improved performance and simplified handling, the IPG gel is cast onto a plastic backing. The gel
is then washed to remove catalysts and unpolymerized monomers, which could otherwise modify
proteins and interfere with separation. Finally the gel is dried and cut into 3 mm-wide strips. The
resulting IPG strips can be rehydrated with a rehydration solution containing the necessary
components for first-dimension IEF. IEF is performed with the IPG strips placed horizontally on a
flatbed electrophoresis unit.

Fig. 6: principles of isoelectric focusing (IEF). Protein sample are charged into 3 mm-wide strips with a Immobilized
pH gradients. Under the influence of an electric field, a protein will move to the position in the gradient where its
net charge is zero.
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After IEF, the second-dimension separation can be performed on various flatbed or vertical
systems. SDS-PAGE (SDS-polyacrylamide gel electrophoresis) is an electrophoretic method for
separating polypeptides according to their molecular weights (Mr). The technique is performed in
polyacrylamide gels containing sodium dodecyl sulfate (SDS) (Fig. 7). The intrinsic electrical
charge of the sample proteins is not a factor in the separation due to the presence of SDS in the
sample and the gel. SDS is an anionic detergent, that, when in solution in water, forms globular
micelles composed of 70–80 molecules with the dodecyl hydrocarbon moiety in the core and the
sulfate head groups in the hydrophilic shell. SDS and proteins form complexes with a necklacelike structure composed of protein-decorated micelles connected by short flexible polypeptide
segments (Ibel et al., 1990). The result of the necklace structure is that large amounts of SDS are
incorporated in the SDS-protein complex in a ratio of approximately 1.4 g SDS/g protein. SDS
masks the charge of the proteins themselves and the formed anionic complexes have a roughly
constant net negative charge per unit mass. Besides SDS a reducing agent such as dithiothreitol
(DTT) is also added to break any -S-S-linkages present in the proteins. When proteins are treated
with both SDS and a reducing agent, the degree of electrophoretic separation within a
polyacrylamide gel depends largely on the molecular weight of the protein. In fact, there is an
approximately linear relationship between the logarithm of the molecular weight and the relative
distance of migration of the SDS-polypeptide complex. (Note: This linear relationship is only
valid for a certain molecular weight range, which is determined by the polyacrylamide
percentage). The most commonly used buffer system for second-dimension SDS-PAGE is the
tris-glycine system. (Laemmli, 1970). This buffer system separates proteins at high pH, which
confers the advantage of minimal protein aggregation and clean separation even at relatively
heavy protein loads.

Fig. 7: SDS-PAGE (electrophoresis). After the first dimension, the IPG strip are charged horizontally on a SDSpolyacrylamide gel. Polypeptides are separated according to their molecular weights (Mr).
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The result of this is a gel with proteins spread out on its surface. These proteins can then be detected
by a variety of means, but the most commonly used stains are silver and coomassie staining. The
silver binds to cysteine groups within the protein. The silver is darkened by exposure to ultra-violet
light. The darkness of the silver can be related to the amount of silver and therefore the amount of
protein at a given location on the gel. This measurement can only give approximate amounts, but is
adequate for most purposes.
The two-dimensional gel electrophoresis application, however, has become significant only in the
last few years as a result of a number of developments.
• The introduction of immobilized pH gradients and Immobiline™ reagents (Bjellqvist et al., 1982)
brought superior resolution and reproducibility to first-dimension IEF. Based on this concept, A.
Görg and colleagues (Görg et al., 1985; Görg et al., 1988) developed the currently employed 2-D
technique, where carrier ampholyte-generated pH gradients have been replaced with immobilized
pH gradients and tube gels replaced with gels supported by a plastic backing.
• New mass spectrometry techniques have been developed that allow rapid identification and
characterization of very small quantities of peptides and proteins extracted from single 2-D spots.
• More powerful, less expensive computers and software are now available, rendering thorough
computerized evaluations of the highly complex 2-D patterns economically feasible.
• Data about entire genomes for a number of organisms are now available, allowing rapid
identification of the gene encoding a protein separated by 2-D electrophoresis.
• The World Wide Web provides simple, direct access to spot pattern databases for the comparison
of electrophoresis results and genome sequence databases for assignment of sequence information.

Fig. 8: 2D gels stained with Coomassie blue.
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1.7.2 Two-dimensional liquid cromatography
Recently proteome analyses have also been performed in a “gel less" condition by using protein
fractionation procedures based entirely on liquid chromatography (LC).

1.7.3 Liquid cromatography by “ProteomeLab PF 2D”
2-D LC, two dimensional liquid chromatography was performed by using ProteomeLab™ PF 2D
instrument commercialized by Beckman Coulter (Fullerton, CA, USA) (Fig. 9).
Proteins are separated in the first dimension by HPCF (high-performance chromatofocusing),
performed on an HPCF-1D column. With this technique, proteins bind to a strong anion
exchanger followed by elution with a continuously decreasing pH gradient, generated on the
column by two buffers. Up to 5 ml of sample are introduced with a manual injector into the
column for the first dimension CF. The pH gradient affects the proteins net charge and their
adsorption/desorption to the positively-charged matrix of the column, causing protein separation
in the effluent. The proteins are eluted based on their isoeletric point (pI), measured for
absorbance at 280 nm, and collected in a 96 deep-well plate by a fraction collector according to
pre-determined pH decrements of 0.4 pH units during the gradient.
The eluent from the 1st dimension was injected into the 2nd dimension, a HPRP (highperformance reversed-phase chromatography). The 2nd dimension separation is based on
protein hydrophobicity. HPRP is carried out in a C18 column. The mobile phase consists of 0.1
% TFA (Trifluoroacetic Acid) in water and 0.08 % TFA in Acetonitrile. During the run a
gradient is created in the column by switching the flow from 0 % to 100 % of second buffer.
The eluent from the second dimension is monitored by a second high performance UV/VIS
detector at 214 nm, that provides a more universal and sensitive detection of proteins via peptide
bonds. Fractions are immediately collected in Eppendorf tubes for MS analysis by using an
automated fraction collector. Either after the 1st dimension and 2nd dimension, a specific
software generates a graph (chromatogram) that shows the absorbance (280nm or 214nm)
versus time; the height of each peak in the chromatogram is proportional to the concentration of
that specific protein.

Fig. 9: ProteomeLab™ PF 2D instrument
commercialized
by
Beckman
Coulter
(Fullerton, CA, USA)
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1.7.4 Advantages and disadvantages of 2D-gel electrophoresis vs 2D liquid
chromatography
Gels in the slab or tube format have been used primarily for the size-dependent separation of
biological molecules, such as nucleic acids and proteins. The success of conventional 2D
electrophoresis system is based on a series of inherent features that life scientists find very desirable
or perhaps even essential. One is the easy preparative separation in slab and tube gel system. Most
life scientists are separating proteins to recover them for further studies, so all the techniques to
locate proteins and either excise them from gels or use them directly are desired. A second major
advantage of gel system is that it is relatively easy to maintain the integrity of a separation while
components are being subjected to further manipulation and once a protein zone has been located it
is even possible to bring the protein back into solution for further analysis. The third major
advantage of conventional slab and tube electrophoresis systems is the open nature of the format.
The gel acts as both a fraction collector and transport medium, which, after a separation in one
dimension, may be used to carry sample components into another separation dimension without
disturbing the separation in the first dimension. A fourth advantage of conventional electrophoretic
system is that they allow samples to be profiled, i.e., they provide a picture of everything that is
present. Furthermore, it is a very popular method and used for a long time and then there is more
bibliography than other used procedures and a great number of cellular fraction methods are
available.
Althought it is one of the most widely used separation techniques, slab gel electrophoresis generally
suffers from long analysis time, low efficiencies and difficulties in detection (proteins can be poorly
represented or not present in the gel) and complete automation. It is, in fact, a time consuming
technique: it requires long times to prepare the polymerizations chamber (even if up to date
commercial kits are available), to prepare the sample (in particular to find the best extraction and
solubilization protocol), to polymerize the gel, to run the experiment, and to stain the final gel.
Other limitations are the resistance of some proteins in this type of analysis: low abundance
proteins, hydrophobic proteins, such as poorly soluble membrane proteins, proteins with extreme
molecular weight, less than 10 kDa or greater than 200 kDa, as well as proteins with extreme
isoelectric point, less than 4.0 or greater than 9.0. Finally, the need of high purification of samples,
the limited sample loading capacity (0.1 – 3 mg) and the short dynamic range are further limitation
of this technique (Corthals et al., 2000; Gygi et al., 2000; Cravatt et al., 2000).
The main advantage, instead, of two-dimensional liquid cromatography is that crude protein
extracts can be analysed after few purification steps thus achieving a higher level of sensibility and
reproducibility than most of the chemical procedures, allowing a better comparison of protein
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patterns (Agrawal et al., 2005; Everberg et al., 2004; Ferro et al., 2000; Chivasa et al., 2002;
Okushima et al., 2000; Borner et al., 2003; Jung et al., 2000; Lambert et al., 2005) and allowing an
high possibility of automation and interfacing with most of the mass analysis tools. Furthermore, it
appears to be a less laborious procedure and no need for staining. However this technique also has
limitations: chemistry of the instruments is incompatible with strong solubilisation buffer making
difficult the choice of the right extraction method and the possibility that there are more than one
protein in a single peak obtained with two-dimensional liquid cromatography analysis.

Tab. 3: Comparison of the two protein separation techniques.
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1.8 Protein Identification by Mass spectrometry
Mass spectrometry has been used in its different forms for the analysis of proteins. Over the years,
the idea of using mass spectrometers to perform protein identification has evolved with the
improvement in instrumentation performance and in the changes occurring in genomic databases.
The introduction of effective matrix-assisted laser (Light Amplification by Stimulated Emission
Radiation) desorption ionization and time-of-flight (MALDI-TOF) mass spectrometry and
electrospray ionization (ESI) tandem mass spectrometry has revolutionized the field of mass
spectrometry analysis. Manufacturers of these instruments have increased their efforts and their
economic investments to produce more instruments for proteomic purposes (Figeys, 2005).

1.8.1 MALDI/TOF Mass spectrometry
Several development in the field of mass spectrometry has allowed rapid and accurate mass
measurements of analytes by a technique called matrix-assisted laser desorption ionization
(MALDI) and time of flight (TOF) mass spectrometry. This technique allows the transfer of
peptides from a solid state to the gas phase, while the TOF mass spectrometer rapidly separates
peptides according to their m/z (mass/charge) ratio. Proteins isolated from 2D gel electrophoresis
are digested with trypsin, desalted, and then spotted on a MALDI plate for co-crystallization with a
saturated matrix solution. Alternatively, protein digests can be separated by HPLC (High
Performance Liquid Chromatography) or

2D liquid chromatography and eluting peptides are

digested with trypsin and deposited on a MALDI plate. The target plate is then introduced in the
vacuum chamber of the mass spectrometer. A light pulse from a laser beam of a wavelength tuned
to the absorbance of the matrix is focused onto a limited area of the spot. The rapid transfer of
energy ejects an ionization plume of material from the plate surface and brings the peptides into the
gas phase. The MALDI plate is biased to high voltages of +20 to +30kV, with respect to a grounded
orifice. This induces the positively charged peptides to accelerate toward the orifice of the flight
tube. The peptides are affected by the electric field during the time when they fly between the plate
and the orifice. They reach the orifice with a velocity proportional to (z/m)1/2. Once they pass
through the orifice, the peptides have all the same kinetic energy but not the same velocity because
of their different mass and the law of momentum conservation. Thus, molecules that have an
identical charge will have a velocity inversely proportional to their masses. Generally, in MALDI
the resulting peptide ions are singly charged. Once in the field-free region of the flight tube, the
peptides fly through the tube only according to their initial velocity at the orifice. The vacuum in the
flight tube is such that the likelihood of a collision with another molecule while in the flight tube is
low on average 10-8 torr. Because the peptides are usually singly charged, they traverse the flight
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tube according to their mass and hit the detector at different time intervals. The mass analyzer,
triggered by the laser pulse, records the signal detected versus the time of flight, which can be
readily transformed into m/z ratios if the mass spectrometer is properly calibrated. In principle, a
longer tube allows a better separation of the different ions. Collisions with gas molecules in the path
of the analytes would effectively destroy the separation. Therefore, the longer the path, the larger
the vacuum requirement is imposed to maintain a path free of possible collisions. For this reason,
the mass spectrometers are equipped with sufficient pumping to achieve even 10-9/10-10 torr. A
second factor that affects the resolution of the separation is the initial kinetic energy distribution due
to the burst of analytes off the MALDI plate. The technique of delay extraction of the ion and the
reflectron were added to the MALDI-TOF to improve the resolution, based on a more uniform
kinetic energy. The delay extraction acts on the kinetic energy prior to the separation, while the
reflectron acts on the kinetic energy distribution during the time of flight. The delay extraction is
simply achieved by introducing a time delay prior to the high-voltage biasing of the MALDI plate.
This allows the ions ejected from the plate to kinetically cool down providing improved resolution.
The reflectron allows the kinetic refocusing of the ions, which also results in better resolution. It is
normal to obtain a peptide mass accuracy down to 10 to 50 ppm. The reflectron consist of hardware
that is placed in the path of the ions. Therefore, the design of a MALDI-TOF equipped with a
reflectron is very different than the conventional MALDI-TOF instrument. Furthermore, different
designs have been fabricated; however, the principle remains the same. The reflectron is a set of
ring lenses that are stacked together. Increasingly higher potentials are applied to the rings. In the
time of flight each peptide is represented by a pocket of ions that travels with a small range of
kinetic energy. The ions that are at the front edge of the pocket have a higher kinetic energy, while
the ions at the trailing end of the pocket have a lower kinetic energy. The fast moving ions penetrate
the reflectron first and start to feel the repulsing electric field imposed by the reflectron. Because of
their high kinetic energy, they travel further into the reflectron before reaching a point of zero
kinetic energy. Then they are reaccelerated by the repulsing field toward the entrance of the
reflectron. Meanwhile, the other ions also enter the reflectron following the order of their
decreasing kinetic energy. As a result, the slow moving ions are now at the front of the traveling
pocket, while the fast moving ions stay behind. All the ions then travel back in the field-free region
of the TOF tube. While traveling, the pockets of ions becomes focussed by the higher speed trailing
ions catching up to the slower leading ions. The resolution achieved depends on the positioning of
the detector at the focal point of the reflectron. The pocket of ions will not have time to focus if the
detector is positioned too close to the reflectron. Also, the pocket of ions will start defocusing if the
detector is positioned too far from the reflectron (Figeys, 2005).
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1.8.2 Peptide mass fingerprinting (PMF)
The identification of proteins by MALDI-TOF mass spectrometry is generally achieved by
measuring the m/z ratio of the peptides predominantly of charge +1. The combination of accurate
peptide mass measurement with the availability of protein sequence databases forms the basis of
protein identification by MALDI-TOF. Figure 10 shows the typical workflow used for the
identification of proteins by peptide mass fingerprinting (PMF). After obtaining the list of the
measured masses present in a tryptic digests, the known contaminants are deleted from this list.
Thus, the mass list is then used to search proteins into a databases. Different software packages
have been developed for the identification of proteins based on the accurate measurement of peptide
masses. The simplest method for scoring is to add the number of peptide masses that match with the
predicted masses for each entry in a protein database. The database entries are then ranked
according to the number of hits. This forms the basis behind software such as MS-Fit
(http://prospector.ucsf.edu) or Mascot (http://www.matrixscience.com/) (Pappin et al., 1993).
Mascot uses more information to make its decision on the score by taking into account the protein
size and the relative abundance of peptides in the databases. Mascot further incorporates probability
scoring for the probability that the match between the data and the entry in the database will be a
random event. This score is calculated for every entry in the database. The identification is then
established by ordering the proteins with a decreasing probability of being a random match.
ProFound (http://prowl.rockefeller.edu/) (Zhang and Chait, 2000) uses a different approach based
on Bayesian theory to rank the protein sequences in a database by their probability of occurrence. It
is an expert system that uses detailed information about each protein sequence and empirical
information about the distribution of proteolytic peptides that are included in the scoring scheme.
Generally, all these software packages perform well when good-quality spectra are available. The
ones that provide more advanced scoring schemes perform better when less information is available
or when the quality of the MS spectra is reduced. Regardless of the software, the identification of
the protein depends on the number of peptides observed, the accuracy of the measurement, and the
size of the genome of the particular species. For small genomes, protein identification using the
MALDI-TOF mass spectrometer is generally successful, but for large genomes the rate of success
drops significantly using MALDI-TOF (Figeys, 2005).
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Fig. 10: Workflow for the identification of proteins based on MALDI-TOF and peptide mass fingerprinting. Entire
extracted proteome is separate with 2D gel electrophoresis or 2D liquid chromatography. Protein of interest is
digested with trypsin and the resulting peptide mixture is analyzed by MALDI-TOF mass spectrometry. The measured
m/z ratios are then used to search protein/DNA databases leading to the identification of the protein.
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2 FUNCTIONAL ANALYSIS OF POPLAR (Populus nigra L. and P.
nigra x P. deltoids) DURING ENVIRONMENTAL EXPOSURE TO
METALS
2.1 Introduction
2.1.1 Poplar
Considering that forest trees are the dominant life form in many ecosystems and constitute
approximately 25% of the volume of all industrial materials, the importance of the presence of these
plants is fundamental. For this reason the economic and ecological importance of forest trees
provide the impetus for developing model systems to study tree biology.
Many aspects of tree biology are common to all plants, and hence can be studied in very tractable
model species such as Arabidopsis thaliana L. Heynh. , but some unique facets of tree anatomy and
physiology must be investigated in trees themselves. Despite the fact that other forest trees have
been suggested as model systems, including Salix (willow), Eucalyptus, and Pinus (pine), Populus
remain a widely accepted model in forest tree biology.
Populus is a member (like Arabidopsis) of the clade „eurosid I‟ in the Angiosperm Phylogeny
Group (APG) system (APG, 2003) and more precisely of the family Salicaceae in the order
Malpighiales. Poplars are widely distributed across the Northern Hemisphere within a wide range of
climates, from the tropics to latitudes almost reacing the Arctic Circle (Dickmann et al, 2001).
Populus is a genus of trees which includes the cottonwoods, poplars, and aspens, all of which are
sometimes termed poplars. Various classifications have been suggested. The species are organised
in sections but their classification is not simple and never complete because the members of a
section, chosen on morphological and reproductive characters, can hybridize with each other very
easily (Rajora and Zsuffa, 1984; Cervera et al., 2005).
For this reason the poplar research offers a rich source of variation in tree morphology, anatomy,
physiology, phenology, and response to biotic and abiotic stress as well as prominent genetic
polymorphisms in local populations. Poplars are dioecious, wind-pollinated, are capable of rapidly
invading disturbed sites as the dynamic environment of riverine floodplains, where they form a key
component of riparian forests (Braatne et al., 1996). The ease with which most materials can be
vegetatively propagated is one of poplar‟s premier assets. All poplars, infact, have the capacity to
reproduce asexually, mostly by sprouting from the root collar of killed trees or from abscised or
broken branches that become embedded in the soil. Rapid growth is the hallmark of poplars. As a
consequence of the rapid juvenile growth of poplars, it is possible to measure short-term responses
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to biotic (for example, disease) and abiotic (for example, drought, elevated CO2, ozone) factors. The
poplar normally became 40 m in height in less than 20 years. The large physical size of poplars,
coupled with the well-understood movement of carbon assimilates and cotransported systemic
wound signals between source and sink leaves (Davis et al., 1991) is an advantage over small plant
models such as Arabidopsis thaliana in studies involving systemic signal movement.
The Populus genus has several attributes that have led to its emergence as the model system for tree
molecular biology (Bradshaw et al., 2000; Wullschleger et al., 2002; Bhalerao et al., 2003):
i)

modest genome size (the haploid genome size is similar to rice and 40 times smaller than
pine tree), facilitating the gene isolation, sequencing and functional study

ii)

rapid juvenile growth (3-10 months);

iii)

easy vegetative propagation (preferred to the use of seeds that are small, with a limited
lifespan and high heterozygosity ration);

iv)

simple regeneration;

v)

high-throughput transformation;

vi)

phylogenomic proximity to well-studied angiosperms such as Arabidopsis thaliana;

vii)

high ratio of genetic to physical map distance important for gene identification
(Bradshaw et al., 2000);

In addition to their value for biotechnology, members of the genus Populus show a range of
important ecological properties such as: i) posses a wide ecological diversity (ca. 30 species from
desert riparian to subalpine areas) that underline an abundant genetic and adaptive variation
(Eckenwalder 1996), ii) may live for a long time (25-30 years old), iii) can be utilized for the
production of paper or energy thanks to their high biomass.
In terms of ecological benefits the genus Populus provides i) carbon sequestration, ii) nutrient
cycling, iii) bioremediation and iv) biofiltration (Brunner et al., 2004).
The weaknesses of poplar as a model system, instead, are: i) poplars are deciduous, ii) like willows,
many poplars have very strong and invasive root systems, iii) poplar has a modest commercial
importance, iv) poplar is grown commercially on a wide geographic scale but, from a corporate
viewpoint, poplars are much less important than pines and other softwoods or eucalypts, v) most
poplars will not flower earlier than when 4 years of age, and many will take twice that long; the
long generation interval is an impediment to practical breeding and selection and the development
of informative pedigrees, vi) poplars are dioecious, so self-pollinations cannot be done (with a very
few hermaphroditic exceptions). Today, poplar is cultivated worldwide in plantations for pulp,
paper, excelsior (packing material), engineered wood products (for example, oriented strand board),
lumber and energy.
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Plants from the Populus genus, have become the model tree species for biological research for
molecular genetics, still information on poplar genetics is not abundant. The poplar genome consists
of some 35000 genes distributed in 19 chromosomes (2n= 38) and more than 500 million base pairs
(Mb). Up to now the complete sequencing of the genome of Populus trichocarpa Nisqually 1 Torr.
& A.Gray is the most exhaustive among all the genetics studies on these species, and allows new
approaches to tree biology (Brunner et al., 2004). Poplar has a small haploid genome (4 times larger
than the genome of Arabidopsis and 40 times smaller than the genomes of conifers) that simplifies
gene cloning, Southern blotting, and other standard molecular genetics techniques. Another
advantage that make Populus an attractive target for map-based (positional) cloning of genes is the
physical/genetic distance ratio (close to 200 kb/centiMorgan), almost identical to Arabidopsis
(Bradshaw et al., 2000). Unlike the pines and other gymnosperms, poplars diverged relatively
recently from other angiosperms, such as Arabidopsis, which serve as models for integrating
genetics into the study of plant biology.
For all these reasons, poplars have been proven effective in the phytoremediation of environmental
pollution (Flathman and Lanza, 1998; Eapen and D‟Souza, 2005; Bhalerao et al., 2003), more
specifically for phytoextraction, and as bioindicators for pollution in the atmosphere (Jepsen, 1994).

Fig. 11: Some examples of Populus species: Populus simonii Carrière, Populus deltoides W.Bartram ex Marshall,
Populus x canadiensis, Pupulus Nigra L., Populus tremula L., Populus alba L.
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2.1.2 Cadmium in the environment
The Cadmium element (Cd) is a silvery grey metallic element having the atomic number 48 and
atomic weight 112.411g, the solid state is the standard state (at 298K). Cadmium is a soft and
bluish-white metal. The name derives from the greek “Kademia” that indicate zinc oxides, in fact it
is similar in many respects to zinc and is often found in minerals associated to zinc. Cadmium is a
heavy metal naturally present in soil; it is non-essential and highly toxic to most organisms, having
toxicity 2 to 20 times higher than many other heavy metals (Vassilev et al., 1998). It is the fourth
most toxic metal to vascular plants (Jones et al., 1993; Oberlunder and Roth, 1978). It is placed in
seventh position in the top ten priority hazardous substances list as provided by the American
Agency for Toxic Substance and Disease Registry (Kamnev and Lelie, 2000), and therefore is
considered a very serious pollutant. Cadmium is one of the metals under scrutiny by the U.S.
Environmental Protection Agency (EPA) (Hogue, 2004), and contamination from it occurs in more
than 8% of hazardous waste sites in the United States (Yeung and Hsu, 2005).
At low concentrations, it is toxic to microorganisms, plants and animals (Sanità di Toppi et al.,
1999; Benavides et al., 2005). Total cadmium levels exceeding 8 mg*kg-1, or soluble (bioavailable)
levels exceeding 0.001 mg*kg-1, are considered toxic to plants (Kabata-Pendius et al., 1992; Bohn
et al., 1985).
In nature, Cd is present at concentrations of 0.1 – 0.5 mg/kg, but in contaminated sites, it may reach
concentrations as high as 150 mg/kg. Since Greeks and Romans Cd sulphide based minerals have
been used as pigments and also the brilliant red in Van-Gogh paintings is Cd sulphide. Cadmium is
a widespread element in the environment, mainly from anthropogenic sources. More recently,
anthropogenic pathways by which cadmium enters the environment are through industrial waste
from processes such as electroplating, manufacturing of plastics, mining, paint pigments, alloy
preparation, and batteries that contain cadmium (Adriano, 2001; Cordero et al., 2004). Household
appliances, automobiles and trucks, agricultural implements, airplane parts, industrial tools, hand
tools, and fasteners of all kinds (e.g., nuts, bolts, screws, nails) are commonly cadmium coated.
Cadmium is also used for luminescent dials, in photography, rubber curing, and as fungicides
(Adriano, 2001). Tobacco concentrates cadmium, leading to human exposure to this carcinogenic
metal through smoking (Lugon-Moulin et al., 2004). Heavy metals enter soils through addition of
sludge, composts, or fertilizers. Even with the strictest source control, domestic sewage sludge
contains heavy metals because they are present in items washed down drains or toilets. Cadmium is
given off from rubber when car tires run over streets, and after a rain, the cadmium is washed into
sewage systems where it collects in the sludge. Composted sludge can contain high levels of
cadmium. Phosphate fertilizers are contaminated with cadmium. People who smoke are exposed to
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increased concentrations of cadmium. The most likely origin of the excess cadmium is from heavy
applications of cheap, contaminated phosphate fertilizers (Booth, 2005; Stephens et al., 2005).
In human, Cd intake is normally by ingestion or inhalation and the majority of ingested Cd coming
from contaminated foods (meat and plants) and water (Dudka et al., 1999); furthermore, the high
solubility of Cd causes rapid distribution in the environment, where its high availability to plants
can move up through the entire food chain (Schutzendubel et al., 2002). Indeed, the primary risk
pathway associated with cadmium contaminated soils has been identified as the soil–plant–human
pathway and the consumption of crops or byproducts grown on these soils leads to its
biomagnification in the food chain (Page et al., 1982).
Cadmium accumulates in animals, especially in the kidney, liver, and reproductive organs. Sheep in
New Zealand are allowed to graze only a short period of time on pasturelands that have elevated
cadmium concentrations due to repeated applications of cadmium-rich superphosphate fertilizer
(Granel et al., 2002). The meat then has cadmium levels that are allowed in export. Elevated levels
of cadmium in humans can cause kidney damage, and low levels of cadmium in the diet are linked
to renal dysfunction. Other diseases associated with cadmium exposure are pulmonary emphysema
and the notorious Itai–Itai (“ouch–ouch”) disease (Yeung et al, 2005). It results in painful bone
demineralization (osteoporosis), because cadmium replaces calcium in the bones. Cadmium
poisoning has occurred worldwide.
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2.1.3 Effects of cadmium toxicity in plants
Cadmium is considered a non-nutrient element, since it has no known function in plant
development and life. In higher plants, Cd negatively affects both plant growth and development,
resulting in stunting growth and eventually plant death. The critical tissue concentration, at which
the metal injury, plant physiology, is in the range of 8 to 12 mg/kg dry mass (Balsberg et al., 1989).
The base of Cd toxicity is still not completely understood, but it might be due to its high affinity for
sulphydryl groups (Schützendübel et al., 2002). Cd binds to sulphydryl groups of structural proteins
and enzymes and leads to protein misfolding, inhibition of enzyme activity and/or interference with
the redox enzyme regulation (Hall, 2002; Meharg, 1994). Another toxicity mechanism is due to the
chemical similarity between Cd2+ and functional ions situated in active sites of enzymes and
signaling components. Consequently, Cd2+ ions can interfere with homeostatic pathways for
essential metal ions (Roth et al., 2006) and the displacing of divalent cations, such as Zn and Fe,
from proteins could cause the release of “free” ions, which might trigger oxidative injuries (Polle
and Schützendübel, 2002).
Moreover heavy metal ions induce specific indirect responses in plants which vary according to the
concentration of metal ions, length of exposure and the developmental stage of the plants, external
environmental conditions, and depend also on the plant species. For example, hyperaccumulators or
tolerant plants may activate cellular mechanisms that weaken the impairment due to Cd stress.
When relatively aged plants were treated with heavy metals, an increased damage was observed
(Skorzynska and Baszynski, 1995). The threshold of metal ion toxicity seems to be specific to the
metal, the plant and also the age at which it is applied. Even the specificity of heavy metal toxicity
appears to be dependent on the growth stage of the plant. A root growth study in metal treated
plants revealed that Hg was more toxic than Cd during germination, whereas Cd was more toxic
during the seedling stage (Shaw and Rout, 1998).
Cadmium may enter plants via the root system. Several transporter families have been identified as
playing a potential role in the uptake, among them members of the ZIP family of metal transporters
(ZRT1/IRT1-like proteins) (Connolly et al., 2002), calcium channels (Perfus-Barbeoch et al., 2002)
or members of the Nramp family (Maser et al., 2001), which are normally responsible for the
uptake of Zn2+, Fe2+, Ca2+ or Mn2+. Cadmium ions are taken up as “opportunistic hitchhikers” by
ion transporter/channels with a low specificity (Clemens et al., 2006).
Root tip damage is, together with decrease of root elongation rate, collapsing of root hairs or
decrease of their number, decrease biomass, increase or decrease of lateral root formation,
differentiation of numerous root hairs, one of the main morphological and structural effects caused
by cadmium (Hagemeyer and Breckle, 1996). Inhibition of root extension growth can be the result
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of interference with cell division or with cell elongation. However, the result of stress depends not
only on its cause, but also on its intensity (Hagemeyer and Breckle, 1996). For example the dry
mass production of roots was increased by low soil concentration of cadmium or zinc. But, at higher
concentration of both metals, root growth was strongly inhibited (Hagemeyer et al. 1994).
The most evident symptoms of Cd toxicity are leaf crumple and chlorosis and stomatal closure
(Clemens, 2006). Chlorosis is due to changes in Fe:Zn ratio caused by cadmium (Root et al., 1975)
and to the negative effects on chlorophyll metabolism (Chaffei et al., 2004). In fact, Cd damages the
photosynthetic apparatus, particularly the two photosystems and causes a decrease in chlorophyll
and carotenoid content (Sanità di Toppi and Gabbrielli, 1999). Reduction of chlorophyll content and
of other pigments, such as carotenoids, is a common symptom of heavy metal toxicity (Molas,
1997; Baron et al., 1995; Krupa and Baszynski, 1995). In fact, the extent of loss of pigments is
demonstrated to be a simple and reliable indicator of heavy metal toxicity in higher p1ants (Krupa
et al., 1996). The decrease in chlorophyll content is contributed by both the inhibition of its
biosynthesis and the induction of its degradation (Abdel-Basset et al., 1995; Molas, 1997).
Furthermore, cadmium can substitute Mg in the chlorophyll molecules, but lacks photochemical
properties leading to the breakdown of the photosynthetic pathway (Kowalewska and Hoffmann,
1989; Kupper et al., 1998; DalCorso et al., 2008), and in a general disintegration of chloroplast
membrane ultrastructure (Baszynski et al., 1988; Krupa and Baszynski, 1995; Maksymiec et al.,
1995; Molas, 1997). The stomatal closure can be driven by abscisic acid (ABA) induced Ca2+
accumulation in the cytosol of the guard cells. The increase in cytosolic free Ca2+ promotes opening
of plasma membrane anion and K+ exit through channels, hence water follows ions and turgor is
lost, with stomatal pore closure (MacRobbie and Kurup, 2007). Being chemically similar to Ca
ions, Cd probably enters guard cells through Ca2+ channels and once in the cytosol, it mimics Ca2+
activity (Perfus-Barbeoch et al. 2002). The stomatal movements are not directly affected by
cadmium, but rather are by the strong interference of cadmium with movements of K+, Ca2+ and
abscisic acid in the guard cells (Barceló et al., 1986). All together, stomatal closure, damages of
photosynthetic machinery and interference with pigment synthesis, cause a downfall of the
photosynthetic efficiency. Therefore cadmium induces inhibition of photosynthesis, as well by
interfering with different step in the Calvin cycle, as by acting on photosystem II or by interfering
with RuBisCO activation (Prasad et al., 1995). Moreover, cadmium inhibits enzymes involved in
CO2 fixation, decreasing carbon assimilation (Perfus-Barbeoch et al. 2002). Cd exposure inhibits
the activity of metabolic enzymes such as glucose-6-phosphate dehydrogenase, glutamate
dehydrogenase, malic enzyme, isocitrate dehydrogenase, Rubisco and carbonic anhydrase (Sanità
di Toppi and Gabbrielli 1999). Cadmium effects on the Rubisco (ribulose bisphosphate carboxylase
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oxygenase) may result from the substitution of metal ions at the Mg2+ site in the enzyme-CO2
complex, or by reaction with the SH groups of the enzyme (Clijsters and van Assche, 1985;
Stiborova et al. 1986). All different abiotic stresses lead to major alterations in carbohydrate
metabolism (DalCorso et al., 2008). In fact, sugar signaling pathways play an important role in
plant growth and development during abiotic stress by regulating carbohydrate metabolism (Gupta
et al., 2005). An accumulation of various sugars, among them raffinose family oligosaccharides
(RFOs) may also occur during abiotic stresses; it has been proposed that these molecules may play a
role in osmotic adjustments or protection of cell (Taji et al., 2002).
Cadmium, at the root level can interfers with the uptake and metabolism of other nutrients such as
Ca, Mg, K and P (Benavides et al. 2005). For example, cadmium inhibits the Fe(III) reductase in
roots and leads to a Fe(II) deficiency (Alcantara et al., 1994). In different plant species Cd alters the
activity of different enzymes involved in nitrogen metabolism (Nussbaum et al., 1988; Boussama et
al., 1999). At the root level, the reduction of nitrate absorption may be due to the inhibition of the
transpiration. Moreover, both the nitrate reductase and nitrite reductase activity in roots and leaves
are affected (Chaffei et al., 2004; Hernandez et al., 1996) as well as nitrate transport from roots to
shoots (Sanità di Toppi and Gabbrielli, 1999) leading to a reduced nitrate assimilation by the plant.
Cadmium compromises the activity of the glutamine and glutamate synthetase, responsible for the
incorporation of ammonium molecules into the carbon skeleton (Chaffei et al., 2004). On the other
hand, the activity of the glutamate dehydrogenase (GDH) is enhanced during Cd-stress (Boussama
et al., 1999). Because high activity of GDH enzyme has been related with pathogen response and
senescence induction (Osuji and Madu 1996; Masclaux et al. 2000) it has been hypothesized that
Cd induces senescence-like symptoms, leading to nitrogen mobilization and nitrogen storage
mechanisms (Chaffei et al., 2004). It was shown that Cd induces peroxisome-senescence in leaves
activating the glyoxylate cycle enzymes, malate synthase and isocitrate lyase, as well as
peroxisomal peptidases, the latter being well-known as leaf senescence-associated factors (Chaffei
et al., 2004; DalCorso et al., 2008).
Regarding sulfur metabolism, exposure to Cd induces an increase in the amount of thiol
compounds, because it causes a decrease in the activity of enzymes involved in the sulfate
assimilation pathway (Astolfi et al., 2004).
Furthermore, cadmium inhibits the oxidative mitochondrial phosphorylation, probably by
increasing the passive permeability to H+ of the mitochondrial inner membrane (Kessler and Brand,
1995).
Also, cadmium was found to induce oxidative stress (Hendry et al., 1992; Somashekaraiah et al.,
1992), but it does not seem to act directly on the production of oxygen reactive species (ROS)
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(Salin, 1988). In fact cadmium acts indirectly and induces oxidative stress affecting the activity of
several antioxidant metabolic systems, enzymatic (i.e., superoxide dismutase, catalase) and
nonenzymatic (i.e., ascorbate, glutathione) and triggering H2O2 and O−2 (reactive oxygen species,
ROS) over-accumulation (Romero-Puertas et al. 2004). Oxidative stress and its effects are common
responses in plants facing environmental constraints, like drought, heat and cold. It is still not clear
if the over-production of ROS during Cd treatment is the cause of redox cellular imbalance or if this
is a specific stress mechanism activated by the plant cell to cope with the heavy metal ions
(Romero-Puertas et al., 2004; DalCorso et al., 2008).
A secondary effect due to the accumulation of ROS in the cell compartments is the alteration of the
signaling mediated by H2O2 and other oxygen species that can play a role as signal molecule in
triggering the induction of defense mechanisms against both biotic and abiotic stresses, such as
temperature changes and drought (Sharma et al., 1996; Dat et al., 2000) and pathogen attack
(Thordal-Christensen et al., 1997; Bestwick et al., 1998).
Furthermore, Cd interferes with plasma membrane ion transporters and ATPase (Sanità di Toppi
and Gabbrielli, 1999) disturbing ions and metabolites movement and accumulation and leads to a
lower utilization of ATP, NADPH, and to an higher thylakoid proton-gradient, resulting in a lower
photochemical yield (Krupa et al., 1992; Krupa et al., 1993).
Cadmium treatment of plants can induce lipid peroxidation in photosynthetic membranes
(Sandmann and Boger, 1980), hydrolysis of membrane lipids and release of free fatty acids
(Skorzynska et al., 1991). Cadmium treatment increased lipid peroxidation in pea plants (LozanoRodríguez et al., 1997), whereas no peroxidation was noticed in cadmium-exposed plants and hairy
roots of Daucus carota L. (Sanità di Toppi et al., 1998).
Cd2+ ions can hamper the activity of Zn-finger transcription factors, substituting Zn ions and
consequently interfering with transcription mechanisms (Sanità di Toppi and Gabbrielli, 1999).
Similarly, Cd2+ replace Ca2+ ions in calmodulin proteins, causing the perturbation of intracellular
calcium level and altering the calcium dependent signaling (Ghelis et al. 2000; Perfus-Barbeoch et
al. 2002).
Furthermore, in different plant species, cytotoxicity of Cd exposure appears as chromosomal
aberrations and inhibition of mitotic processes with consequent altered cell cycle and division
(Benavides et al., 2005).

78

2.1.4 Plants responses to Cd
Plants have evolved a complex network of mechanisms to minimize the damages from exposure to
cadmium and other non essential metal ions. First, to avoid Cd toxicity, plants developed strategies
of exclusion of the heavy metal ion. Plants can produce exudates such as malate or citrate that binds
metal ions in the soil matrix excluding them from root absorption (Delhaize and Ryan, 1995).
Second, the cell wall and extracellular carbohydrates (callose, mucilage) can play a significant role
in immobilizing toxic ions and preventing their uptake into the cytosol (Sanità di Toppi and
Gabbrielli, 1999).
Furthermore, plants can react to cadmium contamination producing chelating compounds
(phytochelatins and/or metallothioneins) involved in the detoxification and compartmentalization of
the toxic cadmium ions in specific cellular compartments, cytosol or vacuole (Cobbet et al., 2000).
Cadmium can induce the synthesis of small metal-binding peptides defined as phytochelatins (PCs).
Phytochelatins, with a general structure of (γ-Glu-Cys)n-Gly (n=2–11) are able to chelate and
sequester cadmium ions in the cytosol or vacuole (Sanità di Toppi et al., 1999; Cobbett and
Goldsbrough, 2002). Due to the presence of the thiolic groups of Cys, PCs chelate Cd and form
several complexes with molecular weight of about 2500 or 3600 Da, protecting the cytosol from
free Cd ions (Cobbett, 2000). Glutathione is necessary for PCs synthesis, which is catalyzed by the
cytosolic PCs synthetase (PCS). It has been shown that PCS is constitutively expressed and posttranslationally activated by heavy metals (Cobbett and Goldsbrough, 2002). After synthesis, PCs
bind the heavy metal ions and transport them as complexes into the vacuole (Clemens 2006) where
they eventually form high-molecular-weight (HMW) complexes. Several studies demonstrated that
in Arabidopsis thaliana the transport of HMW complexes across the tonoplast is mediated by ATPbinding cassette (ABC) transporters (Cobbett and Goldsbrough, 2002).
The depletion of glutathione (GSH) by chelation to cadmium, (and incorporation into
phytochelatins) is the most direct effect of cadmium on the oxidative balance in cells, and it has
been proposed that this depletion of GSH is one of the main causes for oxidative stress and reactive
oxygen species (ROS) generation induced by cadmium (Clemens et al., 2006; Sanità di Toppi et al.,
1999). In fact, glutathione, together with ascorbate, takes part in the Halliwell–Asada pathway for
detoxification of ROS (May et al., 1998).
Metallothioneins (MTs) are cysteine-rich peptides, able to bind metal ions. MTs are products of
mRNA translation, induced in response to heavy metal stress (Cobbett and Goldsbrough, 2002).
MT proteins in vertebrates are characterized by a stretch of 20 Cys residues highly conserved
(Cherian and Chan 1993; DalCorso et al., 2008), MT genes are expressed in all tissues.
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Under metal stress, an accumulation of proline has also been reported; it has been proposed that this
accumulation is a consequence of a metal-induced water deficit (Schat et al., 1997).
Cadmium produces undirectly the presence of ROS which trigger the biosynthesis of enzymes that
protect the cell against oxidative stress such as catalase and superoxide dismutase (Schutzendubel
et al., 2001; Romero-Puertas et al., 2004). Catalase (CAT) represents a key enzyme for the defense
responses against oxidative stress. It is expressed in presence of cadmium contamination in
peroxisomes and catalyzes the H2O2 breakdown (Buchanan et al., 2000). Also super-oxide
dismutase (SOD) enzyme plays a role in protecting cells against ROS accumulation, SOD activity
was induced after prolonged Cd treatment (Dong et al., 2006; Lin et al., 2007).
Moreover, as for other abiotic stresses, Cd resistance involves the synthesis of stress-related
proteins and signal molecules (heat shock proteins, salicylic and abscisic acids, ethylene) (Sanità di
Toppi and Gabbrielli, 1999).

2.1.5 Plant proteomics and cadmium
In recent years proteomics has become an essential tool to investigate plant physiological response
to environmental stimuli (Rossignol, 2001; Chen and Harmon, 2006; Roberts, 2002; Heazlewood
and Millar, 2003; Canovas et al., 2004; Rose et al., 2004; Rossignol et al., 2006). An essential
aspect of the plant proteomic analysis is the “comparative proteomics”, which is utilized mainly for
the study of proteomic profiles of individuals under different treatments (Ingle et al., 2005).
However, so far the study of the proteomic variability has been restricted to several model species
such as Orzya sativa and Arabidopsis thaliana (Chevalier et al., 2004). Numerous proteomic
studies have been carried out in plants facing abiotic stressing conditions, like cold and ozone
exposure (Bohler et al., 2007; Renaut et al., 2006). Studies have been scarce in the field of heavy
metal exposure; only a few recent findings on the effects of metal ions, and cadmium in particular,
on the proteome of plants have been published (Aina et al., 2007; Sarry et al., 2006). Results of
these analyses show the importance of transporter proteins in roots, the effect on primary
metabolism, most noticeably the importance of the sulfur assimilation and metabolism in roots, as
well as phytochelatin and glutathione synthesis (Aina et al., 2007; Sarry et al., 2006).
In rice plants treated with different cadmium concentrations, changes in root proteome showed the
regulation of several transporter proteins such as Nramp1 (Aina et al., 2007). In the same study,
from a physiological point of view, cadmium induced senescence, since authors observed an
upregulation of proteins involved in degradation of oxidatively modified proteins from the
ubiquitin/proteasome pathway. Similarly, in Arabidopsis thaliana cell culture exposed to different
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concentrations of Cd, carbon, nitrogen and sulfur metabolisms showed activation by the
upregulation of several key proteins (Sarry et al., 2006). Most notably, among the upregulated
proteins, several enzymes were involved in the biosynthesis of glutamate, cysteine and glycine.
These three molecules are precursors required for the formation of glutathione and phytochelatins,
key components for the cellular detoxification of cadmium (Sarry et al., 2006). In Arabidopsis roots
treated with 10 μM Cd during 24 hours, an accumulation of phytochelatins could be observed (Roth
et al., 2006). Proteomic changes revealed by this study included an upregulation of ATPsulfurylase, catalyzing the first step in sulfur assimilation by activation of sulfate. As phytochelatin
and glutathione synthesis represent important sinks for sulfur, this upregulation correlates with the
importance of the sulfur metabolism for the detoxification of Cd (Roth et al., 2006).
In cadmium-exposed poplar plants (Populus tremula L.), during 14 days of exposure, changes in
several metabolic pathways could be highlighted, most noticeably a repression of important reactive
oxygen detoxifying proteins, as well as a deleterious effect on photosynthesis and depletion of
carbon fixation (Kieffer et al., 2008; Kieffer et al., 2009).
In other poplar clones (Populus tremula L. x Populus Alba L.), during 60 days of cadmium
exposure, Durand et al. (2010) showed that Cd toxicity principally impaired photosynthesis and
primary metabolism. Consequently, primary growth was reduced. The resulting loss of
photosynthates in all plant tissues, like cambium, partly accounts for the decreased activity of these
tissues. Thus, cambial proteome changes resulted in part from a systemic toxicity, and in part from
the cadmium present inside the tissue. Their proteomics data showed contrasted responses to Cd
between leaf and cambial zone (Durand et al., 2010).
In recent study, cuttings of Populus Nigra L. were grown hydroponically and treated with 50 μM
CdSO4 for three weeks. Proteomic analysis was performed using protein separation by 2D liquid
chromatography and showed twenty proteins differently abundant in treated poplar plants. These
proteins were related to different functional classes: uptake, proteolysis, stress related proteins,
metabolism, regulatory protein and glutathione pathway (Visioli et al., 2010).
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2.1.6 Objectives
Poplar clones, due to their fast growth, genetic and physiological characteristics, are natural
candidates for the remediation of contaminated soils. The characterisation of several Salicaceae
clones for the effectiveness to tolerate and bioconcentrate metals could be interesting in specifying
the potentiality of these plants to remediate polluted soils.
In this work, firstly, three clones of the genus Populus (58-861, Poli, A4A) were investigated in
relation to their response to contamination by cadmium, in order to understand and quantify the
differences between the clones in terms of strength, cadmium tolerance, accumulation capacity and
translocation of the contaminant to the aerial parts and tissue localization. The evaluation of
phytoremediation potential of these clones has been performed combining all chemical,
biochemical, physiological and growth parameters.
Furthermore, this work was undertaken to explore the potential of proteomics to investigate the
response induced in the three different poplar clones by Cd treatments under uniform environmental
conditions using hydroponic cultures. The proteomic profile obtained by the not treated and treated
samples were compared using a two dimensional liquid chromatography technique (Pirondini et al.,
2006) to understand the molecular basis underlying the different responses.
Physiological and proteomic data obtained from the study of P. nigra and P.nigra x deltoides grown
in hydroponics will be discussed. These fundamental aspects should form the principles to be
followed in plant screening for phytoremediation selection, and the data obtained could be useful
for improving Cd phytoremediation strategies through the application of this ecologically and
economically important tree species.
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2.2 Materials and Methods
2.2.1 Plant Material
Three clones of Populus spp. were chosen for this work: Populus nigra L. (clones 58-861 and Poli)
and P. euramericana, hybrid P. nigra x P. deltoides (A4A), which showed different Cd tolerance
and capacity and Cd uptake, accumulation and translocation (Zacchini et al., 2009). Furthermore
these clones were analyzed for there SNPs (single nucleotide polymorphisms) for the major genes
involved in Cd tolerance and it was found that Poli and 58-861 were more closely related than the
hybrid A4A, which diverged significatively from the first two clones. (Mermiroli et al., 2010).
These clones were chosen from the collection maintained by Institute of Agro-environmental and
Forset Biology, National Research Council, Monterotondo Scalo, Rome, Italy. Cuttings of three
poplar clones were obtained and were placed into pots with ideal soil (VigorPlant Italia S.r.l.,
Fombio, Lodi).

A

B

C

Fig. 12: Three selected Poplar clones: Poli (A) and 58-861 (B) are Populus nigra L., A4A (C) is P.nigra x P.deltoids.

2.2.2 Hydroponic culture and treatments
Cuttings of three poplar clones were grown, to allow the growth of the roots, in hydroponic
conditions (Half strength Hoagland‟s solution) for 2 weeks in a controlled climate chamber
equipped with metal halide lamps providing a photon flux density of 300 µmol m-2 s-1 for 14h at
25°C; during the 10 h dark period the temperature was 22°C; the relative humidity was 60-70%.
The Half strength Hoagland‟s solution was composed by 3 mM KNO3, 2 mM Ca(NO3)2·4H2O, 1
mM NH4H2PO4, 0.5 mM MgSO4·7H2O, 20 mM Fe(Na)EDTA, 1 μM KCl, 25 μM H3BO3, 2 μM
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MnSO4·4H2O, 1 μM ZnSO4·7H2O, 1 μM CuSO4·5H2O, 1 μM (NH4)6Mo7O24·4H2O (J.T. Baker,
Deventer, Holland), 2 mM MES (Sigma-aldrich, St. Louis, MO, USA), and adjusted to pH 5.5 with
1M KOH (J.T. Baker, Deventer, Holland).
The volume of the solution was controlled and kept at the same level adding fresh Half strength
Hoagland‟s solution, to compensate the high transpiration rates of these plants. The pH also was
kept constant.
Five rooted cuttings for each clones were treated with 0 μM CdSO4 (control) and 20 μM CdSO4
(J.T. Baker, Deventer, Holland) for 48 hours (short term treatment) and for 14 days (long term
treatment). The nutrient solution were replaced every week to prevent depletion of metals and
nutrients and to expose plants to a constant metal concentration.
An amount of 5g of leaves and 2g of roots of all the plants (treated and untreated) were sampled,
frozen in liquid nitrogen and stored at –80°C before protein extractions. Pools of roots, in control
and treated conditions, were harvested and washed with 0.05 M calcium chloride (J.T. Baker,
Deventer, Holland) for 30 minutes in slow agitation, as a desorption step to remove only the metal
adsorbed to the root surface.

2.2.3 Physiological measures and statistical analysis
Different morphophysiological parameters were analyzed: number of leaves, total leaf area and
elongation of the main root. The variations of these physiological parameters were measured for all
clones in all conditions, and differences between control and treated plant were analyzed in a
Student‟s t-test for a statistical evaluation.
All one way ANOVA analyses were performed using “SPSS Statistics 17.0” and were considered
significant at p <0.05. Data were tested for homogeneity of variance (F-max) and comparison of
means using the Tukey test.

2.2.4 Elemental analysis by Atomic Absorption Spectroscopy (AAS)
Pools of roots, stems and leaves of three clones, in control and treated conditions, were dried out for
three days at 70º C; 300 mg of each dried sample was digested in 10 ml of 69% [v/v] HNO3 (J.T.
Baker, Deventer, Holland) in 0.5 l glass cylinder at 120 ºC for 25 min and 250°C for 15min in a
heating digestor (DK20 Velp Scientifica S.r.l., Usmate MB, Italy) and then 7 ml MilliQ water (J.T.
Baker, Deventer, Holland) was added. The Cd concentration was determined using a flame atomic
absorption spectrometer (AAS) (Perkin Elmer 1100B, Waltham, Massachusetts USA).
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2.2.5 Scanning Electron Microscopy with microanalysis (SEM/EDX)
All the biological replicates were harvested, and utilised for elements quantification and localization
through SEM/EDX. Leaves were removed from the stem at the nodal intersection, while stems and
roots were cut into 1 mm thick transverse sections and then dried at room. The dried sections were
positioned on a microscope slide and covered with colloidal graphite to allow electrons
conductivity. The material was prepared following methods described elsewhere (Marmiroli M. et
al, 2004). Three types of analyses were performed on each sample: morphological analyses,
elements quantification, and elements mapping, using a Jeol 6400 Scanning electron microscope
(Jeol, Osaka, Japan) with an Oxford X-ray detector (Oxford Instruments, Oxford, UK), supported
by INCA software. The operating parameters were set as follows: working distance: 14 mm;
electron beam energy: 20KeV; dead time in X-ray data acquisition: between 15% and 25%. For
elemental mapping resolution was standardized by the program and the number of frames set at
3000 (acquisition time of 2 hours for each map). The magnification varied from 100 times up to 700
times for specific tissues. Linescan analysis where performed in order to identify the pattern of
elemental distribution and to highlight elements following the same pattern. The samples analysed
where from the short term period experiments because the material from the long term experiments
where too damaged to perform the sectioning with the scalpel.

2.2.6 Protein Samples Preparation
Crude protein extracts of leaves of three poplar clones were obtained by using MgSO4-based
extraction buffer (Pirondini et al., 2006). A total amounts of 3,5 g of frozen leaves from each plant
and treatment were finely ground in liquid nitrogen with a mortar and pestle with addition of sand
of SiO2 (Sigma-aldrich, St. Louis, MO, USA), to favour breakage of the cell walls. The fine powder
was resuspended in 50 mM Tris [tris (hydroxymethyl) aminomethane] HCl pH 7.8, 10 mM MgSO4,
0.1 % [v/v] β mercaptoethanol and 0.1 % [v/v] Protease Inhibitor Cocktail (Sigma-aldrich, St.
Louis, MO, USA). The crude mixture was sonicated for 10 minutes at 35kHz (Transsonic T460,
Elma) and then the solution was placed in ice for 40 minutes. After another step of sonication, the
sample was centrifuged in a precooled rotor spin at 16000×g for 5 min at 4°C. The pellet,
containing the larger cellular residues and SiO2, was discarded; the supernatant was finally
centrifuged at 16.000 x g for 30 min at 4 °C. The upper phase was stored at –20° C for the
following steps. Leaf samples from each treatments were extracted in triplicate for crude total
proteins mixtures.
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2.2.7

Protein Quantification

Protein quantification was performed by using Quick Start Bradford Protein Assay (BioRad,
Hercules, CA, USA). The Bradford assay is a protein determination method that involves the
binding of Coomassie Brilliant Blue G-250 dye to proteins (Bradford 1976). The dye exists in three
forms: cationic (red), neutral (green), and anionic (blue) (Compton and Jones, 1985). Under acidic
conditions, the dye is predominantly in the doubly protonated red cationic form (Absorbance max at
470 nm). However, when the dye binds to protein, it is converted to a stable unprotonated blue form
(Absorbance max at 595 nm) (Reisner et al. 1975, Fazekes de St. Groth et al. 1963, Sedmack and
Grossberg, 1977). It is this blue protein-dye form that is detected at 595 nm in the assay using a
spectrophotometer.
Each samples was analyzed with a UV-visible spectrophotometer (Uvikon 931, Kontron
Instruments) at 595 nm with different dilutions of BSA (Bovine Serum Albumin) (Sigma-aldrich,
St. Louis, MO, USA), from a standard of 2 mg/ml, in the range of 100 – 2.000 μg/ml. The BSA
dilutions and sample dilutions were prepared in the suitable buffer (Start buffer) for the next two
dimensional liquid chromatography.

2.2.8 PD10 desalting column
The plant protein extracts were desalted and equilibrated to the column environment by PD-10
Desalting Workmade disposable columns (GE-Healthcare Biosciences, Uppsala, Sweden)
containing prepacked Sephadex G-25 Medium with exclusion limit of 5000 Da. Column
equilibration was performed by using approximately 25 ml of CF start buffer (Beckman Coulter,
Fullerton, CA, USA) and the sample was then eluted with 3.5 ml of CF start buffer. The capacity of
the system allows the loading of up to 2.5 ml of sample, with a range of loading capacity between
0.5 mg and 5 mg of protein sample.

2.2.9 Two dimensional liquid chromatography "Proteome Lab PF2D"
3 mg of each total protein extract were separated by two dimensional liquid chromatography (2-D
LC). The separation was performed by using ProteomeLab™ PF 2D instrument commercialized by
Beckman Coulter (Fullerton, CA, USA). HPCF-1D column (250 × 2.1 mm internal diameter, 300 Å
pore size) and HPRP C18 column (4.66 mm length × 3.3 mm internal diameter, 1.5 μm particle
size) were commercialized by Beckman Coulter (Fullerton, CA, USA). Proteins were separated in
the first dimension by high-performance chromatofocusing (HPCF), performed on an HPCF-1D
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column. With this technique, proteins bonded to a strong anion exchanger followed by elution with
a continuously decreasing pH (8.5 to 4.0) gradient. The pH gradient was generated on the column
by two buffers: Start Buffer (SB) (Beckman Coulter, Fullerton, CA, USA) and Eluent Buffer (EB)
(Beckman Coulter, Fullerton, CA, USA). The calibration of both buffers was an important step: SB
and EB were sonicated for 5 minutes and then their pH was adjusted to 8.5 and 4.0 respectively
using either a saturated solution (50 mg/ml) of iminodiacetic acidic (Sigma-aldrich, St. Louis, MO,
USA) if the buffer was too basic or 1M NH4OH (J.T. Baker, Deventer, Holland) if the buffer was
too acidic. The column was first equilibrated to the initial pH 8.5 using CF Start buffer at a flow
rate of 0.2 ml/min for 3 hours. After this step, 5 ml of sample were introduced with a manual
injector into the column for the first dimension CF. Twenty minutes after sample injection, the first
dimension pump switches to the CF Eluent buffer (pH 4) at a flow rate of 0.2 ml/min. The
interaction of the column filling with the CF Eluent buffer produced a gradually decreasing pH
gradient that travelled through the column as a retained front. The pH gradient affected the proteins
net charge and their adsorption/desorption to the positively-charged matrix of the column, causing
protein separation in the effluent. The pH of the mobile phase was monitored on-line by a postdetector pH flow cell. The proteins were eluted based on their isoeletric point (pI), measured for
absorbance at 280 nm, and collected in a 96 deep-well plate by a fraction collector according to predetermined pH decrements of 0.4 pH units during the gradient, or in 1 ml volumes when the pH did
not change. At the 115th min the most acidic proteins were recovered by washing the column with
1M NaCl 30% n-propanol [v/v] for 15 min. The column was finally washed with water for 45 min,
therefore the CF separation took of total of approximately 185 min.
The eluent from the 1st dimension was injected into the 2nd dimension, a high-performance
reversed-phase chromatography (HPRP). The 2nd dimension separation was based on protein
hydrophobicity. HPRP was carried out in a C18 column. The mobile phase consisted of A: 0.1 %
TFA (Trifluoroacetic Acid) (J.T. Baker, Deventer, Holland) in water and B: 0.08 % TFA in
Acetonitrile (J.T. Baker, Deventer, Holland). Separation was performed at 0.75 ml/min with an
increasing gradient of B. During the first 2 min 100 % of solvent A was pumped into the column; in
the next 35 min the gradient was created in the column by switching the flow from 0 % to 100 %
solvent B; this is followed by 100 % B for 4 min and 100 % A for 9 min. In order to obtain a better
resolution, the separation was done at 50° C. The eluent from the second dimension was monitored
by a second high performance UV/VIS detector at 214 nm, that provided a more universal and
sensitive detection of proteins via peptide bonds. Fractions were immediately collected in
Eppendorf tubes for MS analysis by using an automated fraction collector.
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Either after the 1st dimension and 2nd dimension, software generated a graph (chromatogram) that
shows the absorbance (280nm or 214nm) versus time; the height of each peak in the chromatogram
is proportional to the concentration of that specific protein.

2.2.10 MALDI-TOF Analysis
Mass Spectrometry analyses were performed by using MALDI-LR in TOF/MS mode instrument
commercialised by Micromass Waters Corporation (Milford, Massachussetts, USA).
Eluted fractions were evaporated to a final individual volume of 10 μl, using a Speed Vac
Concentrator 5301 (Eppendorf AG, Barkhausenweg, Hamburg, Germany). Protein digestion was
performed by incubating each fraction in 25 mM NH4HCO3 and 2 mM DTT (DL-Dithiothreitol) in
a water bath at 60°C for 1 hr. The alkylation of the reduced sulfhydryl groups was carried on by
adding 1 mM Iodoacetamide, at 25°C, for 30 min in the dark, and then 10 μL of Trypsin
(125μg/mL) in 50 mM NH4HCO3 was added. Digestion was carried out putting the fractions at
37°C for 24 hours. The digested samples were then purified and concentrated with a ZipTipC18
using the procedure recommended by the manufacturer (Millipore Corporation, Billerica, MA,
USA). Then 1 μL of each purified peptide was spotted directly onto a stainless steel MALDI target
plate with 1 μL of a saturated solution of α-cyano-4-hydroxycinnamic acid in 0.1% TFA:ACN (2:1,
v/v). The solution was allowed to dry at room temperature and a spot was produced. Positively
charged ions were analyzed in reflectron mode. External calibration was performed by using
ProteomMassTM Peptide & protein MALDI/MS calibration kit (Sigma St. Louis, MO, USA). In
particular calibration peptide fragments were: angiotensin II (human) [m/z] 1.046,542 ACTH
fragment 18-39 (Adrenocorticotropic Hormone human) [m/z] 2.465,198, Insulin oxidized B chain
(bovine) [m/z] 3.494, 651. The spectra were obtained by random scanning of the sample surface
with an ablation LASER. Typically 100 shots were averaged to improve the signal to-noise ratio.
All spectra were analyzed using the MassLynx 4.0 software (Micromass Waters Corporation,
Milford, MA, USA). Three technical replicates from each spectrum were analyzed by MS, and only
peptides common to all of the resolved spectra were considered for protein identification.
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2.2.11 Software and statistical analysis
ProteoVue software (Eprogen, Darien, IL, USA) was utilised to convert chromatographic
intensities from the 2-D LC of each pH fraction into a band intensity format. This produced a highly
detailed map with the dimensions of hydrophobicity and pI. The 2-D LC maps could be viewed in
several coloured formats where the colour intensity was proportional to the relative intensity of each
chromatographic peak.
DeltaVue software (Eprogen, Darien, IL, USA) was utilised for the differential analysis of
corresponding fractions from two different sample sets. This software compared chromatogram
peaks corresponding to the same protein in the two samples, allowing quantification by a
subtraction analysis. A differential map was achieved by point-to-point subtraction and it is viewed
between the two original sample sets.
Peptide

mass

fingerprinting

analysis

was

carried

out

with

the

Mascot

program

(http://www.matrixscience.com). Proteins were identified by searching against Swiss-Prot database
of Viridiplantae (Green Plants). The following parameters were used for database search: mass
accuracy below 100 ppm, maximum of one missed cleavages by trypsin, carbamidomethylation of
cysteine as fixed modifications, oxidation of methionine as variable modifications. The search was
based on the monoisotopic masses of the peptides. For mass-spectrometry (MS) analyses, three
technical replicates for each spectrum were performed. For proteins identification, only the peptides
that were common to all the resolved spectra were considered. Subsequently the amino acid
sequence of each identified protein was processed by tBLASTn search in poplar Expressed
Sequence Tags (ESTs) database on PopulusDB (http://www.populus.db.umu.se).
Heat maps was carried out with the TreeView (software version 1.60, November 2002, Michael
Eisen; Copyright@ 1998-9 by Stanford University, Copyright@ 2000-2 by University of California)
The software evidences the comparison of proteins abundance between control and treated samples.
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2.3 Results and Discussion
Poplar clones, due to their fast growth, genetic and physiological characteristics, are natural
candidates for the remediation of contaminated soils. In this work, three clones of the genus
Populus were investigated in relation to their response to contamination by cadmium in order to
understand and quantify the differences between the clones in terms of strength, cadmium tolerance,
accumulation capacity and translocation of the contaminant to the aerial parts, and in order to
understand the molecular basis underlying the different responses. These fundamental aspects
should form the principles to be followed in plant screening for phytoremediation selection.

2.3.1 Plant morphology and growth analysis
Metal tolerance, and the protection of the integrity and functionality of the physiological process is
an essential property for a plant to be utilized for phytoremediation (Pietrini et al., 2003).
Therefore, in this work, a first visual analysis was performed to evaluate possible signs of metal
stress on the leaves surface of the treated plants. Previous studies have shown that on leaves surface
of poplar clones treated with Cadmium it is possible to see, after seven days, the presence of
chlorotic areas and small necrotic spots, typical pinpoint necrosis, near the main leaf vein. After an
extend treatment period the chlorotic and necrotic areas increased in number and extension, and in
some cases necrotic lesions appeared. (Kieffer et al., 2008).
In our study, three clones did not show any particular sign on leaves surface after the short period
treatment (48 hours); some leaves showed only a slight wilting. Instead, after the long period
treatment (14 days), the clones 58-861 and Poli showed more severe symptoms on leaves surface,
with larger chlorotic areas, necrotic areas near the leaf veins, and some necrotic lesions. These signs
were quantified in percentage of leaves number that showed at least one lesion (Kieffer et al.,
2008).
Clones of the type Poli, after the long period treatment with 20 μM CdSO4, showed chlorotic areas
and small necrotic spots near the main leaf vein in 92% of leaves (Fig.13). Instead 75% of leaves of
the clone 58-861 clones, after the long period treatment with 20 μM CdSO4, showed large chlorotic
and necrotic areas larger than those presented by Poli (Fig. 14). In plants of the clone A4A, only 6%
of the leaves were affected by small chlorotic areas (Fig. 15).
Damage exerted by cadmium at leaf level is an important aspect to evaluate when screening for
plants used in phytoremediation. In fact, an efficient photosynthetic apparatus allows plants to
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92%

T 14d

Fig. 13: Leaves of the clones Poli before treatment (T 0), after the short period treatment with 20 μM CdSO 4 (T 48h) and
after the long period treatment with 20 μM CdSO 4 (T 14d). This clone showed chlorotic areas, small necrotic spots near
the main leaf vein and some foliar injuries. 92% of leaves of treated plants showed at least one lesion after the long
period treatment (yellow portion in the pie chart).

T0
58-861

T 48h
25%
75%

T 14d
Fig. 14: Leaves of the clones 58-861 before treatment (T 0), after the short period treatment with 20 μM CdSO4 (T 48h)
and after the long period treatment with 20 μM CdSO4 (T 14d). This clone showed chlorotic areas and large necrotic spots
near the main leaf vein. 75% of leaves of treated plants showed at least one lesion after the long period treatment (yellow
portion in the pie chart).
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T0
A4A
6%

T 48h

94%

T 14d

Fig. 15: Leaves of the clones A4A before treatment (T 0), after the short period treatment with 20 μM CdSO4 (T 48h)
and after the long period treatment with 20 μM CdSO4 (T 14d). This clone did not show necrotic spots and only 6% of
the leaves were affected by small chlorotic areas (yellow portion in the pie chart).
).

maintain an effective transpiration flux that drives metals from roots to aerial parts. The increase in
leaves number and total leaf area are sensitive parameters for cadmium presence in the growth
medium (Zacchini et al., 2009). In leaves cadmium can represent a toxic agent, and it can destroy
thylacoidal membranes and reduce enzyme activities, and depleting photosynthesis (Baceril et al.,
1988; Pietrini et al., 2009). In the present work, the effect of cadmium on leaves of poplar clones
was evaluated by measuring the total leaf area and the increase in leaves number per plant.
Figure 16 shows the increase of leaves number of three poplar clones subjected to 48 hours or 14
days of cadmium treatment, in comparison with the non treated samples, in a hydroponic
experiment. Differences in the increase of these parameters between controls and treated plants
were analyzed with the T-Student test for a statistical evaluation.
None of the poplar clones seem to be affect by cadmium presence after the short term treatment; but
the long period treatment seem to inhibit the increase of leaves number. The clones Poli and 58-861
revealed a dramatic reduction in the increase of leaves number after the long term treatment.
Poli and 58-861 showed a reduction in the increase of total leaf area (Fig. 17), caused by cadmium
exposure, already after the short term treatment, and a dramatic reduction after the long term
treatment.
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Fig. 16: The Increase of leaves number in cuttings of three poplar clones grown in hydroponic culture with 0 µM
CdS04,control (green bars), and 20 µM CdS04 treated (yellow bars for short term treatment and red bars for long term
treatment). *:Observed significance levels (P values) from T Student Test ***<0,001 - **<0,01 - *<0,05

Fig. 17: The increase of total leaf area in cuttings of three poplar clones grown in hydroponic culture with 0 µM
CdS04,control (green bars), and 20 µM CdS04 treated (orange bars for short term treatment and red bars for long term
treatment). *;Observed significance levels (P values) from T Student Test ***<0,001 - **<0,01 - *<0,05

Fig. 18: The increase of main root length in cuttings of three poplar clones grown in hydroponic culture with 0 µM
CdS04,control (green bars), and 20 µM CdS04 treated (orange bars for short term treatment and red bars for long term
treatment). *:Observed significance levels (P values) from T Student Test ***<0,001 - **<0,01 - *<0,05
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The clone A4A did not show statistically significant differences after 48 hours treatment, and less
inhibition than the other clones under the long term metal treatment.
The root system plays a key role in the interaction between contaminants and plant; thus, another
parameter analyzed in this work has been main root elongation (Fig.18). The main root length in
each plant was affected by cadmium treatment. There were no differences in the increase of main
root length in the 58-861 clone between control and treated after 48 hours treatment. On the
contrary, A4A showed a reduction in the increase of main root length, caused by cadmium exposure,
already after the short term treatment. The clone Poli showed an interesting behavior: in fact, these
cuttings showed a rise in the increase of main root length in treated plants after the short term
treatment. Several studies have shown how some plant species increase the roots lenght under
heavy metals exposure, probably to reach deeper soil layers, not subject to contamination (Arduini
et al, 2006).
For each poplar clones, there was a dramatic reduction in the increase of main root length after the
long term treatment (Fig.18). Furthermore, all clones showed growth inhibitions of lateral roots
when exposed to cadmium, in accordance with previous studies (Dos Santos et al., 2007).

2.3.2 Mineral analysis
In figure 19 the cadmium concentrations detected in roots, stems and leaves of poplar cuttings,
exposed for 48 hours and 14 days to 20 µM cadmium sulphate, are reported. Cadmium
concentrations in the untreated control were generally below or near the instrument detection limit
and there were therefore not shown in the figures.
Tolerance at root level represented the first step in metal absorption and loading into the xylem
vessels (Massacci et al., 2009). A considerable concentration of cadmium was found in the roots of
each poplar clone. P.Nigra clones 58-861 showed the highest metal root concentration either after
short and long treatment; P.Nigra Poli clones showed the lowest cadmium root concentration, while
A4A showed an intermediate concentration (Fig. 19A).
On the contrary, the highest Cd concentration in stems was detected in clone A4A, both after the
short and the long term treatment. There are no statistically significant differences in cadmium
concentration in the stem of the other clones after the short term treatment (Fig. 19B). After the
long term treatment Poli clones showed a cadmium concentration in stems higher than 58-861
cadmium concentration. These data are in accordance with literature (Marmiroli et al., 2011), where
the same clone A4A accumulated more Cd in stems than did either Poli or 58-861, after a treatment
with 50 μM CdSO4 for three weeks.
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Fig. 19: Cadmium concentration detected in stems (A), leaves (B) and roots (C) of three poplar clones grown in
hydroponic culture with 20 µM CdS04 (orange bars for short term treatment and red bars for long term treatment).
Metal concentration in control cuttings was below the threshold of detection. Letter a-f: Observed significance levels
(P values) from T Student Test; different letters have significant differences with p<0,05.

95

Notwithstanding the similar low cadmium concentration in 58-861 and Poli stems, in the leaves of
the latter cadmium was higher than the former, after the long term treatment. A4A showed the
intermediate concentration. The concentration of cadmium in the leaves of all the three clones was
very low and not statistically different after the short term treatment. (Fig. 19C). These data are in
accordance with Marmiroli et al. (2011), showing that clone Poli accumulated more Cd in leaves
than did either A4A or 58-861, after a treatment with 50 μM CdSO4 for three weeks.
However, data reported in literature about cadmium concentrations and allocation within organs are
often contradictory. This is due, probably, to the different experimental conditions adopted. In fact,
metal concentrations, type and length of metal exposure, type of substrate, can modify plant metal
availability, and type of poplar clone used can modify metal concentrations within the different
organs.
In this context the bio-concentration factor (BCF) can give further valuable information regarding
the capability for these Salicaceae to extract metals from a contaminated matrix. So, according to
Zayed et al., 1998, to evaluate the capability of poplar clones to extract and accumulate cadmium in
the plant, the bio-concentration factor (BCF) was calculated as the ratio between the cadmium
concentration in the harvested plant material and the cadmium concentration in the solution (Fig.
20). In the figure 20 the BCF for the three poplar clones, referring to the root system and the aerial
part of the plant, is reported. The highest root BCF was calculated in clones 58-861 and the lowest
in Poli. The aerial parts BCF indicates A4A as the poplar clones with the greatest capability to
accumulate cadmium in leaf and stem tissues, especially after the long term treatment.
The capability of poplar clones to accumulate cadmium in the above ground tissues was further
confirmed by calculating the Translocation Factor (Tf), that indicated the percentage of the
absorbed metal that reached the aerial part of the plant in respect to that present in the roots (Fig.
21). Translocation factors for the clone A4A and Poli were the highest, while the lowest was found
in clone 58-861.
Thus, from our experimental data it is possible to assume that P.Nigra clones 58-861, having a large
concentration of cadmium in roots (>1500mg/kg) associated with a small concentration of cadmium
in aerial parts with a leaf:root ratios < 1, can be considered a “root accumulator”, a plant species
with high metal uptake but inefficient transport to shoots (Dos Santos et al., 2007). These
assumptions are in accordance with literature (Masacci et al., 2009), where clone 58-861 showed
the higher bio-concentration factor for root and lower for aerial part than BCF of ten poplar clones
tested with cadmium contamination. Furthermore, it showed the lower translocation factor than Tf
of other ten clones.
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On the other hand, the clone A4A, having a large concentration of cadmium in roots (>1500mg/kg)
associated with a moderate concentration in aerial parts, can be considered a “good translocator”,
also indicated by its highest value of translocation factor (Fig.21) and bio-concentration factor of
the aerial parts (Fig.20).
P.Nigra clone Poli showed also a high translocation factor, similar to A4A, and a moderate bioconcentration factor in the aerial parts, but it showed the smallest cadmium concentration in roots
than all the other two clones, and a low uptake from substrate. Moreover, it showed higher
cadmium concentration in leaves than the other two clones, which could be correlated with the
presence of several signs of stress on the leaves surface after the long term treatment (Fig.13).
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Fig. 20: Bio-concentration factor (BCF) in aerial part and roots of the three poplar clones grown in hydroponic
culture with 20 µM CdS04 treated (orange bars for short term treatment and red bars for long term treatment).
Letter a-f: Observed significance levels (P values) from T Student Test; different letters have significant differences
with p<0,05.
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Fig. 21: Translocation factor (Tf) calculated after short term treatment (orange bars) and long term treatment (red
bars) of three poplar clones grown in hydroponic culture in the presence of 20 µM CdS04. Letter a-d: Observed
significance levels (P values) from T Student Test; different letters have significant differences with p<0,05.
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2.3.3 Scanning Electron Microscopy with microanalysis (SEM/EDX)
All the biological replicates were harvested, and utilised for elements quantification and localization
through SEM/EDX. The operating parameters were set as follows: working distance: 14 mm;
electron beam energy: 20KeV; dead time in X-ray data acquisition: between 15% and 25%. In the
figure 22, it is possible to see an example of the spectrum acquired from a section (within the purple
square in Fig. 22A) of the Poli clone stem.

Fig. 22: A: SEM image of the horizontal section of the stem of the clone Poli magnified 50x, working energy: 20KeV,
working distance: 14 mm. B: X-ray emission spectrum acquired from the section within the purple square.

In general to perform the elemental mapping a whole section is scanned at the same time
continuosly for a period of time varying from two to four hours even through longer maps are
possible (10-12 hours). The time length of a maps is expressed in “frames”, usually 50 frames last
about 45 minutes. The spectrum acquired is a total spectrum of the whole image and is converted by
the software INCA into distribution dot-maps for each element. In the figure 22B it is possible to
identify the main element present in the sample: Ca, K, P, S, Cl, Mg, Na, Fe, Co, Zn, Ni, Cu, Cd.
Our treatments where based on cadmium which as the Lβ2 X-ray emission line at 3,528 KeV,
which is very close to the calcium Kα1 and Kα2 emission line at 3,6 KeV. Since the quantity of Ca
is always very high in poplar samples there could be a superimposition of Kα1 and Kα2 peaks
creating a large peak that can simulate the presence of Cd, as illustred in figure 23 (in fact, in Figure
22B the peaks of Ca and Cd appear as superimposed).

Fig. 23: schematization of peaks superimposition
convolution due to calcium abundance in respect to
Cadmium abundance.
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A further problem that can arise from this phenomenon is that Cd is detected even if it is not
present. Therefore in our dot-maps we counterchecked the effective presence of cadmium either
through linescan or “map-mix”.
Cadmium content in control plants was generally below or near the instrument detection limit and
there were therefore not shown in the figures.

2.3.3.1 ROOTS AFTER THE SHORT TERM TREATMENT
The integrity of root system involved in Cd uptake, coupled with the capacity of translocation to
shoots, represents an important factor in screening clones for phytoremediation (Shen et al. 1997;
Cocozza et al. 2011). In this study, internal and external characteristics of primary and secondary
roots were not strongly affected by cadmium treatment, despite the fact that metal was found
dispersed throughout all root tissues. Indeed, no cell jerk or tissues necrosis was observed in roots
of these three poplar clones after the short term treatment.
A remarkable Cd accumulation was identified in root levels, showing clone-specific Cd thresholds.
In figure 24 are reported examples of dot-maps of a set of specimens of root cross sections from the
clone Poli treated for 48 hours at 20μM CdSO4. The shades of grey represent the concentration of
each element: the brighter areas are the spots with higher concentrations, the darker areas are those
with lower concentrations of elements respectively reported under each map.

Fig. 24: Dot-maps of a root section of Poli clone treated with 20μM CdSO4 for 48 hours.
Magnification: 55x; 1130 frames; working energy: 20 KeV; working distance: 14mm.
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In the figure 25 is reported an example of the linescan for calcium, cadmium and potassium and the
transect is represented both on the maps and on a separate graph. In the latter we can observe that
the trend followed by cadmium and calcium are not totally superimposed. This means that there is a
factual presence of cadmium in the samples not due to a “ghost” of the calcium spectrum.

Fig. 25: Linescan of a root section of Poli clone treated with 20μM CdSO4 for 48 hours. Graphic representation of the
trend along the yellow transect across the sample for cadmium (blue), calcium (green) and potassium (red).
B: Dot-maps of stem section of Poli clone treated with 20μM CdSO4 for 48 hours, representing the distribution of Ca,
Cd and K. Magnification: 55x; 1130 frames; working energy: 20

Fig. 26: Dot-maps “mix” of a root section of Poli clone treated with
20μM CdSO4 for 48 hours. Orange shades is for cadmium and light
green shades is for calcium.
Magnification: 55x; 1130 frames; working energy: 20 KeV; working
distance: 14mm.
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In roots of the Poli clone (Fig. 24-25) Cd was concentrated especially in the periderm and in
parenchyma cells of cortex. As shown both in the “mix” dot-map and in the line-scans (Fig. 26-25)
cadmium and calcium were complementary localized especially in lignified and suberified tissues.
The nutrients K, P, Mg and S are evenly distributed in the whole root section with different
intensieties because of their different concentration (Fig. 24).
Compared with other important ions, the distribution of cadmium within the Poli root, was similar
to that of calcium and potassium (Fig. 25) and was preferentially localized in the surroundings of
central cylinder. Many studies have shown that the main site of Cd accumulation in roots is the
apoplast, particularly cell walls (Wójcik et al., 2005). Khan et al. (1984) and Lozano-Rodríguez et
al. (1997) found that in maize roots the metal was mainly detected in cell walls of cortex
parenchyma, endodermis and pericycle, while much smaller amounts were found in protoplasts.
In figure 27 are reported dot-maps of a set of specimens of root cross sections from the clone 58861 treated for 48 hours at 20μM CdSO4. In this clone, an higher cadmium contents than in Poli
was found in the roots cross sections, and this is in agreement with data obtained from elemental
analysis by atomic absorption spectroscopy (see section 2.3.2, Fig. 19A). Furthermore, 58-861
clone showed an unalterated root lengh under excess of cadmium after 48 hours treatment, (see
section 2.3.1). Also, in roots of the 58-861 clone Cd was concentrated especially in the periderm
and in parenchyma cells of cortex, and it was not detected in high percentage in internal tissues and
central pith.
In figure 28 are reported dot-maps of a set of specimens of root cross sections from the clone A4A
treated for 48 hours at 20μM CdSO4. In this clone the roots showed a similar concentration of Cd in
respect to the roots of Poli (Fig.24), after the short term treatment. Also the cadmium distribution
pattern within the root tissues of the two clones was similar, mainly localised in the periderm and in
the cortex.
Whereas, 58-861, A4A and Poli had high Cd contents in the cortex, Cd was not detected in high
percentage in internal tissues, central pith, being important for identifying any anatomical barrier to
metal movement, as obstruction to the distribution of elements from the epidermis to the central
pith. This, in general, could give control over mineral uptake to the plant, but can also represent a
tolerance strategy in phytoremediation systems. On the other hand, differential Cd localization in
cross sections could suggest clone-specific metal mobility through internal root tissues. Other than
exclusion strategy, internal detoxification is also an important strategy in metal tolerance, and these
clones may have evolved different strategies for metal tolerance (Castaglione et al. 2010; Cocozza
et al. 2010).
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Fig. 27: Dot-maps of a root section of 58-861 clone treated with 20μM CdSO4 for 48 hours.
Magnification: 65x; 220 frames; working energy: 20 KeV; working distance: 14mm.

Fig. 28: Dot-maps of a root section of A4A clone treated with 20μM CdSO4 for 48 hours.
Magnification: 170x; 240 frames; working energy: 20 KeV; working distance: 14mm.
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A partial root barrier may facilitate while a tight barrier may obstruct the uptake of water, ions and
nutrients at the basal root zones (Soukup et al. 2007, Deng et al. 2004), therefore, these mechanisms
could be likewise adopted by plants to control the metal and toxic elements distribution in roots
(Cocozza et al. 2011). In this contest, the Casparian strip could be an obligatory passage to filter the
aqueous absorbed solution, from the cortex to the central pith in roots (Haynes, 1980), thus limiting
Cd distribution crossways the root.
A relationship was found between Cd and Ca contents (and also Mg), suggesting that the
accumulation of Cd could interfere with macronutrient absorption, while these clones cope with
metal stress. In fact, there is no specific transporter for selective Cd uptake, but the metal could also
permeate through Ca2+ or Mg2+ channels, being both divalent cations (Hinkle et al. 1992, PerfusBarbeoch et al. 2002). The distribution of Ca in roots was more affected by Cd, in Poli and in 58861 clones, and was less affected for the A4A clone, and this results on Ca distribution in roots
might certificate efficient transport Ca-channels under excess Cd and/or metal concentration below
critical threshold. Commonly, high concentrations of heavy metals may block plant water channels
and also affect ion channels and transport of osmotically active elements, which provide the driving
force for water transport (Eckert et al. 1999). However a component of apoplastic rather then
symplastic Cd transport can not be overlooked.

2.3.3.2 STEMS AFTER THE SHORT TERM TREATMENT
An amount of Cd was found also at stem level, in each poplar clone considered.
In figure 29 are reported dot-maps of a set of specimens of stem cross sections from the clone Poli
treated for 48 hours at 20μM CdSO4. In the figure 30 is reported an example of the linescan for
calcium, cadmium and potassium and are represented both on the maps and on a separate graph.
From all these analysis it was possible to observe that in the stems of the clone Poli after the short
term treatment, cadmium was more localized in epidermis and schlerenchyma, but it was also

present in the vessels (phloem and xylem) and pith (Fig. 29-30). Other macro-nutrients such as Ca
and K were localized both on the outher tissues and in the central part of the stem. Especially
calcium and cadmium were more concentrated in the lignified tissues. Furthermore, cadmium was
more concentrated in old stem epidermis and schlerenchyma, while the young stems did not show
an high Cd accumulation.
In figure 31 are reported dot-maps of a set of specimens of stem cross sections from the clone 58861 treated for 48 hours at 20μM CdSO4. The amount of cadmium accumulated and its metal
distribution through the cross sections of 58-861 stems seems to be very similar to that accumulated
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Fig. 29: Dot-maps of a stem section of Poli clone treated with 20μM CdSO4 for 48 hours.
Magnification: 40x; 80 frames; working energy: 20 KeV; working distance: 14mm.

Fig. 30: A: Linescan of a stem section of Poli clone treated with 20μM CdSO4 for 48 hours. Graphic representation of
the trend along the yellow line across the sample for cadmium (blue), calcium (green) and potassium (red).
B: Dot-maps of stem section of Poli clone treated with 20μM CdSO4 for 48 hours, representing the distribution of Ca,
Cd and K. Magnification: 40x; 80 frames; working energy: 20 KeV; working distance: 14mm

104

from the Poli clone. This results from SEM/EDX are in accordance with those from the chemical
analyses AAS (see section 2.3.2, Fig. 19B) in which no statistically significant differences in
cadmium concentration were found, in the stem of the Poli and 58-861 clones after the short term
treatment.
In figure 32 are reported dot-maps of a set of specimens of stem cross sections from the clone A4A
treated for 48 hours at 20μM CdSO4. On the contrary, in A4A stems the Cd concentration was
higher than in other two clones and both old and new stems store Cd in their tissues, especially in
chlorenchyma, parenchyma and epidermis, however also the pith and vascular bundles showed Cd
presence. The changes in the external tissue structure were most extreme in clone A4A. This results
from SEM/EDX are in accordance with those from the chemical analyses AAS (see section 2.3.2),
in which the highest Cd concentration in stems was detected in clone A4A, both after the short and
the long term treatment (Fig. 19B).
Also in the stems of each considered clones, cadmium and calcium were complementary localized
especially in lignified and suberified tissues of the epidermis and chlorenchyma (Fig. 29, 31, 32).
Marmiroli et al. (2011) also showed a pronounced accumulation of Cd in the stems of the same
clone A4A treated with 50 μM of CdSO4 for three weeks, associated with an increased production of
sclerenchymatous tissue (Marmiroli et al., 2011).
Heavy metal stress has been repeatedly shown to increase the production of secondary metabolites
and to activate stress response pathways which modify cell wall structure (Maksymiec, 2007), and
in particular lead to its lignifications (van de Mortel et al., 2006). The distribution of cadmium in
stem tissues can be explained, by several studies that showed the ability of lignified tissues to
adsorb and chelate toxic metals (Crist et al., 2002; Marmiroli et al., 2004; Marmiroli et al., 2011),
and furthermore, because parenchyma is composed of living cells with thin walls, large intracellular
spaces and large vacuoles. In fact, plants can react to cadmium toxicity by the accumulation of
glutathione, phytochelatines and metallothioneins, in order to sequester toxic cadmium ions in the
vacuole (Cobbet et al., 2000).
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Fig. 31: Dot-maps of a stem section of 58-861 clone treated with 20μM CdSO4 for 48 hours.
Magnification: 85x; 420 frames; working energy: 20 KeV; working distance: 14mm.

Fig. 32: Dot-maps of a stem section of A4A clone treated with 20μM CdSO4 for 48 hours.
Magnification: 110x; 270 frames; working energy: 20 KeV; working distance: 14mm.
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2.3.3.3 LEAVES AFTER THE SHORT TERM TREATMENT
Leaves samples were harvested from control and treated plants, and utilised for elements
quantification and localization through SEM/EDX.
The SEM analysis showed that the leaves of plants exposed to Cd from each of the three clones
carried a deep layer of cuticular wax (Fig. 33); in some cases, trichomes developed in the midrib
area. In contrast, the leaves of nontreated plants produced almost no wax and were devoid of
trichomes on their upper surfaces. We can observe that leaves surface of each clone were covered
with a layer of wax, wich make it difficult to perform a good x-ray analysis. Howerver it is apparent
that calcium and cadmium are localized within the whole leaf, and particularly the metal occurred in
mesophyll cells surrounding the vascular cylinder (Fig. 34, 35). Moreover cadmium concentration
was similar in leaves of each clones. This results were in accordance with those from the chemical
analyses AAS (see section 2.3.2), in which the Cd concentration in leaves was not significantly
different between the three clones, after the short term treatment (Fig. 19C).
Previous studies showed that in leaves of Arabidopsis thaliana, cadmium is mostly located in the
trichomes with the highest amounts of metal encountered in the strip of the trunk, in the end of the
branches, and in the small bumps of the trichome surface. The metal is even more concentrated in
the outer parts of this strip, suggesting that it is associated to the cell wall or cuticle (Isaure et al.,
2006). This suggests that trichomes are the major compartment of Cd accumulation in the leaves.
Trichomes are also enriched with Ca while P, S, Cl and K are more concentrated in the leaf tissue
than in the trichomes (Isaure et al., 2006). Sequestration of various metals in trichomes has been
observed in numerous plants, including hyperaccumulating species: zinc and cadmium in
Arabidopsis halleri (Zhao et al., 2000), nickel in Alyssum murale (Broadhurst et al., 2004), and
non-hyperaccumulating species: cadmium in Brassica juncea (Salt et al., 1995).

Fig. 33: SEM image of a leaf section of Poli clone treated with 20μM
CdSO4 for 48 hours.
Magnification: 220x; 270 frames; working energy: 20 KeV; working
distance: 14mm.
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Fig. 34: Dot-maps of a leaf section of Poli clone treated with 20μM CdSO4 for 48 hours.
Magnification: 100x; 218 frames; working energy: 20 KeV; working distance: 14mm.

Fig. 35: Dot-maps of a leaf section of A4A clone treated with 20μM CdSO4 for 48 hours.
Magnification: 100x; 221 frames; working energy: 20 KeV; working distance: 14mm.
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In the hyperaccumulating plants Arabidopsis halleri, although trichomes present the highest metal
concentrations, mesophyll cells are the major storage sites for metal in leaves (Kupper et al., 2000;
Sarret et al., 2002). On the contrary, Isaure et al. (2006) found that the leaf epidermis and
mesophyll of Arabisopsis thaliana contained only traces of cadmium, and trichomes were likely the
major storage compartment for cadmium. The sequestration of Cd in these trichomes might be a
way to protect the metabolically active cells from metal toxicity.
In Thlaspi caerulescens leaves, cadmium was detected in granules localized in vacuoles of spongy
and palisade mesophyll cells and of some epidermal cells. Cd was also found in cells of lower
epidermis in direct neighbourhood of stomata as well as in some cells of upper epidermis. The
metal occurred in mesophyll cells surrounding the vascular cylinder. The detected metal was always
present in dark deposits within vacuoles of the observed cells, but it was not found in other
compartments of protoplast, in cell walls and cuticle layers on the leaf surface (Wójcik et al., 2005).
The presence of S at Cd localization sites encouraged us to examine phytochelatin (thiol peptides)
accumulation induced by Cd (Wójcik et al., 2005). Specific Cd localization in mesophyll cells lying
on the way of water migration from vascular cylinder to epidermis and stomata distinctly indicates
involvement of transpiration in metal translocation in the leaves. Some authors suggest that in plant
leaves, similarly as in roots, the capacity to bind Cd in the call wall has a protective action against
the deleterious effect of Cd by reducing the amounts of cytosolic Cd (Lozano-Rodrıguez et al.,
1997; Ramos et al., 2002; Zornoza et al., 2002).

2.3.3.4 ROOTS, STEMS AND LEAVES AFTER THE LONG TERM TREATMENT
Samples of roots, stems and leaves were harvested and collected also from poplar cuttings grown in
hydroponics with 20μM CdSO4 for 14 days, to perform elements quantification and localization
through SEM/EDX. The intense damage caused by the Cd treatment the cross sections were not
profitably observable under the scanning microscope due to their uneven surface.
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2.3.4 Proteomic Analysis
Total proteins from leaves were extracted following the protocol in Pirondini et al. (2006) (see
materials and methods, 2.2.6). Total proteins were extracted from leaves of each clone in control
and treated conditions after the short term treatment and in control and treated conditions after the
long term treatment. Leaf protein total extracts were quantified using Bradford assay (Materials and
Methods, 2.2.7) in order to evaluate the exact protein concentration of each extract, and purified by
PD-10 Column (GE-Healthcare Biosciences, Uppsala, Sweden) (materials and methods, 2.2.8).
Proteins from each extract were subjected to 2D-LC separation by using ProteomeLab™ PF-2D
(Beckman Coulter, USA) (Material and Methods, 2.2.9). High-performance chromatofocusing
(HPCF) produces liquid pH fractions as the 1st dimension separation, followed by high-performance
reversed-phase (HPRP) of each of the pH fractions as the 2nd dimension.
In figures 36 and 37, 1st dimension chromatograms were reported showing the absorbance at 280nm
versus time; the height of each peak in the chromatogram is proportional to the protein
concentration. All 1st dimension chromatograms are quite similar to each other (coming from
different clones of the same plant species) and, in each chromatogram was evident the presence of
three great protein groups: basic proteins, proteins of the gradient and acid proteins.
Poli 0μM CdSO4 48h

Poli 20μM CdSO4 48h

Poli 0μM CdSO4 14d

Poli 20μM CdSO4 14d

st

Fig. 36: 1 dimension chromatograms of 3mg of total leaf protein extract from Poli clone cuttings grown in hydroponic
culture with 0 µM CdS04, control (green), and 20 µM CdS04 treated (orange for short term treatment and red for long term
treatment). The y-axis displays the absorbance at 280nm. The x-axis displays the increase of pH during time.
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58861 0μM CdSO4 48h

58861 20μM CdSO4 48h

58861 0μM CdSO4 14d

58861 20μM CdSO4 14d

A4A 0μM CdSO4 48h

A4A 20μM CdSO4 48h

A4A 0μM CdSO4 14d

A4A 20μM CdSO4 14d

st

Fig. 37: 1 dimension chromatograms of 3 mg of total leaf protein extract of cuttings from the clone 58-861 and A4A
grown in hydroponic culture with 0 µM CdS04, control (green), and 20 µM CdS04 treated (orange for short term
treatment and red for long term treatment). The y-axis displays the absorbance at 280nm. The x-axis displays the
increase of pH during time.
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Each liquid fraction obtained from high-performance chromatofocusing was subjected to highperformance reversed-phase (HPRP) as the 2nd dimension. Software generated 2nd dimension
chromatograms that show the absorbance at 214 nm versus retention time; the height of each peak
in the chromatogram is proportional to the abundance of the corresponding protein.
The Proteovue software (Eprogen, Darien, IL, USA) converts all 2nd dimension chromatograms of
one sample into easily visualized 2-D maps, "virtual gels” (an example is shown in figure. 38).

Fig. 38: ProteoVue 2-D expression map of a protein leaf extract of 58-861 clone cuttings grown in hydroponic culture
with 0 µM CdS04 (Control). The x-axis is in isoeletric point (pI) units from 4.0 to 8.0. The y-axis displays increasing
hydrophobicity. The colour scale of the bands represents the relative intensity of each band by UV detection at 214
nm. The chromatogram of a single lane (lane 17 and 27) is evidenced on the left. The two figures are two
representations of the same map used different colours.

112

For each clone the protein profile of the treated (20 μM of CdSO4) and untreated (0 μM of CdSO4)
samples were analysed. A total of 600 resolved proteins were detected for each treatment and the
data were visualized on twelve different “virtual gels” by using the ProteoVue software (Eprogen,
Darien, IL, USA) (an example is shown in figure. 38).
The comparison of protein profiles between 0 (control) and 20 μM of CdSO4 (treatment) in each
poplar clone was performed by DeltaVue software (Eprogen, Darien, IL, USA) (an example is
shown in figure. 39). This software generates “differential maps” in which the bands corresponding
to protein peaks have different shades of colours, with different intensity, according to their
abundance in the treated sample compared to the control sample.
58861 0μM CdSO4 48h

58861 differential map 48h

58861 20μM CdSO4 48h

Fig. 39: 2-D differential maps of 58-861 clone leaf protein extraction after short term treatment. The 2-D virtual gel of
control plants (0 μM CdSO4) is shown on the left and the 2-D virtual gel of treated plants (20 μM CdSO4) is shown on
the right. The central lane is a differential map of the protein expression of the control vs 20 μM CdSO4 protein
samples. Proteins that showed an higher concentration in control sample are in shades of red, proteins that showed
an higher concentration in treated sample are in shades of green.

In detail, this software compares peaks corresponding to the same protein in the 0 and 20 μM of
CdSO4 treatments, allowing a quantification by subtractive analysis (an example is shown in figure.
40). For each pair of peaks a value L/R is obtained which represents the ratio between the
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absorbance value of that peak in the control sample and the absorbance value of the same peak in
the treated sample, and vice versa (R/L) (upper table in figure 40).

Fig. 40: 2-D differential maps (central lane) of 58-861 clone leaf protein extraction after short term treatment (19th
pH fraction). The protein pattern of control plants (0 μM CdSO4) is shown in shades of red and the protein pattern of
treated plants (20 μM CdSO4) is shown in shades of green. The central lane is a differential map of the protein
expression of the control vs 20 μM CdSO4 protein samples. The yellow squares correspond to the proteins which
show a level of differential abundance more than 1,5 times respectively in the control and in the treated condition. In
the upper table there are quantitative data from each peaks obtained by subtracting the area of the peak in the red
lane from the corresponding peak area in the green lane (L/R) and vice versa (R/L).

In order to obtain a graphical representation of how the entire proteome of the three clones was
affected by cadmium presence, we performed a scatter diagram of the absorbance values, measured
by UV detection at 214 nm, of all isolated peaks from the proteomic analysis of untreated sample
(X-axis) and treated sample (Y-axis) after the short (Fig. 41A) and the long term cadmium
treatment (Fig. 41B). All the peaks with similar absorbance values, from the differential analysis
between treated and untreated samples, were represented as points close to the 45° bisect line; all
the peaks with different absorbance values, and therefore more or less abundant in treated samples,
are represented as points distant from the 45° bisect line (Fig. 41).
The clone A4A seemed to be less affected by the short term cadmium treatment because the points
representing its differential analysis, in the Scatter diagram, are closer to the bisect line, while the
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A

B

Fig. 41: Scatter diagram of the absorbance values measured by UV detection at 214 nm of all isolated peaks from the
proteomic analysis of untreated sample (X-axis) and treated sample (Y-axis). The upper diagram refers to proteomic
analysis after short term treatment (48h) and the lower diagram refers to proteomic analysis after long term
treatment (14d). The symbols according to the legend represent three different poplar clones. All the peaks with
similar absorbance values, from the differential analysis between treated and untreated samples, are represented as
points close to the 45° bisect line.
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points for the other clones are more scattered, hence they have been more affected by the short term
cadmium treatment (Fig. 41A).
On the contrary, after the long term treatment, clones 58-861 and Poli seemed to be less affected by
cadmium treatment than the short term treatment and clone A4A seems to be more affected by
cadmium long term treatment (Fig. 41B).
For each of the six comparisons a list of the 600 R/L ratios was obtained. In order to assess which
of these values were significant, the logarithm (log10) of these values was calculated and the results
were grouped into frequency categories; all values were distributed according to a Gaussian curve,
and then, the values that were higher than the addition between average and double standard
deviation (μ+2σ) and less than the subtraction between average and double standard deviation (μ2σ), were the values considered statistically significant (p<0,05) and chosen for subsequent analysis
(Fig.42). In all cases analyzed, these values considered statistically significant, corresponded to
proteins over abundant or under-abundant, more than three times, in treated sample compared to
control sample.

Fig. 42: Distribution in frequency classes of logarithm of all ratios R/L obtained with DeltaVue software in the
comparison between control sample and treated sample after short term treatment for the clone 58-861. Significant
values contained into two tails of the normal distribution are highlighted in red squares.
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SHORT TERM TREATMENT (48h)
Figure 43, shows how many proteins are more than 2.5 times abundant in the treated condition
compared to the untreated condition and vice versa, in each clone after the short term treatment.
Both poplar clones 58-861 and Poli had more differentially abundant proteins between control and
treated samples than the clone A4A. Therefore, the leaf proteome of clone A4A seemed to be less
affected by the short term cadmium treatment than the other two clones.
With regard to the P. Nigra clone 58-861 the DeltaVue software identified 175 proteins displaying a
more than 2.5-fold increased or decreased in response to the short term cadmium treatment; 122 of
these proteins had an increase or decrease from 2.5-fold to 5-fold, 38 from 5-fold to 10-fold and 15
more than 10-fold (Fig.43). With regard to the other P. Nigra clone Poli the DeltaVue software
identified 168 proteins more than 2.5-fold increased or decreased in response to short term
cadmium treatment; 118 of these proteins had an increase or decrease from 2.5-fold to 5-fold, 36
from 5-fold to 10-fold and 14 more than 10-fold (Fig.43). Therefore, the leaf proteome of the last
two poplar clones appeared to be influenced in a similar way by exposure to cadmium for 48 hours.
But, in the clone Poli, most of these proteins were more abundant in control plants compared to
plants exposed to the metal. On the contrary, in the clone 58-861, most of these proteins were
abundant in treated plants compared to control plants. This important difference could be caused by
different physiological response of the two clones after short-term treatment and by their different
translocation capacities shown by previous analysis (Fig. 21 ,Par. 2.3.2). With regard to the clone
A4A, the DeltaVue software identified only 39 proteins with an increase/decrease more than 2.5fold in response to the short term cadmium treatment; 32 of these proteins from 2.5-fold to 5-fold
increased or decreased, 6 from 5-fold to 10-fold and only 1 more than 10-fold (Fig.43).
SHORT TERM TREATMENT
2.5 - 5 fold 5-10 fold >10 fold
58-861 0 μM CdSO4

34

11

5

58-861 20 μM CdSO4
TOT.

88

27

10

122

38

15

Poli 0 μM CdSO4

100

26

8

Poli 20 μM CdSO4
TOT.

18

10

6

118

36

14

A4A 0 μM CdSO4

19

2

0

A4A 20 μM CdSO4
TOT.

13

4

1

32

6

1

Fig. 43: Abundance rate of the proteins in leaves. Number of proteins 2.5-fold abundant or more in the control
condition (0 μM CdSO4) related to treated condition (20 μM CdSO4) and vice versa, after the short term treatment.
The graph on the right shows the number proteins more or less abundant than 2.5-5 times (in light blue), than 5-10
times (blue) or more than 10 times (dark blue), in the treated samples compared to the control samples.
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LONG TERM TREATMENT (14d)
The figure 44, shows how many proteins are more abundant than 2.5 times in the treated conditions
compared to the untreated condition and vice versa, after the long term treatment. Both poplar
clones 58-861 and Poli had less differentially abundant proteins between control and treated
samples than clone A4A.
The last one showed 116 proteins increased/decreased more than 2.5-fold in response to the long
term cadmium treatment; 97 of these proteins from 2.5-fold to 5-fold, 12 from 5-fold to 10-fold and
7 more than 10-fold (Fig.44).
With regard to the clone Poli, the DeltaVue software identified 32 proteins increased/decreased
more than 2.5-fold in response to short term cadmium treatment; 31 of these proteins from 2.5-fold
to 5-fold, only 1 from 5-fold to 10-fold and no proteins were more or less abundant than 10-fold in
control plants compared to treated plants (Fig.44).
With regard to the clone 58-861, the DeltaVue software identified 38 proteins increased/decreased
more than 2.5-fold in response to short term cadmium treatment; 32 of these proteins from 2.5-fold
to 5-fold, 5 from 5-fold to 10-fold and only 1 more than 10-fold (Fig 44).
Therefore, the leaf proteome of clone A4A seemed to be more affected by the long term cadmium
treatment than the other two clones.

LONG TERM TREATMENT
2.5 - 5 fold 5-10 fold >10 fold
58-861 0 μM CdSO4

12

1

0

58-861 20 μM CdSO4
TOT.

20

4

1

32

5

1

Poli 0 μM CdSO4

3

0

0

Poli 20 μM CdSO4
TOT.

28

1

0

31

1

0

A4A 0 μM CdSO4

80

11

5

A4A 20 μM CdSO4
TOT.

17

1

2

97

12

7

Fig. 44: Abundance rate of the proteins in leaves. Number of proteins 2.5-fold abundant or more in the control
condition (0 μM CdSO4) related to treated condition (20 μM CdSO4) and vice versa, after the long term treatment.
The graph on the right shows the number of proteins more or less abundant than 2.5-5 times (in light blue), than 510 times (blue) or more than 10 times (dark blue), in the treated samples compared to the control samples.
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2.3.5 Proteins identification
Some of the isolated proteins were subjected to identification by mass spectrometry (MS), in order
to understand the molecular basis underlying the different responses to cadmium contamination.
The MALDI Spectra obtained (Fig 45) by MALDI-LR in TOF/MS mode and in “reflectron” mode
(materials and methods, 2.2.11) were used to enter the Swiss-Prot database to gain information on
the biological identity of the proteins whose peaks have been obtained. The Mass spectrometry
combined with “in silico” analysis provided identity information on the putative proteins
represented by the peaks including their exact protein mass (Mr) and theoretical isoelectric point
(pI).

Fig. 45: Mass Spectrum of one identified protein.

For some of the proteins the experimental isoelectric point (pIapp) value showed only a partial
correspondence with the theoretical pI value, but for most of the proteins identified the
correspondence was acceptable. Similar inconsistencies have been described by other authors (Soldi
et al., 2005) and have been attributed to the fact that in liquid chromatography systems the pIapp is
influenced also by the concentrations of ions present in the liquid and adsorbed phase and by the
binding of a small part of the charged protein to the ion exchanger (A.S. Essander et al., 2005; X.
Kang et al., 2003).
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Subsequently, the amino acid sequence of the identified protein was blasted against the Populus
trichocarpa EST database (http://www.populus.db.umu.se) to find a match with the putative protein
identified through Mascot research.
Tables 4, 5, 6a, 6b and 7 show the putative identifications by “PMF” (Peptide Mass Fingerprinting)
made by MALDI TOF/MS analysis of some isolated protein after differential proteomic analysis
between control and treated plants of the three poplar clones (Poli, 58-861, A4A) for the short (Tab.
4, 5) and the long term treatments (Tab. 6a, 6b, 7).
Tables 4, 6a and 6b contain together the identified proteins for the clones Poli and 58-861 because
the differential proteomic analysis of these clones showed that many proteins were similarly more
or less abundant in treated plants compared with control plants of these two clones, although with
different ratios.
For each putative identification step the parameters reported are: fraction and peak number as given
by Proteovue Software after 2D-LC, putative protein identification and accession number of the
closest match in the Swiss-Prot database by Mascot research, ratio L/R if the peaks were more
abundant in the control samples or ratio R/L if the peaks were more abundant in the treated samples,
organism, predicted mass value and theoretical pI of the closest match in the Swiss-Prot database,
score and percentage of coverage of the matching peptide sequence tags resulting by MASCOT
algorithm, matches and coverage identified by tBLASTn search in poplar EST database
(PopulusDB, website: http://www.populus.db.umu.se).

2.3.5.1 Poli AND 58-861 CLONES AFTER THE SHORT TERM TREATMENT (Tab. 4)
Proteomic data showed that several proteins involved in plant defense, stress response and oxidative
stress response were more-abundant in P.Nigra Poli and 58-861 clones treated for 48 hours with
cadmium.
PLANT DEFENCE – STRESS RESPONSE

Protein 354 (Probable disease resistance protein At1g63360), 551 (Disease resistance protein
RPM1) and 584 (Probable protein phosphatase 2C 59) are three disease resistance proteins that
modulates defense responses to pathogenic bacteria and pathogenic attacks. The last one promotes
salicylic acid (SA) accumulation and it is known as this acid is essential for expression of multiple
modes of plant disease resistance (Delaney et al., 1994). This upregulation of pathogens related
protein could indicate that similar signalling pathways are shared between biotic stress response and
heavy metals exposure. The protein 567 (17.5 kDa class I heat shock protein) belongs to the small
heat shock proteins (HSP20) family, involved in stress response (Nagao et al., 1985).
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Table 4: Proteins separated by 2D-LC and identified by MALDI-TOF/MS and “in silico” analysis for 58-861 and Poli
a
b
clones after the short term treatment. fraction and progressive peak number as given by 2D-LC, putative protein
d
c
identification and accession number for the closest match in the Swiss-Prot database, L/R ratio or R/L ratio,
e
f
g
h
i
organism, predicted mass value and pI of the closest match in the database, score and percentage of coverage of
j
k
the matching peptide sequence tags resulting by MASCOT algorithm, matches and percentage of coverage identified
by tBLASTn search in poplar EST database PopulusDB.
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Poli

20 - 424

7 - 64

PROTEOLYSIS

LIGNIN and ISOPRENOID BIOSYNTHESIS

Magnesium transporter MRS2-E

MOLECULAR TRANSPORTERS

Chaperonin HSP60, mitochondrial

PROTEIN FOLDING

MISCELLANEOUS

Acyl-[acyl-carrier-protein] desaturase

58-861 Pentatricopeptide repeat-containing protein At1g28020

b oth

LIPID SYNTHESIS

58-861 Pentatricopeptide repeat-containing protein At4g14850

b oth

20 - 321

20 - 341

GLYCOLYSIS

Ribulose bisphosphate carboxylase small chain SSU1

58-861 U-box domain-containing protein

b oth

32 - 585

Ribulose bisphosphate carboxylase large chain

CARBOHYDRATE METABOLISM

58-861 Enolase 1

b oth

23 - 387

32 - 578

c

9,30

6,40

L/R

3,09

Photosystem I reaction center subunit IV B, chloroplastic 10,40

b

43,57

7,43

38,63

5,88

5,77

58-861 Ribulose bisphosphate carboxylase small chain SSU40A 5,30

b oth

20 - 340

Phosphoenolpyruvate carboxylase 4

PHOTOSYNTHESIS

Peroxidase 5

58-861 Cytochrome c6, chloroplastic

33 - 661

23 - 489

OXIDATIVE STRESS RESPONSE

58-861 Putative poly [ADP-ribose] polymerase 3

Poli

23 - 477

17.5 kDa class I heat shock protein

58-861 Protein phosphatase 2C 59

b oth

20 - 423

21 - 346

Probable disease resistance protein At1g63360

Protein name (SWISS PROT database)
PLANT DEFENCE - STRESS RESPONSE

58-861 Disease resistance protein RPM1

b oth

clone

b oth

a

28 - 582

17 - 253

32 - 584

31 - 567

31 - 551

21 - 354

frac./peak

c

4,64

13,36

15,29

3,73

3,36

36,36

2,90

8,10

4,54

R/L

Organism

e

Arabidopsis Thaliana

Arabidopsis thaliana

Medicago Truncatula

Zea mays

Lemna gibba

Lemna gibba

Pellaea andromedifolia

Nicotiana sylvestris

Arabidopsis Thaliana

Solanum tuberosum

Carthamus tinctorius

Arabidopsis Thaliana

PPR61_ARATH Arabidopsis Thaliana

STAD_CARTI

PP312_ARATH

MRS2E_ORYSI Oryza sativa

CH60_SOLTU

PUB48_ARATH Arabidopsis Thaliana

ENO1_MAIZE

RBS1_LEMGI

RBS3_LEMGI

RBL_PELAN

PSAEB_NICSY

CYC6_ARATH

CAPP4_ARATH Arabidopsis Thaliana

PER5_ARATH

PARP3_MEDTR

P2C59_ARATH Arabidopsis Thaliana

HSP13_SOYBN Soybean

RPM1_ARATH

DRL20_ARATH Arabidopsis Thaliana

d

Accession n.

65610

45197

77037

46543

4237

51330

48262

19795

8,54

6,85

8,13

5,06

8,48

6,18

5,20

8,24

49

38

42

38

34

43

34

49

50

20

23

35

50

37

27

34

38

27

score

35

9,74

6,73

6,68

8,24

5,20

4,67

5,33

8,58

6,87

g

pI

6,39

f

20074 8,24

49149

15215

19540

117254

35007

91074

33341

17535

107556

102439

Mw(kDa)

h

j

F116P28.5pR

N007D06

P070F06

R013C06

T106G09

EST poplar

14%

16%

11%

11%

75%

12%

18%

32%

38%

12%

13%

13%

P033F12

V033E12

/

/

P069C06

/

R005C03

M116D05

M116D05

R040F02

V040B07

S077A06

6% FL_GENBANK92

38%

7%

16%

18%

8%

27%

i

cov.

35%

75%

/

/

87%

/

91%

72%

70%

59%

71%

66%

50%

39%

71%

82%

33%

35%

k

cov.

Table 5: Proteins separated by 2D-LC and identified by MALDI-TOF/MS and “in silico” analysis for the A4A clone after
a
b
the short term treatment. fraction and progressive peak number as given by 2D-LC, putative protein identification
d
c
e
f
and accession number for the closest match in the Swiss-Prot database, L/R ratio or R/L ratio, organism, predicted
g
h
i
mass value and pI of the closest match in the database, score and percentage of coverage of the matching peptide
j
k
sequence tags resulting by MASCOT algorithm, matches and coverage identified by tBLASTn search in poplar EST
database PopulusDB.
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c

Monothiol glutaredoxin-S17

27 - 551

Beta-fructofuranosidase, insoluble isoenzyme 6

25 - 515

21 - 369

1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 1

22 - 420

34 - 718

7 - 73

28 - 567

Cysteine synthase, chloroplastic/chromoplastic

21 - 372

Probable protein phosphatase 2C 24

Probable alpha,alpha-trehalose-phosphate synthase

MISCELLANEOUS

Molybdopterin synthase catalytic subunit

NITROGEN and SULFUR METABOLISM

Glutamate synthase 1 [NADH]
Histidinol dehydrogenase

AMINOACID BIOSYNTHESIS

8 - 102
20 - 341

25 - 512

GDP-mannose 4,6 dehydratase 1
TRANSCRIPTION and TRANSLATION
50S ribosomal protein L21, chloroplastic

2,75

ATP synthase subunit beta

17 - 272

10 - 119

2,89

Nicastrin
ATP SYNTHESIS coupled PROTON TRANSPORT
V-type proton ATPase catalytic subunit A

4,32

5,47

6,02

4,34

3,39

3,42

SKP1-like protein 19

25 - 513

3,14

3,46

2,90

13 - 160

PROTEOLYSIS

Alpha-1,4 glucan phosphorylase L isozyme

9 - 108

CARBOHYDRATE METABOLISM

Photosystem I reaction center subunit II-2, chloroplastic

Light-independent protochlorophyllide reductase

3 - 21

24 - 491

Phosphoenolpyruvate carboxylase 4

3 - 18

PHOTOSYNTHESIS

Ferritin-2, chloroplastic

Protein SRG1

25 - 514

3 - 20

OXIDATIVE STRESS RESPONSE

Pinus taeda

Organism

e

Asparagus officinalis

CHLN_CHLRE

Chlamydomonas reinhardtii

Oryza sativa

INV6_ORYSJ

Arabidopsis thaliana

Nephroselmis olivacea

Oryza sativa

90330
41241

Arabidopsis thaliana

21022

23855

P2C24_ARATH Arabidopsis thaliana

TPS4_ARATH

MOC2B_ORYSI Nuphar advena

ARD1_ORYSI

41925
4,64

3,09 CYSKP_ARATH Arabidopsis thaliana

13801
243741
50747

Psilotum nudum

40939

52389

5,34

6,09

5,5

5,07

8,13

5,9
5,8

10,3

6,61

5,23

5,1

30

37

43

42

44

44
57

30

52

41

48

45
68790

43

52

46

4,44

5,14

5,63

42

44

42

64

25

41

35

48

40

score

73645 6,04

22872

65159

114079

9,78

22350

6,68

5.01

5,53

5,3

6,5

6

5,52

g

pI

8,3

f

61571

117254

3,50 GLUT1_ARATH Arabidopsis Thaliana
3,04 HISX_ARATH Arabidopsis Thaliana

RK21_PSINU

GMD1_ARATH Arabidopsis thaliana

ATPB_NEPOL

VATA_BETVU Beta vulgaris

NICA_ARATH

ASK19_ARATH Arabidopsis thaliana

Vicia faba

PHSL_VICFA

3,01 PSAD2_ARATH Arabidopsis thaliana

4,90

5,61 CAPP4_ARATH Arabidopsis Thaliana

53424

2,81 GRS17_ARATH Arabidopsis thaliana

41184

17025

114864

98178

Mw(kDa)

28360

FRI2_ARATH

SRG1_ARATH Arabidopsis Thaliana

PR1_ASPOF

RGA3_SOLBU Solanum bulbocastanum

TPSD1_PINTA

d

Accession n.

Arabidopsis thaliana

8,11

2,85

21 - 269

Pathogenesis-related protein 1

c

3,05

R/L
2,76

3,33

L/R

Putative disease resistance protein RGA3

b

Levopimaradiene synthase, chloroplastic

PLANT DEFENCE - STRESS RESPONSE

Protein name (SWISS PROT database)

3 - 22

a

2 - 10

frac./peak

h

8%

8%

17%

22%

13%

4%
13%

16%

14%

14%

12%

8%

29%

11%

7%

21%

13%

7%

17%

14%

21%

20%

9%

6%

i

cov.

j

74%

/

87%

70%

72%

60%

37%

44%

38%

k

cov.

F029P39.3pR

X020E03

R002D05

P063G10

T085E08

F094P29

UA52DPB04

F066P38.3pR

V041B08

K024P84

/

Q048C06

A058P33.3pR

Q001H02

67%

69%

64%

73%

75%

62%
89%

37%

82%

78%

/

42%

56%

57%

UA53DPF08.3pR 87%

S033A09

/

X018E01

UK105TE10

M128D09

P004H04

R035F11

V044B09

N032C12

EST poplar

Table 6a: Proteins separated by 2D-LC and identified by MALDI-TOF/MS and “in silico” analysis for 58-861 and Poli
a
b
clones after the long term treatment. fraction and progressive peak number as given by 2D-LC, putative protein
d
c
e
identification and accession number for the closest match in the Swiss-Prot database, L/R ratio or R/L ratio, organism,
f
g
h
i
predicted mass value and pI of the closest match in the database, score and percentage of coverage of the matching
j
k
peptide sequence tags resulting by MASCOT algorithm, matches and coverage identified by tBLASTn search in poplar
EST database PopulusDB.
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2 -11

Poli

Poli

Poli

b oth

b oth

17 - 247

18 - 286

13 - 229

11 - 198

15 - 270

Nucleoside diphosphate kinase 3

NUCLEOTIDES and ATP SYNTHESIS, PROTON TRANSPORT

Proteasome subunit alpha type-3

PROTEOLYSIS

L-type lectin-domain containing receptor kinase VII.1

Glucose-1-phosphate adenylyltransferase small subunit

Sucrose-phosphatase 1

Bifunctional enolase 2/transcriptional activator

GLYCOLYSIS

Poli

ATP synthase subunit beta, chloroplastic
58-861 Adenylosuccinate synthetase 1, chloroplastic

Poli

1-4

17 - 249

Ribulose bisphosphate carboxylase small chain SSU1

58-861 Ribulose bisphosphate carboxylase small chain, chloroplastic

Poli

17 - 253

25 - 433

24 - 415
2,70

2,80

2,50

3,87

58-861 Ribulose bisphosphate carboxylase small chain SSU40A
Poli
Ribulose bisphosphate carboxylase small chain, chloroplastic

15 - 262

24 - 414

4,44

58-861 Ribulose bisphosphate carboxylase large chain (Fragment)

2,73

2,80

58-861 Ribulose bisphosphate carboxylase/oxygenase activase A

Light-independent protochlorophyllide reductase subunit N
CARBOHYDRATE METABOLISM

3,39

3,88

c

15 - 260

b oth

58-861 Photosystem I reaction center subunit IV B, chloroplastic

58-861 Light-independent protochlorophyllide reductase subunit N

PHOTOSYNTHESIS

58-861 Peroxidase 5
b oth 1-Cys peroxiredoxin

OXIDATIVE STRESS RESPONSE

L/R

21 - 339

24 - 409

15 - 261

7 - 88

8 - 98

b oth

58-861 ABC transporter B family member 19

7 - 87

27 - 515

b

58-861 Heat stress transcription factor A-4b

17.5 kDa class I heat shock protein

Protein name (SWISS PROT database)
PLANT DEFENCE - STRESS RESPONSE

27 - 512

Poli

clone

12 - 224

a

Putative defensin-like protein 230
58-861 Putative late blight resistance protein homolog R1A-3

7 - 54

frac./peak

c

7,28

2,80

2,65

2,7

2,55

3,18

2,80

3,63

3,26

5,60

2,80

3,12

3,90

2,98

2,87

R/L

Organism

e

Arabidopsis thaliana

Chlorokybus atmophyticus

Hevea brasiliensis

Lemna gibba

Musa acuminata

Lemna gibba

Pellaea andromedifolia

Zea mays

Trachycarpus fortunei

Spinacia oleracea
PURA1_PHYPA Physcomitrella patens

ATPB_TRAFO

NDK3_SPIOL

PSA3_ORYSJ Oryza sativa subsp. Jap.

LRK71_ARATH Arabidopsis thaliana

GLGS_ARATH Arabidopsis thaliana

SPP1_MAIZE

ENO2_ARATH Arabidopsis thaliana

RBS_HEVBR

RBS1_LEMGI

RBS_MUSAC

RBS3_LEMGI

RBL_PELAN

f

9,74

5,70

6,08

8,24

8,38

5,26

6,43

8,64

5,33

g

pI

6,39

8,04

8,70

8,24

56101

53644

17107

27506

76930

56957

6,25

5,39

8,12

5,75

6,21

6,13

47719 5,38
47583 5,48

21049

19795

20074 8,24
20839
9,23

49149

51383

61571 8,30

15215

54247

24569

35007

137215

49528

89645

10726

17535

Mw(kDa)

Chlamydomonas reinhardtii

RCAA_HORVU Hordeum vulgare

CHLN_CHLRE

PSAEB_NICSY Nicotiana sylvestris

CHLN_CHLAT

REHY_MEDTR Medicago truncatula

PER5_ARATH

AB19B_ARATH Arabidopsis thaliana

HFA4B_ORYSJ Oryza sativa subsp. Jap.

R1A3_SOLDE Solanum demissum

DF230_ARATH Arabidopsis thaliana

HSP13_SOYBN Soybean

d

Accession n.

34

47

38

32

9%

14%

30%

22%

14%

9%

13%

25%

32%

27%

38%

12%

13%

21%

13%

16%

25%

21%

51

X017B03

T064E07

I051P82.5pR

V017A12

P070F06

EST poplar

j

G069P38

K024P84

S013B10

Q003A09

UR108TC05

V041D08

V002B11

T084D02

S062F04

M116D05

V049D08

M116D05

R040F02

UL98TD06

/

V040B07

/

S067D06

38% FL_GENBANK92

5%

12%

9%

24%

18%

i

cov.

26
27

h

42

45

49

31

50

35

34

62

20

37

60

50

46

34

40

40

34

score

67%

79%

82%

86%

47%

80%

78%

90%

79%

72%

71%

70%

52%

92%

/

71%

/

76%

49%

63%

44%

33%

28%

82%

k

cov.

Table 6b: Proteins separated by 2D-LC and identified by MALDI-TOF/MS and “in silico” analysis for 58-861 and Poli
a
b
clones after the long term treatment. fraction and progressive peak number as given by 2D-LC, putative protein
d
c
identification and accession number for the closest match in the Swiss-Prot database, L/R ratio or R/L ratio,
e
f
g
h
i
organism, predicted mass value and pI of the closest match in the database, score and percentage of coverage of
j
k
the matching peptide sequence tags resulting by MASCOT algorithm, matches and coverage identified by tBLASTn
search in poplar EST database PopulusDB.
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Pentatricopeptide repeat-containing protein At2g45350

b oth

3,37

Poli

17 - 254

27 - 514

16 - 230

3,40

b oth

Pentatricopeptide repeat-containing protein At1g71210

5,48

2,55

2,71

2,85

2,59

5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 1
Ethylene receptor 2

2,21

Histone H1

58-861 Probable protein phosphatase 2C 28
Poli
Cysteine-rich receptor-like protein kinase 37

Poli

7 - 71

11 - 199

Poli

7 - 68

MISCELLANEOUS

58-861 Expansin-B13

2,50

12 - 223

Auxin-responsive protein IAA6
Auxin transport protein BIG
4,03

Poli

19 - 304

2,90

15,41

b oth

17 - 248

CELL DIVISION

Protein TOC75, chloroplastic

2,64

2,56

58-861 Cyclin-dependent kinase inhibitor 1
CELL WALL

Poli

24 - 413

Aquaporin NIP2-1

2,50

58-861 Phytosulfokine receptor 1

Poli

16 - 233

Magnesium transporter MRS2-E

Potassium channel AKT2

4,29

2,69

2,72

2,57

3,40

R/L c

7 - 82

Poli

L/Rc

13 - 241

Poli

7 - 67

MOLECULAR TRANSPORTERS

58-861 L-idonate 5-dehydrogenase

58-861 30S ribosomal protein S3, chloroplastic
ASCORBATE METABOLISM

Poli

40S ribosomal protein S10-1
58-861 30S ribosomal protein S15, chloroplastic

Protein name (SWISS PROT database)b
TRANSCRIPTION and TRANSLATION

clone

13 -155

11 - 202

22 - 375

19 - 324

18 - 273

8 - 76

frac./peaka

Organism e

Oryza sativa subsp. Jap.

Vitis vinifera

Eucalyptus globulus

Aethionema cordifolium

Oryza sativa subsp. Jap.

Oryza sativa subsp. Jap.

Pisum sativum

Oryza sativa subsp. Jap.

Zea mays
Pelargonium hortorum

PP113_ARATH Arabidopsis thaliana

CRK37_ARATH Arabidopsis thaliana

P2C28_ARATH Arabidopsis thaliana

ETR2_PELHO

MTN1_ARATH Arabidopsis thaliana

H1_MAIZE

EXB13_ORYSJ Oryza sativa subsp. Jap.

KRP1_ORYSI

PSKR1_DAUCA Daucus carota

BIG_ORYSJ

IAA6_ORYSJ

TOC75_PEA

NIP21_ARATH Arabidopsis thaliana

MRS2E_ORYSI Oryza sativa subsp.Indica

AKT2_ORYSJ

IDND_VITVI

RR3_EUCGG

RR15_AETCO

RS101_ARATH Arabidopsis thaliana

PP202_ARATH Arabidopsis thaliana

Accession n.d

6,78

30846
88728

5,55

9,93

6,14

101735

74191

26460

83528

8,42

7,15

5,71

6,53

25333 10,71
28547
4,65

24653

27293

113112

36912 7,64
560057 5,71

7,01

5,06

6,64
46543

95408

6,66

9,97

25081
40181

11,25

9,69

6,78

pIg

10735

19549

70052

Mw(kDa)f

40

41

42

40

31

33

46

43

35

65

42

53

19

34

38

39

51

30

47

39

X044G12

P034F11

/

P005G10

T002G12

EST poplar j

11%

11%

20%

11%

20%

13%

22%

24%

8%

4%

21%

14%

14%

11%

/

X042D07

S075D07

FL_G106P76Y

Q018H09

M103H01

P018B12

S012D05

UB51DPB11.3pR

UA51CPE09

/

R068A04

M104C11

/

10% FL_GENBANK35

18%

26%

30%

33%

10%

score h cov.i

/

66%

57%

68%

71%

51%

40%

35%

49%

81%

/

74%

58%

/

61%

80%

87%

/

82%

40%

cov.k

Table 7: Proteins separated by 2D-LC and identified by MALDI-TOF/MS and “in silico” analysis for the A4A clone after
a
b
the long term treatment. fraction and progressive peak number as given by 2D-LC, putative protein identification and
d
c
e
f
accession number for the closest match in the Swiss-Prot database, L/R ratio or R/L ratio, organism, predicted mass
g
h
i
value and pI of the closest match in the database, score and percentage of coverage of the matching peptide
j
k
sequence tags resulting by MASCOT algorithm, matches and coverage identified by tBLASTn search in poplar EST
database PopulusDB.
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7,51

75,22

Protein CUP-SHAPED COTYLEDON

Magnesium transporter MRS2-I

7 - 69

45 kDa cell wall protein

14 - 189

4 - 39

12 - 148

51,44
7,67

Probable protein phosphatase 2C 57

Valyl-tRNA synthetase

3,43

3,02

Probable pectinesterase 53

MISCELLANEOUS

2,58

Expansin-A14

6 - 54

14 - 184

CELL WALL

Vacuolar protein sorting-associated protein 22 homolog

7 - 60
8,7

2,87

Putative linoleate 9S-lipoxygenase 3

MOLECULAR TRANSPORTERS

6,50

Acetyl-coenzyme A carboxylase carboxyl transferase sub. Alpha

4,60

31 - 610

LIPID SYNTHESIS

Homocysteine S-methyltransferase 4

AMINOACID BIOSYNTHESIS

19 - 338

33 - 649

33 - 651

6,67

17,68

DNA-directed RNA polymerase subunit beta

5 - 46
3,57

16,51

50S ribosomal protein L1, chloroplastic

7 - 63

Maturase K

2,67

50S ribosomal protein L16, chloroplastic

7 - 59

3,15

Elongation factor 2

11,82

3,22

6 - 47

TRANSCRIPTION and TRANSLATION

Protein ycf2

ATP SYNTHESIS PROTON TRANSPORT

U-box domain-containing protein 51

PROTEOLYSIS

Protochlorophyllide reductase iron-sulfur ATP-binding protein

5 - 43

4 - 32

33 - 653

7 - 62

3,20

Monothiol glutaredoxin-S5

PHOTOSYNTHESIS

3,26

1-Cys peroxiredoxin

8 - 102

14 - 180

3,89

Putative defensin-like protein 211

6 - 53

OXIDATIVE STRESS RESPONSE

4,25

Metallothionein-like protein 1

c

4,50

R/L

3 - 27

c

4,43

L/R

Putative defensin-like protein 270

b

UDP-glycosyltransferase 84A2

Protein name (SWISS PROT database)
PLANT DEFENCE - STRESS RESPONSE

7 - 61

a

4 - 37

frac./peak

e

Medicago truncatula

Arabidopsis thaliana

Mimulus guttatus

Arabidopsis thaliana

Arabidopsis thaliana

Organism

Oltmannsiellopsis viridis

Acorus calamus

Arabidopsis thaliana

Manihot esculenta

Parachlorella kessleri

Pinus thunbergii

Zea mays

Lemna minuta

Oryza sativa subsp. Jap.

Arabidopsis thaliana

Oryza sativa subsp. Jap.

SYV_ARATH

P2C57_ORYSJ

Arabidopsis thaliana

Oryza sativa subsp. Jap.

CWP09_PHAVU Phaseolus vulgaris

PME53_ARATH Arabidopsis thaliana

EXP14_ARATH

MRS2I_ORYSJ

VP221_ARATH Arabidopsis thaliana

LOX3_ORYSJ

ACCA_ARATH Arabidopsis thaliana

HMT4_MAIZE

MATK_LEMMN

NAC31_ARATH Arabidopsis thaliana

RPOB_ACOCL

RK1_ARATH

RK16_MANES

EF2_PARKE

YCF2_PINTH

PUB51_ARATH Arabidopsis thaliana

CHLL_OLTVI

GRXS5_ORYSJ Oryza sativa subsp. Jap.

REHY_MEDTR

DF211_ARATH

MT1_MIMGU

DF270_ARATH

U84A2_ARATH

d

Accession n.

126816

40100

1634

42913

28172

42334

28634

96305

85367

6,69

5,32

8,59

9,20

9,69

4,92

9,00

5,30

5,60

5,39

9,51
36836

0,25
60771

8,34

9,30

11,84

5,84

9,46

6,30

4,78

6,84

6,08

38222

121626

37780

15347

94853

245820

90566

34504

15249

24569

9,72

10205

8,73

6,45

g

pI

4,55

f

8027

8579

56334

Mw(kDa)

38

49

29

25

32

33

29

40

40

31

48

35

37

32

34

46

45

41

37

30

60

34

32

41

39

score

h

8%

N064A08

T035D08

R019D08

T058A10

N002D09

/

X018F01

S067D06

/

R062D01

/

T095H09

j

64%

94%

86%

52%

42%

/

44%

76%

/

67%

/

60%

k

cov.

X020A10

/

X018H04

62%

/

52%

N042D11

/

/

S027D10

78%

/

/

69%

/

5%

56%

/

F061P70.3pR 53%

17% UR108TF11

80%

9% F131P05.3pR 72%

7%

14%

6%

5%

8% A057P54.5pR 41%

9%

9%

6%

4% A029P57.3pR 40%

10%

28%

7%

3%

8%

10%

14%

25%

25%

16%

27%

i

cov. EST poplar

OXIDATIVE STRESS RESPONSE

The proteins 253 (Putative poly [ADP-ribose] polymerase 3) and 582 (Peroxidase 5) were moreabundant in treated plants and they are considered involved in response to oxidative stress. The
former is involved in the base excision repair (BER) pathway, by catalyzing the poly(ADPribosyl)ation of a limited number of acceptor proteins involved in chromatin architecture and in
DNA metabolism; this modification follows DNA damages and appears as an obligatory step in a
detection/signaling pathway leading to the reparation of DNA strand breaks (Lamb et al., 2011).
The latter is a peroxidase responsible in removal of H2O2, oxidation of toxic reductants,
biosynthesis of lignin, suberization, auxin catabolism, response to environmental stresses such as
wounding and pathogen attack (Tognolli et al., 2002). In many proteomic studies were found
peroxidases to be more abundant in poplars exposed to cadmium contamination (Kieffer et al.,
2008; Kieffer et al., 2009).
PHOTOSYNTHESIS

Furthermore, in this study, it appeared that cadmium had a negative effect on the light phase of the
photosynthesis through the downregulation of the expression of proteins in the electron transport
chain. The proteins 423 (Phosphoenolpyruvate carboxylase 4), 346 (Cytochrome c6), 661
(Photosystem I reaction center subunit IV B), in fact, were less-abundant in treated plants and are
involved in the photosynthesis and electron transport chain.
CARBOHYDRATE METABOLISM and GLYCOLYSIS

The carbon metabolism, carbon fixation, calvin cycle and glycolysis showed also numerous key
proteins less abundant in conditions of Cd treatment, including several ribulose bisphosphate
carboxylases, large and small chain (proteins 424, 477, 489). The protein 340 (Enolase 1) with
phosphopyruvate hydratase activity is also less abundant suggesting that carbon fixation and
glycolysis might be less efficient under Cd treatments.
PROTEOLYSIS

Increase abundance of proteolysis related proteins in leaves could be observed for several types of
peptidases and proteasome-related proteins throughout the experiment. For example, one protein of
this functional class we identified was the protein 578 (U-box domain-containing protein)
involved in the ubiquitination process.
PROTEIN FOLDING

Several chaperone proteins also showed an increase in abundance; these were mitochondrial heat
shock proteins (387, Chaperonin HSP60). HSP60 and HSP70 proteins showed an increase in
abundance in response to various abiotic stresses, they can prevent aggregation and they assist in
refolding of non-native proteins under both normal and stress conditions (Wang et al., 2004; Kieffer
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et al., 2009). Various studies have shown an increase in HSPs expression under heavy metal
treatments (Hall JL., 2002).
MOLECULAR TRANSPORTERS

The protein 321 (Magnesium transporter MRS2-E) showed a decrease in abundance after
cadmium short term treatment. This protein is the major transport protein for Mg+ uptake into
mitochondria and the expression of hMrs2 is essential for the maintenance of respiratory complex I
and cell viability (Piskacek., 2008). In plants, Cd can be taken up by roots through the same plasma
membrane transporters as those used for other cations such as calcium (Ca), iron (Fe) and zinc (Zn)
(Korshunova et al., 1999; Clemens, 2006; Nakanishi et al., 2006; Lux et al., 2011), therefore a
reduction of the abundance of cellular magnesium transporters can be explained as an attempt to
reduce uptake of the toxic ions by a simple down-regulation of the transport activity. However,
recent studies have shown that Mg deficiency also promoted an increase in the iron (Fe)
concentration in Cd-treated plants, because high Fe concentrations have previously been reported to
prevent the harmful effects of Cd (Hermans et al., 2011).
LIGNIN and ISOPRENOID BIOSYNTHESIS

The protein 585 (Pentatricopeptide repeat-containing protein At4g14850) showed an increase in
abundance in treated plants. This protein acts as a regulatory factor to promote the isoprenoid
biosynthesis. Isoprenoids or terpenes are the major components of resins and essential oils of plants.
As already seen above, protein 582 (Peroxidase 5) was more-abundant in treated plants, and it is
not only involved in response to oxidative stress and removal of H2O2, but also it is responsible for
the biosynthesis of lignin and it is involved in the process of suberization. Peroxidases are inducible
by heavy metal stress and are involved in the regulation of growth and a number of biochemical
pathways. The peroxidase protein is considered as a putative wall rigidification enzyme (Cosgrove
et al., 1997; Quiroga et al., 2007) because peroxidase activity reduces growth rate (in fact Poli and
58-861 clones showed a decrease of growth rate, see section 2.3.1) and it is directly involved in the
synthesis of lignin precursors and their cross-linking (Verma et al., 2008).
Previous studies have shown how plant tissues that accumulated large amounts of heavy metals
showed higher rates of suberisation and lignifications (Choi et al., 1994). A lignification of cell
walls have been described in roots and leaves of cadmium-treated plants, probably resulting from
elevated oxidative stress and peroxide content (Cunha et al., 2008; Vollenweider et al., 2006).
Heavy metal stress has been repeatedly shown to increase the production of secondary metabolites
and to activate stress response pathways which modify cell wall structure (Maksymiec, 2007), and
in particular lead to its lignifications (van de Mortel et al., 2006). Furthermore, this experimental
data was in accordance with the data from SEM analysis (2.3.5, Scanning Electron Microscopy with
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microanalysis) in which the results showed that Cd was present mainly within lignified and
suberified tissues. Considering the short term experiment, we may argue whether Cd induced the
synthesis of lignin or whether the presence of already lignifies tissues acted as a sink for the
contaminant. However, in recent years, some progress has been made determining the ability of
lignified material to adsorb and chelate toxic metals (Crist et al., 2002; Marmiroli et al., 2004).
LIPID SYNTHESIS

Proteins involved in lipid synthesis were less-abundant in short treated plants. The protein 341
(Acyl-[acyl-carrier-protein] desaturase) was 8-fold less-abundant in treated plants compared to
control plants. This protein converts stearoyl-ACP to oleoyl-ACP by introduction of a cis double
bond between carbons Delta(9) and Delta(10) of the acyl chain.

2.3.5.2 A4A CLONE AFTER THE SHORT TERM TREATMENT (Tab. 5)
Proteomic data showed that several proteins involved in plant defense, stress response and oxidative
stress response were also more-abundant in the hybrid clone A4A treated for 48 hours with
cadmium.
PLANT DEFENCE – STRESS RESPONSE

Protein 10 (Levopimaradiene synthase), 22 (Putative disease resistance protein RGA3) and 269
(Pathogenesis-related protein 1) were more than 3-fold abundant in the cadmium treated plants.
The last two proteins are involved in defense response to biotic stimuli, and the Putative disease
resistance protein RGA3 is a resistance protein protecting the plant against pathogens that contain
an appropriate avirulence protein via a direct or indirect interaction with this avirulence protein; that
triggers a defense system which restricts the pathogen growth (Song et al., 2003). Protein 10
(Levopimaradiene synthase) is involved in defensive oleoresin formation in conifers in response
to insect attack or other injuries and it is involved in diterpene (C20) olefins biosynthesis; it is a
bifunctional enzyme that catalyzes two sequential cyclizations of geranylgeranyl diphosphate
(GGPP) to levopimaradiene. Levopimaradiene is the major products of the enzyme followed by
abietadiene, neoabietadiene and palustradiene (Ro and Bohlmann, 2006).
OXIDATIVE STRESS RESPONSE

Proteins 20 (Protein SRG1) and 551 (Monothiol glutaredoxin-S17) are involved in cell redox
homeostasis and were more-abundant in treated plants. The protein 514 (Ferritin-2), on the
contrary, was more than 3-fold less-abundant in treated plants. This protein is involved in response
to oxidative stress, but its function is to store iron in a soluble, non-toxic, readily available form.
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Infact, it may be plausible that in high concentrations of cadmium, iron ions are less available and
therefore is no longer required a protein whose function is to store excess of iron.
CARBOHYDRATE METABOLISM

As above, for the Poli and 58-861 clones, it appeared that cadmium had a negative effect on
carbohydrate metabolism after the short term treatment also for the clone A4A. In fact, Proteins 108
(Alpha-1,4 glucan phosphorylase L isozyme) and 515 (Beta-fructofuranosidase) are enzymes
with a key-role in the carbohydrates metabolic process (Buchner et al., 1995; Cho et al., 2005), and
in our study, were less-abundant in treated plants.
PHOTOSYNTHESIS

On the contrary, cadmium short term treatment did not seem to have a negative effect on
photosynthesis and tricarboxylic acid cycle in A4A clone. Proteins 18 (Phosphoenolpyruvate
carboxylase 4), 21 (Light-independent protochlorophyllide reductase) and 491 (Photosystem I
reaction center subunit II-2) were more than 3-fold abundant in the cadmium treated plants.
PROTEOLYSIS

Several proteins involved in proteolysis and ubiquitination processes also showed a decrease in
abundance, such as the protein 160 (SKP1-like protein 19) and the protein 513 (Nicastrin). The
former protein is involved in ubiquitination and subsequent proteasomal degradation of target
proteins (Zhao et al., 2003), the latter is a putative subunit of the gamma-secretase complex, an
endoprotease complex that catalyzes the intramembrane cleavage of integral membrane proteins
such as Notch (Yu et al., 2000). If taken as a stress marker, these data, together with the trend
showed by the proteins related to photosynthesis, would confirm the observed morphological
changes in the aerial parts: up to 48 hours, toxicity symptoms were not clearly visible in clone A4A.
Furthermore, while Poli and 58-861 showed a reduction in the increase of total leaf area between
control plants and treated plants (Fig. 17 in section 2.3.1: Plant morphology and growth analysis),
caused by short term cadmium exposure, the clone A4A did not show differences in the increase of
total leaf area.
AMINOACIDS BIOSYNTHESIS

A great number of previous studies have shown how, upon exposure to heavy metals, plants often
synthesize a set of various metabolites that accumulate in concentrations within the millimolar
range, in particular specific amino acids, small amino acids chains such as glutathione and
phytochelatins (PC), and also many amines, such as spermine, spermidine, putrescine,
nicotianamine and mugineic acid (Cobbett CS., 2000; Shanti and Dietz, 2006; Rauser WE., 1995).
These findings indicate that the association between amino acids and metals could be important
particularly because metals complexed with amino acids are considerably more stable than when
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complexed with carboxylic acids (Homer et al., 1997). In this study, several proteins involved in
aminoacids biosynthesis showed an increase in abundance in treated plants. The protein 341
(Histidinol dehydrogenase) is involved in histidine biosynthetic process, and in UV and cadmium
stress response. Several plants, such as Alyssum lesbiacum and Brassica juncea, were demonstrated
to be Ni-hyperaccumulators. The Ni-hyperaccumulation traits have been demonstrated to be
specifically linked to the ability in free histidine production in some species such as Arabidopsis
halleri (Kramer et al., 1996); whereas the exposure to Ni resulted in a large increase in histidine
concentration in xylem sap in hyperaccumulating plants, such a response was lacking in the non
accumulator plants. Thus, Ni-hyperaccumulation relies for some species on histidine-dependent
root-to-shoot translocation of heavy metal (Kerkeb and Kramer., 2003). This could explain the
experimental evidence that the clone A4A showed higher root-shoot translocation factor than the
58-861 clone, already after short term treatments. Furthermore, another multi-metals
hyperaccumulator, Thlaspi goesingense exhibited increased His concentrations when compared
with other non hyperaccumulators Thlaspi species (Persans et al., 1999). Besides Ni, Salt et al.,
(1999) identified Zn-His complexes in the roots of Zn-hyperaccumulator Thlaspi caerulescens.
Histidine levels have also been demonstrated to correlate with tolerance to Ni and Cd of the yeast
Saccharomyces cerevisiae (Pearce and Sherman, 1999). Probably, this clone can produce a certain
amount of free histidine to increase the xylematic translocation of Cd to the shoots.
The protein 102 (Glutamate synthase 1) is involved in glutamate biosynthesis, and it is required
for non-photorespiratory ammonium assimilation, and it is over-expressed in response to cadmium
ion. Bhatia et al. (2005) showed how in the metals hyperaccumulator Stackhousia tryonii the total
amino acid concentrations slightly decreased from 22 to 18 mM and the proportion of Gln declined
from 48% to 22 mol% while Ala, Asp, and Glu increased. Glu, Asp and Ala may contribute to
complexation of heavy metals in the xylem (Bhatia et al., 2005). Several studies have found that a
great number of glutamate and glutamine synthase were over-expressed in poplar plants exposed to
cadmium contamination (Kieffer et al., 2008; Kieffer et al., 2009; Durand et al., 2010).
The protein 372 (Cysteine synthase, chloroplastic/chromoplastic) is involved in cysteine
biosynthetic process, and in response to cadmium stress. Cysteine contents increased by factors of
4.5 and 3.8 in cadmium tolerant and cadmium sensitive ecotypes of Silene vulgaris, respectively, in
response to metal stress that caused similar inhibition of root growth (Harmens et al., 1993).
Cysteine is required for methionine and glutathione/phytochelatin synthesis, and, therefore, is a
central metabolite in antioxidant defence and metal sequestration. Genetically increased capacity for
metal-induced Cys synthesis was shown to support survival of Arabidopsis thaliana under acute Cd
stress (Dominguez-Solis et al., 2004). Therefore an upregulation of the GSH synthesis pathway, by
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the means of glutamate and cysteine biosynthesis, could be an attempt to rebalance a depletion of
GSH by Cd, and by this way limit oxidative stress and ROS generation, and also detoxify directly
Cd by chelating it (Kieffer et al., 2008).
The protein 420 (1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 1) is involved in
methionine biosynthetic process, and catalyzes the formation of formate and 2-keto-4methylthiobutyrate (KMTB) from 1,2-dihydroxy-3-keto-5-methylthiopentene (DHK-MTPene). It
may play a role in recycling S-adenosylmethionine (SAM) for ethylene biosynthesis, which is
competing with polyamines biosynthesis pathway for SAM substrate. This result could be of
interest in our case: in fact, studies carried out over 20 years ago and recent ones showed that heavy
metals stress induce ethylene synthesis in plants (Sandmann and Boger, 1980; Matto et al. 1986;
Gora and Clijsters, 1989; Yamauchi and Peng, 1995; Blechert et al. 1995; Vassiliev et al., 2004). In
addition, it is known that also polyamines have a role in response to environmental stresses.
Polyamines are ubiquitous in all organisms and they influence a variety of growth and development
processes in plants and have been suggested to be a class of plant growth regulators (Evans and
Malmberg, 1989; Slocum and Flores, 1991; Kakkar and Sawhney, 2002). The levels of polyamines
and the activities of their biosynthetic enzymes in plants increase under environmental stresses
(Evans and Malmberg, 1989), but a specific role of polyamine in plants under metal stress is not yet
known. However, there is a strong possibility that they can effectively stabilize and protect the
membrane systems against the toxic effects of metal ions particularly the redox active metals
(Sharma and Dietz, 2006). Therefore, the enzyme 1,2-dihydroxy-3-keto-5-methylthiopentene
dioxygenase 1, was more than 4-fold abundant in the cadmium treated plants, and may play a key
role in the balance between the ethylene biosynthesis pathway and the polyamines biosynthesis
pathway.
NITROGEN and SULFUR METABOLISM

Nitrogen metabolism is affected by cadmium treatment, as it has been shown by studies on tomato
plants (Chaffei et al., 2004), and on poplar cuttings (Kieffer et al., 2009; Durand et al., 2010;
Kieffer et al., 2008). A significant decrease in enzyme activity of nitrate reductase, nitrite reductase
and glutamine synthetase was observed by Kieffer et al. (2009) in poplar plants (Populus tremula
L.) exposed to cadmium contamination for 14 days. In our study, the protein 567 (Molybdopterin
synthase catalytic subunit) was more than 6-fold less-abundant in the cadmium treated plants.
This subunit is the catalytic part of the molybdopterin synthase complex, which catalyzes the
conversion of precursor Z into molybdopterin. Molybdopterin is an important cofactor of enzymes
such as nitrate reductase, sulfite oxidase and xanthine oxidase (Mendel, 1997). Hence, we may
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argue that this enzymes, under deficiency of the cofactor, decrease their enzymatic activity, with a
net decline in nitrate and sulfate cell content.
ATP SYNTHESIS coupled with PROTON TRANSPORT

Recent studies have shown, in poplar clones, a decrease in abundance in protein involved in ATP
synthesis coupled with proton transport, after short term treatments with Cd (3 days) (Kieffer et al.,
2008). This is in accordance with our results, in which the protein 272 (V-type proton ATPase
catalytic subunit A) and the protein 369 (ATP synthase subunit beta), were more than 2-fold
less-abundant in the cadmium treated plants. The former is a vacuolar ATPase and is responsible for
acidifying a variety of intracellular compartments in eukaryotic cells; the latter produces ATP from
ADP in the presence of a proton gradient across the cell membrane.
TRANSCRIPTION and TRANSLATION

Cadmium stress, also, induce a decrease in abundance in protein involved in transcription and
translation mechanisms, such as many ribosomal proteins, elongation factors and transcription
factors (Durand et al., 2010; Kieffer et al., 2008). In this study, the protein 512 (50S ribosomal
protein L21, chloroplastic) was more than 4-fold less-abundant in the cadmium treated plants.
Lastly, among other indentified proteins, we found that the protein 718 (Protein phosphatase 2C
24) were more than 4-fold less-abundant in the cadmium treated plants. This protein is a
serine/threonine phosphates and requires Mg2+ or Mn2+ to dephosphorylate the target molecule. The
phosphorylation and dephosphorylation of regulatory proteins and enzymes is a general mechanism
to transmit signals from the extracellular environment to the interior of the cell. Protein
phosphatases, by opposing the action of the protein kinases, provide modulation and reversibility of
the phosphoregulatory mechanism. In eukaryotes, Protein phosphatase 2C (PP2C) has been
implicated in the negative regulation of protein kinase cascades that are activated as a result of
stress. For instance, human PP2C catalyses the dephosphorylation and subsequent inactivation of
the AMP-activated protein kinase (AMPK) (Moore et al., 1991). AMPK is a central component of a
protein kinase cascade which is activated by cellular stresses, especially those which deplete ATP
levels (Corton et al., 1994). In plants, members of the family PP2Cs, such as ABI1 and ABI2, are
involved in ABA signal transduction. Abscisic acid is a plant hormone crucial to mediate the plant
responses to environmental stresses (Chandeler et al., 1994).
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2.3.5.3 Poli AND 58-861 CLONES AFTER THE LONG TERM TREATMENT (Tab. 6a-6b)
PLANT DEFENCE – STRESS RESPONSE

Even after the longer term treatment, proteomic data showed that several proteins involved in plant
defense and stress response were more-abundant in P.Nigra Poli and 58-861 clones treated with
cadmium. Protein 54 (17.5 kDa class I heat shock protein) and 512 (Heat stress transcription
factor A-4b) were more abundant in treated plants, they are two heat shock proteins involved in
stress response. Furthermore, the latter is a transcriptional regulator factor that specifically binds
DNA of heat shock promoter elements (HSE) (Baniwal et al., 2004). The protein 87 (Putative
defensin-like protein 230) and 224 (Putative late blight resistance protein homolog R1A-3)
were more than 3-fold abundant in the cadmium treated plants, and they are involved in defense
response to biotic stress, their role is to destroy the cells of the pathogen organisms. The latter
confers resistance to late blight (Phytophthora infestans) races carrying the avirulence gene Avr1.
Resistance proteins guard the plant against pathogens that contain an appropriate avirulence protein
via an indirect interaction with this avirulence protein. That triggers a defense system including the
hypersensitive response, which reduces the pathogen growth. (Kwaung et al., 2005). The protein
515 (ABC transporter B family member 19) was also more abundant in 58-861 and Poli treated
plants. This protein is an auxin efflux transporter that acts as a negative regulator of light signaling
to promote hypocotyl elongation; it also mediates the accumulation of chlorophyll and anthocyanin,
as well as the expression of genes in response to light, participates in auxin efflux and thus regulates
the polar auxin basipetal transport (from auxin-producing leaves to auxin-sensitive tissues)
(Martinoia et al., 2002). Thus, an over-abundance of this protein could inhibit the hypocotyls
elongation and it could explain the data shown in the growth analysis (2.3.1, Plant morphology and
growth analysis) in which the clones Poli and 58-861 showed a reduction in the increase of leaves
number between control plants and treated plants (Fig. 16 in section 2.3.1), caused by long term
cadmium exposure.
OXIDATIVE STRESS RESPONSE

The treated plants continued to be subjected to oxidative stress also after the long term treatment.
This is in accordance with Kieffer et al. (2009). Proteins involved in oxidative stress response were
more abundant in treated plants. The protein 11 (Peroxidase 5) was more than 3-fold abundant in
the cadmium short term treated plants and became more than 5-fold abundant in the treated plants
after the long term treatment. The protein is a peroxidase responsible in the removal of H2O2,
oxidation of toxic reductants, biosynthesis of lignin, suberization, auxin catabolism and response to
environmental stresses (Tognolli et al., 2002). In many proteomic studies on poplar peroxidase were
found to be more abundant in plants exposed to cadmium contamination (Kieffer et al., 2008;
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Kieffer et al., 2009). The protein 98 (1-Cys peroxiredoxin) was also more abundant in treated
plants, and it is an antioxidant protein that seems to contribute to the inhibition of germination
during stress. Durand et al. (2010) found that 1-Cys peroxiredoxin were more abundant in poplar
plants (Populus tremula L. x Populus Alba L.) exposed to cadmium contamination for 60 days.
PHOTOSYNTHESIS

Furthermore, in this study, it appeared that cadmium continued to have a negative effect on the light
phase of photosynthesis by downregulating the expression of proteins of the electron transport
chain. Proteins 88 and 209 (Light-independent protochlorophyllide reductase subunit N) and
261 (Photosystem I reaction center subunit IV B, chloroplastic) were less-abundant in treated
plants and are involved in chlorophyll biosynthetic process and photosynthesis. Especially in leaves,
cadmium has a negative impact on electron transport in chloroplasts by damaging photosystems I
and II (Sanita di Toppi et al., 1999). Furthermore, in recent study on spinach, photosystem I was
described as more sensitive to Cd2+ (Fagioni et al., 2009). Kieffer et al. (2008) found many subunit
of photosystem I and II less abundant in poplars (Populus tremula L.) exposed for 14 days to
cadmium contamination.
CARBOHYDRATE METABOLISM

The carbon metabolism and carbon fixation showed also numerous key proteins less abundant in
cadmium stress conditions, including several Ribulose-1,5-bisphosphate carboxylase oxygenase
large and small chain (proteins 260, 262, 414, 415, 433). Recent proteomic studies found that
several large and small subunit of Ribulose-1,5-bisphosphate carboxylase oxygenase were less
abundant in poplars (Populus tremula L.) exposed for 14 days to cadmium contamination (Kieffer
et al., 2008; Kieffer et al., 2009; Durand et al. 2010). The proteins 339 (Ribulose bisphosphate
carboxylase/oxygenase activase A) was also less abundant in treated plants and is responsible in
the activation of RuBisCO involves the ATP-dependent carboxylation of the epsilon-amino group
of lysine leading to a carbamate structure. Together the decrease observed for these two groups of
proteins (RuBisCO isoforms and RuBisCO activases) indicate the lowering of the efficiency of CO 2
fixation. Other authors observed similar results in cadmium-treated rice leaves: RuBisCO activases
and RuBisCO small and large chain subunits were less abundant (Hajduch et al., 2001).
GLYCOLYSIS

If we analyze the L/R ratios, we found that the impact of cadmium treatment on protein abundance
from photosynthesis, calvin cycle and carbohydrate metabolism is becoming less pronounced with
increasing esposure time to cadmium. Consequently, after the “alarm” phase and stabilization of the
short-time stress response, an important increase in abundance of proteins related to the glycolysis
and the TCA cycle indicated that cadmium-exposed plants increased the energy supply, by
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activating mitochondrial respiration. Because of the inhibition of growth induced by the cadmium
treatment in the plants, photosynthetic products were no more important because the developmental
process had been slowed down. These carbohydrates could rather be stored as more complex
sugars, or (simultaneously) injected directly into mitochondrial respiration to compensate the higher
energy needs of cells to counteract the cadmium stress effects (Kieffer et al., 2008).
So far, the proteomic data in this study are in agreement with this hypothesis. Several key step
enzymes from the glycolysis as well as from the TCA cycle showed an increase in abundance. The
protein 4 (Bifunctional enolase 2/transcriptional activator) was more abundant in treated plants
and it is involved in glycolysis. It is a multifunctional enzyme that acts as an enolase involved in the
metabolism and as a positive regulator of cold-responsive gene transcription. The protein 247
(Glucose-1-phosphate adenylyltransferase small subunit, chloroplastic) was also more
abundant, and is involved in glycogen biosynthetic process. This protein plays a role in the
synthesis of starch, it catalyzes the synthesis of the activated glycosyl donor, ADP-glucose from
Glc-1-P and ATP.
The protein 253 (Sucrose-phosphatase 1) showed an increase in abundance after the long term Cd
treatment. The protein is involved in sucrose biosynthetic process and catalyzes the final step of
sucrose synthesis. Previous studies have shown an increase in sucrose phosphate synthase (SPS)
and sucrose phosphatase (SPP) transcript levels, showing the initial increase in sucrose that occurs
during stress acclimation in plants (Guy et al., 2008). In fact, most sugars are known to improve
osmoprotection during stress; sugars can have the same role in metal stress (Jouve et al., 2004).
Moreover several hexoses, sucrose and more complex carbohydrates as raffinose, showed an
important increase in content in plants exposed to metals contamination, indicating that
photoassimilates were less available for development and growth, but rather accumulated as free
soluble sugars. This accumulation could also be beneficial to stressed plant cells, as these
compounds can act as osmoregulants and osmoprotectants (Kieffer et al., 2009). This may also
explain the reason why protein 286 (L-type lectin-domain containing receptor kinase VII.1) was
more abundant in treated plants. In fact this membrane protein is involved in sugar binding. Several
different classes of plant lectins serve a diverse array of functions. The most prominent of these
include participation in plant defense against predators and pathogens and involvement in symbiotic
interactions between host plants and symbiotic microbes (De Holff et al., 2009).
PROTEOLYSIS

Cadmium continued to have an effect in promoting proteolysis as a stress and senescence marker. In
our study, the proteins 229 (Proteasome subunit alpha type-3) showed an increase in abundance
in treated plants. The protein is involved in the ubiquitin-dependent proteins catabolic process. The
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proteasome is a multicatalytic proteinase complex which is characterized by its ability to cleave
peptides with Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral or slightly basic
pH. The proteasome has an ATP-dependent proteolytic activity. Several studies showed that
proteins involved in degradation of oxidatively modified proteins from the ubiquitin/proteasome
pathway showed an upregulation under cadmium contamination, indicating that Cd stress-induced
senescence (Aina et al., 2007). In particular, Kieffer et al. (2008) found that one proteasome subunit
alpha type 5 were more abundant in poplar plants (Populus tremula L.) exposed to 20μM CdSO4
contamination for 14 days.
NUCLEOTIDES and ATP SYNTHESIS - PROTON TRANSPORT

In poplar plants exposed to cadmium contamination, during a first short term phase in wich proteins
involved in ATP synthesis coupled with proton transport showed a decrease in abundance, after a
long period of 14 days they showed an increase in abundance (Kieffer et al., 2008). We found that
protein 249 (ATP synthase subunit beta, chloroplastic) showed an increase in abundance in
treated plants and is involved in the synthesis of ATP: this protein produces ATP from ADP in the
presence of a proton gradient across the membrane.
Proteins 198 (Nucleoside diphosphate kinase 3) and 270 (Adenylosuccinate synthetase 1,
chloroplastic) showed an increase in abundance in treated plants, they are involved in the synthesis
of all nucleoside triphosphates other than ATP and in purine nucleotide biosynthetic process.
Adenylosuccinate synthetase plays an important role in the “de novo” pathway and in the salvage
pathway of purine nucleotide biosynthesis, catalyzes the first step in the biosynthesis of AMP from
IMP, and plays a key role in the biogenesis of sulphide-containing phytochelatin complex (Juang et
al. 1993). Phytochelatins (PCs) are metal-chelating peptides produced in plants in response to heavy
metal exposure and generally play an important role in avoiding damage induced by the presence of
high concentration of metal ions (Cobbet, 2000). It has also been found that purine biosynthetic
genes, particularly genes codifing for adenylosuccinate synthetase, are required for cadmium
tolerance in Schizosaccharomyces pombe (Speiser et al., 1992).
TRANSCRIPTION and TRANSLATION

After the long term treatment, cadmium stress seemed to induce an increase in abundance in
proteins involved in transcription and translation mechanisms, such as many ribosomal subunits:
proteins 273 (40S ribosomal protein S10-1), 324 (30S ribosomal protein S15, chloroplastic), 375
(30S ribosomal protein S3, chloroplastic). The protein 375 (Pentatricopeptide repeatcontaining protein At2g45350) was more than 3-fold abundant in the cadmium treated plants, and
plays a major role in chloroplast RNA editing. This result is not in agreement with several previous
studies, in wich one 30S ribosomal protein was less abundant in poplar plants (Populus tremula L.)
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exposed to 20μM CdSO4 contamination for 14 days (Kieffer et al., 2008), and one 60S ribosomal
protein was less abundant in poplar plants (Populus tremula L. x Populus Alba L.) exposed to
cadmium contamination for 60 days (Durand et al., 2010).
ASCORBATE METABOLISM

One of the plants mechanisms to react to cadmium toxicity is the accumulation of glutathione
(GSH), ascorbate and phytochelatines, in order to sequester toxic ions in the cytosol and vacuole
(Cobbet et al., 2000). The depletion of glutathione by chelation to cadmium, (and incorporation into
phytochelatins) is the most direct effect of cadmium on the oxidative balance in cells, and it has
been proposed that this depletion of GSH is one of the main causes for oxidative stress and reactive
oxygen species (ROS) generation induced by cadmium (Clemens et al., 2006; Sanità di Toppi et al.,
1999). Glutathione, together with ascorbate, takes part in the Halliwell–Asada pathway for
detoxification of ROS (May et al., 1998). Some authors also linked a depletion of reduced
glutathione during plant–pathogen reaction and the subsequent up-regulation of several typical
stress-related proteins, specifically PR-proteins, glutathione peroxidases and glutathione Stransferases (May et al., 1998; Mauch et al., 1993). Several studies observed a decrease in
glutathione reductase and ascorbate peroxidase activity in response to cadmium stress (Lyubenova
et al., 2007; Aravind et al., 2005). In rice plants, superoxide dismutase, ascorbate peroxidase and
glutathione reductase showed a reduced activity in response to cadmium treatment (Chien et al.,
2001). Finally, during a study on partially purified enzyme extracts from Calystegia sepium L., a
direct inhibitory effect on glutathione reductase activity in vitro could be observed.
In this study the protein 202 (L-idonate 5-dehydrogenase) was more than 4-fold abundant in the
long term cadmium treated plants. The protein is a dehydrogenase involved in the catabolism of
ascorbate.
MOLECULAR TRANSPORTERS

During the long term treatment, cadmium produced significant changes in the abundance of several
molecular transporters. For example, the protein 155 (Magnesium transporter MRS2-E) was
more than 38-fold less-abundant in the cadmium short term treated plants and became less than 3fold less-abundant in the treated plants after long term treatment. This protein is the major transport
protein for Mg+ uptake into mitochondria (Piskacek., 2008).
The protein 233 (Aquaporin NIP2-1) was more abundant in treated plants. Aquaporins are channel
proteins that facilitate the transport of water and small neutral molecules, including gases, across
cell membranes of most of the living organisms (Maurel et al., 2009). Aquaporin subgroup II
(NIP2) proteins on the other hand form glyceroporins with an exceedingly low water permeability
(Cabello-Hurtado et al., 2004; Wallace et al., 2005), and also transport other uncharged substrates,
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including urea (Wallace et al., 2005; Klebl et al., 2003) as well as metalloid nutrients such as boron
(Takano et al., 2006) and silicon (Ma et al., 2006). Overall, these observations suggest that NIPs are
likely to be involved in transport functions other than water flux (Choi et al., 2007). Recent studies
have shown that these acquaporins facilitate also the bi-directional diffusion of As and other
metalloids across membranes in Arabidopsis thaliana plants (Bienert et al., 2007). Previous studies
found that another aquaporin (NIP12) was more abundant in the same poplar clone plants (P.nigra
Poli) exposed to 50μM CdSO4 contamination for 14 days (Visioli et al., 2010).
Also the protein 413 (Protein TOC75) was more abundant in treated plants; it has a role in
mediating the insertion of proteins targeted to the outer membrane of chloroplasts and forms the
voltage-dependent preprotein translocation channels (hydrophilic beta barrel) of the TOC complex
in the chloroplastic outer membrane; it is also required for the import of protein precursors into
chloroplasts (Bauer et al., 2000). This protein is important to assembly members of the P1Badenosine triphosphatase (ATPase) transporter family (HMAs), involved in heavy metal transport.
Particularly HMA1 is referred as a potential cadmium/zinc-transporting ATPase (HMA1) and
belongs to the cation transport ATPases family (E1-E2 ATPases, subfamily IB) (Gravot et al.,
2004; Yu-Young et al., 2009).
The protein 67 (Potassium channel AKT2), was more abundant in treated plants. It is an inwardrectifying potassium channel, with open or closed conformations in response to the voltage
difference across the membrane, it activates the channel by hyperpolarization. A stimulated
potassium channel is in keeping with previous results showing a significant alteration of potassium
homeostasis under Cd stress (Damerval et al., 1986). The [K+] in leaves increased 2.3-fold
compared with control plants. Only few reports on the regulation of mineral homeostasis under Cd
stress are available in the literature. A recently published paper indicated no change in K+ and Mg2+
content in leaves of Cd-tolerant mungbean (Vigna radiate L.) under Cd exposure (Wahid et al.,
2008). Neither the mobilization of K+ in leaves in response to Cd nor the implication of a potassium
channel were reported so far in literature. However, also in a recent proteomic study, Durand et al.
(2010) found that potassium channel subunits were more abundant in poplar plants (Populus
tremula L. x Populus Alba L.) exposed to cadmium contamination for 60 days.
CELL DIVISION

After the long term treatment, cadmium seemed to influence the auxin (indole-3-acetic acid, IAA)
production in poplar cuttings, and as a result of this also cell division, differentiation and
elongation. In fact, it is known that cadmium inhibited cell division and altered the chromosomes
structure. The inhibition of cell proliferation, shown by the low mitotic index, was proportional to
the concentration and time of exposure to cadmium (Das et al., 1997). Furthermore, other
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deleterious effects of heavy metal stress in plants may be the stimulation of some enzymatic
activities that limit cell growth and, consequently, accelerate tissue ageing (Hasensteïn et al., 1988;
Schützendübel et al., 2001). At cellular level, increase of indole-3-acetic acid (IAA) oxidase
activity, acting on auxin catabolism by oxidative decarboxylation (Gazaryan et al., 1996), may
control the endogenous rate of this growth phytohormone (Goldberg et al., 1986) and, thereby,
reduce cell growth. Increase in activity of IAA oxidase and reduction in cell growth associated to
auxin catabolism have been observed in other metal-stressed plants (Hasensteïn et al., 1988). An
accumulation of insoluble phenols, as lignin, in secondary cell wall have been reported in plants
exposed to heavy metal and could be associated to an increase in activity of lignifying peroxidases
(Pandolfini et al., 1992; Schützendübel et al., 2001). Lignification decreases the cell-wall plasticity
and, therefore, reduces the cell growth (Schützendübel et al., 2002). It seems that the reduction in
leaves growth in plants stressed with 20µM of Cd might be associated to an increase in the activity
of IAA oxidase and of enzymes implicated in lignification (Chaoui and El Ferjani, 2005). For the
most deleterious treatments (100 µM of CdSO4), the growth reduction could also be related to an
increase in auxin degradation and in lignification, together with depletion in the antioxidant systems
(Chaoui and El Ferjani, 2005). It appears that the auxin degradation would be a resultant
contribution of the enhanced IAA oxidase activity from all cell fractions, while the covalently
bound cell wall peroxidases seem to be the only contributor to the stimulation of lignification
pathway. All these observations taken together point to a possible induction of leaf ageing after
exposure to Cd.
In this work, the protein 304 (Auxin transport protein BIG) was more than 2-fold less abundant in
treated plants. It is a transport protein required for auxin efflux and polar auxin transport (PAT)
influencing auxin-mediated developmental responses (e.g. cell elongation, apical dominance, lateral
root production, inflorescence architecture, general growth and development), and it is plausible
that it would be less abundant in conditions of low auxins.
On the other hand, protein 248 (Auxin-responsive protein IAA6) was more abundant in treated
plants. These proteins are short-lived transcriptional factors for early auxin response genes at low
auxin concentrations. In other studies, Durand et al. (2010) and Kieffer et al., (2008) found that
auxin-binding protein ABP19 was more than 2-fold less-abundant in poplar plants exposed to
cadmium contamination.
The protein 82 (Cyclin-dependent kinase inhibitor 1) was more than 15-fold more abundant in
treated plants and it is responsible for the inhibition of cellular proliferation. May be the important
intermediate by which p53/TP53 mediates its role as an inhibitor of cellular proliferation in
response to DNA damage. Binds to and inhibits cyclin-dependent kinase activity, preventing
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phosphorylation of critical cyclin-dependent kinase substrates and blocking cell cycle progression.
Functions in the nuclear localization and assembly of cyclin D-CDK4 complex and promotes its
kinase activity towards RB1. At higher stoichiometric ratios, inhibits the kinase activity of the
cyclin D-CDK4 complex (Fischer et al., 2003; Dai et al., 2003). Recent studies have shown that the
cadmium-sensitive Arabidopsis thaliana mutant (cad2-1) was also shown to be defective in Cyclindependent kinase inhibitor (CKI) and in the γ-glutamylcysteine synthetase (γ-GCS) gene in
Arabidopsis thaliana plants (Cobbet et al., 1998). Cyclin-dependent kinase inhibitor (CKI)
activation also could account for the G1 block induced by depletion of intracellular glutathione
which occurred in cadmium stress conditions (Vernoux et al., 2000).
All these experimental evidences, taken together, could explain the observed morphological
changes in the aerial parts after the long term treatment: P.Nigra Poli and 58-861 clones showed a
significant reduction in the increase of total leaf area between control plants and treated plants, and
a significant reduction in the increase of leaves number (Fig. 16 and Fig. 17 in section 2.3.1: Plant
morphology and growth analysis).
However, two proteins seemed to contradict this behavior. The protein 241 (Phytosulfokine
receptor 1) was more abundant in treated plants and it is a phytosulfokine receptor with a
serine/threonine-protein kinase activity that regulates, in response to phytosulfokine binding, a
signaling cascade involved in plant cell differentiation, organogenesis and somatic embryogenesis.
Matsubayashi et al. (2006), showed that the disruption of Arabidopsis thaliana phytosulfokine
receptor gene affects cellular longevity and potential for growth.
CELL WALL

The protein 223 (Expansin-B13) was also more abundant in treated plants and it may cause
loosening and extension of plant cell walls by disrupting non-covalent bonding between cellulose
microfibrils and matrix glucans. However, some studies have shown that an increase of metal-ion
concentration results in the activation of wall-loosening enzymes (Moustacas et al., 1991).
MISCELLANEOUS

Among other indentified proteins, was found the protein 199 (Protein phosphatase 2C 28) that
was more than 2-fold abundant in the cadmium treated plants. In plants, proteins phosphatase 2C
(PP2C) has been implicated as regulator of protein kinase cascades that are activated as a result of
stress. As seen above, in the differential proteomic analysis for the clone A4A after the short term
treatment, another protein phosphatase 2C (24) was found to be less abundant in treated plants (see
pag. 69). It is possible that this protein could be a negative regulator of protein kinase cascades that
are activated as a result of stress, and another protein phosphatase 2C (28), could operate in
different ways. For instance, another PP2C acts as a negative regulator of a plant mitogen-activated
140

protein kinase (MAPK) pathway (Rodriguez et al., 1998). Thus, the plant PP2Cs family work as
regulators of various signal transduction pathways, and it is plausible to expect that some member
of the family can be over-abundant while other might be under-abundant, at the same time, in plants
under metal stress conditions.
Proteins 71 (5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase 1), and 254
(Ethylene receptor 2) were more than 2-fold more abundant in the cadmium treated plants and are
are both involved in the ethylene synthesis pathway. The former is an enzyme of the methionine
cycle that catalyzes the irreversible cleavage of the glycosidic bond in 5'-methylthioadenosine
(MTA) to adenine and 5'-methylthioribose, contributes to the maintenance of AdoMet homeostasis
and is required to sustain high rates of ethylene synthesis. The latter may act early in the ethylene
signal transduction pathway, possibly as an ethylene receptor, or as a regulator of the pathway
(Stepanova et al., 2000). This results could be interesting: in fact, many studies showed that heavy
metals stress (Sandmann and Boger, 1980; Matto et al., 1986; Gora and Clijsters, 1989; Yamauchi
and Peng, 1995) in particular cadmium stress (Blechert et al., 1995; Vassiliev et al., 2004) induce
ethylene synthesis in plants. The high level of ethylene, resulting from inhibition of the
photosystems, can increase senescence processes observed usually in Cu-treated plants at the final
growth stages or after a long exposure to the excess metal (Maksymiec et al. 1995; Maksymiec and
Baszynski, 1996). Ethylene in stress conditions can also increase the rigidity of cell walls through
intensification of its lignification process followed by growth inhibition (Enyedi et al., 1992). Cu
and Cd stimulated ethylene production via increase of ACC synthase activity and the overexpression of its codifying genes (Pell et al. 1997). More recently, it has been observed that
increase in ethylene content (after Cu and Zn exposure) lead to lipoxygenase activity increase (Gora
and Clijsters, 1989). This phenomenon indicates that heavy metals can induce the jasmonate
pathway and/or lipoxygenase mediated reactive oxygen species (ROS) formation, the more so, that
exogenous JA also increases ethylene concentration (Kruzmane et al. 2002), especially by
stimulating the activity of ACC synthase and oxidase (Saniewski et al. 2003).

2.3.5.4 A4A CLONE AFTER THE LONG TERM TREATMENT (Tab. 7)
PLANT DEFENCE – STRESS RESPONSE

After the longer term treatment, proteomic data showed that several proteins involved in plant
defense and stress response were more-abundant in the hybrid clones A4A (P. nigra x P. Deltoids)
treated with cadmium. Proteins 61 (Putative defensin-like protein 270) and 53 (Putative
defensin-like protein 211) were more than 3-fold abundant in treated plants, and they are two
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proteins involved in defense response to biotic stress, defense response to fungi and in killing the
cells of the pathogen organisms.
As already discussed (see section 2.1.3), plants react to cadmium toxicity by the accumulation of
glutathione, phytochelatines and metallothioneins, in order to sequester toxic cadmium ions in the
cytosol or vacuole (Cobbet et al., 2000). In this study, the proteins 27 (Metallothionein-like
protein 1) was more than 4-fold abundant in treated plants.
The protein 37 (UDP-glycosyltransferase 84A2) was also more than 4-fold abundant in treated
plants and it is a sinapate glucosyltransferase (SGT) required for the biosynthesis of the glucose
ester sinapoylglucose and subsequently sinapoylmalate and sinapoylcholine. It can glucosylate the
phytotoxic xenobiotic compound 2,4,5-trichlorophenol (TCP). The UGT gene superfamily, in fact,
in higher plants is thought to encode for enzymes that glycosylate a broad array of aglycones,
including plant hormones, all major classes of plant secondary metabolites, and xenobiotics such as
herbicides (Vogt et al., 2000). Glycosylation regulates many properties of the aglycones, such as
their bioactivity, their solubility and their transport properties within the cell and throughout the
plant (Ross et al., 2001).
OXIDATIVE STRESS RESPONSE

Cadmium continued to cause oxidative stress also after the long term treatment in A4A clone. Two
proteins involved in oxidative stress response were more abundant in treated plants. The protein 102
(1-Cys peroxiredoxin) is an antioxidant protein that seems to contribute to the inhibition of
germination during stress. Durand et al. (2010) found that 1-Cys peroxiredoxin were more
abundant in poplar plants (Populus tremula L. x Populus Alba L.) exposed to cadmium
contamination for 60 days.
The proteins 180 (Monothiol glutaredoxin-S5) continued to be more abundant in treated plants
even after the long term treatment. It may only reduce GSH-thiol disulfides, but not protein
disulfides, and so it is required for cell redox homeostasis (Herrero et al., 2006).
PHOTOSYNTHESIS

On the contrary, cadmium long term treatment did not seem to have a negative effect on
photosynthesis or tricarboxylic acid cycle, carbohydrate metabolism and glycolysis in A4A clone.
Rather was found the protein 62 (Protochlorophyllide reductase iron-sulfur ATP-binding
protein) involved in chlorophyll biosynthetic process and photosynthesis, more abundant in treated
plants. This protein uses Mg-ATP and reduced ferredoxin to reduce ring D of protochlorophyllide
to form chlorophyllide a, in a light-independent reaction. The expression of CHLL gene, encoding
the regulatory subunit of the protochlorophyllide reductase, is regulated by the redox state of the
chloroplast (Rubinelli et al. 2002). In the same study, Rubinelli et al., (2002) shown that results a
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small increase in CHLL transcript abundance can also result from oxidizing conditions such as Cd
exposure, in Chlamydomonas. Also another Light-independent protochlorophyllide reductase was
more abundant in treated plants in the same clone, after cadmium short term treatment (see section
2.3.4.2).
PROTEOLYSIS

Some proteins involved in proteolysis activity continued to be less-abundant in A4A treated plants.
The protein 653 (U-box domain-containing protein 51) was more than 7-fold less-abundant in
treated plants. On the contrary, the same protein was found to be more abundant in 58-861 treated
plants (see section 2.3.4.1). This different pattern of proteolysis related proteins may be one
explanation of the differences occurred in signs of stress on the leaves surface of the treated plants.
In fact, after the long period treatment, clones of the type Poli and 58-861, showed many chlorotic
areas and small necrotic spots near the main leaf vein of leaves. Instead the leaves of the clone A4A,
were less affected by chlorotic areas and necrotic spots (Fig. 13, 14, 15 in the section 2.3.1).
ATP SYNTHESIS - PROTON TRANSPORT

In poplar plants exposed to cadmium contamination, after a first phase in wich protein involved in
ATP synthesis and decomposition showed a decrease in abundance, after 14 days of cadmium
exposure they showed an increase in abundance (Kieffer et al., 2008). In this study, the protein 32
(Protein ycf2) was more abundant in treated plants, and is an ATPase of unknown function (Huang
et al., 2010). Its presence in a non-photosynthetic plant (Epifagus virginiana) and experiments in
tobacco indicate that it has an essential function which is probably not related to photosynthesis
(Drescher et al., 2000).
AMINOACID BIOSYNTHESIS

Unlike the short-term treatment in which cadmium seemed to cause an increase in abundance in
treated plants of proteins involved in aminoacids biosynthesis (see section 2.3.4.2), long-term
cadmium treatment did not seem to cause any changes in abundance of these proteins. Only protein
649 (Homocysteine S-methyltransferase 4) was more than 4-fold less abundant in treated plants.
It catalyzes methyl transfer from S-methylmethionine (SMM) to adenosyl-L-homocysteine
(AdoMet). This result is not in agreement with a previous study, in wich a transcriptomic analysis
in the aquatic Blastocladiella emersonii, shown an induction of gene HMT for Homocysteine Smethyltransferase in response to cadmium contamination (Georg et al., 2007).
TRANSCRIPTION and TRANSLATION

As seen previously for 58-861 and Poli clones (see section 2.3.4.3), after the long term treatment,
cadmium stress seemed to induce, also in A4A clone, an increase in abundance in protein involved
in transcription and translation mechanisms, such as two ribosomal subunits: proteins 47 (50S
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ribosomal protein L16, chloroplastic) and 63 (50S ribosomal protein L1, chloroplastic). The
protein 43 (Elongation factor 2) was more than 3-fold more abundant in treated plants. This
protein catalyzes the GTP-dependent ribosomal translocation step during translation elongation.
During this step, the ribosome changes from the pre-translocational (PRE) to the posttranslocational (POST) state as the newly formed A-site-bound peptidyl-tRNA and P-site-bound
deacylated tRNA move to the P and E sites, respectively. Catalyzes the coordinated movement of
the two tRNA molecules, the mRNA and conformational changes in the ribosome (Robinson et al.,
1974). Contrariwise, Durand et al. (2010) found one translation elongation factor EF-G and two
elongation factors 1 less abundant in poplar plants (Populus tremula L. x Populus Alba L.) exposed
to cadmium contamination for 60 days, but they found in the same study another elongation factor
1 more abundant in treated plants.
In this study, however, was found other three proteins less abundant in treated plants and involved
in transcription and translation mechanisms. The protein 46 (DNA-directed RNA polymerase
subunit beta) was more than 17-fold less abundant in treated plants and is a DNA-dependent RNA
polymerase that catalyzes the transcription of DNA into RNA using the four ribonucleoside
triphosphates as substrates. For a long time, it is known that cadmium affects protein sythesis and
induces a reduction of RNA-polymerase activity in rat liver (Hidalgo et al., 1976).
Furthermore the protein 59 (Protein cup-shaped cotyledon) was more than 75-fold less abundant
in treated plants. This is a transcription activator involved in molecular mechanisms regulating
shoot apical meristem (SAM) formation during embryogenesis and organ separation. It is required
for axillary meristem initiation and separation of the meristem from the main stem. May act as an
inhibitor of cell division. (Takada et al., 2001). In one recent study on Zea mays, the gene codifing
for Protein cup-shaped cotyledon was described as repressed in a particular Al-tolerant maize
genotype (Cat100-6) under Al stress condition, and over-expressed in another Al-sensitive genotype
(S1587-17) (Cançado et al., 2009).
The protein 651 (Maturase K) was also less abundant in treated plants and usually probably it
assists in splicing other chloroplast group II introns.
MOLECULAR TRANSPORTERS

The protein protein 69 (Magnesium transporter MRS2-I) is membrane transporter that may
mediate the influx of magnesium. It showed a decrease in abundance after the cadmium long term
treatment. The same magnesium trasporter was found to be less abundant also in 58-861 and Poli
clones after both the short and long term treatment (see section 2.3.4.1 and 2.3.4.3).
On the contrary, the protein 60 (Vacuolar protein sorting-associated protein 22 homolog) was
more than 6-fold abundant in treated plants. This protein is a component of the endosomal sorting
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complex required for transport II (ESCRT-II), which is required for multivesicular body (MVB)
formation and sorting of endosomal cargo proteins into MVBs. Many previous evidences have
shown that various stress condition (e.g. metal contaminations, waterlogging, salt, biotic stress) may
promote the formation of multivesicular body (Zhou et al., 2011; Eleftheriou et al., 1991; Barhoumi
et al., 2007; Stoyanova et al., 1997); this could promote an increase in toxic ions storage in vacuole
by chelating them with glutathione, phytochelatines and metallothioneins (Cobbet et al., 2000).
LIPID SYNTHESIS

One important consequence of oxidative stress is lipid peroxidation, producing toxic intermediate
chain-length aldehydes. Toxic aldehydes can be eliminated to their respective carboxylic acids
through the activity of aldehyde dehydrogenases, a diverse protein family (Chien et al., 2001).
Kieffer et al. (2008), in fact, found that enzymes involved in lipid peroxidation (aldehyde
dehydrogenase 1 precursor and mitochondrial aldehyde dehydrogenase) increased their expression
in poplar plants (Populus tremula L.) exposed to 20μM CdSO4 contamination for 14 days.
In this study, two proteins involved in lipogenesis were less abundant in treated plants. The protein
338 (Acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha) is a component of the
acetyl coenzyme A carboxylase (ACC) complex. First, biotin carboxylase catalyzes the
carboxylation of biotin on its carrier protein (BCCP) and then the CO2 group is transferred by the
carboxyltransferase to acetyl-CoA to form malonyl-CoA. However, since ACC is chronologically
the first enzyme involved in fatty acid biosynthesis, it is considered as the rate-limiting enzyme of
this process (Rollin et al., 2003; Wakil et al., 1983). A recent study in Anguilla anguilla showed
that Cd exposure triggered a down-regulation of the gene encoding the ACC subunits (Pierron et
al., 2007). Other previous studies found that acetyl-coenzyme A carboxylase was more than 3-fold
less abundant in poplar plants exposed to 50μM CdSO4 contamination for 14 days (Visioli et al.,
2010).
The protein 610 (Putative linoleate 9S-lipoxygenase 3) was also less abundant in treated plants,
and it is a plant lipoxygenase involved in a number of diverse aspects of plant physiology including
growth and development, pest resistance, senescence and responses to wounding. It catalyzes the
hydroperoxidation of lipids containing a cis,cis-1,4-pentadiene structure.
CELL WALL

Some studies have shown that an increase of metal-ion concentration results in the activation of
wall-loosening enzymes (Moustacas et al., 1991). In this work, three proteins involved in loosening
and extension of plant cells were more abundant in treated plants after the long term treatment. The
protein 54 (Expansin-A14) causes loosening and extension of plant cell walls by disrupting noncovalent bonding between cellulose microfibrils and matrix glucans. The protein 184 (Probable
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pectinesterase 53) acts in the modification of cell walls via demethylesterification of cell wall
pectin. Recent studies have shown that the exposure to cadmium-contaminated soils increases the
concentration of a pectinesterase in Poa annua plants (Aina et al. 2010). The protein 189 is a 45
kDa cell wall protein that plays a mechanochemical and regulatory roles in plants development
(Cassab, 1998).

2.3.5.5 HEAT MAPS and PIE-CHARTS
Heat-map were produced using the TreeView software, for the poplar clones treated for 48 hours
with 20μM CdSO4. The image evidenced the comparison of proteins abundance between control
and treated samples. In shades of red were represented the proteins more abundant in the control
than in the treated plants; hence less abundant in the treated samples. In shades of green were
represented the proteins more abundant in the treated than in the control plants; hence less abundant
in the control samples. In black were evidenced the proteins whose abundance in the plants did not
change between control and Cd treatment (Fig. 46, 47).
The pie charts, in figure 48, visualized the differently abundant functional protein classes, already
commented, according to their percentage in each clone for each treatment. These diagrams
provided us a global and more clear idea of how cadmium affected several metabolic and functional
processes of the poplar plant.
Pie charts and heat maps are two statistical visualisation of the relative abundance of each protein in
each clone according to the presence or absence of Cd and to the time of exposure. The main
difference among the two types of graphic aspects is that in the pie charts were evidenced for each
clone the abundance of proteins according to the time of exposure, whilst in the heat maps the three
clones are compered among each other and with the control, according to the time of exposure.
Furthermore, in the heat maps it is possible to visualise the proteins that do not change in abundance
between controls and treated samples (in black, Fig. 46, 47).
The cadmium short term treatment (48h) influenced the abundance of proteins involved in stress
response and plant defense, oxidative stress response, proteolysis pathway, carbohydrate
metabolism and photosynthesis process in each poplar clone (Fig 48A, 48B). While proteins
involved in stress response, plant defense and oxidative stress response were over-abundant in the
treated plants in respect to the control plants, proteins involved in carbohydrate metabolism were
under-abundant in the treated plants (Fig. 46). On the contrary, proteins involved in photosynthesis
process and proteolysis pathway had an opposite behavior: in hybrid clone A4A proteins involved in
photosynthesis process were over-abundant in treated plants and proteins involved proteolysis
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pathway were under-abundant in treated in respect to the control plants (Fig. 46). In the clones Poli
and 58-861 proteins involved in photosynthesis process were under-abundant in treated plants and
proteins involved proteolysis pathway were more-abundant in treated plants (Fig. 46).
The short metal stress influenced the abundance of proteins involved in ATP synthesis and proton
transport, transcription and translation mechanisms, aminoacid biosynthesis and nitrogen
metabolism only in hybrid clone A4A (Fig 48B). On the contrary, cadmium influenced the
abundance of proteins involved in glycolysis pathway, protein folding, lignin biosynthesis, lipid
synthesis and molecular transport in the clones Poli and 58-861 (Fig 48A).
The cadmium long term treatment (14d) continued to influence the abundance of proteins involved
in stress response and plant defense, oxidative stress response, proteolysis, photosynthesis process
in each poplar clone, and also the abundance of proteins involved in ATP synthesis and proton
transport, transcription and translation mechanisms, molecular transport and cell wall construction
(Fig 48C, 48D). While proteins involved in stress response, plant defense, oxidative stress response,
ATP synthesis and proton transport, molecular transport and cell wall construction were more
abundant in the treated plants than in the control plants in each clone (Fig. 47), proteins involved in
photosynthesis process and proteolysis pathway had an opposite behavior: in hybrid clone A4A
proteins involved in photosynthesis process were over-abundant in treated plants and proteins
involved proteolysis pathway were under-abundant in treated than in the control plants (Fig. 47). In
the clones Poli and 58-861 proteins involved in photosynthesis process were under-abundant in
treated plants and proteins involved proteolysis pathway were more-abundant in treated plants (Fig.
47).
The long metal stress influenced the abundance of proteins involved in aminoacid biosynthesis and
lipid synthesis only in the hybrid clone A4A (Fig 48D). On the contrary, cadmium long exposure
influenced the abundance of proteins involved in carbohydrate metabolism, glycolysis pathway, cell
division and ascorbate metabolism in the clones Poli and 58-861 (Fig 48C).
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Fig. 46: Heat-map produced using the TreeView software, for the three clones treated for 48 hours with 20μM CdSO 4.
The image evidences the comparison of proteins abundance between control and treated samples. In shades of red are
represented the proteins more abundant in the control than in the treated plants; hence less abundant in the treated
samples. In shades of green are represented the proteins more abundant in the treated than in the control plants;
hence less abundant in the control samples. In black are evidenced the proteins whose abundance in the plants did not
change between control and Cd treatment.
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Fig. 47: Heat-map produced using
the TreeView software, for the
three clones treated for 14days
with 20μM CdSO4. The image
evidences the comparison of
proteins abundance between
control and treated samples. In
shades of red are represented the
proteins more abundant in the
control than in the treated plants;
hence less abundant in the treated
samples. In shades of green are
represented the proteins more
abundant in the treated than in
the control plants; hence less
abundant in the control samples.
In black are evidenced the proteins
whose abundance in the plants did
not change between control and
Cd treatment.
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2.4 Conclusion
Health problems caused by environmental contamination are a growing concern worldwide. Proper
environmental management is the key to avoid one fourth of all preventable illnesses, which are
directly caused by environmental factors. The environment influences our health in many ways:
through exposures to physical, chemical and biological risk factors, and through related changes in
our behaviour in response to those factors. Population growth and the associated development
pressure are increasing the difficulties associated with sustainability of public health practices and
policies. Water contamination, airborne contaminants, bioaccumulative contaminants in the food
chain, and environmental threats to public health require the deployment of joint efforts and of
scientific knowledge and know-how to develop new solutions. Understanding environmental and
ecological problems is a prerequisite to protect public health (Rustichelli, 2008).
Plants could be a suitable solution to solve some environmental pollution problems. Plants have
always been the answer for human needs, as food, materials, fibres but also as drugs. In the last 40
years the importance of plants for the survival of the globe, as an interwoven woof of ecosystems,
has been definitively determined.
Thus we studied how a complete organism responded to environmental stimuli in the form mainly
of polluting molecules and elements. In fact, metals in soil may constitute a significant
environmental risk. Conventional methods for removing metals from contaminated areas are usually
laborious and expansive. The first important step in any reclamation activity is the identification of
the pollutants and in which concentrations they are present in the soil, water and/or air, in order to
establish the best solution. We focussed on heavy metals pollution, in particularly on the problem of
Cd. The application of plant-based technologies to remediate metals pollution is often quite
attractive because it is economical and has a low impact on the site and on its surrounding
environments. The identification of the problem is followed by the search of an ecological solution,
which requires the knowledge of plant bio molecular mechanisms in presence of the heavy metals,
specifically concerning cadmium.
Populus species were taken into consideration for their usefulness for phytoremediation purposes,
for their economical interest due to high biomass, fast growth, high adaptability to different soils
and good accumulation ability for cadmium. Poplar genetic variability is often found to be very low
within natural population (Breyne et al., 1999) but the genes that contribute to variation in complex
traits are difficult to identify (Glazier et al., 2002) even if Populus has evidenced a high variability.
The characterisation of several Salicaceae clones for the effectiveness to tolerate and bioconcentrate
metals could be interesting in specifying the potentiality of these plants to remediate polluted soils.
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In this work, three clones of the Populus spp. (clones 58-861 and Poli of Populus nigra L. and
hybrid A4A P. nigra x P. deltoids) were investigated in relation to their response to contamination
by cadmium, in order to understand and quantify the differences between the clones in terms of
cadmium tolerance, accumulation capacity and translocation of the contaminant to the aerial parts.
The evaluation of the phytoremediation potential of these clones has been performed combining
chemical, biochemical and physiological parameters.
Cuttings for each clones were treated with 20 μM of CdSO4 for 48 hours and for 14 days in order to
evaluate the short and long term effects of the cadmium contamination.
Cadmium influenced root apparatus of poplar clones already after the short term treatment. The
accumulation and distribution of Cd in roots were important traits for the evaluation and screening
of these clones under Cd treatment. After 48 hours of metal treatment, the clones Poli and A4A
accumulated in roots a similar cadmium concentration (Fig. 19A), less than that accumulated by the
clone 58-861. But they showed different behaviors: in fact, while the radical growth of the clone
A4A was negatively affected already after 48 hours treatment and continued to be constant after 14
days treatment, the root growth of the clone Poli seemed stimulated by the presence of the
contaminant after the short term treatment and returned to be inhibited after the long-term treatment
(Fig. 18). However, after the long-term treatment, roots of A4A accumulated more cadmium than
the roots of Poli. In both clones, either after the short and the long-term treatments, roots
accumulated less metal than roots of the clone 58-861. Thus, it is possible to assume that P.Nigra
clone 58-861, having a large concentration of cadmium in roots (>1500mg/kg) associated with a
small concentration of cadmium in aerial parts, can be considered a “root accumulator”, a plant
species with high metal uptake but inefficient transport to shoots (Dos Santos et al., 2007), either
after the short or the long-term treatment, the clone stabilizes the metal within the root system.
Moreover, the root apparatus of this clone was not physiologically affected by cadmium short-term
treatment (Fig. 18), though it was affected by cadmium long-term treatment. Clone 58-861 could
keep a large and widely resistant root system absorbing high metal contents, and thus had a great
potential applications in large-scale field phytoremediation projects.
Cadmium concentrations in leaves of each clone were similarly low after the 48 hours treatment
(Fig. 19C). Cadmium contamination did not influence drastically the foliage of the three poplar
clones. In fact, the leaves of each clone did not show any stress signs (chlorotic areas and necrotic
spots) after the cadmium short-term treatment, nor was the leaf number influenced by the treatment.
Thus, cadmium did not affect immediately the apical meristems and the growth of young leaves
(Fig. 16). On the contrary, the short-term cadmium treatment inhibited the increase of total leaf area
of Poli and 58-861 clones, suggesting severe impacts on their photosynthetic capacity (Fig. 17).
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This observation was confirmed by results of proteomic analysis on the two clones: cadmium
induced a decrease in the concentration of proteins involved in photosynthesis process
(Phosphoenolpyruvate carboxylases, Cytochromes c6, Photosystem I reaction center subunits)
(Tab. 4; Fig. 46). Oppositely, the increase of total leaf area of A4A clones was not affected by the
short-term cadmium treatment (Fig. 17). Moreover, in this clone, the short-term cadmium treatment
induced an increase in the concentration of proteins involved in the photosynthesis pathway
(phosphoenolpyruvate

carboxylases,

Light-independent

protochlorophyllide

reductases,

Photosystem reaction center subunits) (Tab. 5; Fig 46).
The clones Poli and 58-861 showed also a dramatic reduction in the increase of total leaf area (Fig.
17), caused by long-term cadmium treatment, and the clone A4A showed less inhibition than the
other clones under the long term treatment. According to the data acquired with the proteomic
analysis of Poli and 58-861 clones, cadmium continued to induce a decrease in the concentration of
proteins involved in photosynthesis process (Light-independent protochlorophyllide reductases,
Photosystem I reaction center subunits) during the long term treatment (Tab. 6A; Fig 47). In clone
A4A, cadmium did not induce any changes in the concentration of proteins involved in
photosynthesis process. This was also confirmed by the presence of many stress signs (chlorotic
areas and necrotic spots) on leaves surface of Poli and 58-861 clones, after cadmium long-term
treatment (Fig. 13, 14).
The clones A4A and Poli resulted “good translocator”, having a huge concentration of cadmium in
roots (>1500mg/kg) associated with a moderate concentration in aerial parts, greater than cadmium
concentration in 58-861 aerial part (Fig.20). But, while the clone A4A concentrated more cadmium
in the stems compared to the clone Poli, after both short and long-term treatments, Poli concentred
more cadmium in leaves. This could be a cause or a consequence for which the clone A4A has a
widen and more lignified stem, and the clone Poli showed more symptoms of metal stress on the
leaves surface, after 14 days of treatment (Fig. 14).
In conclusion, P.Nigra clones 58-861, can be considered a “root accumulator”, because reacted to
cadmium contamination limiting the translocation in the aerial parts.
P.Nigra clones Poli, although, was not a “root accumulator” limiting the radical uptake, but could
be considered a “good translocator” because most of the contaminant was translocated in leaves.
The hybrid A4A, colud be considered a moderate “root accumulator” and a “good translocator”,
because most of the contaminant is translocated in stems.
In conclusion, this work showed that a significant variability for a high translocation of absorbed Cd
to woody parts existed among the considered poplar clones as well as a certain variability for
reduced accumulation both in roots and in leaves. The strategy to select the plant using these
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phenotypic traits might be useful for phytoremediation purposes and allow to find even more
suitable plant material if large local collections were to be explored.
Furthermore, this work was undertaken to explore the potential of proteomics to investigate the
response induced in the three different poplar clones by Cd treatments under uniform environmental
conditions using hydroponic cultures. The proteomic profile obtained by the not treated and treated
samples were compared using a two dimensional liquid chromatography technique (Pirondini et al.,
2006) to understand the molecular basis underlying the different responses.
Thus, the growth analysis, evidenced that the clone A4A was less influenced by cadmium short-term
treatment than the other two clones. This was also confirmed by the proteomic analysis. In fact, the
clone A4A showed less proteins differentially abundant in the short-term treated plant (39) than
other two clones, Poli (168) and 58-861 (175) (Fig. 43). Cadmium contamination quickly affected
clones Poli and 58-861, inducing a short-term response and a major change in the protein pool. In
each clone, short-term cadmium treatment induced, in the treated plants, an increase in the
concentration of proteins related to plant defense (pathogenesis-related proteins, disease resistance
proteins, protein phosphatases) and stress response (heat shock proteins), and also an increase in
the concentration of proteins related to the oxidative stress response (peroxidases, peroxiredoxins,
thioredoxins) (Tab. 4-5; Fig 46, 48A). The short-term cadmium treatment induced, in the treated
plants of each clone, a downfall of the carbohydrate metabolism with a decrease in the
concentration of proteins involved in this pathway (ribulose bisphosphate carboxylase subunits,
alpha-1,4glucan phosphorylases, beta-fructofuranosidases) (Tab. 4-5; Fig 46, 48A). But, the clone
A4A displayed a short-term response to cadmium by inducing an increase in photosynthetic capacity
in order to compensate the downfall of the carbohydrate metabolism. Thus in this clone, short-term
cadmium treatment induced an increase in the concentration of proteins involved in photosynthesis
pathway (phosphoenolpyruvate carboxylases, Light-independent protochlorophyllide reductases,
Photosystem reaction center subunits) (Tab. 5; Fig 46, 48B). Furthermore short-term cadmium
treatment induced, in the treated A4A plants, an increase in the concentration of proteins involved in
aminoacids biosynthesis (Glutamate and cysteine synthases, Histidinol dehydrogenase) (Tab. 5; Fig
46, 48B) in order to produce more free aminoacids to chelate the metal ions because metals
complexed with amino acids are considerably more stable and less toxic (Homer et al., 1997). Both
these findings may explain why the growth parameters for the clone A4A were not affected by the
short-term cadmium treatment (Fig. 16-17).
On the contrary, the short-term cadmium treatment induced, in the treated plants of Poli and 58-861
clones, in addition to the downfall of the carbohydrate metabolism even the breakdown of
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photosynthetic and glycolytic capacity. Infact, cadmium induced a decrease in the concentration of
proteins involved in these two pathway (Phosphoenolpyruvate carboxylases, Cytochromes c6,
Photosystem I reaction center subunits and enolases) (Tab. 4; Fig 46, 48A). This downfall of all the
energy pathways could explain the strong negative impact of short-term cadmium treatment on the
total leaf area of these two clones (Fig.17) and the subsequent appearing of stress signs on leaves
surface (chlorotic areas and small necrotic spots). However, an attempt to counteract cadmium
contamination could be observed since there has been an increase in the concentration of proteins
involved in lignin and isoprenoid biosynthesis (Pentatricopeptide repeat-containing protein) (Fig.
46). This experimental data was in accordance with the data from SEM analysis (2.3.5, Scanning
Electron Microscopy with microanalysis) in which the results showed that Cd was present mainly
within lignified and suberified tissues. Considering the short term experiment, we may speculate
about the fact that Cd induced the synthesis of lignin or the presence of already lignifies tissues
acted as a sink for the contaminant.
From proteomic analysis it was possible to understand that clone A4A is more affected by cadmium
long-term treatment than the other two clones. In fact, the clone A4A showed more proteins
differentially abundant in the long-term treated plants (116) than other two clones, Poli (32) and 58861 (38) (Fig. 44). Thus, after an initial strong impact of the presence of cadmium, Poli and 58-861
clones appeared to undergo an fast adaptation. On the contrary, A4A clone seemed react with a
delayed response to the cadmium contamination. In each clone, after the long-term treatment, the
contamination continued to cause an increase in the concentration of proteins related to plant
defense (defensin-like proteins, UDP-glycosyltransferases) and stress response (heat shock
proteins, heat stress transcription factors), and also an increase in the concentration of proteins
related to the oxidative stress response (peroxidases, peroxiredoxins, monothiol glutaredoxins)
(Tab. 6a-7; Fig 47, 48C, 48D). The long-term cadmium treatment induced, in the treated plants of
Poli and 58-861 clones, a downfall of the carbohydrate metabolism and photosynthesis, but the
impact of cadmium treatment on protein abundance from photosynthesis, calvin cycle and
carbohydrate metabolism became less pronounced with increasing esposure time. Infact, cadmium
induced a decrease in the concentration of proteins involved in these two pathways (Ribulose
bisphosphate carboxylase/oxygenase activases, Ribulose bisphosphate carboxylase subunits, Lightindependent protochlorophyllide reductases, Photosystem I reaction center subunits) (Tab 6a; Fig
47, 48C). Consequently, after the initial “alarm” phase and stabilization of the short-time stress
response, an important increase in abundance of proteins related to the glycolysis and the TCA
cycle indicated that cadmium-exposed plants increased the energy supply by activating
mitochondrial respiration. Infact, in the clones Poli and 58-861 clone, cadmium induced an increase
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in the concentration of proteins involved in glycolysis (enolases, Sucrose-phosphatases, Glucose-1phosphate adenylyltransferase subunits) (Tab. 6a; Fig 47, 48C).
Overall these studies underlined the importance to study plants genome and proteome in relation to
possible solution of pollution problems. In particular the proteomic data obtained in the different
poplar clones, evidenced a correlation between uptake, translocation and tolerance mechanisms
toward cadmium involving different classes of proteins. Further analyses on specific proteins might
provide an inside view of plant response to heavy metals in order to develop possible
phytotechnologies applications for heavy metal decontamination.
There still are some aspects of these experiment to be considered having room for improvement and
follow up. For example hydroponic screenings bear inherent limitations to reflect real-world
conditions, the most tolerant clones identified here will be tested for metal tolerance and
accumulation when grown in soils.
These fundamental aspects should form the principles to be followed in plant screening for selecting
plant material for phytoremediation, and the data obtained could be useful for improving Cd
phytoremediation strategies through the application of this ecologically and economically important
tree species such as poplars.
Furthermore, the results of this study demonstrated the importance of applying multiple
methodologies for a fuller understanding of both physiologic and cellular response to heavy-metal
exposure in plants. Only through synergic studies it is possible to gain the insight needed to make
predictive statements regarding the effect of metal toxicity on different plants, and more specifically
on different poplar clones, as in our case. This integrated study using a global proteomic approach
to study stress response in cadmium poplar plants, together with physiological measurements and
biochemical analyses, leads to a better understanding of some of the molecular mechanisms at the
basis of cadmium stress response, such as the long and the short term physiological and proteomic
reaction to cadmium.
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4 LIST OF PAPERS
The scientific production carried out by Dr. Davide Imperiale in the last three years led to the
publication of the following conference proceedings:

COST Action FA0603 WG1 Meeting: Technical aspect inherent to plant proteomics.
“Classical and Novel Approaches in Plant Proteomics”
(Viterbo, Italy, 5/6 May 2009)
Molecular response of plants to heavy metals: a proteomic approach
Visioli G., Marmiroli M., Pirondini A., Imperiale D., Marmiroli N.
Department of Environmental Sciences, Division of Genetics and Environmental Biotechnologies, University of Parma,
Via G.P. Usberti 33/A, 43100 Parma, Italy
Objectives
Plants tolerate excess of heavy metals through mechanisms acting at two different levels: metal exclusion in the root or
metal accumulation followed by compartmentalization or sequestration of metal ions, useful for phytoremediation. In
particular some plant species growing on metal-rich soils can accumulate high quantity in leaves. Hyperaccumulating
plants have been described for Ni, Cd, Zn, Se, As whereas accumulation capacity towards other metals have not been
clearly demonstrated. However, the practical application of hyperaccumulators to phytoremediation is made difficult by
their little biomass and slow growth rates. It is therefore necessary to understand the biological mechanisms at the basis
of hyperaccumulation, and to analyze variability within and among species in order to apply in phytoremediation, plants
considered to be more important from an economical point of view, and with higher biomass.
In this research we focused on two different plants species: i) the natural Ni hyperaccumulating Thlaspi caerulescens
(J&C. Presl.) and ii) Poplar which is not defined as hyperaccumulator but it is capable to accumulate high amount of
heavy metals in shoots. In particular we utilised a proteomic profiling approach to identify possible protein biomarkers
in a T. caerulescens population subjected or not to Ni treatment and in a poplar clone subjected or not to Cd treatment.
Methods
Shoots crude protein extracts were analysed by using a 2D liquid chromatography technique. Complex protein
chromatograms obtained from each protein sample were analysed with ProteoVue software (Eprogen, Darien, IL,
USA). Proteins were separated in the first dimension by isoeletric point (pI) with an high-performance
chromatofocusing, (HPCF). The proteins were eluted based on their pI, measured for absorbance at 280 nm, collected
according to pre-determined pH decrements of 0.3 pH units. In the second dimension proteins were separated by
hydrophobicity with an high-resolution, reversed-phase, chromatography (HPRP). Fractions were immediately collected
for MS analysis.
Results
Among the 500 polypeptides detected in shoot tissues, few were found to change their abundance, in the two conditions
analysed, in both the two species. In particular, in T. caerulescens only some proteins involved in transport and metal
chelation resulted over-expressed in the treated samples. Interestingly in the condition of absence of Ni many proteins
involved in sulphur metabolism, protection against reactive oxygen species or stress response were over-expressed. The
results correlated to physiological data seemed to evidence a better physiological performance of this species in the
condition of Ni treatment. In the poplar clone under Cd stress treatment, proteins implicated in protection against
oxidative damage and in sulphur metabolism showed a slight increase. The possible role of some of the proteins
identified in Cd accumulation and tolerance will be discussed.
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XIX Congresso S.It.E. Società Italiana di Ecologia: Dalle vette alpine alle profondità marine
(Bolzano, Italy, 15/18 September 2009)
Risposta genetica e fisiologica in diversi cloni di pioppo sotto stress da cadmio
Marmiroli M., Visioli G., Imperiale D., Maestri E., Marmiroli N.
Dip. Scienze Ambientali, Sezione Biotecnologie Genetica, Università degli Studi di Parma
In questo studio si sono analizzati 11 cloni di pioppo per determinare le variazioni di singolo nucleotide (SNPs) indotte
a seguito di trattamento con Cd solfato, in condizioni idroponiche. Sette geni coinvolti nell‟omeostasi del Cd (“geni
candidati”) e altri due fino ad ora ritenuti non rilevanti per tale processo (geni “non‐candidati”) sono stati analizzati
rispetto alla omologa sequenza nel genoma di P. trichocarpa Torr. & A. Gray depositata nel sito web JGI. I
polimorfismi sono stati tradotti in variazioni amminoacidiche per ogni gene e per ogni clone sul pool dei geni
considerati. Tali dati hanno consentito di determinare la distanza genetica tra i vari cloni, l‟analisi delle coordinate
principali (PCA) ha consentito di determinare la percentuale di variabilità entro cloni spiegabile dai polimorfismi dei
“geni candidati”. Si è inoltre prodotta una matrice di correlazione tra i dati genetici e quelli fisiologici relativi alla
risposta al Cd per determinare quali geni, e in quali cloni, erano correlati a variazioni di biomassa, area fogliare,
lunghezza radicale e concentrazione interna alla piana di Cd. Analisi al SEM/EDX su quattro cloni di particolare
interesse hanno evidenziato zone di accumulo di Cd e di aumentata lignificazione e suberificazione possibilmente
indotte dallo stress da Cd. Alcuni cloni hanno mostrato un alto livello di polimorfismi in tutti i “geni candidati” anche se
la loro risposta al Cd era di tipo diverso, maggiore tolleranza alternata a maggiore accumulo di Cd.

ItPA 2010: 5th Annual National Conference (Firenze, Italy, 9/12 June 2010)
2D-LC as a suitable technique for comparative proteomics of different plant species in response to metal
contaminants
Giovanna Visioli, Davide Imperiale, Marta Marmiroli, Elena Maestri and Nelson Marmiroli
Division of Genetic and Environmental Biotechnologies, Department of Environmental Sciences, University of Parma,
Parma, Italy
In many plant species subjected to metal stress a network of proteins and biochemical cascades that may lead to a
controlled homeostasis of metals has been recently identified. There is no protein technology that can be as sensitive as
transcripts microarray analyses, thus it is necessary to combine different protein separation techniques to enrich
proteomic data. In this work we tested a 2D-LC system for its ability to identify proteins regulated by excess of metals
in different plant species. The use of liquid protein mapping instead of gel mapping, to scan many samples for important
or landmark proteins has some advantages: i) the possibility to load protein crude extracts, avoiding purification steps
and limiting the risk to loose less abundant proteins in the sample; ii) the higher amount of proteins that is loaded in a
single run (up to 10 mg of protein extract), could reveal also less abundant proteins with regulatory functions; iii)
working with liquid protein fractions is more suitable for a direct identification by MS techniques; iv) the automation of
the system allows for a reduction of contaminations and for a better reproducibility of the results. Moreover important
steps to pay attention for in a 2D-LC analyses were: i) the freshness of the protein sample and ii) the reproducible pH
gradients performed by the exchange buffers. Protein extracted from different plant species and tissues (Arabidopsis
thaliana; Thlaspi caerulescens; lichens, poplar) treated or not with different metals and metalloids such as Cs, Ni, Cd
were analysed by 2D-LC methodology and data obtained enriched the information present in literature on 2D-gels
giving a more comprehensive analysis of the plants proteome in the tested conditions.
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7th International Phytotechnologies Conference: Phytotechnologies in the 21st century: Challenges after
Copenhagen 2009. Remediation – Energy – Health – Sustainability.
(Parma, Italy, 26/29 September 2010)
Correlation between habitat and molecular features in the Ni hyperaccumulator Thlaspi caerulescens Monte
Prinzera population.
Giovanna Visioli, Davide Imperiale, Simone Vincenzi, Andrea Pirondini, Nelson Marmiroli
Department of Environmental Sciences, University of Parma, Italy
In the context of soil pollution, an important aspect is the treatment and management of sites contaminated by metals
such as Ni, Cr, Co, Pb, Zn, Cd, Cu, Mn. In natural conditions many of these elements are present at high rates in
ophiolitic soils which are widespread in the Italian territory. Thus the ophiolite territories represents natural sites in
which heavy metals are concentrated and the vegetation growing in these sites, which are usually rare endemic plant
species, have been forced to adapt to a series of ecological factors among which a peculiar physical- chemical
composition of the soil (Baker et al., 2010; Maestri et al., 2010). Monte Prinzera (MP) is one of the ophiolitic Italian
territories, situated in the Tosco-Emilian Appennin and it is a Natural Reserve. The physical-chemical characteristics of
this site allowed for the selection of some plant species tightly linked to these substrates, with specific adaptive traits,
such as tolerance and accumulation of metals. In particular a metallicolous population of Thlaspi caerulescens is found
in this site and studied and classified as a Ni hyperaccumulator population. The absence of this plant nearby, in nonophiolitic soils, and its growth and reproductive traits render Thlaspi caerulescens MP an interesting model to study the
adaptation to extreme environments.
By studying Thlaspi caerulescens population of MP, the presence of different morpho-types were observed in sub-sites
which showed differences in the geo-morphology. A multivariate statistical analysis performed on morphological traits
such as i) number of leaves of the rosettes; ii) dimension of leaves of the rosettes; iii) height of stalk; iv) number of
inflorescences; v) weight of seeds; vi) dimension of seeds evidenced the significance of this phenotypic variability.
Environmental soil parameters such as i) pH; ii) soil organic content; iii) metal content such as Ni, Fe, Co, Zn, Mg; Mn,
Ca, K; iv) water content were also analysed in correlation with plants‟ growth behaviour. Plant phenotypic variability
was analysed also at molecular level by a comparative high-throughput analysis of protein variations. Differences in
protein abundance were observed between plants in the different sub-sites evidencing a strong phenotypic plasticity of
these plants in the adaptation to specific micro-environments. In conclusion, in this work, the combination of
phenotypic and molecular descriptors showed to be an useful approach for a better characterization of the biodiversity
in a species adapted to grow on metalliferous soils.
Key words: Thlaspi caerulescens; serpentine soil; phenotypic plasticity; proteomic markers
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7th International Phytotechnologies Conference: Phytotechnologies in the 21st century: Challenges after
Copenhagen 2009. Remediation – Energy – Health – Sustainability.
(Parma, Italy, 26/29 September 2010)
Proteomic Analysis in Poplar Clones Treated with Cadmium
Davide Imperiale*, Marta Marmiroli, Elena Maestri, Giovanna Visioli, Nelson Marmiroli
Department of Environmental Sciences, Division of Genetics and Environmental Biotechnologies, University of Parma,
Italy
Dispersal of trace elements, metals and organics is relevant for environmental contamination and for fresh water
utilization. Plant species have been used to decrease or remove the contaminants in polluted sites and in particular,
tolerant and hyperaccumulator species seem promising for removal of metals in contaminated soils. The practical
application of natural hyperaccumulators in phytoremediation is difficult because of their small biomass at maturity and
reduced growth rates. For these reasons the metal uptake capacity of plants with higher biomass, such as trees belonging
to Salicaceae family like poplar and willow, has been investigated. Laboratory and field trials have found that different
clones of the genus Populus have different tolerance and metal uptake in contaminated environments.
In this work we studied the behavior of three Italian selected poplar clones: P.nigra (clones 58-861 and Poli) and a
hybrid P.nigra x deltoides (A4A), which showed different Cd tolerance and capacity and Cd uptake, accumulation and
traslocation (1).
The modifications occurring in the proteome of the three clones subjected to Cd treatments were investigated by
comparing also the physiological behaviour of the clones.
Rooted cuttings of three poplar clones were grown in hydroponic cultures with 0 μM CdSO4 (control) and 20 μM
CdSO4 for 48h (short term treatment).
(i) Different physiological parameters were analyzed: total leaf area, stem growth and elongation of the roots. Metal
uptake and root to shoot translocation were observed by mineral analysis by Atomic Absorption Spectroscopy (ASS).
Metal compartmentalization in leaves, roots and stems were analyzed by Scanning Electron Microscopy with
microanalysis (SEM/EDX).
(ii) Proteomic analysis was performed on crude protein extracts, obtained from leaves and roots. Proteins with different
isoelectric point (pI) and hydrophobicity were separated by a 2D liquid chromatography technique (ProteomeLab PF2D,
Beckman) (2).
Qualitative and quantitative differences between protein profiles of treated and untreated samples were evidenced by
DeltaVue Software (Eprogen). Proteins differently expressed in various conditions will be further characterized by
MALDI-TOF/MS to infer on their possible role in metal response.
The results will be discussed with the aim to understand the different processes at the basis of accumulation and
tolerance of metal by plant species.
Key words: Poplar, cadmium, proteomics, phytoremediation, 2D-LC technique
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2° Workshop C.I.M. Centro Interdipartimentale Misure: ”Scienza al CIM: la parola ai giovani”
(Parma, Italy, 11 November 2011)
CHARACTERIZATION OF POPLAR DIFFERENTIAL EXPRESSED PROTEINS IN RESPONSE TO
CADMIUM CONTAMINATION BY MEANS OF MALDI-TOF SPECTROMETRY
IMPERIALE D., MARMIROLI M., MALCEVSCHI A., MAESTRI E., VISIOLI G., MARMIROLI N.
Department of Environmental Sciences, Division of Genetics and Environmental Biotechnologies, University of Parma,
Viale Usberti 11/A, 43124 Parma (Italy)
Key words: Proteomics, MALDI-TOF, Poplar, cadmium.
In order to understand the different processes at the basis of accumulation and tolerance of metal in plants, rooted
cuttings of three poplar clones were grown in hydroponics culture with 0 μM (control) and 20 μM CdSO4 for 48h (short
term treatment) and 14 days (long term treatment). Proteomic analysis has been performed on crude protein extracts,
obtained from leaves. Proteins with different isoeletric point (pI) and hydrophobicity have been separated by a 2D
liquid chromatography technique (ProteomeLab PF2D, Beckman), and an analysis using DeltaVue Software (Eprogen)
has been carried out on qualitative/quantitative differentially expressed bands between treated and untreated samples.
Proteins whose expression was statistically different in response to various experimental conditions are being currently
identified by MALDI-TOF/MS to infer their possible role in the plant metabolism response to metals.
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