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Introduction. - In addition to their traditional role for food, feed, 
fuel and fibres production, green plants can be used to accumulate toxic 
metals and organic pollutants from contaminated soils and water for 
cleanup purposes, to prevent further degradation of our environment and 
to remediate the damage caused by the increasingly industrialized socie-
ty. The use of plants specifically chosen or tailored for the rehabilitation 
of polluted land and brownfields, water purification, and even removal 
of indoor or outdoor air contaminants, is becoming essential to achieve 
sustainable development (Conesa et al., 2008). Plants represent a more 
environmentally compatible and less expensive method to site restora-
tion compared to physico-chemical approaches, even if the time scale 
required to reach the target end-points is often a limiting factor. Plants 
are already cleaning our environment constantly, everywhere, acting as 
“green livers”, even if we do not recognize or know it. 

Trace element accumulating species can concentrate As, Cd, Co, Mn, 
Ni, Pb, Se, Tl or Zn up to 100 or 1000 times those normally accumulated 
by plants (Al-Najar et al., 2005a; Behmer et al., 2005; Caille et al., 
2005; Comino et al., 2005; Jiang et al., 2005; McGrath et al., 2006; 
Zhao et al., 2006). Using plants hyperaccumulating specific metals in 
cleanup efforts appeared over the last decades. In contrast, crops with 
a reduced capacity to accumulate toxic metals and organic pollutants 
in edible parts should be valuable to improve food safety. On the other 
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hand, crop plants with an enhanced capacity to accumulate essential 
minerals in an easily assimilated form can help in providing healthy food 
to the rapidly increasing world population and improve human welfare 
through balanced mineral nutrition. The idea of fortifying food crops 
with the essential minerals required for a healthy diet is relatively new. 
For example, with iron and zinc deficiencies the leading nutritional dis-
orders in the world today and most of the world population getting both 
from eating plants, increasing the iron and/or zinc content of crop plants 
could significantly improve human health. As many of the metals that 
can be hyperaccumulated are also essential nutrients, food fortification 
and phytoremediation are thus two sides of the same coin (White and 
Broadley, 2005).

According to the United Nations Environment Programme, “phy-
totechnologies are ecotechnologies relating to the use of vegetation, to 
resolve environmental problems in a watershed management, by preven-
tion of landscape degradation, remediation and restoration of degraded 
ecosystems, control of environmental processes, monitoring and assess-
ment of the environmental quality”. Phytotechnologies exploit natural 
processes and can be used for revegetating degraded lands (such as 
quarries, road sides), removal of excessive nutrient loads (phytoamelio-
ration) and the cleanup of wastewater (e.g. road runoff, municipal and 
industrial effluents, landfill leachates, stormwater, surface and seepage 
water). Phytotechnologies are beginning to offer efficient tools and 
environmentally friendly solutions for the cleanup of contaminated sites 
and water, the improvement of food chain safety, and the development 
of renewable energy sources, contributing to a sustainable use of water 
and land management (Dominguez et al., 2008).

In the framework of COST Actions 837 (1998-2003) and 859 (2004-
2009) “Phytotechnologies to promote sustainable land use and improve 
food safety”, a European-wide integration and expansion of research 
and development efforts have been established to use phytotechnologies 
as instruments for management and removal of environmental contami-
nation, as well as for improving food quality and safety. This network 
aims to contribute to the implementation, assessment and integration of 
appropriate and efficient phytotreatments for sustainable land use man-
agement, ecosystem restoration and mitigation strategies applicable to 
different environmental compartments (http://w3.gre.ac.uk/cost859/). 

However, each of these goals requires a sound understanding of 
how plants can specifically accumulate or exclude essential elements, 
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toxic metals, and organic pollutants. This includes knowledge on the 
bioavailability of metals and xenobiotics in the rhizosphere, their uptake 
by roots, translocation to and detoxification/storage in the above-ground 
parts of the plant, at physiological, biochemical and molecular levels. 

The purpose of the present paper is thus to sum up major outlines, 
outcomes and outlook from the network and to highlight some critical 
points where significant progress has been recently made in Europe to 
overcome bottlenecks in the plant removal and detoxification of pollut-
ants.

Environmental pollution and potential of phytoremedia-
tion. - Phytotechnologies exploit natural plant physiological and bio-
chemical processes, and green plants can be used for decontamination 
of soils polluted with trace elements and organic compounds (phytore-
mediation). This low-cost and environmentally friendly technology 
targets extraction, degradation or fixation of the pollutants (Madejon 
et al., 2006b; MACKOVA et al., 2006; Madejon and Lepp, 2007; 
Manousaki et al., 2008). Similar technologies of ecological engineer-
ing can be used for revegetating degraded lands, removal of excessive 
nutrient loads and the cleanup of wastewater using soil-plant filters, 
buffer strips and constructed wetlands (Davies et al., 2005; Azaizeh et 
al., 2006; Ebel et al., 2007; Braeckevelt et al., 2008). 

A significant part of agricultural land in Europe and elsewhere is 
contaminated with heavy metals and organic pollutants, some of which 
still is in agricultural use. Food produced on those sites can pose human 
health risks: several important agro-ecosystem functions are impaired 
and such sites can be sources of food contamination and further pollu-
tion via re-spreading of metals and other pollutants to the surroundings 
by wind- and water erosion or leaching into groundwater. New EU leg-
islation (Commission Regulation EC 257/2002, February 2002) has set 
maximum levels for heavy metals in food. As a consequence, contami-
nated agricultural soils still under production and many additional areas, 
which until now have not been subject to regulation, should be taken out 
of food production and become marginalised in the near future. These 
areas have even increased when new countries joined the EU. There 
are two alternatives to deal with this land: either it has to be set aside 
or to be cleaned. Conventional remediation methods like landfilling or 
excavation and extraction impose high costs, destroy soil structure, and 
diminish soil productivity. Sites like these need a sustainable plant cover 
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to prevent re-entrainment of particulates and thus contamination of more 
agricultural land as well as direct impact on adjacent populations. Given 
the cost of agricultural land, any remediation treatment has to be of a 
similarly low cost. Phytoremediation offers a cost-effective in situ alter-
native for low- or medium-contaminated soils resulting in increased soil 
fertility (Hernandez-Allica et al., 2006a; Mench et al., 2006). 

Brownfields - contaminated sites around former and present mines, 
abandoned old industrial sites or ash and slag dumps from fossil fuel 
based power plants, coal and gas plants, oil-refineries, ammunition 
plants, military bases, and pesticide tombs are numerous in Europe and 
their restoration for future safe use is an important issue. An appropriate 
rehabilitation and sustainable management of contaminated brownfields 
is thus a priority task. Phytotechnologies are expected to play a major 
role in the restoration of former industrial areas, but the activities should 
include site identification and characterization, parallel soil treatability 
tests, as well as field-scale implementation and evaluation (Thiry et al., 
2005; French et al., 2006; Millan et al., 2006; Moore et al., 2006; 
Rufyikiri et al., 2006).

Green plants can also be used to treat freshly dredged polluted sedi-
ments, even if this approach is only at its infancy in Europe at the present 
time (Panfili et al., 2005). 

In constructed wetlands (reed bed), plants are used as part of a man-
aged ecosystem to remediate contaminants from aqueous waste streams; 
they can be operated as surface (free floating, emergent or submerged 
plants) or sub-surface (horizontal or vertical) flow systems (Figure 1). 
Water under consideration include not only domestic wastewater, but 
also industrial effluents, groundwater and surface water, as well as 
landfill leachates, contaminated with organic pollutants, toxic metals 
and/or radionuclides (Davies et al., 2005; Stoltz and Greger, 2005; 
Azaizeh et al., 2006; Bragato et al., 2006; Wiessner et al., 2006; 
Matamoros et al., 2007; Braeckevelt et al., 2008). Alternatively, 
hydroponic cultures (Figure 2) or nutrient film techniques can be used 
(Ebel et al., 2007; Olette et al., 2008; Schwitzguébel et al., 2008). 

Nowadays, the use of plants for the removal of atmospheric contami-
nants is less developed, but it will become extremely relevant to sustain-
able development and human health (Markert et al., 2008). There is 
thus an urgent need to study for example the carbon fluxes and volatile 
organic carbon and nitrogen oxides emission, especially under urban 
and industrial conditions. Plants can be selected to remove or reduce 
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Fig. 1. – Construction of a wetland to treat dairy wastewater in a remote place in north of Italy.

Fig. 2. – Hydroponic cultures to test under greenhouse conditions the ability of different plant species to 
remove and degrade sulphonated aromatic compounds released by dye and textile industries.
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pollutants present in indoor and outdoor air, including those relevant to 
global warming. 

Different phytoremediation approaches can be considered, depend-
ing on the environmental compartment to be treated, as well as on the 
pollutant and its concentration:

• Phytoextraction - absorption of trace elements into roots, then 
translocation into shoots, followed by the harvest and destruction 
of the contaminated plants, with possible recycling strategies to 
recover metals from biomass or ash (Figure 3). For such a pur-
pose, two types of plants can be used: plants able to hyperaccumu-
late one or several elements, but producing low biomass; or plants 
accumulating moderate amounts of metals or metalloids, but pro-
ducing high biomass (Dickinson and Pulford, 2005; Martinez 
et al., 2006; Quartacci et al., 2006; Nehnevajova et al., 2007a 
and b; Meers et al., 2007; Kadukova et al., 2008);

• Rhizofiltration – adsorption and absorption of contaminants 
present in water by the roots (Ebel et al., 2007; Olette et al., 
2008; Schwitzguébel et al., 2008);

Fig. 3. – Field scale phytoextraction of metals.
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• Phytostimulation - enhanced microbial metabolism in plant 
rhizosphere; plant/microbial interactions are important for such 
a process (Wenger et al., 2005; Leigh et al., 2006; Liste and 
Felgentreu, 2006; Liste and Prutz, 2006; Mackova et al., 
2006, 2007; Schwitzguébel et al., 2006; Kidd et al., 2008; 
Rezek et al., 2008);

• Phytodegradation - exploiting the huge potential and biodiversity 
of plant metabolism to detoxify, transform or degrade xenobiotics 
(Taghavi et al., 2005; Marcacci et al., 2006; Podlipna et al., 
2007; Carias et al., 2008; Schröder et al., 2008a);

• Phytovolatilisation - uptake by the plant and release into the 
atmosphere of volatile non-toxic compounds or elements;

• Hydraulic control of pollutants - the use of phreatophyte trees 
(poplar, willow, and aspen) to transpire large amounts of water. 

• Phytostabilisation, based on the immobilisation of inorganic 
contaminants through mechanisms such as adsorption to plant 
roots or soil particles, or precipitation in the root area, thus pre-
venting migration of contaminants in soil, groundwater or air, 
and decreasing erosion, runoff and leaching. Additionally, it 
promotes the ecosystem restoration and biodiversity accounting 
for ecological consequences, or the production of industrial crops 
such as essential oil plants and flax. Phytostabilisation in many 
cases might be considered as a provisional solution until other 
techniques become affordable. However for large contaminated 
sites, e.g. related to mining activities, phytostabilisation is prob-
ably the only reasonable (and final) option to restore ecosystems 
(Figure 4, A and B). The most effective is the use of indigenous 
plant species, which are accustomed to the local climate and soils, 
and do not create adaptation or invasion problems (Geebelen et 
al., 2006; Kumpiene et al., 2006, 2007; Ruttens et al., 2006). 

Among others, the following points, which are also challenges, are 
of critical importance:

• Pre-harvest parameters are key milestones in the successful 
implementation of phytoremediation (type and degree of pollu-
tion, plant selection, treatability, agronomic techniques, ground-
water capture zone, uptake rate, transpiration rate, and required 
cleanup time). Therefore, the selection of the most appropriate 
plant species, varieties or cultivars, with efficient nutrients or 
pollutants extraction is a determining step: the huge potential and 
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Fig. 4. – Outdoor small scale lysimeter experiments of phytostabilisation of a Cu and Pb contaminated soil 
several months (A) and one year (B) after the experiment started. Untreated soil is shown in the upper row, 
and soil treated with fly ash and peat is shown in the lower row. Lysimeters on the left were sawed with seeds 
of grass and herb mixture, whereas lysimeters on the right were not sawed. After one year, the grass in the 
untreated soil died, while spontaneous revegetation occurred in the treated soil without sawed grass.

A

B
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biodiversity of plants deserve to be better explored and exploited 
(Gulz et al., 2005; Nehnevajova et al., 2005; Lazaro et al., 
2006; Madejon et al., 2006a, 2007; Evangelou et al., 2007b; 
Galardi et al., 2007; Marques et al., 2007; Borghi et al., 
2008; Burgos et al., 2008). For such a purpose, we should look 
at contaminated sites that have become naturally colonised by 
sustainable vegetation, which plant species act as primary colonis-
ers, how vegetation cover develops, what factors are involved in 
successful colonisation, and how these relate to other less polluted 
soil types (Johansson et al., 2005; Del Rio-Celestino et al., 
2006; Grytsyuk et al., 2006; Pavlikova et al., 2007; Pauwels 
et al., 2008). The extent to which soil factors can be manipu-
lated to increase or decrease the bioavailability of organic and 
inorganic contaminants should also be assessed: pH, addition of 
fertilizers or biodegradable chelating agents, agronomic practices, 
soil amendments, rhizosphere conditions, crop rotation, etc (Al-
Najar et al., 2005b; Clemente et al., 2005, 2006; Nowack et 
al., 2006; Ruttens et al., 2006; Evangelou et al., 2007a; Kidd 
et al., 2007; Kumpiene et al., 2007). 

• The bioavailable fraction of soil contaminants should be consid-
ered as the most important one from an ecological, toxicological 
and health standpoint, and is determined by the chemical prop-
erties of the pollutant, soil and climatic characteristics, ageing 
processes and biota behaviour (Garcia et al., 2005; Remon et 
al., 2005; Fränzle et al., 2007; Hilber et al., 2007). Ageing of 
pollutants usually decreases their bioavailability, but root exu-
dates, root-induced rhizosphere changes (including ectoenzyme 
activities), mycorrhizal fungi and rhizospheric bacteria play a 
major role in the dynamics and the ability of pollutants to enter 
into plants from contaminated soils (Di Gregorio et al., 2006; 
Vivas et al., 2006; De Carcer et al., 2007); vertical and horizon-
tal spreading of pollutants to the surroundings and groundwater 
will also be affected. The bioavailability of contaminants and their 
uptake by crop plants are essential parameters for establishing 
risk-based regulatory guidelines and enhancing food safety. 

• Post-harvest parameters (harvest time, collection, residues, waste 
disposal, contaminated plant material treatment and valorisa-
tion, recycling of metals) are also critical factors to be taken into 
account. The use of biomass after phytoremediation is highly 
recommended, especially as a source of renewable biofuel or 
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of diverse valuable bio-products (Keller et al., 2005; Van 
Ginneken et al., 2007; Lieves et al., 2008; Schröder et al., 
2008b). 

• The economics of phytoremediation of organic pollutants is gen-
erally favourable, but cost is an acute problem for the treatment of 
heavy metals. Ideally, plants should produce biomass with added 
value (fibres) or should be used to recover valuable products like 
oil for lubricants, fragrances or other fine chemicals. Trees used 
for groundwater cleanup or management of landfill leachates can 
be harvested and used for paper production. Another option is 
based on the selective recovery of metals from plant residuals 
after combustion, which could provide an economically valuable 
recycled product, depending on the type and concentration of the 
metal. By this approach contaminated sites can be cleaned and at 
the same time farmers are offered sources of income instead of set 
aside scenarios. This will create new possibilities at urban fringes 
with demands for sustainable employment in which energy farm-
ing can play a more significant role (Banuelos, 2006; Thewys 
and Kuppens, 2008). 

• There is also a real need to develop water cleaning treatments 
based on the use of green plants (engineered constructed wetlands, 
hydroponic systems or nutrient film techniques), well integrated 
in water resource management. Phytotechnologies clearly have 
a significant role to play in the prevention of pollutants entering 
the water cycle (Schröder et al., 2007). Another issue is the 
removal of new compounds, micro-pollutants with pharmaceuti-
cal effects: constructed wetlands will probably play a major role 
in this respect and give significant health benefits in the long-term 
(Matamoros et al., 2007). 

For a successful implementation, assessment and integration of phy-
totechnologies into sustainable land use management and into mitiga-
tion strategies applicable to different environmental compartments, it is 
however needed to better understand and control the plant physiological, 
biochemical and molecular mechanisms involved.

Improving nutritional quality and safety of food crops. 
- To secure a stable future for the next generations, we need a sustain-
able and reliable source of healthy and nutritious food while ensuring a 
better custody of the Earth and its resources. Securing the future supply 
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of high quality, healthy and safe food in sufficient quantities, while 
minimising the impact of pollution, are linked goals. Consequently 
future plant breeding programmes should also focus on 1) an increase 
of essential elements in the edible parts of food crops, mainly micro-
nutrients (e.g. Fe, Se, Zn) which deficiencies frequently causes health 
problems in humans, allowing the possible subsequent production of 
fortified food (Ghandilyan et al., 2006; Cakmak, 2008; Li et al., 
2008; PALMGREN et al., 2008; Peleg et al., 2008); 2) a significantly 
reduced uptake of harmful elements and organic pollutants by crops 
and vegetables. Making a better use of accumulation and metabolism of 
contaminants by plants can be seen as a tool for decreasing the risk of 
entry of inorganic or organic pollutants into the food chain. 

Some metals that are considered pollutants when present in excess 
are essential in low amounts, whereas other metals are toxic even at 
very low concentrations, since they are chemically rather similar and 
can compete with essential metals. The fate of toxic metals in soils and 
plants is thus closely connected to the fate of essential trace elements. 
Micronutrient deficiencies are rather common in human populations, 
and a better understanding of pollutant as well as micronutrient metal 
homeostasis in plants will provide the knowledge needed to reduce toxic 
contents of food crops (food safety) as well as increase essential nutrient 
contents (fortified food) subsequently.

The deficiency of zinc in many crops is a very serious problem for 
food production and human nutrition, especially in Asia and Africa. 
Furthermore, about one third of the world’s population suffer from iron 
deficiency. An improved availability of such essential mineral elements 
in edible plants is of utmost importance for human nutrition. Several 
points seem to be relevant for obtaining this result: an increased capacity 
to acquire the ion through the activation of mechanisms at the root level; 
the delivery, via the xylem, of the absorbed element to the shoots; the 
organisation and reallocation via phloem of the ion to the edible parts; 
an increased capacity to store it in safe bioavailable forms (e.g. phytofer-
ritin) in the edible tissues (Broadley et al., 2007).

On the other hand, plants play a crucial role in the contamination 
of the food chain by toxic metals and organic pollutants, via primary 
accumulation before entry into animal or human body. Often, health 
problems such as cancer can be associated with chronic or long-term 
exposure to pollutants. For example, the agricultural use of sewage 
sludge has been thought to be a valid alternative to landfill or incinera-
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tion because of the possibility of recycling growing amounts of nutri-
ents and organic matter of which these materials are provided. This 
aspect is important particularly for Mediterranean soils that generally 
contain low quantities of humified organic matter, but one of the main 
constraints in the use of sewage sludge in agriculture is its content of 
heavy metals. The accumulation of heavy metals in soil and their uptake 
by crops and/or their migration to the water table is one of the major 
hazards linked to the use of sewage sludge as soil amendment (Maxted 
et al., 2007).

It is a necessity to implement quality assurance at the base of crop 
production. Contamination risk concerns heavy metals and persistent 
organic pollutants such as PAHs, PCBs, dioxins/furans, BTX, and pes-
ticide residues in many countries, and radionuclides in specific areas. 
The ability to sequester such substances in special compartments allows 
some plants to avoid toxicity and therefore tolerate their presence, but 
often without eliminating toxicity at the consumer level. Therefore, it is 
important to study the mechanisms and find genetic variants that exclude 
such substances or do not translocate them to edible parts of the plant. 
Most of the knowledge has been built up by studying plants that grow in 
natural places in proximity of mines or industrial areas. In many of these 
studies the scope is to explore the possibility to enhance the ability of 
plants to accumulate toxic elements and xenobiotics for phytoremedia-
tion purposes. However, many of the achievements of such studies are 
equally useful to increase agricultural-food safety from environmental 
contamination. For example, studies on the role of phytochelatins, that 
complex heavy metals and accumulate them in the vacuoles or on the 
glutathione/glutathione S-transferase system should be useful to control 
their activity and impede agricultural plant contamination (DI Baccio et 
al., 2005; Aina et al., 2007). There is a large variation in the ability of 
plants to accumulate non-essential, potentially harmful, metals in their 
edible parts. Therefore identification of genes/markers governing this 
process may enable a responsible marker-assisted selection of crops with 
reduced levels of toxic compounds. Regarding organic pollutants, a defi-
nition is given of the European strategy concerning PCBs and dioxins in 
a Communication published in the E.C. Official Journal (2001/C 322/02 
- 17.11.2001). In this communication, research priorities contain the 
following items that are similar for inorganic contaminants: role of root 
absorption and specific diversity; quantification of transfers from soil 
and plants to animals, including a global cartography of soil contamina-
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tion; better knowledge and quantification of transfer and degradation 
phenomena in the environment; study of plants useful in dioxin bioac-
cumulation.

Phytotechnologies, presently essentially a tool for soil and water 
decontamination, can also be applied to prevent the transfer of inorganic 
and organic pollutants to plants, and thus to the entire trophic chain, or 
to improve the nutritional value of plants. This will contribute to make 
the environment healthier and to prevent pollutant transfer from soil, 
water or air to food. 

Strategies developed and results obtained should help to signifi-
cantly reduce the plant accumulation of heavy metals and persistent 
organic pollutants present in soils and should subsequently contribute 
to the decrease of human exposure to harmful contaminants. This is 
especially relevant for sites where pollutants are still in allowed range, 
but close to the highest allowed level. On the other hand, the nutritional 
value of plant products will be improved and should be valuable for 
food fortification. For example, the plant family of Brassicaceae include 
many species appropriate for heavy metal phytoextraction, but at the 
same time these plants are recommended in our diet as containing high-
est level of free radicals scavengers (Gisbert et al., 2006; Grispen et 
al., 2006). One of these compounds is glutathione catching free radicals, 
but glutathione serves also as a substrate for phytochelatins production, 
protecting the plant from heavy metals (Di Baccio et al., 2005; Ernst 
et al., 2008). This family serves as a good example of how the same coin 
may have two sides, and in such situations it needs to be clear whether 
it is positive or whether it is dangerous for human beings and other 
organisms.

Plant uptake/exclusion and translocation of nutrients 
and contaminants. - Plants are sessile organisms which in order to 
survive have developed unique abilities to adapt to climatic, chemical 
and biotic changes in their natural environment. Nowadays wild and 
cultivated plants have to cope not only with pathogens and parasites, 
but also with the presence of an increasing number and concentration of 
synthetic organic chemicals, metals or radionuclides released by human 
activities in different ecosystem compartments. When pollutants are 
present in soil or water, their uptake into plants does occur through the 
roots, whereas atmospheric pollutants enter the plants via aerial parts, 
mainly leaves (Figure 5). 
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In the soil, essential elements, toxic metals and organic pollutants 
are in equilibrium between a “bound fraction”, linked to the solid 
phase (clay, humus, metal oxides, etc.) and a “dissolved fraction”, in 
the aqueous phase (Al-Najar et al., 2005a; Fränzle et al., 2007; 
Irtelli and Navari-Izzo, 2008). Since plants essentially take up 

Fig. 5. – Scheme of the different phytoremediation approaches to treat a contaminated soil: phytostabilisa-
tion or phytoextraction of metals/metalloids; phytodegradation of xenobiotic compounds or phytostimula-
tion of rhizosphere microorganisms.
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mineral nutrients and contaminants from the soil solution, the equi-
librium is an important factor governing their phytoavailability, i.e. 
their potential ability to be taken up and accumulated by the plant. As 
metals are removed from the soil solution by plant uptake, or by other 
processes such as leaching, replenishment of the soil solution will 
occur. This replenishment can come from exchangeable ions, adsorbed 
salts, precipitated compounds, and mineralization of organic matter 
and weathering of soil minerals.

Even if the root uptake mechanisms for metal and organic contami-
nants are not yet fully understood, the rhizosphere chemical environment 
is notably different from the bulk soil. This shows that plants can modify 
the equilibrium concentrations of ions and contaminants in the soil solu-
tion with subsequent effects on their phytoavailability. Plant roots have 
the ability to release exudates (dicarboxylic acids, amino acids, phyto-
siderophores, etc.) that alter the solubility and availability of nutrients, 
and also contaminants, in the rhizosphere. For example, in response to 
phosphate-limiting conditions, some plants increase the secretion of 
organic acids, whereas some Al tolerant plants release organic acids as 
part of tolerance mechanism (Tolra et al., 2005). When starved for Fe, 
the major grain crops release phytosiderophores that chelate soluble Fe 
present at low concentrations in soils. 

Once mobilized in the rhizosphere, mineral elements and contami-
nants need to be taken up from the rhizosphere into the root. Too often 
neglected, the anatomy, cytology and physiology of plant roots play a 
major role in the accumulation/exclusion mechanisms of essential ele-
ments, heavy metals and xenobiotic compounds (Marmiroli et al., 
2005; Ostonen et al., 2006; Zelko et al., 2008). Root growth charac-
teristics are also determinant factors for spatial availability of nutrients 
or pollutants in soils by hyperaccumulators beside of soil properties.

The way rhizospheric bacteria and their excreted metabolites affect 
the root environment (e.g. redox conditions) and the uptake of pollut-
ants/nutrients should not be neglected, as well as the effect of arbuscular 
mycorrhizal fungi on the development of the root system, changes in its 
morphology and ability to absorb soluble mineral materials (Vivas et 
al., 2006).

According to current data, the transport of a given element or xeno-
biotic compound from outside the root to the aerial parts of a plant may 
be divided into three distinct processes: 1) sorption from the soil solu-
tion; 2) transport to the root central xylem; and 3) transfer to the shoot. 
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It is generally accepted that the absorption of nutrient and non-nutri-
ent ions occurs either by a) active and selective transport, using the pres-
ence of proteic carriers in the membrane; b) facilitated passive uptake, 
through channels; and c) passive diffusion through the basic membrane 
structure composed of polar lipids (Verkleij, 2008). The uptake of 
organic pollutants is less documented, but several studies suggest that 
passive diffusion of small neutral molecules through the plasma mem-
brane lipid bilayer could also occur, depending on the hydrophobicity, 
whereas active transport can take place for charged chemicals.

Once sorbed, there are three routes for substances to be transported 
into the root cortex: the apoplastic route (cell wall web), still largely 
unexplored and poorly understood; the symplastic route (exclusive 
intracellular pathway through plasmodesmata); and the transcellular 
route (passive diffusion of substances through cell and apoplast). To be 
translocated into the shoots, substances have to cross cell membranes 
of the endodermis. This occurs because cells are surrounded by a waxy 
barrier (the Casparian strip, suberin lamella) preventing the leakage of 
nutrients from roots and also the entry of any substance that cannot cross 
membranes. Mobile ions and molecules must be able to cross biological 
membranes and move through cytoplasm (Hampton et al., 2005). 

Once the mineral is already in the root, it should be further trans-
ferred to the shoot in order to aid either food fortification or phytoextrac-
tion (Krämer et al., 2007). Recent technical progress has significantly 
improved our ability to measure ions, determine their speciation, and 
thus to follow metal movement in plants. A better understanding of the 
processes controlling these changes should allow to control the parti-
tioning of various trace elements between root and shoot tissues. In the 
Ni hyperaccumulator, Alyssum lesbiacum, the free amino acid histidine 
(His) promotes the translocation of Ni from root to shoot tissues, pre-
sumably by forming a Ni-His complex that moves in the xylem (Singer 
et al., 2007). In Arabidopsis halleri, the nicotianamine is involved in 
this transport, whereas citrate and malate appear to be the main ligands 
in three other Ni hyperaccumulator species, showing the inter-species 
variability (Ingle et al., 2005a; Montarges-Pelletier et al., 2008). 
For other metals, the chelators used for translocation and sequestration 
are not yet fully characterized and clear-cut differences between sensi-
tive and hyperaccumulator species are not obvious (Raab et al., 2005; 
Arnetoli et al., 2008). However, small molecules (e.g. glutathione 
and phytochelatins) and polypeptides (like metallothioneins) containing 
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–SH groups play a major role in the tolerance, detoxification and metal 
homeostasis by plants (Di Baccio et al., 2005; Roosens et al., 2005; 
Clemens, 2006; Hernandez-Allica et al., 2006b; Pomponi et al., 
2006; Aina et al., 2007; Semane et al., 2007).

When an organic contaminant is loaded into the xylem vessels (gen-
erally with the same rules as for uptake), the rapid upward movement 
of water makes an effective transfer of the contaminant out of the roots 
possible (Aajoud et al., 2006; Ucisik et al., 2007, 2008). The con-
taminant can spread throughout the aerial parts of plants in several ways, 
depending on its structure and physico-chemical properties. Lipophilic 
compounds will sorb to the lower stem, but not accumulate in the leaves, 
whereas more hydrophilic and volatile compounds will be rapidly 
transported to the leaves where they can be eventually excreted by eva-
potranspiration. For compounds having a medium to high lipophilicity, 
the transpiration stream concentrates them inside the leaves where they 
accumulate in lipophilic spaces which are either symplastic (biological 
membranes) or apoplastic (oil droplets, cutin and superficial waxes). For 
some ions and organic compounds having a specific structure, phloem 
transport may occur from the leaves to active metabolic ‘sinks’ in root 
and shoot, e.g. to developing above-ground parts or back to the roots. 
A direct exchange between xylem and phloem could also occur along 
both transport pathways. Phloem loading is the key transfer here – better 
understood for organics due to the development of systemic herbicides. 

Whereas the basic principles of the uptake of several nutrients and 
herbicides by plants have been described, the detailed mechanisms of 
the penetration and translocation of many inorganic or organic con-
taminants, especially in the case of multiple pollutants, are still largely 
unknown. 

For the sustained accumulation of essential (e.g. Fe) and non-
essential elements (e.g. Cd) in plants, various resistance and/or storage 
mechanisms are probably involved, but not totally understood. A better 
knowledge should make it possible to control the accumulation of essen-
tial elements and the exclusion of contaminants for safe and healthy 
food production, or in contrast, the accumulation of toxic metals and 
xenobiotic pollutants for cleanup purposes. For example, although Se 
is toxic to animals and humans in high concentrations, low doses seem 
to play a significant role in cancer prevention. The non-crop Astragalus 
species does hyperaccumulate Se in shoot, mainly as Se-methylseleno-
Cys, a compound shown to have anti-carcinogenic properties. Even if 
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the mechanism of this enhanced accumulation remains unclear, this 
plant is an attractive source of genetic material for designing food 
crops with enhanced concentrations of anti-carcinogenic Se compounds 
or for use in remediating Se-rich soils and water. By-products of oil 
extraction from sunflowers (Helianthus annuus) and canola (Brassica 
napus) grown in Se contaminated soils are already proposed as high 
quality Se-enriched seed meal for local dairy and sheep industry in USA 
(Bañuelos, 2006).

We still have a long way to go to fully understand the mechanisms 
involved in the accumulation/exclusion of metals and xenobiotics by 
plants. We have started along the pathway to discovery, and future 
endeavours will undoubtedly produce rewards for the environment, agri-
culture and human health. Further knowledge of uptake and transloca-
tion mechanisms in plants, and the use of modern molecular approaches 
(functional genomics, proteomics, and metabolomics), combined with 
genetic analysis and plant improvement, and are thus required for any 
application.

Exploiting “-omics” approaches in phytotechnologies. - 
Plants, which are directly exposed to biotic, physical and chemical 
stresses, have developed a wide range of biochemical defence mecha-
nisms. This has resulted in an extreme variability and complexity in 
their chemical composition, driven by evolution of gene families, and 
by rapid and intricate signalling cascades. Efficient expression regula-
tion of gene families has allowed fast adaptation, and determines plant 
tolerance to oxidative stress, environmental chemicals, resistance to 
pathogens and herbivores. Only a small proportion of plant genes that 
govern plant adaptive response have been identified. Even less is known 
about their real potential for plant protection, cleanup of contaminated 
sites or the impact of altered metabolism and defence on natural food 
constituents and nutritional quality. Such knowledge may become criti-
cal with accelerated and uncontrolled perturbation of the local and glo-
bal environments.

Some plant responses to these diverse challenges share common 
characteristics, from signalling cascades to metabolic perturbations and 
cell death. Other plant responses are more specific and may be initiated 
by a single pathogen strain or environmental contaminant. As a whole, 
control of homeostasis and stress tolerance in higher plants results from 
a very delicate balance in an extremely complex grid formed by the 
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interplay of genes, enzymes and metabolites in a multiplicity of net-
works: primary and secondary metabolism, detoxification pathways, 
redox processes, energy balance and response to environmental stress 
(Schwitzguébel et al., 2008).

Plants thus constitute a huge reservoir of genes coding for proteins 
able to perform useful chemistry for the removal and detoxification of 
metals and organic contaminants. These genes represent a tremendous 
potential for the appropriate use of plants for environment restoration 
and food crops safety. Modern molecular biology techniques now offer 
access to these genes and open the possibility to exploit them very effi-
ciently. Recently developed approaches and techniques, especially func-
tional genomics, transcriptomics, proteomics and metabolomics have 
open new perspectives and now offer very powerful tools to investigate 
plant metabolic responses at cellular, biochemical and molecular level 
(Ingle et al., 2005b; Plessl et al., 2005; Clemens, 2006; Frova, 2006; 
Ghandilyan et al., 2006; Pomponi et al., 2006; Aina et al., 2007; 
Semane et al., 2007; Plaza et al., 2007; Bottcher et al., 2008). 

In order to understand the complexity and the links between the 
plant’s secondary and detoxification metabolism, it is important to 
characterize the genes involved, and their respective functions in a 
given biosynthetic or detoxification pathway, and to simultaneously 
detect the genetic onset of various secondary metabolic pathways and 
the genetic reprogramming of primary metabolism to sustain secondary 
and detoxification metabolism. Molecular approaches of plants target-
ing environmental pollutants (organics, metals, and radionuclides) thus 
appear as important tools to fully exploit and improve the huge potential 
of plants.

Recent advances in high throughput DNA sequencing has made 
possible the sequencing of tens of thousands of expressed genes from 
cDNA libraries (Expressed Sequence Tags), and even of whole genomes 
(e.g. Arabidopsis and rice). These are routine procedures for laboratories 
that can afford the equipment. However, a large proportion of the gene 
sequences in plant EST and genomic sequence databases cannot be 
functionally annotated based on DNA sequence alone. Hence the need 
for functional genomics, which uses a variety of molecular and genetic 
approaches to address gene function by over-expressing, down-regu-
lating or mutating genes in the plant of origin, or expressing genes in 
heterologous systems. Functional genomics is, in its simplest form, the 
study of gene function on a large scale (Plessl et al., 2005; Plaza et al., 
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2007). Conventional functional genomics at mRNA level (transcriptom-
ics) measures differentials in mRNA transcript levels as consequence of 
environmental stress for example. Usually, this analysis is performed on 
steady-state mRNA, whereas real time transcriptomics makes it possible 
to make a distinction between kinetic components. 

The protein profile present at a given time in a given plant part will 
be different once the shift from the normal “healthy” to the “stressed” 
or “polluted” state occurs. The qualitative and quantitative investigation 
of proteomes (proteomics) under different conditions is often performed 
by 2-D gel protein profiling (macro-array) and mass spectrometry iden-
tification (Ingle et al., 2005b; Aina et al., 2007). New developments 
enable the use of chip technologies (micro-array) for proteomics as 
well. 

It is worth to note that the biosynthesis and activity of several plant 
enzymes involved in the detoxification and degradation of xenobiotic 
compounds (Figure 6) are enhanced in the presence of organic pollutants 
(Skipsey et al., 2005; Frova, 2006; Marcacci et al., 2006; Brazier-
Hicks et al., 2007; Olry et al., 2007; Podlipna et al., 2007; Carias et 

Fig. 6. – Scheme showing the different pathways to accumulate and detoxify organic pollutants in plant 
cells: accumulation in the vacuole; conjugation with glutathione catalysed by glutathione-S-transferases 
(GST); hydroxylation by cytochrome P450 monooxygenases, followed by a conjugation with a sugar cata-
lysed by glucosyl-transferases (GT).
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al., 2008; Schröder et al., 2008a). On the other hand, the role and suc-
cessful use of endophytic bacteria to enhance the degradation of organic 
pollutants inside the plant have also been recently highlighted (Taghavi 
et al., 2005; Moore et al., 2006).

The term “metabolomics” has been introduced to describe analysis 
of metabolite composition of the cell determined at the same level of 
scale as analysis of the genome in genomics approaches. Metabolomic 
analysis focuses on the unbiased relative quantification of all metabo-
lites of a biological system, e.g. a leaf tissue. It must not a priori exclude 
any class of compounds by its means of sample preparation, analytical 
instrumentation, or data processing. Since any technique will probably 
exclude several or many compounds, different procedures are needed to 
approach the real metabolite composition. The term “metabolite profil-
ing” does not necessarily mean metabolomics, as its level of scale is not 
defined and can vary from relatively limited to much more global. The 
metabolome reflects the expression of the genome arising from the vari-
ous transcriptional, translational and post-translational cellular events. 
Thus, surveying the complete metabolic status of a cell provides a snap-
shot of the end result of these processes, and changes in the metabolome 
provide strong clues as to the corresponding underlying changes in gene 
expression (Roosens et al., 2005; Hernandez-Allica et al., 2006b; 
Bottcher et al., 2008). 

For example, many terpenoids, secondary metabolites, have the 
potential to react with radical species. Thus, they may play a role to 
mitigate the effects of endogenous or exogenous stresses, such as those 
brought on by xenobiotics whose action is mediated by a mechanism 
involving free-radicals. One can imagine that up-regulation of ter-
pene synthases and terpene production could enable plants that are 
candidates for phytoremediation to be more resistant to the effects of 
certain pollutants. This large plant gene family is well represented in 
Arabidopsis, maize and other model plants, and so lends itself to a vari-
ety of modern approaches. Thus, a “high throughput analysis” of plants 
metabolic potential will be of utmost importance, as well as its expres-
sion under various environmental stresses. Clearly, elucidation of gene 
function may not stop at gene sequencing or at description of the pro-
tein encoded but must encompass systems biology. That is the attempt 
to understand and combine the facts on gene expression, proteins and 
metabolites and their fluctuation in time and space as a function of plant 
growth and development, as well as in response to environmental con-
taminants (Di Baccio et al., 2005; Tolra et al., 2005). 
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However, for an appropriate functional genomic approach, plant 
genetic variation must be investigated also through: a) identification 
of genetic variation in useful traits; b) production of novel variation 
for useful traits; c) trait analysis; d) molecular approaches to identify-
ing markers and Quantitative Trait Loci (QTL) as first steps towards 
identifying relevant important genes and breeding to produce suitable 
material both for experimental and practical use (Assuncao et al., 2006; 
Willems et al., 2007). However, all the “omics” in the world will be a 
waste of time if there is no variation to start with. Under such conditions 
only, “omics” technologies will help in identifying useful genes confer-
ring phytoremediation or food fortification traits in a wide diversity of 
plants thereby taking the best advantage of the genetic resources which 
have already evolved in nature. This avoids an over reliance on model 
plants which are of little use in the field.

It is thus of the utmost importance to develop and adapt “omics” 
techniques and approaches to solve particular problems in plant toler-
ance, accumulation/exclusion of essential nutrients, toxic metals and 
organic pollutants, including detoxification processes for contaminants.

First insights into the identification of metal transporters and in 
their regulation have been published. For example, the Zn hyperaccu-
mulator Thlaspi caerulescens over-expresses a ZIP family root plasma 
membrane transporter. In the closely related non-accumulator species, 
T. arvense, high external concentration suppresses expression of this Zn 
transporter, indicating that metal regulation of gene expression is altered 
in the hyperaccumulator. The actual hypothesis is that key genes neces-
sary to cope with and to translocate potentially toxic heavy metals are 
up-regulated in the hyperaccumulators. However, those genes also exist 
in sensitive species but are not expressed in the appropriate tissues or at 
a sufficient level (Ghandilyan et al., 2006). 

The gained knowledge should also provide a more integrated picture 
of how plant pathways from primary and secondary metabolism are 
interconnected and linked to the detoxification of metals and organic 
pollutants, on the cross-talk and overlap between signalling and response 
elements, i.e. on the regulation of plant homeostasis. 

Conclusions. - All these fundamental aspects are essential issues 
to determine the impact of chemical stress on the nutritional qualities of 
vegetables and crops, and thus on food safety and quality, and to make 
the best use of plants for the remediation of contaminated environment. 
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One of the most important challenges is now to use this basic sci-
entific knowledge to improve the efficiency of phytotechnologies in 
the field. The dissemination of results, risk assessment, public aware-
ness and acceptance of this green technology, as well as the promotion 
of networking between scientists, industrials, stakeholders, end-users, 
non-governmental organizations and governmental authorities are major 
issues that must be tackled to ensure that phytoremediation programmes 
are implemented successfully. It is clear that phytotechnologies are not 
hype, but offer promising and sustainable approaches towards environ-
mental remediation and human health for the 21st century.
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Summary. - Phytotechnologies are ecotechnologies relating to the use of vegeta-
tion, to resolve environmental problems in a watershed management, by prevention of 
landscape degradation, remediation and restoration of degraded ecosystems, control 
of environmental processes, and monitoring and assessment of environmental quality. 
They are beginning to offer efficient tools and environmentally friendly solutions for 
the cleanup of contaminated sites and water, the improvement of food chain safety, and 
the development of renewable bioenergy, contributing to a sustainable use of water and 
land.

In the framework of COST Action 859, a European-wide integration and expansion 
of research and development efforts have been established to use phytotechnologies as 
instruments for management and removal of environmental pollutants, as well as for 
improving food quality and safety. This network aims to contribute to the implementa-
tion, assessment and integration of appropriate and efficient phytotreatments for sustain-
able land use management, ecosystem restoration and mitigation strategies applicable to 
different environmental compartments. 

However, each of these goals requires a sound understanding of how plants can 
specifically accumulate or exclude essential elements, toxic metals, and organic pol-
lutants. This includes knowledge on the bioavailability of metals and xenobiotics in 
the rhizosphere, their uptake by roots, translocation to and detoxification/storage in the 
above-ground parts of the plant, at physiological, biochemical and molecular levels. 

The purpose of the present position paper, based on recent publications by mem-
bers of COST Action 859, is to sum up major outlines, outcomes and outlook from the 
network and to highlight some critical points where significant progress has been made 
in Europe over the last few years to overcome bottlenecks in the plant removal and 
detoxification of pollutants. Four topics are developed here, pointing out the specific 
items addressed by the different Working Groups: environmental pollution and poten-
tial of phytoremediation; improving nutritional quality and safety of food crops; plant 
uptake/exclusion and translocation of nutrients and contaminants; exploiting “omics” 
approaches in phytotechnologies.


