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− Soil-plant-microbial interactions engender unique processes influencing 
the overall plant metabolism as well as transformations of xenobiotics. 

− Highly developed root systems allow plants to control large areas of soil 
at different depths and create micro-conditions convenient for the multi-
plication of microorganisms in their rhizosphere with the help of exu-
dates. 

− The large surfaces of plant leaves permit the absorption of pollutants 
from the air via the cuticle (lipophilic compounds) and stomata (gases). 

− A well-developed internal transportation system for nutrients works in 
both directions and allows environmental contaminants to be distributed 
throughout the entire plant. 

− Plant-microbial interaction creates a microenvironment resulting in the 
concentration and penetration of contaminants at and into the roots. 

− The autonomous synthesis of vitally important organic compounds by 
photosynthesis requires primary ammonia (via uptake of nitrate or am-
monia from the soil, or in the case of leguminous plants as a result of 
symbiotic nitrogen fixation). This process is important since remedia-
tion of polluted sites requires additional metabolic force especially in 
the case of prolonged contact with contaminants.  

− Plants contain the apparatus required for the full set of biochemical and 
physiological processes of detoxification, and have no need for addi-
tional non-plant microorganism-based technological help. 

One should moreover note: 
− The existence of constitutive and inducible enzymes catalyzing degrada-

tion, conjugation and other detoxification processes.  
− The availability of a large intracellular space to deposit the residues of 

toxic compounds as conjugates, and to accumulate heavy metals. 
− The functionalization or further transformation of organic contaminants 

in plant cells (conjugation, deep oxidation etc.), depending on the mo-
lecular structure of the contaminant. 
These characteristics confer advantages distinguishing higher plants 

from other organisms and determining their universal ability to absorb the 
great majority of contaminants from soil, water and air. To evaluate the 
ecological potential of higher plants one should keep in mind that in spite 
of global urbanization plants still occupy more than 40% of the land.  

The main disadvantage of plant-based cleaning technologies is their 
strong dependence on climate. Climate is a very important factor for 
growth, development and metabolic activity of plants; climate is the main 
limiting factor in the distribution and survival of plants. The decrease of 
plant detoxification activity is especially noticeable in areas remote from 
the equator. According to their tolerance of temperature, plants are divided 
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into the following groups: equatorial, tropical, subtropical, Mediterranean, 
warm-temperate, cool-temperate, boreal, and polar [521]. For instance, 
equatorial evergreen tropical rainforest plants permanently maintain eco-
logical activity regardless of the season. Other plants, even subtropical 
ones, are influenced by the seasons. Boreal and treeless tundra vegetation 
types with a short or very short summer and a long and cold winter are less 
effective for environment decontamination. All above-mentioned plant 
groups have been well characterized according to their ecological impor-
tance [292].  Microclimate, determined by zonal and regional factors, is an 
important parameter for the cultivation of plants. The zonal climate is the 
result of the energy balance prevailing at different latitudes. Regional cli-
mate depends on the distance from seas, oceans, ocean currents (warm: 
e.g., Gulf Stream, Kuroshio; cold e.g., Labrador, Benguela), and such fac-
tors as prevailing winds (and position with respect to mountain barriers, 
e.g. leeward), etc. Climate and weather are continuously changing albeit at 
different time scales. The interaction of meteorological factors, such as air 
temperature, humidity, wind speed and direction, and precipitation (its 
quality and nature) with each other, determines the frequency of fluctua-
tions in weather, which, in turn, significantly affects plant detoxification 
abilities. 

The activity of the rhizospheric microflora also depends on temperature. 
Temperature determines the substrate exchange intensity between soil, 
plant root systems and microbial consortia [292]. As a result of contacts 
between these compartments, the root system takes up inorganic com-
pounds dissolved in water and nutrients and releases exudates (enzymes, 
carbohydrates, vitamins, organic acids, growth factors, etc.). The exudates 
in the soil create a favorable environment for the development of microor-
ganisms of different taxonomic groups (bacteria, actinomycetes, fungi). 
The development of soil microorganisms and their intimate contact with 
root systems leads to the activation of potential metabolic interactions be-
tween roots and microorganisms. The mucus covering of the root caps 
provides an additional substrate for soil microflora. The profit for plants in 
this environment is the acceleration of exchange processes and the in-
creased velocity of nutrient uptake and transportation, including organic 
substrates and heavy metals.  

A high potential to carry out biochemical reactions, and an increased ab-
sorption surface developed in the root systems, allow mycorrhizal fungi to 
participate in nutrient uptake [292]. The worldwide distribution of these 
fungi indicates their supreme importance in plant-microbial interactions. 
These fungi belong to the subclass of lower fungi – Zygomycetes. Most 
plants are hosts of mycorrhizal fungi. Interaction of these fungi with plants 
is highly mutually desirable. Plants provide the fungi with carbohydrates 
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and receive back chemical elements and organic compounds required for 
the plants’ growth and activation of root metabolic processes.  

The plant cell is not a small factory permanently able to absorb and me-
tabolize organic contaminants of different structures. Oxidative or any 
other kind of xenobiotic degradation (reduction, hydrolysis) requires extra 
energy, which a plant cell has to provide. There are intracellular processes 
in plants that undergo deviations from the norm as a result of the penetra-
tion of xenobiotics into plant cells. Plant cell ultrastructure is sensitive to 
the action of contaminants, and according to the changes engendered by 
them, their intracellular concentrations can be classified as metabolizable 
or lethal [544]. The transformation of contaminants is closely related to the 
metabolic activity of a plant cell. The present authors have shown (hitherto 
unpublished data) that small doses of contaminants with aliphatic and 
aromatic structures induce the activation of key Krebs cycle enzymes such 
as malate dehydrogenase and enzymes providing the plant cell with nitro-
gen-containing organic compounds, including catabolic fuel in the case of 
energy deficiency (glutamine synthetase, glutamate dehydrogenase) [288]. 
The extra energy required by detoxification processes is partially spent on 
the induced synthesis of the enzymes participating in xenobiotic degrada-
tion, their movement and deposition, e.g. in vacuoles. Detoxification proc-
esses are connected to photosynthesis, the intensity of which is signifi-
cantly decreased under the influence of contaminants [182, 454]. 
Xenobiotic transformations are closely related to the majority of intracellu-
lar metabolic processes requiring extra energy, and this energy dependence 
is one of the main limiting factors in the detoxification potential of plants.  

A plant’s ecological potential is directed to remove contaminants from 
the environment. The purposeful application of plants can be of long-term 
or of short-term advantage, depending on the targeted goal. For phytore-
mediation, long-term application of the planted system to exploit and am-
ortize its potential and maintain its continued effectiveness is recom-
mended. Monitoring should follow short-term cleanup. Essentials of 
monitoring whose results are used for plant selection include the follow-
ing: type and concentration of constituent elements; frequency and dura-
tion; sampling methods; locations; and quality control requirements [152]. 
Sometimes, a phytoremediation process would take too much time and, 
hence, would not be acceptable. All phytoremediation technologies depend 
on the growth rates of the plants, which are characterized by seasonal ac-
tivity; growth rate often limit the application efficiency. Several growing 
seasons may be needed to attain the effective age of the plant for optimal 
phytoremediation. 
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4.1 Plants for phytoremediation 

The realization of phytoremediation technologies implies the planting of a 
contaminated area with one or more specific, previously selected plant 
species with the potential to extract contaminants from the soil. The treat-
ment continues by harvesting the plants, composting, disposal in a landfill, 
or incinerating them. To create a truly effective phytoremediation system 
all components of the system should be thoroughly analysed. The major 
constitutive component of such a system is obviously the plant itself. The 
goal of plant selection is to choose a plant species with appropriate charac-
teristics.1 A survey of the vegetation on site should be undertaken to de-
termine what species of plants would have the best growth at the contami-
nated site, taking into account the abilities of the plants to accumulate and 
degrade the contaminants.  

The assessment of the detoxification potential of the plant is determined 
by the rate and depth of contaminant uptake from the soil, accumulation in 
the plant cell, and the degree of contaminant transformation to regular cell 
metabolites. The best plants for a particular phytoremediation task should 
be selected based on multiple plant characteristics. First, the actual phy-
toremediation–related characteristics of the candidate plants should be es-
tablished, notably:  
− Overall ability to take up and degrade contaminants in the soil or 

groundwater. 
− Ability to accumulate organic and inorganic contaminants in their cells 

and intracellular spaces. 
− Excretion of exudates to stimulate the multiplication of soil microorgan-

isms and secretion of enzymes participating in the initial transforma-
tions of the contaminants. 

− Existence within the cells of contaminant-degrading or conjugating en-
zymes (oxidases, reductases, transferases, esterases, etc.). 

                                                      
1 At present, very little work has been done on increasing the effectiveness of the 

phytoremediation system by creating biocoenoses, or communities, in which the 
plants act synergistically. In other words, at present the focus is on single con-
taminants, and the goal of selection is to find specific plant species for their 
elimination. A considerable body of knowledge, acquired from laboratory and 
field experiments, exist for identification of the optimal candidate. On the other 
hand, where several contaminants need to be eliminated, a corresponding mix-
ture of the individually optimum candidates may not constitute the best solution. 
To date, only some types of synergisms between plants and microorganisms 
have been investigated. 
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− High resistance against contaminants, i.e., that the plants’ growth and 
metabolism is not adversely affected by the contaminants. 

− The root system (main and fibrous); the range of rooting depth of the 
plants.  

− Whether the plants are endemic and non-agricultural. 
− Tolerance to salty soil (halophilicity).  
− Appropriate adaptation to warm or cold conditions. 
− Growth rate. 

It is assumed that the nature and level of the contaminants have already 
been determined. It is also important to establish the localization and dis-
tribution of toxic compounds (area and depth of contamination). Important 
environmental factors bearing on the selection of the best remediation 
technology are: soil type and characteristic parameters (pH, average hu-
midity, salt content, metal concentration), the presence of parasites, and 
the expected amount of precipitation during the duration of the remedia-
tion process.  

Table 4.1 below presents plants widely used in phytoremediation. 
It is generally true that the planting of almost any kind of vegetation, in-

cluding agricultural flora, is beneficial for the human environment. How-
ever, in order to make the most of the ecological potential of each particu-
lar plant, the selection should be carried out according to the listed criteria. 
Undoubtedly, technologically the most important part of the plants is the 
root system, which takes up contaminants from the soil and performs the 
initial stages of their transformation or accumulation within it. Therefore it 
is clear that the type of roots and their depth, distribution and type, and de-
gree of ramification are extremely significant components for the success-
ful realization of any phytoremediation technology. A so-called fibrous 
root system has numerous fine roots providing maximum contact with soil 
due to the high surface area of the roots. The rooting depth of plants 
greatly differs between individuals and species (Table 4.2). 

Some plants are able to accumulate metals, but the low growth rates 
typical of these plants limit the total biomass and indicate that the total 
mass of accumulated metals will be low. Better extraction of toxic com-
pounds from soil may be achieved by the use of mixed plant cultures, but 
at present there are very little data on their effectiveness. 
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Table 4.2. Rooting depth of plants used in phytoremediation technologies 
[151] 
 

Plant  Root depth/m

Indian mustard 0.30 
Grasses 0.60–1.20 
Alfalfa 1.20–1.80 
Poplar trees 4.50 

 
Effective monitoring of the phytoremediation process requires the col-

lection of extensive information, not in the least because many factors in-
fluence it apart from the plant species: availability of nutrients, daily 
maximum, minimum and average temperatures, illumination level (spec-
tral characteristics and irradiance), humidity and its variation, etc. All these 
parameters should ideally be monitored.  

Rapid formation of a large biomass, well-developed roots, and a strong 
defense system are the most important overall criteria for plants to be suc-
cessfully applied to the phytoremediation of soils contaminated with heavy 
metals and organic contaminants.  

Is it possible to improve the process of remediation carried out by plants 
by nongenetical interference? In this regard, encouraging results have been 
obtained by the application of bioactive preparations.2 These preparations 
typically comprise a complex of amino acids and other nutrients including 
microelements, and are used for plant regeneration following damage due 
to unfavorable conditions in the surrounding environment, as well as for 
increasing yield, the development of above-ground biomass, promotion of 
the assimilation of minerals, facilitation of their transport with the plant 
sap stream, balancing metabolism, enhancing the plant defense system, 
metabolic regulation, and are boosters and stress relievers. Some of their 
characteristics are given in Table 4.3. 

According to the authors’ recent investigations, these bioactive prepara-
tions also increase plant resistance to the action of organic contaminants 
and heavy metals.  

In plants exposed to TNT, benzene and 3,4-benzopyrene the addition of 
Fosnutren and Humiforte enabled the maintenance of chlorophyll content 
at the control level, the activation of enzymes participating in the oxidative 
degradation of pollutants: monooxygenase, peroxidase, phenoloxidase; and 
the activation of key metabolic enzymes: glutamine synthetase, glutamate 

                                                      
2  For example those from Inagrosa Industrias Agrobiologicas S.A. (Spain) 

http://www.inagrosa.es/menu productos i.html. 
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and malate dehydrogenases, i.e. enzymes providing plant cells with nitro-
gen-containing compounds and energy. Fosnutren and Humiforte contrib-
uted to doubling the lead accumulation in roots of maize, kidney bean and 
yygrass. In shoots the effect of these bioactive preparations on heavy metal 
accumulation was not noticeable. 

 
Table 4.3. Characteristics of some commercially available bioactive 
preparations  

 

Product 

Shelf life of 
product 
sealed in 
bottle/ 
years 

Dosage of 
application

(Min-
Max)/ 
L ha-1 

Mean total 
quantity 
used per 

growth cycle/
L ha-1 

Effect and conse-
quences 

Aminol-
forte 

4 0.75–1.50 3-4 

Increase in yield 
(20–30%). 
Reduction in pesti-
cides and fertilizers 
needed (20–25%) 

Fosnutren 6 0.75–1.50 3 

Increase in yield 
(25–30%). 
Reduction of pesti-
cides and fertilizers 
needed (20–25%) 

Kadostim 5 0.75–1.50 3 

Increase in carbo-
hydrates, oils and 
protein content 
(30%). 
Reduction in pesti-
cides and fertilizers 
needed (20–25%) 

Humiforte 6 1.00–2.00 5 

Increase in yield in 
horticulture (up to 
50%), elimination 
of stress 

 
Not all aspects of the action of bioactive preparations on the phytoreme-

diation processes on differently polluted sites have been investigated yet, 
but it can be already stated that the preparations typically have a definitely 
positive effect on plant metabolic activity and promote increased resistance 
against the action of toxic compounds. 
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4.2 Phytoremediation technologies 

Phytoremediation is a concept constructed from an emerging set of natural 
technologies to support clean-up strategies. This term is relatively new 
[397] and means plant-based action (phyto – plant, remediation – to re-
cover). According to the most modern understanding of phytoremediation 
technologies, microorganisms also participate as important auxiliaries. 
Phytoremediation has received special attention in the last decade as an in-
novative, cost-effective and alternative combination of technological ap-
proaches. The main objective of scientists, agronomists, and engineers 
dealing with phytoremediation is to exploit by the most rational way pos-
sible the potential of this natural process. From the technological point of 
view phytoremediation is the use of vegetation to decontaminate soils and 
water from heavy metals and toxic organics. Very often, phytoremediation 
assumes the joint action of both plants and microorganisms.  

The most effective technologies based on phytoremediation principles 
are targeted towards the gradual elimination from the soil of shallow con-
tamination by organics, radionuclides and heavy metals. It is also impor-
tant to underline that these in situ technologies do not damage soil struc-
ture and just slightly change soil microbial consortia, even when 
microorganisms of any taxonomic group (or groups) are introduced into 
the soil. When comparing the actions of plants and microorganisms on soil 
it should be noted that in the majority of cases their joint action directed 
towards xenobiotic degradation exceeds the arithmetical sum of the activ-
ity of each individually. At the same time some similarity exists between 
plants and microorganisms in assimilation of contaminants. After penetra-
tion into the cells of both types of organisms contaminants mainly undergo 
oxidative transformations. Microorganisms, due to their fast growing abil-
ity, much more easily regulated adaptation, fast inductive processes and 
their wide spectrum of enzymes participating in the degradation of organic 
xenobiotics, are much more active detoxifiers when expressing their activ-
ity per unit of dry biomass. A different situation is evident in the case of 
uptake of inorganics. Microorganisms are often able to accumulate high 
concentrations of heavy metals. After lysis (degradation) of the microbial 
cells their content, in spite of the metals, valency change, again becomes a 
constituent of the soil and hence no remediation takes place. Plants are also 
able to accumulate high amounts of heavy metals in their roots and subse-
quently transport them to organs above the ground, eliminating in this way 
contaminants from the soil. 



http://www.springer.com/978-3-540-28996-8


