
 
 

biblio.ugent.be 

 

The UGent Institutional Repository is the electronic archiving and dissemination platform for all 

UGent research publications. Ghent University has implemented a mandate stipulating that all 

academic publications of UGent researchers should be deposited and archived in this repository. 

Except for items where current copyright restrictions apply, these papers are available in Open 

Access. 

 

This item is the archived peer-reviewed author-version of: 

 

Title:   Microbial services and their management: recent progress in soil 

bioremediation technology 

 

Authors:  Beatriz C. M. Guimarães, Jan B. A. Arends. David van der Ha, Tom van de Wiele, 

Nico Boon, Willy Verstraete 

 

In:   Applied Soil Ecology, 45 (2), 157-167, 2010 

 

Link:   http://www.sciencedirect.com/science/article/pii/S0929139310001204 

 

To refer to or to cite this work, please use the citation to the published version: 

 

Beatriz C. M. Guimarães, Jan B. A. Arends. David van der Ha, Tom van de Wiele, Nico Boon, Willy 

Verstraete (2010). Microbial services and their management: recent progress in soil 

bioremediation technology. Applied Soil Ecology 42 (2) 157-167. 

doi:10.1016/j.apsoil.2010.06.018 

 

 

  



Title: Microbial services and their management: recent progresses in soil bioremediation 

technology 

 

 

Beatriz C. M. Guimarães, Jan B. A. Arends, David van der Ha, Tom Van de Wiele, Nico 

Boon, Willy Verstraete* 

 

Laboratory of Microbial Ecology and Technology (LabMET), Ghent University, Coupure Links 653, B-

9000 Gent, Belgium 

 

 

 

 

 

 

* Correspondence to: Willy Verstraete, Ghent University; Faculty of Bioscience Engineering; 

Laboratory of Microbial Ecology and Technology (LabMET); Coupure Links 653; B-9000 Gent, 

Belgium; phone: +32 (0)9 264 59 76; fax: +32 (0)9 264 62 48; E-mail: Willy.Verstraete@UGent.be; 

Webpage: www.labmet.Ugent.be. 

mailto:Willy.VerstraeteNico.Boon@UGent.be
http://www.welcome.to/labMET


Abstract 

There is an increasing interest in soils and sediments because their vital importance for the survival 

of the planet has become apparent. They assure a multitude of services such as removal of various 

gases from the atmosphere (methane, carbon monoxide, ...), filtering of water, removal of 

pathogens, degradation of organics, recycling of nutrients, ... All these processes represent an 

economic value, which is estimated to be about the double of the gross annual product. Yet, 

numerous sites (estimated at more than a quarter million in the EU alone) are polluted and need to 

be cleaned up. Soil biotechnology plays an ever-increasing role in this. The reason why engineers 

need to enhance or induce natural processes and the ways they can do this, are reviewed. 

Furthermore, those soil services which are of vital importance are evaluated. To understand the 

underlying ecological mechanisms during soil remediation, a pragmatic approach using molecular 

tools is proposed. Subsequently, a series of new biotechnologies for soils is examined. Also putative 

new dangers for soils are scouted for. Moreover a set of paradigms currently implemented in the 

field of soil governance is critically examined. Finally a short list of future market potentials in soil 

biotech is presented. Overall, it is concluded that soil biotech, driven by the economic value of the 

services rendered by high quality soils, is currently in a phase of extensive growth. 
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I. Introduction 

Soil is an extremely complex, dynamic and living medium, formed by mineral particles, organic 

matter, water, air and living organisms. It establishes the interface between earth, air and water and 

performs many vital functions both from an ecological as non-ecological point of view. While the 

physical basis of human activities, source of raw materials and the geogenic and cultural heritage are 

among the non-ecological functionsthe soil ecological services include biomass production, filtering, 

buffering and transformation capacity between the atmosphere, the groundwater and the plant 

cover. Soils and sediments also serve as a gene reservoir, because the soil provides a biological 

habitat for a large variety of organisms (Blum, 2005). 

 

Despite and due to the variety of services that it renders, there are numerous threats to soils: acid 

rain, exhaustion by farming, landfill seepage, mining, highway construction, reservoir flooding, 

irrigation, overgrazing,… All these processes have profound implications on the soil habitability. The 

soil system is normally endowed with a large resilience, therefore damage often only becomes 

apparent when it is far advanced (EEA, 2005). 

 

According to the European Environmental Agency (EEA) it is estimated that in Europe, potentially 

polluting activities have occurred at about three million sites, from which more than 8% (or nearly 

250 000 sites) are really contaminated and need to be remediated. Projections based on the analysis 

of the changes observed in the last five years, indicate that the total number of contaminated sites 

needing remediation may increase by more than 50% in 2025. 

Remediation is progressing relatively slowly: in the last thirty years, only just over 80.000 sites have 

been cleaned-up in the countries where data on remediated sites is available (www.eea.europa.eu). 

 

The main sources of soil contamination in Europe are spills during industrial and commercial 

operations, municipal and industrial waste treatment, oil extraction and production and inadequate 

storage of goods (www.eea.europa.eu). Heavy metals and mineral oil are regarded as the main soil 

and groundwater contaminants in Europe. Other contaminants include polycyclic aromatic 

hydrocarbons (PAH), aromatic hydrocarbons (BTEX), phenols and chlorinated hydrocarbons (CHC) 

(www.eea.europa.eu). 

 

The high and increasing number of contaminated soils results in an unaffordable damage to the soil 

services. Because the valuing of soil ecosystem services is missing at the policymaking level, the costs 

of soil services losses can go unnoticed (TEEB, 2009). A major part of the 17 ecosystem services, as 

reviewed by Costanza et al. (1997) are directly depending on healthy soils. These authors estimate 
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the overall ecosystem services (use and non-use or market and non-market values) to represent a 

total intrinsic economic value of twice the global gross national product. Based on this reference one 

can assume that the services related to healthy soils in our industrialized countries represent a total 

use and non-use value in the order of 10.000 € per inhabitant per year. Such estimates, although 

criticized (Wallace, 2007) and in need for thorough underpinning, at least stress the necessity and 

value of adequate soil service management. 

 

This review looks into the ways available to enhance or induce natural processes. It tries to evaluate 

the vital importance of those soil services and examine a series of new biotechnologies that can be 

implemented in soils. It gives an overview of putative new dangers for soils. Moreover a set of 

paradigms currently implemented in the field of soil governance is critically examined. Finally a short 

list of future market potentials in soil biotech is presented. 

 

II. Nine questions about contaminated soil and sediments 

The interface between the scientific and the business community is quite strict. While for the 

scientists, soils are mainly an object of exploration and experimentation, industry tries to deal in a 

cost-effective way with the cleanup of contaminated sites. In this respect, a series of often heard 

questions are reflected upon to broaden both parties’ insights into the complexity of the soil. 

 

1. Why is “mother nature” not always doing the job of auto-epuration? 

1.1. The physico-chemistry is wrong 

Several aspects determine if a reaction can occur. In order for a reaction to take place the change of 

Gibbs free energy must be adequate. A bacterium needs a minimum of about -20 kJ per mol of 

substrate in order to exploit the free energy change in a reaction (Heimann et al., 2010; Schink, 

1997). Estimates of the Gibbs free energy for several PAH (polycyclic aromatic hydrocarbons) indicate 

energetic yields between -209 and -331 kJ/mol for their methanogenic degradation under standard 

conditions, however this process has long been considered impossible (Dolfing et al., 2009). Not only 

thermodynamics but also the concentrations of the pollutant by itself represent a challenge, as too 

high concentrations may be toxic for the microorganisms and too low concentrations may be below 

the threshold limit. Moreover, the appropriate electron acceptors and donors have to be present. 

Conditions such as pH, redox potential and temperature have to be suitable and the presence of 

easier to degrade substrates can also represent an obstacle, as these compounds will be preferred by 

the microorganisms (Boopathy, 2000). 

 



1.2.  The biocatalyst is lacking or insufficiently empowered 

A contaminant needs to be (bio)available in order to be taken up and become degraded. The 

bioavailability of a chemical is determined by the rate of mass transfer (transfer to the cell) relative 

to the intrinsic activity of the microbial cells (rate of uptake and metabolism) and is controlled by 

physical-chemical processes such as sorption and desorption (Burgos et al., 1996), diffusion and 

dissolution (Bosma et al., 1997). The growth of cells is negatively correlated with the distance from 

the substrate because of substrate diffusion limitations. Effective diffusivities of the substrates and 

the spatial distribution of substrates and bacteria are main determinants in degradation rates, as the 

distinct micro-scale distribution of pollutants and bacteria in contaminated soils implies that 

pollutants must diffuse to the bacteria before they can be taken up and degraded (Harms, 1996). 

 

It is quite evident that the biocatalyst needs to be present in order for the pollutant to be degraded. 

However this is not always occurring, as the bacteria capable to degrade a specific chemical might 

not have reached the contaminated site. This has been demonstrated by introducing bacteria 

capable of 1,2-dichloroethane (1,2-DCA) degradation on a contaminated site, resulting in an increase 

of the degradation of the contaminant (Maes et al., 2006). 

 

Microorganisms need more than just the pollutant as carbon source and/or energy source. Nutrients 

(macro nutrients – N, P and micro nutrients – e.g. Mo for N fixation) also need to be present at the 

site and in adequate amounts (Howard and Rees, 1996; Leys et al., 2005). 

 

Another very important parameter is the water potential. The continuous water films in soils do not 

only allow nutrient and metabolite transfer between particles and micro-organisms, but also provide 

means by which organisms can move to more favourable locations, overcoming the constrains of 

bacterial spatial distribution (Grundmann, 2004). The lowered water activity of dry soils can inhibit 

microbial activity (Csonka, 1989), restrict microbial movement and decrease the diffusion of 

substrates (Treves et al., 2003). However it has also been observed that plenty of species of 

microorganisms are active in very dry soils, e. g. nitrifiers are active down to 10 molecules of water 

film thickness (Papendick and Campbell, 1981). 

 

A challenge for the degradation of pollutants is the fact that it can occur only when there is a 

pathway to degrade it. For quaternary carbon compounds, there is no degradation pathway known. 

This is also the case for several other compounds such as diclofenac, diatrizoate, carbamazepine, 

phenazone and more, as listed in a review regarding pharmaceuticals and personal care products 

(Onesios et al., 2009). The existence of stereoisomers can also represent a problem as different 



isomers can exert a different effect on the microbial community. Mertens et al. (2005) demonstrated 

with short-term experiments that only gamma- and delta- isomers of hexachlorocyclohexane 

inhibited methane oxidation, evidencing the stereospecific effect of hexachlorocyclohexane on both 

the activity and structure of soil methanotrophic communities. Moreover one of the enantiomers can 

be biodegradable while the other is not. This has been observed for instance for the strong metal 

chelator EDDS versus its enantiomer EDTA that is poorly biodegradable (Van Devivere et al., 2001). 

However a missing pathway might eventually evolve. For the widely used s-triazine herbicides such 

as atrazine, as referred in the review by Shapir et al. (2007), the environmental half-lives have 

decreased dramatically (from typically 60 to 400 days in the decades following its introduction to a 

range from 1 to 50 days at present). Moreover, metabolite profiles have changed: while in the period 

between 1960 and 1990 the bacterial metabolism of atrazine was reported to occur via dealkylation 

of the N-alkyl substituents on the s-triazine ring, since 1995 most reports describe the atrazine 

degradation metabolism via hydroxyatrazine which does not involve dealkylation. Finally, the earlier 

reported difficulties in growing bacteria on atrazine as sole nitrogen and carbon source were 

overcome, as recently pure cultures of these bacteria were obtained from most soils (Shapir et al., 

2007). 

 

2. How to maximize natural attenuation? 

Soil systems are not close to equilibrium and subject to significant perturbation (Crawford et al., 

2005), which can be favourably used to activate natural attenuation. One can first look at the 

optimization of chemical and physical conditions by improving parameters such as temperature (Friis 

et al., 2007), moisture content, nutrients and humus. Another parameter that can be considered is 

the priming of the soil. This can stimulate the microbial community as extra decomposition of native 

soil organic matter occurs in a soil receiving an organic amendment (Bingeman et al., 1953). 

 

Promoting gradients in soils is another aspect that can be achieved by imposing treatments such as 

freezing and thawing, drying and rewetting, ... (Sharma et al., 2006). Changing conditions between 

extremes can promote the selection of microorganisms with interesting abilities. For instance, dryer 

conditions prevalent at the soil surface will restrict the mobility of the individual cells leading to the 

outgrowth of specific microbial populations. Once isolated, more competitive species cannot 

compete with less fit community members at other places and as such species diversity will tend to 

remain high (Treves et al., 2003). During flooding and subsequent draining, cycles of 

aerobic/anaerobic alternation can occur which intensify microbial activity. 

 



Bioaugmentation is a way to enhance the removal of contaminants by inoculating the contaminated 

site with microorganisms, either being pure cultures or mixed cultures, able to degrade the chemical 

of interest. This ability of the microorganisms may be natural or induced in the laboratory by 

introduction of the necessary degradative pathways in the carrying microorganism (Goldstein et al., 

1985). Several studies have successfully applied this approach. Dejonghe et al. (2000) observed an 

increased 2,4 – dichlorophenoxy acetic acid (2,4-D) degradation upon inoculation of contaminated 

soil with a donor strain carrying plasmids encoding for the degradation pathway. The introduction of 

the plasmid was accompanied by a shift in the microbial community structure due to the 

proliferation of transconjugants. At an industrial site where groundwater contamination with 1,2-

DCA was observed, injection of Desulfitobacterium dichloroeliminans strain DCA1 decreased the 

groundwater concentrations of 1,2-DCA from 93 to 0.089 mg/L in a 35 day time interval in the 

presence of a sodium lactate solution (Maes et al., 2006). The commercially available KB-1 mixed 

culture has been successfully used for bioaugmentation in order to stimulate degradation of 

chlorinated organic compounds (perchloroethene, trichloroethene, dichloroethene and vinyl 

chloride) into the end-product ethene (Hood et al., 2008; Scheutz et al., 2008). A butane enrichment 

culture containing predominantly two Rhodococcus sp. strains was used for promoting degradation 

of 1,1,1-trichloroethane (1,1,1-TCA) and 1,1-dichloroethene (1,1-DCE) by cometabolism (Semprini et 

al., 2009). 

 

Co-metabolism is another process that can be used for removal of contaminants in soils. In this 

process, contaminants are fortuitously degraded by non-specific enzymes without the respective 

microorganisms gaining energy for microbial growth or metabolism with this process (Bradley, 2003). 

Several studies have reported this kind of degradation. The methane mono-oxygenase enzyme 

(MMO) responsible for oxidation of methane to methanol in methanotrophs has shown to be 

capable of cometabolic degradation of many compounds, for example trichloroethylene (TCE) 

(Bowman et al., 1993; Yoon and Semrau, 2008). A nitrifier enrichment culture has shown its ability to 

remove 17-ethinylestradiol (EE2) at low levels by the enzyme ammonia mono-oxygenase (AMO) (De 

Gusseme et al., 2009). Besides co-metabolism, there is also cross-metabolism in which several 

microorganisms cross feed on the original molecule, or its metabolites. An example of this has been 

described for 4-chlorosalicilate in which the mixed culture was shown to be much more powerful in 

degradation than any of the single strains (Pelz et al., 1999). 

 

3. Which microbial services in the soil are of vital importance? 

Soil as a beholder of a diversity of microbial life provides a large diversity of vital microbial services. 

Defining which processes are related to soil quality is a difficult task, as this might depend on the use 



of the soil and the complexity of the soil system. Dynamics and mineralization of organic matter, soil 

structure formation and/or maintenance, support and control of plant production and species 

diversity are processes that can be distinguished (Verhoef et al., 2004). 

 

3.1. Degradation of organic matter 

The ability of the soil to degrade organic matter allows the soil to act as a “graveyard”. Indeed, this 

process is responsible for the removal of “dead bodies”, not only of higher organisms (such as 

ourselves) but also microorganisms themselves, for instance in the form of sewage sludges that are 

mineralised in the soil (Boyle and Paul, 1989; Schowanek et al., 2004). Indeed, soil microorganisms 

play a key role in the nutrient cycling of the soil ecosystem. The organic residues are decomposed 

resulting in part in microbial biomass and in part in mineral forms such as CO2, H2O, mineral nitrogen, 

phosphorus and other nutrients. Those components immobilized in biomass, will eventually be 

released when this microbial biomass dies off and becomes organic residue (Verstraete et al., 2004). 

The degradation of organic matter results in the recycling of nutrients for plants in forests, wetlands, 

mangroves… and supplies plants with high levels of CO2, thus facilitating their growth (Schlesinger 

and Andrews, 2000). This ability also contributes to the removal of bacteria, viruses and pathogens 

shed by plants and animals. In this way the soil is responsible for biohygienization and helps to avoid 

the outbreak of pandemics (Larkin et al., 1996). 

 

The soil capacity for organic matter degradation can be used not only for the normal cleaning of 

groundwater but also in a technically designed and controlled way (Fig. 1) (Haeffner and 

Grandguillaume, 2009). 

 

Another interesting feature of soil microbial processes is the removal of atmospheric pollutants, 

which are important in the context of global warming such as CO2, CH4 (Seghers et al., 2005), CO, 

N2O. Only soils with a very high water table are sources of CH4, all others normally act as CH4 sinks 

(Smith et al., 2000). However, conversion of natural soils to agricultural use decreases oxidation rates 

by two-thirds (Smith et al., 2000). Application of 2,4-D in soils has shown to inhibit the methane 

oxidation capacity (Seghers et al., 2003). Soils farmed with organic fertilizers have three times higher 

methane oxidation rates when compared with soils receiving mineral fertilizers (Seghers et al., 2005). 

 

3.2. Nitrogen fixation 

Parent rock materials and their weathering products do not contain nitrogen. Consequently most of 

the nitrogen demanded for biological processes has to be transferred from the atmosphere where it 

is present as inert N2 into a biologically active form (NO3
-, NH4

+, R-NH2). The degree of soil fertility is 



therefore determined by the balance between N-input and N-losses. While precipitation 

(atmospheric nitrogen oxygenation by thunderstorms) and biological nitrogen fixation contribute to 

the N-input, leaching and denitrification contribute to the N-losses (Ernst et al., 2004). It should be 

kept in mind that for the production of 1 kg N-fertilizer, 2 L of fossil fuel are required (Rashid et al., 

2010). Moreover, the production of 1 kg of food protein requires about 40 L of fossil fuel (Pimentel 

and Pimentel, 2003). Hence, as the conventional fossil fuel reserves are to the best of current 

estimates half exploited and at the current rate of use will only last for another 20-30 years, the 

efficient usage of biologically fixed N will become of increasing importance.  

 

3.3. Biomineralization 

Microorganisms play a determinative role in the mineralogical characteristics of most soils and 

sediment environments. The geochemical role of microorganisms includes their weathering ability 

which liberates many essential elements (C, S, N, P) from the lithospheric reservoir within which they 

are largely unavailable to many living organisms (Douglas and Beveridge, 1998). Another role is the 

microbe’s ability of producing minerals (biomineralization) by which the soil structural support is 

improved. The latter as well as biosorption are mechanisms that can represent an alternative for 

removal of inorganic contaminants. For example Hammes et al. (2003) demonstrated ureolytic 

microbial carbonate precipitation as a process for removing excess calcium from various effluents. 

 

3.4. Reservoir/refuge of biodiversity 

Bacterial diversity in pristine soils and sediments and in moderately disturbed agricultural soils is very 

high as numbers may reach more than 10 000 bacterial species (Torsvik et al., 1998). Microbial fungal 

richness increases from 5 to 120 operational taxonomic units for sampling areas varying from 10-4 to 

1014 m2 (Green et al., 2004). Protozoa can reach numbers as high as 70 000 per gram dry weight 

(Fierer et al., 2009). This large diversity of microbial life is observed not only in pristine soils; polluted 

soils have shown to be habitats of microorganisms with special abilities, as do most environments 

under extreme conditions. As such it stems to reason that some contaminated sites should not be 

cleaned but rather conserved in time for their unique biopotentials. 

 

4. Which microbial processes in soil are ambiguous? 

Apart from the essential role of microorganisms in soils, not all effects of the microbial processes 

naturally occurring in soils are advantageous, some are even undesired. 

 

4.1) Nitrification The fixation of nitrogen into a biologically active form increases soil fertility. Yet, 

bringing it into a mobile form allows it to leach into groundwater and surface waters, thereby posing 



health and environmental problems. Hence, a renewed search of ways for controlling nitrification in 

soils is warranted. 

 

4.2) Denitrification This process is responsible for N2 return to the atmosphere. However it causes a 

release of the green house gas N2O, with estimates indicating that about 1-10 kg N2O-N ha-1 y-1 is 

produced in soils (Boeckx and Van Cleemput, 2001; Dalal and Allen, 2008). There is an absolute need 

to learn to manage this process in the field in an appropriate way. 

 

4.3) Chlorination of soil organics In soils, the presence of catalytic peroxidases facilitates the 

chlorination of hydrocarbons and aromatic products in decomposed (humified) material using the 

inorganic chloride ion that dominates in fresh leaves. The knowledge about halogenation of organic 

matter in soil and the fate and toxicity of the resulting compounds is still very scarce (Casey, 2002). 

  

4.4) Sulfide/S0 oxidation The release of sulfide or the addition of sulfur can give rise to an impulse of 

activity of sulfur oxidising bacteria which can generate a set of secondary negative effects such as pH 

drop, release of metals and also of anions such as arsenate (Bayard et al., 2006; Nareshkumar et al., 

2008) Yet, the inverse process, i.e. the reduction of sulfate is generally also quite undesirable since it 

generates toxic sulfides. Overall, the transformation of sulfur in the soil has to be monitored with 

care in terms of shifts in overall soil quality and ecosystem stability. 

 

4.5) CO2 – emission from sequestered carbon Figure 2 schematizes the overall CO2 fluxes as 

calculated by Denman et al. (2007). The key message is that soil microbiota releases about 10 times 

more CO2-C per year from organics present in the soil and the sediments than the amount currently 

emitted by cars. Clearly, any change in the former rate of microbial CO2 production is of concern in 

relation to the climate change. Any method one could design to diminish that rate, e.g. in agricultural 

soils, would constitute a major breakthrough in agricultural engineering. 

 

5. How can we monitor microbial processes in soils and sediments? 

A microbial soil ecosystem typically contains a collection of microbial populations, i.e. a microbial 

community. This microbial community is normally interacting with its environment. These 

interactions can be of abiotic origin (temperature, nutrients, pH, substratum surface properties, …) or 

biotic origin (invading microbial species, grazing and predation, …). These interactions will positively 

or negatively influence specific microbial populations and as a result, the ecosystem functionality and 

stability can be affected. Indeed, it was recently shown that a high richness and a high evenness of a 

microbial community have positive effects on the ecosystem functionality and stress resistance (Bell 



et al., 2005; Wittebolle et al., 2009). To unravel the structure of the microbial community, molecular 

techniques are nowadays frequently used (Hanson et al., 2008). Fingerprinting techniques, such as 

Denaturing Gradient Gel Electrophoresis, have been used for more than 10 years and have the 

advantage to be rapid (both analysis as data processing) (Boon et al., 2002). However the 

fingerprinting techniques have a low taxonomic resolution and therefore, techniques such as 

microarray or 454-sequencing (Buee et al., 2009) will allow in the near future an in-depth analysis of 

the microbial community structure. Recently Marzoratti et al. (2008) proposed a setting-independent 

theoretical interpretation, based on a straightforward processing of molecular data. Using the results 

from these molecular methods, the different aspects such as the richness (Rr, reflecting the influx of 

species and the carrying capacity of the system), the dynamics of change (Dy, reflecting the specific 

rate of species coming into significance) and the community organization (Co, reflecting the level of 

population dominance within a community) can be studied (Marzorati et al., 2008). The outcome of 

such an analysis can allow to handle questions of who is there, who is doing what with whom and 

how can one adjust, control and/or steer these mixed cultures and communities leading to the 

implementation of a Microbial Resource Management (MRM) approach, as depicted in Figure 3 

(Verstraete et al., 2007). 

 

6. What is new in the microbial biotech of soils? 

A variety of breakthroughs have recently been reported. They are subsequently organized in two 

groups, the first one relating to reductive processes and the second one to oxidative conversions (see 

Table 1). 

 

6.1. Biologically induced chemical reductive technologies 

6.1.1. Halorespiration 

Several microorganisms such as Sulfurospirillum, Dehalobacter, Desulfitibacterium, Dehalococcoides 

spp. (Luijten et al., 2004; Maes et al., 2006) are able to respire halogenated compounds, i.e. use them 

as electron acceptors and thus dehalogenating them. However, these dehalogenating species 

compete for the electron donor with other soil microorganisms. The high affinity of dehalogenating 

bacteria for H2 allows them to outcompete methanogenic archaea, acetogenic bacteria and sulphate-

reducing bacteria at low H2 concentrations. However, they still have to compete with nitrate- and 

iron reducing microorganisms, which are also able to use H2 at low concentrations (Luijten et al., 

2004). 

 

6.1.2. The “addition of handles to unhandy substrates” 



Due to the chemical inertness of specific hydrocarbons, it has been thought for decades that the 

biological degradation of these compounds required the presence of oxygen. Yet, about two decades 

ago, the first cultures of bacteria that degraded hydrocarbons under strictly anoxic conditions, were 

reported. Similar to the eukaryotic biotransformation pathway, these bacteria initially place a 

functional group on the parent molecule (hydroxylation, fumarate addition, carboxylation, 

methylation or reverse methanogenesis), which then serves as a “handle” to subsequently break 

down these compounds (Heider, 2007). 

 

6.1.3. The Zero-Valent Iron (ZVI) donor 

Zerovalent Iron (Fe(0)) is an excellent source of reducing equivalents (electrons) from a 

thermodynamic point of view. As such, it has been successfully employed for the transformation and 

subsequent detoxification of a wide range of environmental contaminants, including chlorinated 

organics, heavy metals, nitro-aromatics and, to some degree, perchlorate. In microbial reductive 

dechlorination, the electrons can be transferred both directly or indirectly via e.g. hydrogen. 

Dechlorinating microorganisms in the surroundings of the Fe(0) particles then have the option to 

directly tap the electrons from the ZVI or use the hydrogen that is expected to be present at high 

concentrations in the proximity of the iron surface due to the Fe(0) oxidation (De Windt et al., 2003; 

Dolfing et al., 2008). 

 

6.1.4. The biocathode  

In a bio-electrochemical system, bacteria interact with the electrodes, facilitating electron transport 

between the electron donor and the electrode (Rabaey et al., 2007). Plenty of bacteria can 

apparently use electrons available from a cathode and for instance generate hydrogen, methane, 

dinitrogen gas, … (Clauwaert et al., 2008; Rabaey et al., 2007). Thus by supplying a small current to 

the soil, one can actively provide energy for the desired bacteria in the soil or sediment. 

 

6.1.5. The Anammox process  

The conversion of ammonium nitrite to nitrogen gas and traces of nitrate (Kuypers et al., 2003) has 

also been reported to potentially occur in soils and sediments. Yet, its significance for polluted soils 

and its potential impact on pollutants by e.g. co-metabolism of the latter is still unexplored.  

 

6.1.6. BioPAD  

The fact that Shewanella oneidensis can reduce Pd(II) to Pd(0) and deposit the latter on its cell wall 

(De Windt et al., 2005) is quite remarkable. This process is accomplished with addition of pyruvate, 

formate or hydrogen gas as electron donor. Yet, even more remarkable is the fact that the latter so-



called BioPAD rapidly and efficiently can reduce a variety of chemicals, such as TCE (Hennebel et al., 

2009), PCB (De Windt et al., 2005), lindane and dioxins. This offers perspectives for decontamination 

of sites, which thus far could not be envisioned. 

 

6.2. Biologically induced chemical oxidative technologies  

6.2.1. The real humus degraders  

The so-called ‘old’ humus is an assemblage of very heterogeneous unreactive organic matter, which 

is hardly biodegradable. Yet, certain termites feeding solely on this type of soil organic matter create 

a pH of 11 to 12 in their gut environment, resulting in the proliferation of alkaliphilic bacteria, which 

achieve the conversion of these otherwise quasi-inert soil organics (Ji and Brune, 2005). It remains to 

be examined to what extend such environments and bacteria can be used to develop powerful soil 

treatment technologies. 

 

6.2.2. The radical generators 

It still is a matter of discussion to what extend soil organisms are actively engaged in the production 

of oxidative radicals. The white rot fungi produce ligninases, which are known to produce oxidative 

side effects (Dzul-Puc et al., 2005). Similar effects have been suggested for the methane mono-

oxygenase operated by the methanotrophs (Choi et al., 2008) and for the ammonia mono-oxygenase 

operated by the ammonium oxidising bacteria (Wood and Sorensen, 2001). Yet, the actual concrete 

engineering approaches in which such phenomena are implemented still need to be worked out. It 

also remains an open question to what extent archaeal nitrifiers, the AOA (Erguder et al., 2009), 

which are assumed to be active in soils, also can be part of such indirect oxidation of pollutants. 

 

6.2.3. The manganese oxidizers 

The manganese oxidising bacteria (MOB) produce MnO2. Various species are known to bring about 

such processes e.g. Bacillus (Devrind et al., 1986), Leptothrix (Adams and Ghiorse, 1985), 

Pseudomonas (Caspi et al., 1998), … Figure 4 illustrates that the fine dispersion of MnO2 under mildly 

acidic pH conditions results in a reactivity towards pollutants and generates breakdown products. 

These can subsequently be further metabolised by associated micro-organisms. This has been shown 

in aqueous systems for arsenate (III) (Oscarson et al., 1981), EE2 (de Rudder et al., 2004; Forrez et al., 

2009), diclofenac (Forrez et al., 2010), … 

 

6.2.4. The oxidative anode 

The fact that plenty of bacteria can use a solid state electron acceptor has recently been widely 

documented in the domain of bio-electrochemistry (Pham et al., 2009b). In this respect, quite some 



opportunities are available to oxidise undesirable reduced compounds at an anodic surface inserted 

in the soil or sediment. The anodic oxidation of 1,2-DCA is in this respect quite inspiring (Pham et al., 

2009a) Similarly, the oxidation of rhizodeposits at an anode with the concomitant production of 

electricity (Figure 5) is also of interest. By combining the oxidation of rhizodeposits by the active 

deposition of electron donors through a plant, the soil can be at the same time an energy and food 

production site (de Schamphelaire et al., 2008). Also, inserting an anode into the soil allows for 

poising of the redox potential in these environments, which can be of importance in sites where e.g. 

production of methane, sulfide of methylated metals should be avoided. 

 

7. What are putative new dangers for the soil? 

Soil usage has always been changing, so what new and upcoming threats can be identified when 

looking at the soil of the future? Most of these dangers are manmade and can be managed. The first 

danger is the introduction of micropollutants to the soil. Pharmaceuticals and personal care products 

(PPCPs) are micropollutants that have been found in waterbodies worldwide. They prevail in lakes 

and rivers as they are insufficiently removed in wastewater treatment plants (Onesios et al., 2009). In 

addition, the construction of decentralized sewage treatment systems/wetlands may contribute to a 

further distribution of these compounds throughout the soil. 

 

Another type of micropollutant are the newly developed nanomaterials. Nanocarbon, nanosilver, 

SiO2 and TiO2 are widely used in varying industries and places, ranging from health products, 

personal care products, clothing, food, disinfectants, catalysts…etc.  So far, there is little knowledge 

regarding the effects of these compounds once released into the environment. For instance, 

fullerene (C-60) seems to exert toxic effects in bacteria by inducing oxidative stress, with evidence of 

protein oxidation, changes in cell membrane potential and interruption of cellular respiration (Lyon 

and Alvarez, 2008). 

 

Intensification of the aquaculture industry presents another potential danger for soil. More than 20 

tonnes of fish per ha of aquaculture system are produced per year, thereby generating substantial 

amounts of polluted effluent, containing feed residues, faeces and antibiotics. The discharge of these 

effluents in the environment results in a high influx of nutrients, various organic and inorganic 

compounds, which may increase the occurrence of pathogenic microorganisms and introduce 

invading pathogenic species (Crab et al., 2007). 

 

The sealing of the soil surface results in fragmentation of microbial habitats and a decrease of their 

soil services. Sealing of the surface can also lead to a loss in groundwater levels i.e. rain is removed 



either through the sewer system or over hard pavement instead of infiltrating into the soil. In order 

to recharge groundwater bodies, deep infiltration of rainwater has been applied. However by doing 

so, surface contaminants such as hydrocarbons, salts, etc. can be directly injected in the subsurface 

as the soil filtration capacity is not being used. They can thus create a new putative danger for the 

soil and the natural microbial community. 

 

Another putative danger is the increasing use of soil as a storage medium. One can think of the heat 

and cold storage, but also the use of empty natural gas deposits or aquifers for the storage of excess 

greenhouse gas. It is not known yet how the soil can be affected both structurally and biologically by 

the regular changes in its temperature profile or the introduction of gasses in the deep soil. 

 

Depletion of nutrients from the soil by intensive cropping and harvesting presents another putative 

danger. The bio-energy production systems (Figure 6), by which land is intensively used for biomass 

production might result in an exhaustion of the soil when operated in a one way route (Hanegraaf et 

al., 2007). It is therefore necessary to ensure soil fertilization by returning part of the nutrients 

present in the crop to the soil. It is necessary to take into account that this return to the soil is 

essential. If all crop residues and manure are used for energy production and not taken to soil 

fertilization, there might be a risk of reducing the soil organic matter (Lemke et al., 2010). 

 

The putative dangers to soil quality can all be (relatively easily) managed by introducing best 

practices for the use and production of certain compounds or products. Another putative danger to 

the soil which is more difficult to manage and understand, is climate change. Climate change 

presents a general risk to soils. Unexpected droughts and floods may cause sudden changes in the 

groundwater level, which may completely alter the soil characteristics. With the changing climate, it 

is expected that evapotranspiration will increase and therefore soil will dry out more rapidly. Thus 

the frequency and intensity of soil drying/rewetting events will increase. One single dry/wetting 

event can kill up to 50% of the microbial community and very little is known about which organisms 

will survive and how fast they will recover. These alterations in the soil community will therefore 

have an impact on organic matter breakdown. For litter, as an example, it is hypothesised that in 

areas where episodic drying and rewetting become more severe, populations of cellullolytic and 

ligninolytic fungi could be decreased to the point where litter decomposition would decrease more 

than would be predicted by simply the changes in moisture (Schimel and Gulledge, 1998). Also the 

thawing of the tundra’s poses a danger because this might release great amounts of the greenhouse 

gas CH4 and possibly activate numerous of dormant microorganisms (Corradi et al., 2005). 

 



8. What should we take into re-consideration? 

It has taken a great deal of effort to establish, in the context of the Water Framework Directive 

(European Parliament, 2000) that the norm for nitrate in the groundwater should be 50 mg/L. Yet, it 

appears of interest to critically reconsider this value. Indeed the 50 mg nitrate/L is not necessarily a 

key consideration in terms of human (infant) toxicology since the real culprit is not nitrate but nitrite. 

Moreover, very appropriate technologies to remove nitrate from groundwater are existing (Liessens 

et al., 1993). Actually, the main reason for not tolerating higher levels of nitrate in the groundwater 

relate to putative disturbances of the soil microbial ecology. Underpinning of such negative impacts 

on the soil and sediment microbiota at high levels of nitrate is lacking however. In the near future the 

‘paradigm’ of 50 mg nitrate per L of groundwater has to be re-discussed in relation to other effects 

such as mobilisation of minerals as e.g. iron, phosphate and sulfate (Lucassen et al., 2004). 

  

Similarly, although there is a need for a thorough legislation in relation to the introduction of 

xenobiotics in the soil ecosystem, the current approaches as e.g. in the EU Directive rev. 91/414 will 

decimate the number of chemicals which will be available in terms of crop protection. This might 

have certain side effects such as a tendency to overuse the few that are allowed. A potential remedy 

could be that the latter chemicals are provided not as such, but accompanied with a proper 

microbiota to be seeded if necessary, whenever the remainder of the product has to be removed 

(Onneby et al., 2010). 

 

In the current line of sewage treatment, the harvesting/recovery of nutrients from the domestic 

water line is normally vigorously rejected. Arguments such as the presence of unwanted heavy 

metals, personal care products, pharma residues hereby prevail. Yet, it stems to reason to 

completely rethink the conventional sewage treatment line e.g. in a way that products such as 

magnesium ammonium phosphate, nitrate and biochar can be recovered and re-used for soil 

fertilization (Verstraete et al., 2009). The implementation of a new class of ‘Natural Standardized 

Fertilizers‘, which contain recovery products from sewage, but are standardized in terms of their 

composition and soil fertilizing value, needs to be given full priority in the years to come. 

 

9. What are the future market and opportunities 

The soil will become more and more valuable as a commodity. The preservation of soil quality, 

including its restoration in case the latter has been lost, certainly is a business opportunity, which will 

keep growing in all developed and industrialized countries. Actually the price per ha of agricultural 

land is already of the order of 25 000 € and increasing steadily (Figure 7). 

 



In terms of specific lines of action, the soil as a system for storage of water, heat/cold, carbon, etc. 

will undoubtedly continue to gain importance. Society will increasingly make use of the passive 

storage capacity of the soil. Moreover, the active microbial capacity of the soil in combination with 

the specific physico-chemistry can also be thought of as a reactor.  

 

The soil as a reactor can be seen in the context of filtration and cleaning of drinking water. Also the 

conversion of organic material to biogas can be a possible application of a soil reactor. Another type 

of soil reactor that has received quite some attention is the application of a Bio Electrochemical 

System (BES) in the soil (de Schamphelaire et al., 2008). This type of reactor can be used for 

production of electrical energy or for the control of the redox potential in the soil to stimulate a 

desired process (Aelterman et al., 2008). 

 

Phytoremediation is the process of cleaning contaminated soils by making use of the metabolic 

properties of plants. During the last two decades this field of soil remediation has been extensively 

researched and developed. Thorough and in-depth reviews on this particular topic can be found 

elsewhere (Dzantor, 2007; Ryan et al., 2009; Wenzel, 2009). Here, a brief overview will be given of 

the various properties of phytoremediation. Phytoremediation can be subdivided in several different 

processes (adapted from Vamerali et al. (2010) and Van Aken et al. (2010)). These are phyto-

/rhizodegradation and phyto- /rhizovolatillisation for organic pollutants. Degradation entails de 

metabolisation of the product into smaller less harmful components or into biomass. This can either 

be done by the plant itself or by the associated rhizospheric community. Volatilisation entails the 

breakdown of the polluting compound into volatile compounds which are excreted through the plant 

or from the rhizosphere. Heavy metals are usually removed by means of 1) phytoextraction i.e. 

uptake in the plant, 2) rhizofiltration, the sequestering of the metals on the outside of the roots after 

which they are removed by harvesting the plant with the roots and 3) they can also be made less 

bioavailable by excretion of chelating compounds or alterations of the soil (bio)chemistry. 

 

Phytoremediaton cannot be done alone by the plant. Just as in pristine sites, there is always a close 

interaction between the microorganisms in the rhizosphere and the plant (Compant et al., 2010). By 

studying these relationships, ‘teams’ can be created where the interplay between the plant and 

microbial members leads to an increased activity related to soil remediation. Examples of such 

interplay are 1) the plant can provide essential nutrients to beneficial bacteria and vice versa (a good 

example are nitrogen-fixing bacteria, either free living or in root nodules) 2) plants can provide a 

niche to beneficial bacteria by secreting certain anti-bacterials which repel other or hamfull bacteria. 

This can also go in a reverse direction.  



 

A special relationship between bacteria and plants is in the form of an endophytic lifestyle, where the 

bacteria life inside the plant and provide their beneficial effects regarding phytoremediation in 

Planta (Weyens et al., 2009a; Weyens et al., 2009b) The engineering of endophytic microbial 

communities also lies within reach as horizontal gene transfer within these communities was 

detected by Thaghavi et al. (2005). 

 

Overall a searching for and application of hyperacumulating plants in combination with a beneficial 

rhizo- and/or endospheric microbial community holds great promise for low cost cleaning of 

contaminated sites. 

 

One certainly will continue to develop various inocula in order to speed up the biodegradation in 

soils. Good examples to illustrate the potential are the seeding of deep soil with vinyl chloride 

degraders (Scheutz et al., 2008) or with 1,2-DCA degraders (Maes et al., 2006). Yet, one could also 

consider the re-establishment of e.g. soil services such as the degradation of methane. Indeed, when 

destroyed, it may take more than 100 years to come back (Smith et al., 2000) while effective cases of 

bioaugmentation have been reported for certain landfill sites (Boeckx et al., 1997). 

 

A major market potential is the concept of biochar addition to the soil (Lehmann, 2007). Biochar is 

the product of controlled pyrolysis of biomass. This material needs to be explored and confirmed in 

the years to come as it not only stores carbon in the soil, but also improves the quality of the soil as a 

beholder of nutrients and biodiversity. However biochar is a product of various types of biomass. It 

therefore needs considerable attention to determine its exact properties with respect to nutrient 

release, sorption of pollutants and the beneficial effect on the soil microbiology. Regarding the 

relation between biochar and microbiology, the biochar can also be considered as a sheltered niche 

or as a carrier for introduction of specific microorganisms. The fact that 1 ton of biochar carbon 

represents a storage equivalent to 3 ton of CO2-carbon is of considerable importance in the light of 

the global carbon economy. 

 

Thus understanding and controlling the combination of soil, microbiological and plants systems and, 

even more important, their interactions provides a great opportunity for various innovative 

approaches to improve soil cleaning and production processes. 

 



III. Contaminated site management: “quo vadis”? 

In the coming years, the management of sites will rapidly evolve from ecological risk assessment 

toward restoration of ecosystem services. A main driver behind ecosystem restoration is the 

economically quantifiable importance of the microbial soil services. It can be expected that the 

economic value of these soil services will become better quantified, which would already justify on 

shear economical facts the technological inputs. 

 

It appears that the deep soil, simply because of its presence and putative capacity to store and act, 

will be more and more explored and exploited in the near future. Clearly, this exploitation of the 

deep soil as a reactor needs to be urgently addressed in order to come to proper governance. 

 

Overall, as society evolves towards a bio-economy, new dangers such as the exhaustion of the 

essential soil services, but also new potentials as the intensive storage of carbon in soil to remediate 

climate change warranted close monitoring in terms of their long term socio-economic impacts. 

 

 

Acknowledgments 

BCMG is funded by the European Community’s Seventh Framework Programme FP7/2007-2013 

under grant agreement no. 212683. JA is funded by the European Community’s Seventh Framework 

Programme FP7/2007-2013 under grant agreement no. 226532. DvdH is funded by a Ph.D Grant (IWT 

Grant 81259) from the Institute for the Promotion of Innovation through Science and Technology in 

Flanders (IWT-Vlaanderen). This work was supported by the Geconcerteerde Onderzoeksactie (GOA) 

of Ghent University (BOF09/GOA/005). We thank Ilse Forrez and Guido Van Huylenbroeck for the 

useful suggestions. 

 



References 

Adams, L.F., Ghiorse, W.C., 1985. Mechanism of Manganese Oxide Deposition by Leptothrix-
Discophora. Abstracts of Papers of the American Chemical Society 190, 85-GEC. 

Aelterman, P., Freguia, S., Keller, J., Verstraete, W., Rabaey, K., 2008. The anode potential regulates 
bacterial activity in microbial fuel cells. Appl. Environ. Microbiol. 78, 409-418. 

Bayard, R., Chatain, V., Gachet, C., Troadec, A., Gourdon, R., 2006. Mobilisation of arsenic from a 
mining soil in batch slurry experiments under bio-oxidative conditions. Water Res. 40, 1240-
1248. 

Bell, T., Newman, J.A., Silverman, B.W., Turner, S.L., Lilley, A.K., 2005. The contribution of species 
richness and composition to bacterial services. Nature 436, 1157-1160. 

Bingeman, C.W., Varner, J.E., Martin, W.P., 1953. The Effect of the Addition of Organic Materials on 
the Decomposition of an Organic Soil. Soil Sci. Soc. Am. J. 17, 34-38. 

Blum, W.E.H., 2005. Functions of soil for society and the environment. Rev. Environ. Sci. 
Bio/Technology 4, 75-79. 

Boeckx, P., Van Cleemput, O., 2001. Estimates of N2O and CH4 fluxes from agricultural lands in 
various regions in Europe. Nutr. Cycl. Agroecosyst. 60, 35-47. 

Boeckx, P., VanCleemput, O., Villaralvo, I., 1997. Methane oxidation in soils with different textures 
and land use. Nutr. Cycl. Agroecosyst. 49, 91-95. 

Boon, N., De Windt, W., Verstraete, W., Top, E.M., 2002. Evaluation of nested PCR-DGGE (denaturing 
gradient gel electrophoresis) with group-specific 16S rRNA primers for the analysis of 
bacterial communities from different wastewater treatment plants. FEMS Microbiol. Ecol. 39, 
101-112. 

Boopathy, R., 2000. Factors limiting bioremediation technologies. Bioresour. Technol. 74, 63-67. 
Bosma, T.N.P., Middeldorp, P.J.M., Schraa, G., Zehnder, A.J.B., 1997. Mass transfer limitation 
of biotransformation: Quantifying bioavailability. Environ. Sci. Technol. 31, 248-252. 

Bowman, J.P., Jimenez, L., Rosario, I., Hazen, T.C., Sayler, G.S., 1993. Characterization of the 
methanotrophic bacterial community present in a trichloroethylene-contaminated 
subsurface groundwater site. Appl. Environ. Microbiol. 59, 2380-2387. 

Boyle, M., Paul, E.A., 1989. Carbon and Nitrogen Mineralization Kinetics in Soil Previously Amended 
with Sewage-Sludge. Soil Sci. Soc. Am. J. 53, 99-103. 

Bradley, P.M., 2003. History and Ecology of Chloroethene Biodegradation: A Review. Bioremediation 
J. 7, 81-109. 

Buee, M., Reich, M., Murat, C., Morin, E., Nilsson, R.H., Uroz, S., Martin, F., 2009. 454 Pyrosequencing 
analyses of forest soils reveal an unexpectedly high fungal diversity. New Phytol. 184, 449-
456. 

Burgos, W.D., Novak, J.T., Berry, D.F., 1996. Reversible sorption and irreversible binding of 
naphthalene and alpha-naphthol to soil: Elucidation of processes. Environ. Sci. Technol. 30, 
1205-1211. 

Casey, W.H., 2002. Geochemistry: The Fate of Chlorine in Soils. Science 295, 985-986. 
Caspi, R., Tebo, B.M., Haygood, M.G., 1998. c-Type cytochromes and manganese oxidation in 

Pseudomonas putida MnB1. Appl. Environ. Microbiol. 64, 3549-3555. 
Choi, D.W., Semrau, J.D., Antholine, W.E., Hartsel, S.C., Anderson, R.C., Carey, J.N., Dreis, A.M., 

Kenseth, E.M., Renstrom, J.M., Scardino, L.L., Van Gorden, G.S., Volkert, A.A., Wingad, A.D., 
Yanzer, P.J., McEllistrem, M.T., de la Mora, A.M., DiSpirito, A.A., 2008. Oxidase, superoxide 
dismutase, and hydrogen peroxide reductase activities of methanobactin from types I and II 
methanotrophs. J. Inorg. Biochem. 102, 1571-1580. 

Clauwaert, P., Toledo, R., Van der Ha, D., Crab, R., Verstraete, W., Hu, H., Udert, K.M., Rabaey, K., 
2008. Combining biocatalyzed electrolysis with anaerobic digestion. Water Sci. Technol. 57, 
575-579. 



Compant, S., Clément, C., Sessitsch, A., 2010. Plant growth-promoting bacteria in the rhizo- and 
endosphere of plants: Their role, colonization, mechanisms involved and prospects for 
utilization. Soil Biol. Biochem. 42, 669-678. 

Corradi, C., Kolle, O., Walter, K., Zimov, S.A., Schulze, E.D., 2005. Carbon dioxide and methane 
exchange of a north-east Siberian tussock tundra. Global Change Biol. 11, 1910-1925. 

Costanza, R., dArge, R., deGroot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., ONeill, 
R.V., Paruelo, J., Raskin, R.G., Sutton, P., vandenBelt, M., 1997. The value of the world's 
ecosystem services and natural capital. Nature 387, 253-260. 

Crab, R., Avnimelech, Y., Defoirdt, T., Bossier, P., Verstraete, W., 2007. Nitrogen removal techniques 
in aquaculture for a sustainable production. Aquaculture 270, 1-14. 

Crawford, J.W., Harris, J.A., Ritz, K., Young, I.M., 2005. Towards an evolutionary ecology of life in soil. 
Trends Ecol. Evol. 20, 81-87. 

Csonka, L.N., 1989. Physiological and genetic responses of bacteria to osmotic-stress. Microbiol. Rev. 
53, 121-147. 

Dalal, R.C., Allen, D.E., 2008. Greenhouse gas fluxes from natural ecosystems. Aust. J. Bot. 56, 369-
407. 

De Gusseme, B., Pycke, B., Hennebel, T., Marcoen, A., Vlaeminck, S.E., Noppe, H., Boon, N.,  
Verstraete, W., 2009. Biological removal of 17 alpha-ethinylestradiol by a nitrifier enrichment 
culture in a membrane bioreactor. Water Res. 43, 2493-2503. 

de Rudder, J., Van de Wiele, T., Dhooge, W., Comhaire, F., Verstraete, W., 2004. Advanced water 
treatment with manganese oxide for the removal of 17 alpha-ethynylestradiol (EE2). Water 
Res. 38, 184-192. 

de Schamphelaire, L., van den Bossche, L., Dang, H.S., Hofte, M., Boon, N., Rabaey, K., Verstraete, W., 
2008. Microbial fuel cells generating electricity from rhizodeposits of rice plants. Environ. Sci. 
Technol. 42, 3053-3058. 

De Windt, W., Aelterman, P., Verstraete, W., 2005. Bioreductive deposition of palladium (0) 
nanoparticles on Shewanella oneidensis with catalytic activity towards reductive 
dechlorination of polychlorinated biphenyls. Environ. Microbiol. 7, 314-325. 

De Windt, W., Boon, N., Siciliano, S.D., Verstraete, W., 2003. Cell density related H-2 consumption in 
relation to anoxic Fe(0) corrosion and precipitation of corrosion products by Shewanella 
oneidensis MR-1. Environ. Microbiol. 5, 1192-1202. 

Dejonghe, W., Goris, J., El Fantroussi, S., Hofte, M., De Vos, P., Verstraete, W., Top, E.M., 2000. Effect 
of dissemination of 2,4-dichlorophenoxyacetic acid (2,4-D) degradation plasmids on 2,4-D 
degradation and on bacterial community structure in two different soil horizons. Appl. 
Environ. Microbiol. 66, 3297-3304. 

Denman, K.L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P.M., Dickinson, R.E., Hauglustaine, D., 
Heinze, C., Holland, E., Jacob, D., Lohmann, U., Ramachandran, S., da Silva Dias, P.L., Wofsy, 
S.C., Zhang, X., 2007. Couplings between changes in the climate system and biogeochemistry. 
in: S. Solomon, D. Qing, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, H.L. Miller 
(Eds.), Climate Change 2007: The physical science basis. Contribution of working group I to 
the fourth assessment report of the Intergovernmental Panel on Climate Change Cambrige 
University Press, Cambrige, United Kingdom and New York, NY, USA. 

Devrind, J.P.M., Devrinddejong, E.W., Devoogt, J.W.H., Westbroek, P., Boogerd, F.C., Rosson, R.A., 
1986. Manganese Oxidation by Spores and Spore Coats of a Marine Bacillus Species. Appl. 
Environ. Microbiol. 52, 1096-1100. 

Dolfing, J., Van Eekert, M., Seech, A., Vogan, J., Mueller, J., 2008. In situ chemical reduction (ISCR) 
technologies: Significance of low eh reactions. Soil. Sediment. Contam. 17, 63-74. 

Dolfing, J., Xu, A., Gray, N., Larter, S., Head, I., 2009. The thermodynamic landscape of methanogenic 
PAH degradation. Microbial Biotechnol. 2, 566-574. 

Douglas, S., Beveridge, T.J., 1998. Mineral formation by bacteria in natural microbial communities. 
FEMS Microbiol. Ecol. 26, 79-88. 



Dzantor, E.K., 2007. Phytoremediation: the state of rhizosphere lsquoengineeringrsquo for 
accelerated rhizodegradation of xenobiotic contaminants. Journal of Chemical Technology & 
Biotechnology 82, 228-232. 

Dzul-Puc, J.D., Esparza-Garcia, F., Barajas-Aceves, M., Rodriguez-Vazquez, R., 2005. Benzo[a]pyrene 
removal from soil by Phanerochaete chrysosporium grown on sugarcane bagasse and pine 
sawdust. Chemosphere 58, 1-7. 

EEA, 2005. The European environment — State and outlook 2005. European Environment Agency, 
Copenhagen, pp. 584. 

Erguder, T.H., Boon, N., Wittebolle, L., Marzorati, M., Verstraete, W., 2009. Environmental factors 
shaping the ecological niches of ammonia-oxidizing archaea. FEMS Microbiol. Rev. 33, 855-
869. 

Ernst, W.H.O., Peter, D., Herman, J.P.E., 2004. Chapter 3 Vegetation, organic matter and soil quality 
Developments in Soil Science. Elsevier, pp. 41-98. 

European Parliament, C., 2000. Directive 2000/60/EC of the European Parliament and of the Council 
of 23 October 2000 establishing a framework for Community acion in the field of water 
policy. 

Fierer, N., Strickland, M.S., Liptzin, D., Bradford, M.A., Cleveland, C.C., 2009. Global patterns in 
belowground communities. Ecol. Lett. 12, 1238-1249. 

Forrez, I., Carballa, M., Noppe, H., De Brabander, H., Boon, N., Verstraete, W., 2009. Influence of 
manganese and ammonium oxidation on the removal of 17 alpha-ethinylestradiol (EE2). 
Water Res. 43, 77-86. 

Forrez, I., Carballa, M., Verbeken, K., Vanhaecke, L., Schlüsener, M., Ternes, T., Boon, N., Verstraete, 
W., 2010. Diclofenac removal by biogenic manganese oxides. (Submitted). 

Friis, A.K., Kofoed, J.L.L., Heron, G., Albrechtsen, H.J., Bjerg, P.L., 2007. Microcosm evaluation of 
bioaugmentation after field-scale thermal treatment of a TCE-contaminated aquifer. 
Biodegradation 18, 661-674. 

Goldstein, R.M., Mallory, L.M., Alexander, M., 1985. Reasons for possible failure of inoculation to 
enhance biodegradation. Appl. Environ. Microbiol. 50, 977-983. 

Green, J.L., Holmes, A.J., Westoby, M., Oliver, I., Briscoe, D., Dangerfield, M., Gillings, M., Beattie, 
A.J., 2004. Spatial scaling of microbial eukaryote diversity. Nature 432, 747-750. 

Grundmann, G.L., 2004. Spatial scales of soil bacterial diversity - the size of a clone. FEMS Microbiol. 
Ecol. 48, 119-127. 

Haeffner, H.r.S., F-92100 Boulogne Billancourt, FR),, Grandguillaume, J.-j.r.d.F.C., F-92600 Asnieres, 
FR), 2009. Process and plant for making use of groundwater. Lyonnaise, Des Eaux France (11 
place Edouard VII, 75009 Paris, FR). 

Hammes, F., Seka, A., Van Hege, K., Van de Wiele, T., Vanderdeelen, J., Siciliano, S.D., Verstraete, W., 
2003. Calcium removal from industrial wastewater by bio-catalytic CaCO3 precipitation. J. 
Chem. Technol. Biotechnol. 78, 670-677. 

Hanegraaf, M.C., Moolenar, S.W., Elbersen, H.W., Annevelink, E., 2007. Effecten van biomassaketens 
op landgebruik en bodemkwaliteit in Nederland. in: N.M.I.N. B.V. (Ed.), Oosterbeek. 

Hanson, C.A., Allison, S.D., Bradford, M.A., Wallenstein, M.D., Treseder, K.K., 2008. Fungal Taxa 
Target Different Carbon Sources in Forest Soil. Ecosystems 11, 1157-1167. 

Harms, H., 1996. Bacterial growth on distant naphthalene diffusing through water, air, and water-
saturated and nonsaturated porous media. Appl. Environ. Microbiol. 62, 2286-2293. 

Heider, J., 2007. Adding handles to unhandy substrates: anaerobic hydrocarbon activation 
mechanisms. Curr. Opin. Chem. Biol. 11, 188-194. 

Heimann, A., Jakobsen, R., Blodau, C., 2010. Energetic Constraints on H2-Dependent Terminal 
Electron Accepting Processes in Anoxic Environments: A Review of Observations and Model 
Approaches. Environ. Sci. Technol. 44, 24-33. 

Hennebel, T., Verhagen, P., Simoen, H., De Gusseme, B., Vlaeminck, S.E., Boon, N., Verstraete, W., 
2009. Remediation of trichloroethylene by bio-precipitated and encapsulated palladium 
nanoparticles in a fixed bed reactor. Chemosphere 76, 1221-1225. 



Hood, E.D., Major, D.W., Quinn, J.W., Yoon, W.S., Gavaskar, A., Edwards, E.A., 2008. Demonstration 
of enhanced bioremediation in a TCE source area at Launch Complex 34, Cape Canaveral Air 
Force Station. Ground Water Monit. Remediat. 28, 98-107. 

Howard, J.B., Rees, D.C., 1996. Structural basis of biological nitrogen fixation. Chem. Rev. 96, 2965-
2982. 

Ji, R., Brune, A., 2005. Digestion of peptidic residues in humic substances by an alkali-stable and 
humic-acid-tolerant proteolytic activity in the gut of soil-feeding termites. Soil Biol. Biochem. 
37, 1648-1655. 

Kuypers, M.M.M., Sliekers, A.O., Lavik, G., Schmid, M., Jorgensen, B.B., Kuenen, J.G., Damste, J.S.S., 
Strous, M., Jetten, M.S.M., 2003. Anaerobic ammonium oxidation by anammox bacteria in 
the Black Sea. Nature 422, 608-611. 

Larkin, R.P., Hopkins, D.L., Martin, F.N., 1996. Suppression of Fusarium wilt of watermelon by 
nonpathogenic Fusarium oxysporum and other microorganisms recovered from a disease-
suppressive soil. Phytopathology 86, 812-819. 

Lehmann, J., 2007. A handful of carbon. Nature 447, 143-144. 
Lemke, R.L., VandenBygaart, A.J., Campbell, C.A., Lafond, G.P., Grant, B., 2010. Crop residue removal 

and fertilizer N: Effects on soil organic carbon in a long-term crop rotation experiment on a 
Udic Boroll. Agric. Ecosystems Environ. 135, 42-51. 

Leys, N.M., Bastiaens, L., Verstraete, W., Springael, D., 2005. Influence of the 
carbon/nitrogen/phosphorus ratio on polycyclic aromatic hydrocarbon degradation by 
Mycobacterium and Sphingomonas in soil. Appl. Microbiol. Biotechnol. 66, 726-736. 

Liessens, J., Germonpre, R., Beernaert, S., Verstraete, W., 1993. Removing nitrate with a 
methylotrophic fluidized-bed - Technology and Operating performance. J. Am. Water Work 
Assoc. 85, 144-154. 

Lucassen, E., Smolders, A.J.P., Van der Salm, A.L., Roelofs, J.G.M., 2004. High groundwater nitrate 
concentrations inhibit eutrophication of sulphate-rich freshwater wetlands. Biogeochemistry 
67, 249-267. 

Luijten, M., Roelofsen, W., Langenhoff, A.A.M., Schraa, G., Stams, A.J.M., 2004. Hydrogen threshold 
concentrations in pure cultures of halorespiring bacteria and at a site polluted with 
chlorinated ethenes. Environ. Microbiol. 6, 646-650. 

Lyon, D.Y., Alvarez, P.J.J., 2008. Fullerene Water Suspension (nC(60)) Exerts Antibacterial Effects via 
ROS-Independent Protein Oxidation. Environ. Sci. Technol. 42, 8127-8132. 

Maes, A., van Raemdonck, H., Smith, K., Ossieur, W., Lebbe, L., Verstraete, W., 2006. Transport and 
activity of Desulfitobacterium dichloroeliminans strain DCA1 during bioaugmentation of 1,2-
DCA-contaminated groundwater. Environ. Sci. Technol. 40, 5544-5552. 

Marzorati, M., Wittebolle, L., Boon, N., Daffonchio, D., Verstraete, W., 2008. How to get more out of 
molecular fingerprints: practical tools for microbial ecology. Environ. Microbiol. 10, 1571-
1581. 

Mertens, B., Boon, N., Verstraete, W., 2005. Stereospecific effect of hexachlorocyclohexane on 
activity and structure of soil methanotrophic communities. Environ. Microbiol. 7, 660-669. 

Nareshkumar, R., Nagendran, R., Parvathi, K., 2008. Bioleaching of heavy metals from contaminated 
soil using Acidithiobacillus thiooxidans: effect of sulfur/soil ratio. World J. Microbiol. 
Biotechnol. 24, 1539-1546. 

Onesios, K.M., Yu, J.T., Bouwer, E.J., 2009. Biodegradation and removal of pharmaceuticals and 
personal care products in treatment systems: a review. Biodegradation 20, 441-466. 

Onneby, K., Jonsson, A., Stenstrom, J., 2010. A new concept for reduction of diffuse contamination by 
simultaneous application of pesticide and pesticide-degrading microorganisms. 
Biodegradation 21, 21-29. 

Oscarson, D.W., Huang, P.M., Defosse, C., Herbillon, A., 1981. Oxidative power of Mn(IV) and Fe(III) 
oxides with respect to As(III) in terrestrial and aquatic environments. Nature 291, 50-51. 



Papendick, R.I., Campbell, G.S., 1981. Theory and measurement of water potential. In: J.F. Parr, W.R. 
Gardner, E.L. F. (Eds.), Water Potential Relations in Soil Microbiology. Soil Science Society of 
America, Madison, Wis. U.S.A., pp. 1-22. 

Pelz, O., Tesar, M., Wittich, R.M., Moore, E.R.B., Timmis, K.N., Abraham, W.R., 1999. Towards 
elucidation of microbial community metabolic pathways: unravelling the network of carbon 
sharing in a pollutant-degrading bacterial consortium by immunocapture and isotopic ratio 
mass spectrometry. Environ. Microbiol. 1, 167-174. 

Pham, H., Boon, N., Marzorati, M., Verstraete, W., 2009a. Enhanced removal of 1,2-dichloroethane 
by anodophilic microbial consortia. Water Res. 43, 2936-2946. 

Pham, T.H., Aelterman, P., Verstraete, W., 2009b. Bioanode performance in bioelectrochemical 
systems: recent improvements and prospects. Trends Biotechnol. 27, 168-178. 

Pimentel, D., Pimentel, M., 2003. Sustainability of meat-based and plant-based diets and the 
environment. Am. J. Clin. Nutr. 78, 660S-663S. 

Rabaey, K., Rodriguez, J., Blackall, L.L., Keller, J., Gross, P., Batstone, D., Verstraete, W., Nealson, K.H., 
2007. Microbial ecology meets electrochemistry: electricity-driven and driving communities. 
Isme J. 1, 9-18. 

Rashid, M.T., Voroney, R.P., Khalid, M., 2010. Application of food industry waste to agricultural soils 
mitigates green house gas emissions. Bioresour. Technol. 101, 485-490. 

Ryan, P., Dessaux, Y., Thomashow, L., Weller, D., 2009. Rhizosphere engineering and management for 
sustainable agriculture. Plant Soil 321, 363-383. 

Scheutz, C., Durant, N.D., Dennis, P., Hansen, M.H., Jorgensen, T., Jakobsen, R., Cox, E.E., Bjerg, P.L., 
2008. Concurrent Ethene Generation and Growth of Dehalococcoides Containing Vinyl 
Chloride Reductive Dehalogenase Genes During an Enhanced Reductive Dechlorination Field 
Demonstration. Environ. Sci. Technol. 42, 9302-9309. 

Schimel, J.P., Gulledge, J., 1998. Microbial community structure and global trace gases. Global 
Change Biol. 4, 745-758. 

Schink, B., 1997. Energetics of syntrophic cooperation in methanogenic degradation. Microbiol. Mol. 
Biol. Rev. 61, 262-&. 

Schlesinger, W.H., Andrews, J.A., 2000. Soil respiration and the global carbon cycle. Biogeochemistry 
48, 7-20. 

Schowanek, D., Carr, R., David, H., Douben, P., Hall, J., Kirchmann, H., Patria, L., Sequi, P., Smith, S., 
Webb, S., 2004. A risk-based methodology for deriving quality standards for organic 
contaminants in sewage sludge for use in agriculture - Conceptual Framework. Regul. Toxicol. 
Pharmacol. 40, 227-251. 

Seghers, D., Bulcke, R., Reheul, D., Siciliano, S.D., Top, E.M., Verstraete, W., 2003. Pollution induced 
community tolerance (PICT) and analysis of 16S rRNA genes to evaluate the long-term effects 
of herbicides on methanotrophic communities in soil. Eur. J. Soil Sci. 54, 679-684. 

Seghers, D., Siciliano, S.D., Top, E.M., Verstraete, W., 2005. Combined effect of fertilizer and 
herbicide applications on the abundance, community structure and performance of the soil 
methanotrophic community. Soil Biol. Biochem. 37, 187-193. 

Semprini, L., Dolan, M.E., Hopkins, G.D., McCarty, P.L., 2009. Bioaugmentation with butane-utilizing 
microorganisms to promote in situ cometabolic treatment of 1,1,1-trichloroethane and 1,1-
dichloroethene. J. Contam. Hydrol. 103, 157-167. 

Shapir, N., Mongodin, E.F., Sadowsky, M.J., Daugherty, S.C., Nelson, K.E., Wackett, L.P., 2007. 
Evolution of catabolic pathways: Genomic insights into microbial s-triazine metabolism. J. 
Bacteriol. 189, 674-682. 

Sharma, S., Szele, Z., Schilling, R., Munch, J.C., Schloter, M., 2006. Influence of freeze-thaw stress on 
the structure and function of microbial communities and denitrifying populations in soil. 
Appl. Environ. Microbiol. 72, 2148-2154. 

Smith, K.A., Dobbie, K.E., Ball, B.C., Bakken, L.R., Sitaula, B.K., Hansen, S., Brumme, R., Borken, W., 
Christensen, S., PriemÈ, A., Fowler, D., Macdonald, J.A., Skiba, U., Klemedtsson, L., Kasimir-
Klemedtsson, A., DegÛrska, A., Orlanski, P., 2000. Oxidation of atmospheric methane in 



Northern European soils, comparison with other ecosystems, and uncertainties in the global 
terrestrial sink. Global Change Biol. 6, 791-803. 

Taghavi, S., Barac, T., Greenberg, B., Borremans, B., Vangronsveld, J., van der Lelie, D., 2005. 
Horizontal Gene Transfer to Endogenous Endophytic Bacteria from Poplar Improves 
Phytoremediation of Toluene. Appl. Environ. Microbiol. 71, 8500-8505. 

TEEB, 2009. The economics of ecosystems and biodiversity for national and international policy 
makers - Summary: Responding to the value of nature. 

Torsvik, V., Daae, F.L., Sandaa, R.A., Ovreas, L., 1998. Novel techniques for analysing microbial 
diversity in natural and perturbed environments. J. Biotechnol. 64, 53-62. 

Treves, D.S., Xia, B., Zhou, J., Tiedje, J.M., 2003. A two-species test of the hypothesis that spatial 
isolation influences microbial diversity in soil. Microb. Ecol. 45, 20-28. 

Vamerali, T., Bandiera, M., Mosca, G., 2010. Field crops for phytoremediation of metal-contaminated 
land. A review. Environ. Chem. Lett. 8, 1-17. 

Van Aken, B., Correa, P.A., Schnoor, J.L., 2010. Phytoremediation of Polychlorinated Biphenyls: New 
Trends and Promises. Environ. Sci. Technol. 44, 2767-2776. 

Van Devivere, P.C., Saveyn, H., Verstraete, W., Feijtel, T.C.J., Schowanek, D.R., 2001. Biodegradation 
of metal-[S,S]-EDDS complexes. Environ. Sci. Technol. 35, 1765-1770. 

Verhoef, H., Peter, D., Herman, J.P.E., 2004. Chapter 4 Soil biota and activity Developments in Soil 
Science. Elsevier, pp. 99-125. 

Verstraete, W., de Caveye, P.V., Diamantis, V., 2009. Maximum use of resources present in domestic 
"used water". Bioresour. Technol. 100, 5537-5545. 

Verstraete, W., Mertens, B., Peter, D., Herman, J.P.E., 2004. Chapter 5 The key role of soil microbes 
Developments in Soil Science. Elsevier, pp. 127-157. 

Verstraete, W., Wittebolle, L., Heylen, K., Vanparys, B., Vos, P.d., Wiele, T.v.d., Boon, N., 2007. 
Microbial Resource Management: The Road To Go for Environmental Biotechnology. Eng. Life 
Sci. 7, 117-126. 

Wallace, K.J., 2007. Classification of ecosystem services: Problems and solutions. Biol. Conserv. 139, 
235-246. 

Wenzel, W., 2009. Rhizosphere processes and management in plant-assisted bioremediation 
(phytoremediation) of soils. Plant Soil 321, 385-408. 

Weyens, N., Van Der Lelie, D., Artois, T., Smeets, K., Taghavi, S., Newman, L., Carleer, R., 
Vangronsveld, J., 2009a. Bioaugmentation with Engineered Endophytic Bacteria Improves 
Contaminant Fate in Phytoremediation. Environ. Sci. Technol. 43, 9413-9418. 

Weyens, N., van der Lelie, D., Taghavi, S., Vangronsveld, J., 2009b. Phytoremediation: plant-
endophyte partnerships take the challenge. Curr. Opin. Biotechnol. 20, 248-254. 

Wittebolle, L., Marzorati, M., Clement, L., Balloi, A., Daffonchio, D., Heylen, K., De Vos, P., Verstraete, 
W., Boon, N., 2009. Initial community evenness favours functionality under selective stress. 
Nature 458, 623-626. 

Wood, N.J., Sorensen, J., 2001. Catalase and superoxide dismutase activity in ammonia-oxidising 
bacteria. FEMS Microbiol. Ecol. 38, 53-58. 

Yoon, S., Semrau, J.D., 2008. Measurement and modeling of multiple substrate oxidation by 
methanotrophs at 20 degrees C. FEMS Microbiol. Lett. 287, 156-162. 

  



Figure captions: 

Figure 1. Process for drinking water production. The groundwater collected in the primary production 

wells is injected into the soil. The soil will therefore act as a reactor, and clean groundwater is 

extracted in the secondary production wells (adapted from Haeffner and Grandguillaume 

(2009)). 

 

Figure 2. Simplified global carbon cycle. Represented are the emissions of carbon dioxide from fossil 

fuel, soil respiration and vegetation as well as capture of carbon dioxide by the vegetation 

(adapted from Denman et al. (2007)). 

 

Figure 3. Representation of the Microbial Resource Management principle. The molecular analyses 

allow determining various aspects of the microbial configuration and one can determine if 

the communities are endangered by abiotic or biotic stress. A direct result of such an instable 

community might be the loss of the ecosystem functioning and a loss of the services 

rendered by the ecosystem to the society. To overcome a failure of the functionality, inputs 

can be given to the community by for example introducing new strains or nutrients or 

altering the conditions in order to improve the microbial community structure. 

 

Figure 4. The implementation of manganese oxidizing bacteria in the oxidation of pollutants by 

removing Mn2+ and providing reactive MnO2 (adapted from de Rudder et al. (2004) and 

Forrez et al. (submitted)). 

 

Figure 5. Potential implementation of oxidative anodes to capture reducing equivalents in reduced 

soil environments and thus steer microbial processes with controlling the redox potential. 

 

Figure 6. Bio-energy production by means of land crop systems necessitates the return of minerals 

and carbon to the soil. 

 

Figure 7. Increase in price per ha for agricultural land in a number of European countries over the last 

10 years (data from epp.eurostat.ec.europa.eu/). The agricultural land price of each country 

in 1995 was considered as factor 1 to calculate the price increase over the analyzed years. 
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Table 1 – Overview of new biologically induced oxidative and reductive technologies in soil 

treatment. 

Biologically induced chemical reductive 
technologies 

Biologically induced chemical oxidative 
technologies 

Halorespiration 
“Addition of handles to unhandy substrates” 
Zero-Valent Iron (ZVI) donors 
Biocathodes 
The Anammox process 
BioPAD 

Real humus degraders 
Radical generators 
Manganese oxidizers 
Oxidative anodes 

 


