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Phytoremediation is a promising technology to clean-up contaminated soils based on the synergistic actions of plants and microorganisms. However, to become a widely accepted, and predictable remediation alternative, a deeper understanding of the plant–microbe interactions is needed. A number of studies link the success of phytoremediation to the plant-associated microbiome functioning, though whether the microbiome can exist in alternative, functional states for soil remediation, is incompletely understood. Moreover, current approaches that target the plant host, and environment separately to improve phytoremediation, potentially overlook microbial functions and properties that are part of the multiscale complexity of the plant-environment wherein biodegradation takes place. In contrast, in situ studies of phytoremediation research at the metaorganism level (host and microbiome together) are lacking. Here, we discuss a competition-driven model, based on recent evidence from the metagenomics level, and hypotheses generated by microbial community ecology, to explain the establishment of a catabolic rhizosphere microbiome in a contaminated soil. There is evidence to ground that if the host provides the right level and mix of resources (exudates) over which the microbes can compete, then a competitive catabolic and plant-growth promoting (PGP) microbiome can be selected for as long as it provides a competitive superiority in the niche. The competition-driven model indicates four strategies to interfere with the microbiome. Specifically, the rhizosphere microbiome community can be shifted using treatments that alter the host, resources, environment, and that take advantage of prioritization in inoculation. Our model and suggestions, considering the metaorganism in its natural context, would allow to gain further knowledge on the plant–microbial functions, and facilitate translation to more effective, and predictable phytotechnologies.
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CURRENT CHALLENGES IN EXPLOITING PLANTS AND MICROORGANISMS FOR PHYTOREMEDIATION

Phytoremediation is an environmentally sustainable, solar-powered, and cost-effective soil remediation technology which relies on the ability of plants to intercept, take-up, accumulate, sequestrate, stabilize or translocate contaminants (Pilon-Smits, 2005). Additional benefits of phytoremediation include the conversion of biomass for bioenergy, sustaining of biological biodiversity, soil stabilization, and numerous other ecosystem services. Contaminants that are taken-up by the plant, can be detoxified by plant secondary metabolism or via stimulation of plant-associated microorganisms (Pilon-Smits, 2005; Weyens et al., 2009b). The efficiency of phytoremediation is strongly dependent on the selection of the plant species (Vangronsveld et al., 2009), but also on environmental factors like contaminant concentration, soil pH, nutrient status, oxidoreduction potential (Sessitsch et al., 2013), and in particular the soil-and plant-associated microorganisms.

Currently, phytoremediation does not reach the level of a highly efficient, predictable and fast clean-up technology. This is shown by often variable outcomes at the field scale, slow and incomplete degradation, and long clean-up time (Vangronsveld et al., 2009; Mench et al., 2010; Gomes, 2012; Stephenson and Black, 2014). Many studies have focused on improving soil conditions, contaminant bio-availability and accessibility (Robertson and Jjemba, 2005; Makris et al., 2010; De La Torre-Roche et al., 2012), plant growth conditions (Canellas and Olivares, 2014; Kidd et al., 2015), and the exploration and exploitation of soil and plant-associated microorganisms during phytoremediation (Barac et al., 2004; Weyens et al., 2010a; Abhilash et al., 2012; Becerra-Castro et al., 2013). However, the approaches focused for a long time on each organism individually rather than an integrated metaorganism approach in an ecological perspective. Optimizing the plant and its associated microorganisms, the metaorganism, has shown to be successful to improve plant growth in agriculture (Mendes et al., 2013; Rout and Southworth, 2013; Berg et al., 2014), and in disease resistance (Berendsen et al., 2012) but so far, an integrated metaorganism approach that allows uncovering the interactions between plant host and potentially thousands of degradative microbial taxa naturally colonizing the host, has not been largely performed.

In analogy to the human microbiome, the plant microbiome is essential for the plant, protecting the host against invaders, for the production of essential vitamins, improving nutrient solubility, as reviewed (Mendes et al., 2013). It is argued that the plant microbiome extends the functional potential of the host. In addition, the microbiome is able to regulate the expression of plant traits which lead to an improvement of the plant physiological state (Mendes et al., 2013). Recent evidence also emphasizes that phytoremediation success is strongly depend on the plant microbiome activities (Hassan et al., 2014). The impact has potentially been underestimated. To improve phytoremediation, an enhanced understanding of the plant and microbial interactions and responses to contaminants are essential. One particular aspect is to better understand how a host assembles a beneficial microbiome, and how it functions, under contaminant stress.

Molecular data and ecological models have already let to the understanding how insects assemble and maintain a beneficial cuticular microbiome (Scheuring and Yu, 2012). Also in gut microbiome research, microbiome establishment and functioning has been thoroughly scrutinized (Rooks et al., 2014), which has already resulted in translation to useful therapies, but the concepts have never been explored for a complex rhizosphere environment, let alone a contaminated soil. Though by understanding how the host interacts, shapes and maintains its microbiome proficient in plant-growth promoting (PGP) and contaminant degradation, we strongly believe that a more targeted stimulation of phytoremediation is possible. In this review we discuss for the first time a competition-driven model to explain the assembly of a beneficial microbiome under contaminant stress. This is based on direct and indirect evidence from recent phytoremediation studies, integrated from a whole new perspective. The second part of the review addresses the questions whether the selected metaorganism is optimal for phytoremediation, and whether the microbiome is highly efficient for PGP and contaminant degradation? New challenges that are triggered from the model are discussed and we suggest improvements in the current approaches. Although we focus here on optimizing the metaorganism for phytoremediation, many principles of this competition-driven model, may apply to optimising plant–microbial interactions during crop production, bioenergy, and landscape management.

A COMPETITION DRIVEN MODEL TO EXPLAIN THE ESTABLISHMENT OF A BENEFICIAL MICROBIOME IN A CONTAMINATED RHIZOSPHERE

Explaining how microbiomes are established and maintained is a hot research topic in many disciplines, ranging from plant-pathogen research (Berendsen et al., 2012), gut microbiome research (Muegge et al., 2011) and community ecology (Gotzenberger et al., 2012), but also potentially holds the key to improving phytoremediation. Hosts in general receive a lot of benefits from their associated microorganisms, such as protection against invaders, enhancing nutrition and growth, improving resilience in stress conditions, as has been extensively reviewed (Mendes et al., 2013). In a study which used Arabidopsis halleri plants grown on a natural soil and a gamma irradiated soil, it was shown that when being grown on a natural soil the plants accumulated higher levels of cadmium and zinc in the tissues, indicating that microbiota are essential players during phytoextraction (Muehe et al., 2015). Moreover, it is increasingly accepted that hosts assemble non-random sets of microbial symbionts with a higher proportion of beneficial microbes than expected by chance. Also in the case of a contaminated soil, it appears that the plant host can select microbes with degradative genes out of a huge pool of candidates in the bulk soil (Siciliano et al., 2001; Sipila et al., 2008), but a detailed understanding how the host does this lacks.

To better understand the establishment of the microbiome in the plant rhizosphere/endosphere, this habitat is often compared to the gut microbiomes. Gut microbiomes are shaped by host species genotype and priority effects (transmission via parents; Ochman et al., 2010), diet (Muegge et al., 2011), and transplantation and disturbance (antibiotics; Rooks et al., 2014). In addition, recently Scheuring and Yu (2012) identified the conditions under which insects (attine ants) could successfully screen in a beneficial microbiome that was dominated by antibiotic producing and resistant bacteria. For this they distinguished three steps: first, the new host starts with a higher proportion of beneficial antibiotic producing microbiota, second, the ant host provides resources, which third fuel intense competition via antibiotic production and results in competitive dominance by antibiotic producing bacteria (Scheuring and Yu, 2012). Analogous, if we can identify the conditions under which the plant host in a contaminated soil can select degradative traits, than this can results in more targeted interfering.

To model the establishment of a beneficial microbiome in a plant host is much more complex than the ant and human gut microbiome models suggested so far. The plant host species itself (genotype) has a large influence on the microbiome composition, and evolves in ways (growth stage, disease state, herbivory etc.) that changes the microbiome. In addition to plant state and productivity, the presence of neighboring plants and in general species richness are thought to strongly influence the abundance of microorganisms belowground (De Deyn et al., 2011). Further, the abiotic environment has a large impact on the microbiome composition. Soil is much more complex biologically, in terms of species diversity, and external abiotic factors which adds numerous variables and uncertainty to the model. Previous attempts to model biodegradation have shown it is very hard to simplify the biodegradation space in units that define contaminant degradation (see Box 1). Though an ecological model which combines a metaorganism approach and reductionist views seems to be most suited (Box 1).


BOX 1 | Complexity of contaminant degradation. A recent pyrosequencing study analyzing bacterial community diversity in the permafrost soil along the China–Russia Crude Oil Pipeline, found then thousands of operational taxonomic units (OTUs) with 84,834 reads, numbers which by far outdid the expectations for such an extreme habitat (Yang et al., 2012). Similarly, Bell et al. (2013b) revealed a high diversity of hydrocarbonoclastic bacteria in the rhizosphere of Salix growing on hydrocarbon contaminated soil in Canada (Bell et al., 2013b). In line with this, recent genome insights revealed that aliphatic and aromatic catabolic genes are abundant in the root endophytic Burkholderia sp., even if they were not exposed previously to diesel fuel in their environment (Mitter et al., 2013). These studies suggest that catabolic genes are likely ubiquitous in the environment, though it remains to be shown whether they are active, and most proficient for soil remediation.
de Lorenzo (2008), showed that an abstraction of the biodegradation process with purely genetic and enzymatic reactions is not optimal for predicting biodegradation rates. That is because the degradation of any given compound, whether or not expressed on plasmids, is highly influenced by many upstream (bioavailability) and downstream factors (toxicity of intermediates, stress, nutrients). An illustrative example is the inability of strain Burkholderia xenovorans LB400 to completely degrade polychlorinated biphenyls (PCBs) despite having in its genome all genes which are necessary to do this (Pieper and Seeger, 2008). To further illustrate the complexity of biodegradation, contaminant degradation is usually not limited to specialist taxa but generalists are involved. In fact, co-metabolism of pollutants and interspecies metabolism is the rule rather than exception. Finally, multiple enzymes within a cell, and degradation pathways compete for the substrates, and thus biodegradation in a community is the result of the pan-metabolome (de Lorenzo, 2008).
To deal with this complexity, it is increasingly accepted that phytoremediation needs to be approached from a systems biology, and community ecology perspective. Caro-Quintero and Konstantinidis (2012), provided evidence from the metagenome level that a population and community approach potentially hold true for microbial populations, acting in distinct entities (Caro-Quintero and Konstantinidis, 2012). In addition, Sørensen et al. (2009) amongst others, pursue the understanding of the behavior of single cells in a large community to better understand functions at the population level (Sørensen et al., 2009; Remus-Emsermann et al., 2012). Only if we have scrutinized the single cell behaviour in complex soil microbial communities, combined with insights from the metaorganism functioning (pairing plant and microbe omics), than we can potentially identify and predict cross-species and cross-kingdom functions, that can be targeted to increase soil remediation. In the best possible scenario, we have a good catalog of the genome sequences and transcriptomes of all (or most important) players, which will allow to predict their metabolic activities (Larsen et al., 2011). Many studies have already obtained relevant insights at the metaorganism level, thanks to the ongoing developments in the high-throughput sequencing technologies. However, to further our understanding, integrating large sequencing data in models requires massive computational power, which is not always available. Nevertheless, improvements to current research strategies, considering in situ conditions (see Table 1), would allow to gain further insight in the functioning and significance of the microbiome for phytoremediation, potentially leading to the design of improved treatments that specifically promote highly efficient biodegradative communities.



Here, we propose that an adapted model of Scheuring and Yu (2012) can explain some of the driving factors under which conditions plants directly or indirectly promote the abundance of PGP and degradative bacteria in a contaminated soil. To demonstrate the model concept, we will focus on the plant rhizosphere, though potentially the same interactions occur in the phyllosphere, and plant-endosphere habitats. More in particular our attention will be focused on the bacteria and mycorrhizal fungi in the rhizosphere, which are by far the best studied microorganisms in relation to phytoremediation. Plant-growth promoting rhizobacteria (PGPR) and mycorrhizal fungi live in a mutualistic symbiosis with the host. The plant provides root exudates and creates habitats for the microorganisms, and, in return, the PGP degradative bacteria and mycorrhiza promote plant growth and detoxify the contaminants.

The Model

We propose a competition-driven model, based on the theory described in Grime (1977) and the recent findings of Yergeau et al. (2014), to explain the establishment and maintenance of a beneficial microbiome in the plant rhizosphere on contaminated soil, and suggest that (1) if plants provide abundant resources in the rhizosphere this will favor interactions that confer competitive advantage to degradative (and tolerant) microorganisms depending on the contaminant concentration level, and that (2) the establishment of such a beneficial degradative microbiome is more efficient if there is some kind of vertical transmission (seed transfer of degradative traits) or high abundance of degradation genes in the microbial pool at early stages of colonization of the soil. Thus, a higher immigration rate of degradative (and tolerant) microbiota from the environment, e.g., in response to specific root exudates secreted by the host, combined with competitive interactions which favor the screening in of these phenotypes, give shape to the rhizosphere microbiome in a contaminated soil. Evidence to support the competition-driven model is provided below.

Contamination Influences the Rhizosphere and Root Microbial Community

Siciliano et al. (2001) investigated the endosphere and rhizosphere microbiomes of different grass species growing on a petroleum and nitroaromatic contaminated soil, and they revealed that contaminant concentration was a major factor that determined rhizosphere and root-endosphere microbiome structure and function. Moreover, there was a plant-specific and selective effect on the prevalence of specific catabolic genes, e.g., tall fescue rhizosphere community was characterized by an enrichment of catabolic genotypes such as alkane monooxygenase (alkB), naphthalene dioxygenase (ndoB), and nitrotoluene monooxygenases (ntnM; Siciliano et al., 2001), but there was a decrease in the prevalence of catabolic genes in the rhizosphere of rose clover (Siciliano et al., 2003). This indicates that plants can exert control over microbial degradative traits in the rhizosphere, and hence phytoremediation activity. The presence of plants also influenced the prevalence of degradation genes outside the rhizosphere, in the surrounding bulk soil (Siciliano et al., 2003). Another study showed that the presence of diesel in soil significantly explained microbial community composition and diversity, even overruling soil matrix type effects (Sutton et al., 2013). A number of other recent studies confirm the initial findings, that the contaminated rhizosphere microbiomes often contain a higher abundance of catabolic genes as determined by qPCR (Sipila et al., 2008), which are also actively expressed as shown by a metatranscriptomics analyses (Yergeau et al., 2014). These observations raise the question how the plant host ‘selects’ degradative microbiota or rather traits, given the enormous pool and variety of microorganisms in soil.

One explanation, which is still heavily debated though, is that the beneficial plant microbiota for a part naturally coevolved with host (e.g., via vertical transfer of degradative traits via the seeds; Mastretta et al., 2009; Hodgson et al., 2014), or coevolution of mycorrhiza with the plant species with selective recruitment from the environment (Hoeksema, 2010; Davison et al., 2011). A recent study has shown that vertical transmission of fungal endophytes from mother plant to offspring, via seeds, is common in forb species (e.g., Papaver rhoeas, Plantago lanceolata etc.), suggesting that this may be a widespread phenomenon (Hodgson et al., 2014). The transferred endophytes can influence seedling germination rate, provide protection against herbivores and pathogens, and stress resilience depending on the endophytes that were present in the mother plant. Another study showed that plants grown on cadmium soil contained a high prevalence of seed-endophytes which produced IAA, ACC-deaminase and displayed Cd tolerance, in vitro (Truyens et al., 2015), and these traits were transferred from generation to generation (Truyens et al., 2013). The other observation, whether there is ongoing co-evolution of mutualistic fungi and the host, is currently heavily debated (Hoeksema, 2010). De Deyn et al. (2011), showed that the abundance of arbuscular mycorrhiza (AMF) is strongly influenced by plant species diversity, richness and identity, which indicates that coevolution to some extent may be ongoing. In fact, ectomycorrhizal fungi (EMF) and AMF are crucially important in protecting plants from toxic metals (Colpaert et al., 2011), and organic pollutants (Bonfante and Anca, 2009), protect physically the roots (Barea et al., 2002), and the radicals or catabolic enzymes produced by the fungi can be involved in the detoxification of contaminants (Harms et al., 2011).

However, if vertical transmission and coevolution would be the only process, it would make it very difficult to explain why similar plant cultivars in different soils contain different microbial communities, with different phytoremediation activities. The explanation is that the rhizosphere microbiome is recruited for a large part from the surrounding soil environment (Haichar et al., 2008; Berg and Smalla, 2009). In fact, plants constantly recruit a diverse set of microbiota from the soil environment, which may display degradative potential with different modes of action and PGP potential to variable extents (Croes et al., 2013; Bell et al., 2014; Yergeau et al., 2014; Truyens et al., 2015). Hence, it is not unexpected that the host evolves a beneficial degradative microbiome differently at different places (Lebeis, 2014). What is the major mechanism underlying the selective recruitment?

Root Exudates Change under Contaminant Stress: Plants Call for Support?

It is well known that root exudates play a large role in shaping the rhizosphere microbiome (Berg and Smalla, 2009). Microbiota compete for the abundant resources (Raaijmakers et al., 2008), and thereby specific exudates can selectively attract or repel certain species (Neal et al., 2012). Berendsen et al. (2012) have suggested that plant beneficial traits may be selected for because plants secrete specific root exudate compounds in response to pathogen attack, selectively recruiting protective microorganisms. Adoption of this idea to a contaminated soil, hypothesizes that plants change root exudates in response to contaminants, to favor degradative traits (‘call for support’). In fact, a number of studies have shown that plants alter the quality and quantity of rhizodeposits in response to contaminants (Zhou et al., 2011). One notable study has demonstrated, using a split-root model, that certain plant species respond in a systemic manner to PAH-contamination (indirect effect) and that the root-exudate induced changes in microbial community composition was correlated with abundance changes of particular genera that are suggested to play an important role in rhizoremediation (Kawasaki et al., 2011). However, some researchers argue that root exudates are not actively but passively released from plants, and that the host does not actively recruit microbial species or traits (Hartmann et al., 2008). The competing explanation for the observed mutualism, is that if the hosts creates a selective and demanding environment such that the habitat turns out to be attractive to mutualists and symbionts, and unattractive to pathogens or parasites, then a selective recruitment of mutualists occurs, independent whether the host knows the quality and quantity of the individual symbionts (Archetti et al., 2011). Hence, if the conditions are set right by the host, the microbial symbiont evolves to accept the host or reject it (remain free living). Either of the opinions can be reconciled in which interactions between the partners could lead to a higher immigration of degradative microorganisms from the environment or specific secretions by the host or associated mycorrhiza (in secondary line) that could impart a competitive advantage to microbes that carry the appropriate detoxification genes. In this double selective environment, the resource availability can favor degradative PGP over pathogens.

Competition as Driving Force

We add to the rhizosphere model, competition. It is well known that the rhizosphere is a highly competitive and selective environment because of the abundant resources provided by the host (Kowalchuk et al., 2002; Haichar et al., 2008; Berg and Smalla, 2009). Yergeau et al. (2014) suggested that a contaminated rhizosphere is more selective than a non-contaminated rhizosphere, based on metatranscriptomics data. They stated that under the double selective pressure, only microorganisms that can use the specialized carbon sources provided by the host, and can cope with the presence of the contaminants, are highly competitive, and these will be significantly stimulated by the host (Yergeau et al., 2014). Evidence was based on the observation that the willow rhizosphere microbiome on hydrocarbon contaminated soil, showed a significant upregulation in genes coding for proteins involved in bacterial interference competition, biofilm formation, quorum sensing, and genes related to nutrient acquisition compared to a non-polluted soil (Yergeau et al., 2014).

To ground the competition model further, we refer to the ideas of Grime (1977), who suggested three primary strategies of viable plant habitats. Grime (1977) defined two external factors, ‘stress’ (conditions that restrict plant growth, e.g., shortage of water, and nutrients), and disturbance (partial or total destruction of plant biomass, e.g., herbivory, pathogen attack, tillage, weather conditions), and permutations of both factors resulted in the delineation of three viable plant life-strategies: (1) low stress with low disturbance, favors competitive plants, (2) high stress with low disturbance, selects for stress-tolerant plants, and (3) low stress with high disturbance, provides advantage to ruderal plants (Grime, 1977). A competition-based reflection of Grime’s idea to rhizosphere microbial communities would hypothesize that a degradative microbiome can only evolve when contaminant concentrations are moderate to low, and degradation confers a competitive advantage in the rhizosphere niche. High pollution levels with low disturbance would select contaminant-tolerant microbial phenotypes (Figure 1). Though, if contaminant concentrations are diffuse but the bulk soil was/is heavily disturbed (e.g., by excavation, tillage, chemical treatment, fertilization, etc.) this would favor ruderal microorganisms which respond rapidly to free niches and the presence of abundant, easy carbon sources (e.g., r-strategists), but may not contribute to biodegradation (opportunists). Consistent with this scenario, it has been shown that rapid-growing Pseudomonas species and Alphaproteobacteria (r-strategists) flourish in disturbed contaminated environments and capitalize on the resources (Yergeau et al., 2014). However, microorganisms likely have many more life-strategies than r/K and probably switch between life-strategies (Fierer et al., 2012). Previously, a similar approach has been used to better understand microbial biodiversity in ecosystem functioning (Krause et al., 2014). Moreover, recent evidence from the metagenomics level, supports that microbial communities are organized in genetically and ecologically discernible populations, which possess the attributes expected for species (Caro-Quintero and Konstantinidis, 2012). In this sense, a reflection of microbial traits on the competitor-ruderal-stress tolerant life-strategy framework from a community ecology approach of Grime (1977), may explain some of the interactions that take place in a contaminated rhizosphere. It is to note that the rhizosphere microbiome will not always be in one of the extremes, but represents a compromise between conflicting selection pressures resulting from particular combinations of competition, stress, and disturbance (Figure 1).
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FIGURE 1. Schematic representation of the different interactions taking place between the host and its rhizosphere microbiome, and possible ways to interfere with rhizosphere microbiome functioning for phytoremediation. The figure is adapted from Krause et al. (2014) who extended the competition-tolerant-ruderal life strategy of plants to microbial communities in soil. We add the plant-host to it, and use this framework for assigning life-strategies to rhizosphere microorganisms: (S) stress-tolerant, (C) competitors, (R) ruderals, and many intermediate microbial life strategies. It is assumed that the host fuels the interactions by providing abundant resources. S, C, or R can represent single species or functional groups of microorganisms (consortia), and the terms are used to distinguish S (contaminant-tolerant species), competitors (degradative competitors, exploitation competitors, or interference competitors), and ruderals (rapid growing species). Although the plant-provided resources (plant exudates) fuel higher growth rates of all microorganisms, some of the resources can be partitioned more to beneficial, degradative microorganisms that outcompete others (e.g., by capitalizing unique carbon sources, producing antibiotics, etc.). As such, it can be understood that degradative traits may be selected for by the host, if it confers a competitive superiority in the rhizosphere niche, meaning that biodegradation is ideally coupled to growth (central metabolism) and detoxification. If contaminant concentrations are low, plants may preferable recruit PGP, while commensals and pathogens capitalize on the resources. Which equilibrium is reached depends on which microbial type has the higher abundance and functional activities. Moreover, the community can also display priority effects: it is much more difficult for pathogens/opportunists to invade a community already dominated by primary colonizers (e.g., catabolic strains). Compared to an idealized model, the effectiveness of contaminant degradation may be limited by the presence of opportunists that do not contribute to biodegradation but consume the same resources, or detrimental strains that inhibit the activity of catabolic strains. Disturbing the communities in their niche, by selecting the host species (1), manipulation of their nutrients (root-exudates) (2) and corresponding niches (by disturbance) (3), or the introduction or removal of key members (4), may significantly alter the balance and strength of interactions between them. These interventions can cause changes in the way that microorganisms can influence each other, their niche, and the host, with consequences for phytoremediation activity.



TOWARDS A PLANT-METAORGANISM APPROACH IN PHYTOREMEDIATION: PRACTICAL APPROACHES

We have proposed a competition-driven model for the rhizosphere microbiome to understand and identify some of the factors that drive the assembly of a beneficial microbiome under which PGP and degradative microbiota have a competitive advantage in a highly contaminated soil. Although the competition-based model may appear oversimplified, and incorporating all partners (next to bacteria and fungi, also archaea, arthropoda, protista, and other macro- and mesofauna etc) will better represent phytoremediation activity, the model shows the inherent interactive character of plant–microbial interactions for contaminant degradation, and provides a basis for the development of improved and more effective phytoremediation strategies. In fact, a naturally evolved rhizosphere microbiome may not be the most optimal for phytoremediation activity. For degraders to abundantly colonize the niche, there should be a high dominance at the start of the competition (niche colonization), so that enough degraders are present to ward-off opportunists that do not contribute to degradation. Moreover, loss of sensitive taxa can severely alter the way the plant host interacts with the other microbiome members (Bell et al., 2014). Furthermore, the selected host species can in some cases be incompatible for inoculation with certain types of bacteria or fungi, because they are not naturally selected for by the host. Furthermore, despite the presence of degradative genes in the natural soil microbial communities, the persistence of recalcitrant organic pollutants in soil, indicates that natural attenuation is insufficient, and hence requires interfering by men.

With the model in mind, we can see that many new opportunities have arisen to optimize the metaorganism in phytoremediation, rather than the plant and microbe part separately (Figure 1, Table 1). Multiple strategies can be considered to prevent opportunists and pathogens from winning over degradative and PGP microbes. Four strategies are proposed which are likely to be important in redirecting the microbiome: (1) Selecting plants not only for high biomass/rapid growth rate, and tolerance, but also for their global interaction with the microbiome, (2) changing the root exudates (microbial diet), (3) taking into account vertical transmission and promoting a higher ‘immigration’ rate (feeding the supply lines, priority effects), and (4) altering the competitive interactions that evolve between host–microbe, microbe–microbe, and microbe–environment (applying disturbance). Example research strategies and practical approaches how to take into account this metaorganism concept is given in Table 1, and is further discussed in the following paragraphs.

TABLE 1. Possible ways to improve phytoremediation research using a metaorganism approach.
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STRATEGY 1: SELECTING PLANTS IN FUNCTION OF THE MICROBIOME

Initial accounts in phytoremediation focused on plants with high biomass and fast-growth, tolerance and/or high accumulation capacities (hyperaccumulators). However, focusing on these traits has moved away the attention to selecting plants as a tool to change and influence the associated microbiome, which has a substantial impact on phytoremediation outcome (Hassan et al., 2013). In fact, it has been shown that transgenic crops (e.g., genetically modified Bt-maize selected for higher disease resistance) have a less diverse (simplified) rhizosphere microbiome showing a lower level of mycorrhization and both the total and active heterotrophic bacteria (Castaldini et al., 2005). The potential adverse consequences of plant domestication (Pérez-Jaramillo et al., 2015) on non-target rhizosphere microbial communities and the long term resilience, warrants further investigation. Selecting the plant species (genotype or cultivar) determines for a large part microbial community structure and function (Berg and Smalla, 2009), and thus plant selection is an important tool to modify plant-associated microbial communities. Therefore, alternative plant-based selection strategies that integrate microbiome functions by promoting the assembly of specific plant-associated microbial communities is a novel opportunity to improve phytoremediation and biomass yield.

Practically, one can evaluate the plant-effect on the microbiome from an explorative approach, but also by proposing interventions aimed to benefit the microbiomes and phytoremediation outcome (manipulative; Cravatt and Kodadek, 2015). For instance, Hassan et al. (2014) recently used pyrosequencing of amplified 16S rRNA from the rhizosphere of 11 willow cultivars across hydrocarbon contaminated soil, to show that rhizospheric AMF community structure varies between the willows and that different symbionts are involved in plant adaptation to hydrocarbon contamination (Hassan et al., 2014). Moreover, contaminant concentration had a main effect on AMF community structure with different AMF families dominating at each contaminant level. In another study, it was shown that not only the introduction of willow species in hydrocarbon contaminated soil increased the diversity of fungal communities, but also that the community composition diverged when Salix genotypes were less closely related (Bell et al., 2014).

Recently, the introduction of non-native plant species in soil has been shown to form less beneficial associations with mycorrhizal fungi than native plant species, and this may reduce phytoremediation activity (Johnson et al., 2010). Indeed, also others have found that the health of locally adapted and foreign cultivars may be different depending on the strength of their associations with indigenous mycorrhiza (Philippot et al., 2013; Bell et al., 2014). These data suggest that the evolutionary history of plants should be considered when selecting plant varieties for phytoremediation and also the origin of cultivars. Pérez-Jaramillo et al. (2015) suggest a “back to the roots” framework that comprises the exploration of the microbiome of indigenous plants and their native habitats for the identification of plant and microbial traits with the ultimate goal to reinstate beneficial associations that may have been undermined during plant domestication (Pérez-Jaramillo et al., 2015).

Bell et al. (2014), pointed out that plants used in phytoremediation should also be selected so that the associated mycorrhizal partners have a supporting effect, or at least no antagonistic effects, on the inoculated bacteria (Bell et al., 2014). In this respect, better understanding of highly intimate plant-mycorrhizal fungi relationships (Hoeksema, 2010), could allow a better predictability of potential positive or negative interactions with other microorganisms such as bacteria. In addition, modifications of the established rhizospheric and endophytic microbial communities may enhance the introduction of subsequent strains.

STRATEGY 2: INTERFERING WITH THE DIET (ROOT EXUDATES)

During the past decade, there has been a considerable effort to characterize the chemicals that coordinate the establishment of the symbiotic interactions in the rhizosphere (Puschenreiter et al., 2005; Michalet et al., 2013), but despite this increased knowledge redirecting rhizosphere microbial communities with the current tools is still not trivial (Quiza et al., 2015). The nature and quantity of rhizodeposits is highly dynamic and varies depending on the plant species, the physiological stage of the plant, the presence or absence of plant neighbors, soil characteristics, soil contaminants, the soil microbial community context etc. (Chaparro et al., 2013). As a consequence of the complexity, only the major root exudate compounds have been identified. Though innovative tools like the micro-suction-cup technique (Puschenreiter et al., 2005; Oburger et al., 2013) allow in situ sampling of a broader spectrum of root exudates, which would allow gaining further knowledge of the potential function and significance of root educates in phytoremediation.

Because rhizodeposits play an important role in ‘selecting’ rhizosphere microbiota (Dennis et al., 2010), there has been a major interest in changing the quality and quantity of root-exudates via plant breeding and genetic modification to selectively stimulate specific microbial colonization, a technique called rhizoengineering (Van Aken et al., 2010; Quiza et al., 2015). Rhizoengineering was based on the early observations of Agrobacterium tumefaciens, which infects the host plant and induces a tumor (gall formation) that excreted opines, unusual carbon sources, that initially may have been used exclusively by the inducing crown gall bacterium (Dessaux et al., 1987). This work was followed by several rhizoengineering approaches based on the favorable partitioning of opines (Oger et al., 1997; Savka and Farrand, 1997; Narasimhan et al., 2003). Narasimhan et al. (2003) showed enhanced depletion of PCBs by the rhizobacterium Pseudomonas PML2, that utilized phenylpropanoids in plant exudates as growth substrate, in the rhizosphere of Arabidopsis. However, also other rhizobacteria that do not necessarily harbor the metabolic enzymes for the efficient catabolism of pollutants have been shown to utilize the specific plant secondary metabolites for growth. Hence, the sensitivity and specificity of these approaches should be improved. One possible solution is the identification of plant traits that interact with specific microbial community members (Smith et al., 1999; Remans et al., 2007; Neal et al., 2012). For instance, working with inbred lines of tomato plants, Smith et al. (1999), discovered the genetic basis for interactions with the beneficial rhizobacterium, Bacillus cereus, associated with plant growth and disease suppression. Similarly, Remans et al. (2007), identified two quantitative trait loci (QTLs) involved in auxin sensing in common bean, which could be used as a screening method for QTLs responsive to auxin producing bacteria. These studies hold promise for the use of genetic variation in plant species to enhance beneficial associations of plants with rhizosphere microbiota (Remans et al., 2007; Peiffer et al., 2013). To our knowledge there are no plant breeding strategies yet that have evaluated plant lines for their broad interaction with the rhizosphere microbiome. In this regard, it has been speculated to design a minimal rhizosphere microbiome (Raaijmakers, 2015), in analogy to the minimal genome (Juhas et al., 2011), with the final aim to select only these microorganisms (or traits) which are proficient for soil remediation and plant health.

STRATEGY 3: MODIFYING THE DRIVING FORCES (DISTURBANCE)

Although competition can favor the screening in of beneficial PGP and degradative microorganisms in the rhizosphere, and metagenomics data confirm that many of the microbial genes required in phytoremediation are already present in the environment (Sessitsch et al., 2012), in some cases this is not sufficient to attain high biodegradation activity. The occurrence and maintenance of contaminant degradation is the result of various competitive interactions including interference competition and resource exploitation, next to cooperative interactions like co-existence, mutualism, symbiosis, etc. that act on the partners, in space and time (Kowalchuk et al., 2002). The identification and understanding of such forces between the host and its microbiome, is important in order to optimize the metaorganism. Improving the understanding of the relationships between plant and its host poses novel challenges like (i) designing appropriate studies that aim to understand if relationships are direct (causal) or indirect and that may allow the creation of new conditions, and (ii) solving issues of assessing and statistical testing when analyzing relationships between the host and its microbiome (e.g., dynamics, feedbacks, uncertainties) in statistical models (Figure 1).

The final phytoremediation outcome is often assessed using chemical analyses, but this does not provide direct information on the contribution of plant–microbial processes or how management could be adapted to increase phytoremediation efficiency. To get a profound understanding of the consequences of environmental variables as drivers of changes in community composition and function, it is important to distinguish between direct and indirect relationships, as both can have trade-offs on contaminant degradation. In a direct relationship, changing one parameter (e.g., increasing soil fertility), would decrease or increase the second (e.g., increase crop yield), assuming the absence of other driving forces. However, host–microbe systems are statistically associated (negatively, positively, mixed) because their underlying drivers are statistically linked or correlated (indirect relationships). Both types of relationships are often referred to as ‘interactions’ independent of their correlative or causal nature. Conclusion about the nature of links between the host and its microbiome can be derived from studies using large, replicated datasets, and that use ‘manipulative’ approaches that enable to better understand and translate detailed knowledge of distinct biochemical processes into useful technologies. Experimental testing in the lab is then used to further explain the causal or correlative nature (Larsen et al., 2011). For example, to study the relationships between host and microbes, techniques such as the addition of fungicides/antimicrobial compounds (Bell et al., 2013a), nutrient disturbance (Bell et al., 2013b), and tillage (Treonis et al., 2010) have been used. Antibiotics addition (gentamicin and vancomycin) to hydrocarbon-contaminated soil was found to reduce bacterial and fungal abundance but to increase hydrocarbons degradation rate, confirming that bacterial-fungal competition in soil (Boer et al., 2005; Mille-Lindblom et al., 2006; Hibbing et al., 2010; Lecomte et al., 2011) is a strong influential force that also impacts biodegradation. Other studies that used cycloheximide, chloramphenicol (Myrold and Posavatz, 2007) and vancomycin (Robinson and Young, 2010) found similar effects on fungal and bacterial community structure, and associated function (Siciliano et al., 2009). Soil tillage and nutrient amendments promote homogenization, and this mostly favors generalist taxa that are adapted to the averaged conditions of the soil, in disadvantage of specialist taxa that only thrive in very specific micro-niches (Mangalassery et al., 2015).

Network models are frequently used to illustrate the nature of relationships between biological taxa and/or environmental variables (Ganter et al., 2013; Bolouri, 2014). Useful insights can come from natural, low complexity communities that may enhance the understanding of more complex systems. For example, in wastewater treatment plants it has been shown that biological interactions and taxonomic relatedness are dominant factors in explaining bacterial community assembly, while environmental variables such as sludge retention and inorganic nitrogen only partially explained the phylogenetic variances (Ju and Zhang, 2015). Negative co-excluding correlations were observed between less related species which probably indicated competitive interactions (Ju et al., 2014), and this has also been observed in soil ecosystems (Goberna et al., 2014). Other studies revealed a direct effect of nutrient or pollutant disturbance on the number of active catalytic microbiota in the rhizosphere that may lead to reductions in the specificity of plant–microbiota interactions (Stefanowicz et al., 2008; Bell et al., 2014; Sillen et al., 2015). Statistical models that link these processes are rapidly emerging (Vanwonterghem et al., 2014) illustrating this is becoming an intensively investigated research area.

Phytoremediation is also focused on predicting contaminant degradation and the consequences of future management options. Here, statistical models can be used to predict system shifts and fluctuations in phytoremediation activity as a consequence of environmental change (e.g., contaminant concentrations drop, plant growth stage, seasonal differences, etc.) and anthropogenic intervention. In this respect, different types of statistical, metabolic and ecological models are in use, but in general further development and refinement is necessary for obtaining reproducible results in their translation (Jimenez et al., 2014). For example, models based on niche preference and metabolic properties, can be used to predict microbial processes in nutrient removal from wastewater treatment plants, and allow to stimulate beneficial microorganisms and remove pathogenic and competing microbes (Vanwonterghem et al., 2014). Bell et al. (2013b), showed that the addition of nutrients to a hydrocarbon contaminated soil let to predictable shifts in microbial community structure, and associated degradation of petroleum hydrocarbons. In other studies, it was found that the presence of 2,4,6-trinitrotoluene (TNT) in soil promoted the relative abundance of Pseudomonas in a military soil in Flanders (Belgium; Thijs et al., personal communication) and this genus appeared to dominate as well in a TNT-contaminated soil in Spain (George et al., 2008), France (George et al., 2008), and UK (Travis et al., 2008a,b). If more studies become available, we can better understand why TNT-induced community shifts can evolve similarly under novel conditions, and this can in turn lead to novel treatment therapies. These examples demonstrate that the use of models is highly instructive to elucidate the main driving forces. It is to note that the models can never be better than the assumptions underpinning them. Furthermore, evaluation of uncertainties, which stem from uncertainty in the ability to capture relevant processes (e.g., plant-AMF ongoing co-evolution) as well as translating and scaling the information, need to be incorporated in current and future models.

STRATEGY 4: FEEDING THE SUPPLY LINES

In some cases, it is reasonable to assume a low abundance of degradative traits in the surrounding bulk soil. Nevertheless, a higher frequency of beneficial PGP and degraders can still be achieved, if the frequency of degradative traits or genera is increased (enriching, inoculation), resulting in a higher net immigration from the environment by competitive interactions (Figure 1). However, as there is a strong competition in soil for the introduced microbe to be accepted in the naturally occurring microbiome, strain inoculation is challenging. The ‘first-generation’ inoculants were not always targeted, reflected by variable outcomes in the field (Goldstein et al., 1985; Thompson et al., 2005; Violle et al., 2010). A deeper molecular-ecological understanding of the relationships between plants and microbiota is necessary to provide more targeted inoculation approaches, termed here ‘next generation inoculants.’

The first challenge is the ability to culture catabolic strains for inoculation. For this, detailed insights at the genetic level can provide useful information (Loper et al., 2012). For example, as reviewed by O’Brien et al. (2013), information from the genetic level can be used to predict the functional proteome and metabolism, and from this the formulation of the growth medium can be optimized to allow the cultivation of strains previously recalcitrant to cultivation (O’Brien et al., 2013). In addition, the approach of ‘taking the microorganisms back to the environment’ to grow them, e.g., using diffusion sandwich systems (Nichols et al., 2010; Stewart, 2012) or micro-Petri dish systems (Ingham et al., 2007), are promising tools which have proven to increase the recovery and diversity of growing isolates, even from the rare biosphere (Shade et al., 2012). In addition, since the genomes of representative PGPB such as Pseudomonas, Burkholderia, Arthrobacter (Wu et al., 2011; Mitter et al., 2013; Gkorezis et al., 2015) and AMF including Rhizophagus irregularis (Tisserant et al., 2013) have been sequenced, this has led to the identification of numerous genes and gene-clusters that determine plant-associated life-styles and which can be exploited in inoculant practices. Promising results have also been reported of studies that use mixtures of different PGP-strains with complementary actions, for example selected mixtures of trichloroethylene-degraders and trace element resistant PGB to tackle mixed pollutants (Weyens et al., 2015), PGPB and phosphate-solubilizing bacteria, PGPB and rhizobia, PGBR and endophytes (Rylott, 2014). In addition, partnering of mycorrhizal fungi with mycorrhizal helper bacteria (MHB) has shown promising results in agriculture (Frey-Klett et al., 2011), and certainly warrants further investigation in phytoremediation. Furthermore, combined biostimulants based on PGPB with plant extracts, humic acids, strigolactones, nod-metabolites, etc. has not been widely explored in phytoremediation compared to agriculture, where it demonstrated promising results on plant growth (Jayakumar et al., 2007). The hypothesis is that synergistic effects occur when formulations of living microbes and organic substances in specific combinations are applied to plants (Bakker et al., 2012; Mendes et al., 2013). Understanding the mechanisms of these complex interactions is not an easy task, but it opens a new avenue in the field of inoculants.

The second challenge is the time point and frequency of inoculation. Great efforts have already been put into getting more target-specific placement, timing and frequency of inoculation under different soil substrates (Afzal et al., 2011, 2013), and determining the optimal bio-inoculant concentration (Weyens et al., 2012), but the variable outcomes indicate that our understanding is yet incomplete. A particular important aspect to improve is taking into account prioritization, which means introducing beneficial microorganisms from the start to achieve niche saturation and competitive exclusion of opportunists or pathogens. Bell et al. (2015) have used a pyrosequencing approach to identify the rhizospheric fungal and bacterial communities associated with willow cultivars in a Zn-polluted soil, and they revealed that during the early growth stages the soil microbiome has the greatest impact on plant function and Zn-extraction (Bell et al., 2015). In this respect, seed-endophytes that early colonize the root and rhizosphere provide an excellent tool to accomplish early rhizosphere colonization, protecting the seedling from exposure to toxic contaminants (Compant et al., 2005; Mastretta et al., 2009; Bragina et al., 2013; Truyens et al., 2013). Recently, Truyens et al. (2015), studied the transgenerational changes in the seed endophytic bacterial community of Arabidopsis thaliana exposed to cadmium, and they found that phenotypic characteristics such as cadmium tolerance, the production of phytohormones (auxin), and ACC-deaminase were important selection criteria that were passed from generation to generation (traits is what matters, not who). Also other studies have shown that vertically transmitted seed-endophytic bacteria are an important source for transgenerational plant adaptation to contaminant stress such as cadmium (Mastretta et al., 2009).

Phytoremediation research is also focused on the use of plant-endophytes to improve contaminant biodegradation (Rylott, 2014; Ijaz et al., 2015). The longer contact time between the contaminant and endophytic microorganisms enhances contaminant detoxification thereby reducing the risk of phytotoxicity and otherwise evapotranspiration of volatile organic contaminants (e.g., TCE-dissipation; Barac et al., 2004; Weyens et al., 2009a, 2010a,b). Harnessing the potential of these extraordinary plant-endophyte relationships is not new, though the recent high number of publications reflect the full ongoing extent of this research line (Ijaz et al., 2015). In contrast to rhizospheric strains, endophytes do not have to compete with the large abundance and diversity of (micro)organisms that are present in soil, thereby potentially enhancing their stable establishment and activity. Moreover, introducing species in the endosphere based on the analyses of the core-microbiome reduces the number of uncontrollable environmental factors, to give more reproducible results across environmental settings (Lundberg et al., 2012). In fact, hydrocarbon degradation was more efficient when endophytes were inoculated rather than rhizospheric strains (Andria et al., 2009). The endophytes showed a higher level of root-colonization, gene-expression and maintenance.

Another promising approach to increase the frequency of degradative traits in the rhizosphere microbial community is the transformation of indigenous microorganisms through plasmid introduction. Horizontal transfer of plasmids across species borders makes the stable introduction of cells in high numbers unnecessary (Van Elzas et al., 2003). Moreover the plant-soil interface is a hotspot for horizontal gene transfer because of the various nutrients, and high microbial cell density (Heuer and Smalla, 2012; Wang et al., 2014; Wei et al., 2014), which further encourages cross-species gene transfer (Sentchilo et al., 2013; Wang et al., 2014). Researchers have shown that catabolic plasmids carrying toluene degradation genes were successfully spread from root-endophytes to stem plant-endophytes, that did not previously harbor these plasmids, and this improved the mineralization of toluene and trichloroethylene that would have otherwise been volatilized (Barac et al., 2004; van der Lelie et al., 2005; Weyens et al., 2009a). Plasmid carrying microorganisms have also been added to plant seeds (e.g., yellow lupine), and they have shown to transfer their degradative properties to the surrounding microbiota improving the phytoremediation of nickel and TCE co-contamination (Weyens et al., 2010a). In addition, the use of insects carrying disease-resistant bacteria has also been studied, and these approaches, while not yet introduced for the transfer of catabolic genes, may have applications in phytoremediation research as well (Heuer and Smalla, 2012). In the future, high-throughput metagenome sequencing of extracted plasmid DNA, the ‘mobilome,’ will further advance our insight in the diversity and distribution of plasmid-borne degradation genes (Jorgensen et al., 2014), and metatranscriptomics can be used to identify the response of plants and indigenous microorganisms to plasmid introduction (Zhang et al., 2011).

CONCLUSION

Phytoremediation is a promising method for cleaning-up contaminated soils. Experimental evidence underlines the importance of the rhizosphere microbiome in phytoremediation and plant health, and it is clear that the plant is able to control the composition of its microbiome, and by consequence, microbial degradation. The plant host assembles a beneficial microbiome, though trade-offs exist between contaminant degradation and microbes that directly benefit plant growth and health. Therefore, the plant–microbiome may not be optimal and need more targeted human interventions to optimize the plant–microbiome for contaminant degradation. By integrating the current knowledge in a competition-based model, it appears that many new challenges and opportunities have arisen for microbiologists, ecologists, and soil engineers. This is exemplified by the wide diversity of plant-associated microorganisms with potential contaminant detoxifying abilities in the rhizosphere, as well as by difficulties to assess specific host-microbe interactions, and statistical models to elucidate the driving forces. Future approaches in phytoremediation should be focused on the metaorganism rather than single organism-based interventions, and adapt their methods accordingly. Particular emphasis needs to be directed toward selecting plants for their broader interaction with the microbiome and harnessing the nutritional and signaling events between plant and microorganisms. Another strategy is to take advantage of natural gene transfer events which has a strong impact on community composition, contributing to microbial community plasticity. Finally, it could be necessary to disturb the microorganisms in their niche, in order to increase the expression and functionality of catabolic traits. Though, to identify the competitive forces that shape the rhizosphere microbiome and how it affects contaminant biodegradation, both holistic and reductionist approaches should be applied. NGS technologies will become even more than now, an important part of future phytoremediation research, and allows investigating host–microbe interactions at a much higher resolution then before. Perhaps novel insights will lead 1 day to the design of a minimal rhizosphere or plant microbiome for phytoremediation. To conclude, phytoremediation is challenging, but unraveling the mechanisms through which plants control their associated microbiome and vice versa, will open new avenues to enhance phytoremediation efficiency and reliability. In a broader context, understanding how to contain and sustain benefits gained from natural systems is an important endeavor now, and in future, to which we need to contribute, in order to reduce the human impact on the environment and strive toward a more sustainable society.

AUTHOR CONTRIBUTIONS

All authors contributed extensively to the work presented in this review. WS and FR provided expertise on the design of the conceptual model for the recruitment of a beneficial microbiome, and helped in editing the manuscript. NW and JV contributed with their profound knowledge concerning the role of plant–microbe interactions during phytoremediation. ST coordinated and wrote this review.

ACKNOWLEDGMENTS

This work was supported by a PhD grant to ST and a post doc grant for NW from the Fund for Scientific Research-Flanders, Belgium (FWO-Vlaanderen) and the Methusalem project 08M03VGRJ.

REFERENCES

Abhilash, P. C., Powell, J. R., Singh, H. B., and Singh, B. K. (2012). Plant-microbe interactions: novel applications for exploitation in multipurpose remediation technologies. Trends Biotechnol. 30, 416–420. doi: 10.1016/j.tibtech.2012.04.004

Afzal, M., Khan, S., Iqbal, S., Mirza, M. S., and Khan, Q. M. (2013). Inoculation method affects colonization and activity of Burkholderia phytofirmans PsJN during phytoremediation of diesel-contaminated soil. Int. Biodeter. Biodegr. 85, 331–336. doi: 10.1016/j.ibiod.2013.08.022

Afzal, M., Yousaf, S., Reichenauer, T. G., Kuffner, M., and Sessitsch, A. (2011). Soil type affects plant colonization, activity and catabolic gene expression of inoculated bacterial strains during phytoremediation of diesel. J. Hazard. Mater. 186, 1568–1575. doi: 10.1016/j.jhazmat.2010.12.040

Andria, V., Reichenauer, T. G., and Sessitsch, A. (2009). Expression of alkane monooxygenase (alkB) genes by plant-associated bacteria in the rhizosphere and endosphere of Italian ryegrass (Lolium multiflorum L.) grown in diesel contaminated soil. Environ. Pollut. 157, 3347–3350. doi: 10.1016/j.envpol.2009.08.023

Archetti, M., Scheuring, I., Hoffman, M., Frederickson, M. E., Pierce, N. E., and Yu, D. W. (2011). Economic game theory for mutualism and cooperation. Ecol. Lett. 14, 1300–1312. doi: 10.1111/j.1461-0248.2011.01697.x

Bakker, M. G., Manter, D. K., Sheflin, A. M., Weir, T. L., and Vivanco, J. M. (2012). Harnessing the rhizosphere microbiome through plant breeding and agricultural management. Plant Soil 360, 1–13. doi: 10.1007/s11104-012-1361-x

Barac, T., Taghavi, S., Borremans, B., Provoost, A., Oeyen, L., Colpaert, J. V., Vangronsveld, J., and van der Lelie, D. (2004). Engineered endophytic bacteria improve phytoremediation of water-soluble, volatile, organic pollutants. Nat. Biotechnol. 22, 583–588. doi: 10.1038/nbt960

Barea, J. M., Azcon, R., and Azcon-Aguilar, C. (2002). Mycorrhizosphere interactions to improve plant fitness and soil quality. Antonie Leeuwenhoek 81, 343–351. doi: 10.1023/A:1020588701325

Becerra-Castro, C., Kidd, P. S., Rodriguez-Garrido, B., Monterroso, C., Santos-Ucha, P., and Prieto-Fernandez, A. (2013). Phytoremediation of hexachlorocyclohexane (HCH)-contaminated soils using Cytisus striatus and bacterial inoculants in soils with distinct organic matter content. Environ. Pollut. 178, 202–210. doi: 10.1016/j.envpol.2013.03.027

Bell, T. H., Cloutier-Hurteau, B., Al-Otaibi, F., Turmel, M.-C., Yergeau, E., Courchesne, F., et al. (2015). Early rhizosphere microbiome composition is related to the growth and Zn uptake of willows introduced to a former landfill. Environ. Microbiol. 17, 3025–3038. doi: 10.1111/1462-2920.12900

Bell, T. H., El-Din Hassan, S., Lauron-Moreau, A., Al-Otaibi, F., Hijri, M., Yergeau, E., et al. (2014). Linkage between bacterial and fungal rhizosphere communities in hydrocarbon-contaminated soils is related to plant phylogeny. ISME J. 8, 331–343. doi: 10.1038/ismej.2013.149

Bell, T. H., Yergeau, E. F., Juck, D. G., Whyte, L. W., Greer, C. (2013a). Alteration of microbial community structure affects diesel biodegradation in an Arctic soil. FEMS Microbiol. Ecol. 85, 51–61. doi: 10.1111/1574-6941.12102

Bell, T. H., Yergeau, E., Maynard, C., Juck, D., Whyte, L. G., and Greer, C. W. (2013b). Predictable bacterial composition and hydrocarbon degradation in Arctic soils following diesel and nutrient disturbance. ISME J. 7, 1200–1210. doi: 10.1038/ismej.2013.1

Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

Berg, G., Grube, M., Schloter, M., and Smalla, K. (2014). Unraveling the plant microbiome: looking back and future perspectives. Front. Microbiol. 5:148. doi: 10.3389/fmicb.2014.00148

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere. FEMS Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x

Boer, W., Folman, L. B., Summerbell, R. C., and Boddy, L. (2005). Living in a fungal world: impact of fungi on soil bacterial niche development. FEMS Microbiol. Rev. 29, 795–811. doi: 10.1016/j.femsre.2004.11.005

Bolouri, H. (2014). Modeling genomic regulatory networks with big data. Trends Genet. 30, 182–191. doi: 10.1016/j.tig.2014.02.005

Bonfante, P., and Anca, I. A. (2009). Plants, mycorrhizal fungi, and bacteria: a network of interactions. Annu. Rev. Microbiol. 63, 363–383. doi: 10.1146/annurev.micro.091208.073504

Bragina, A., Cardinale, M., Berg, C., and Berg, G. (2013). Vertical transmission explains the specific Burkholderia pattern in Sphagnum mosses at multi-geographic scale. Front. Microbiol. 4:394. doi: 10.3389/fmicb.2013.00394

Canellas, L. P., and Olivares, F. L. (2014). Physiological responses to humic substances as plant growth promoter. Chem. Biol. Technol. 1:3 doi: 10.1186/2196-5641-1-3

Caro-Quintero, A., and Konstantinidis, K. T. (2012). Bacterial species may exist, metagenomics reveal. Environ. Microbiol. 14, 347–355. doi: 10.1111/j.1462-2920.2011.02668.x

Castaldini, M., Turrini, A., and Sbrana, C. (2005). Impact of Bt corn on rhizospheric and soil eubacterial communities and on beneficial mycorrhizal symbiosis in experimental microcosms. Appl. Environ. Microbiol. 71, 6719–6729. doi: 10.1128/aem.71.11.6719-6729.2005

Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS ONE 8:e55731. doi: 10.1371/journal.pone.0055731

Colpaert, J. V., Wevers, J. H. L., Krznaric, E., and Adriaensen, K. (2011). How metal-tolerant ecotypes of ectomycorrhizal fungi protect plants from heavy metal pollution. Ann. Forest Sci. 68, 17–24. doi: 10.1007/s13595-010-0003-9

Compant, S., Duffy, B., Nowak, J., Clement, C., and Barka, E. A. (2005). Use of plant growth-promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 71, 4951–4959. doi: 10.1128/AEM.71.9.4951-4959.2005

Cravatt, B. F., and Kodadek, T. (2015). Editorial overview: omics: methods to monitor and manipulate biological systems: recent advances in ’omics’. Curr. Opin. Chem. Biol. 24, 5–7. doi: 10.1016/j.cbpa.2014.12.023

Croes, S., Weyens, N., Janssen, J., Vercampt, H., Colpaert, J. V., Carleer, R., and Vangronsveld, J. (2013). Bacterial communities associated with Brassica napus L. grown on trace element-contaminated and non-contaminated fields: a genotypic and phenotypic comparison. Microbiol. Biotechnol. 6, 371–384. doi: 10.1111/1751-7915.12057

Davison, J., Opik, M., Daniell, T. J., Moora, M., and Zobel, M. (2011). Arbuscular mycorrhizal fungal communities in plant roots are not random assemblages. FEMS Microbiol Ecol 78, 103-115. doi: 10.1111/j.1574-6941.2011.01103.x.

De Deyn, G. B., Quirk, H., and Bardgett, R. D. (2011). Plant species richness, identity and productivity differentially influence key groups of microbes in grassland soils of contrasting fertility. Biol. Lett. 7, 75–78. doi: 10.1098/rsbl.2010.0575

De La Torre-Roche, R., Hawthorne, J., Deng, Y., Xing, B., Cai, W., Newman, L. A., et al. (2012). Fullerene-enhanced accumulation of p,p′-DDE in agricultural crop species. Environ. Sci. Technol. 46, 9315–9323. doi: 10.1021/es301982w

de Lorenzo, V. (2008). Systems biology approaches to bioremediation. Curr. Opin. Biotechnol. 19, 579–589. doi: 10.1016/j.copbio.2008.10.004

Dennis, P. G., Miller, A. J., and Hirsch, P. R. (2010). Are root exudates more important than other sources of rhizodeposits in structuring rhizosphere bacterial communities? FEMS Microbiol. Ecol. 72, 313–327. doi: 10.1111/j.1574-6941.2010.00860.x

Dessaux, Y., Tempe, J., and Farrand, S. K. (1987). Genetic analysis of mannityl opine catabolism in octopine-type Agrobacterium tumefaciens strain 15955. Mol. Gen. Genet. 208, 301–308. doi: 10.1139/m93-158

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007–1017. doi: 10.1038/ismej.2011.159

Frey-Klett, P., Burlinson, P., Deveau, A., Barret, M., Tarkka, M., and Sarniguet, A. (2011). Bacterial-fungal interactions: hyphens between agricultural, clinical, environmental, and food microbiologists. Microbiol. Mol. Biol. Rev. 75, 583–609. doi: 10.1128/MMBR.00020–11

Ganter, M., Bernard, T., Moretti, S., Stelling, J., and Pagni, M. (2013). MetaNetX.org: a website and repository for accessing, analysing and manipulating metabolic networks. Bioinformatics 29, 815–816. doi: 10.1093/bioinformatics/btt036

George, I., Eyers, L., Stenuit, B., and Agathos, S. N. (2008). Effect of 2,4,6-trinitrotoluene on soil bacterial communities. J. Ind. Microbiol. Biotechnol. 35, 225–236. doi: 10.1007/s10295-007-0289-282

Gkorezis, P., Rineau, F., Van Hamme, J., Franzetti, A., Daghio, M., Thijs, S., et al. (2015). Draft genome sequence of Acinetobacter oleivorans PF1, a diesel-degrading and plant-growth-promoting endophytic strain isolated from poplar trees growing on a diesel-contaminated plume. Genome Announc. 3:e01430. doi: 10.1128/genomeA.01430–1414

Goberna, M., Navarro-Cano, J. A., Valiente-Banuet, A., Garcia, C., and Verdu, M. (2014). Abiotic stress tolerance and competition-related traits underlie phylogenetic clustering in soil bacterial communities. Ecol. Lett. 17, 1191–1201. doi: 10.1111/ele.12341

Goldstein, R. M., Mallory, L. M., and Alexander, M. (1985). Reasons for possible failure of inoculation to enhance biodegradation. Appl. Environ. Microbiol. 50, 977–983. doi: 10.1080/13102818.2014.923601

Gomes, H. I. (2012). Phytoremediation for bioenergy: challenges and opportunities. Environ. Technol. Rev. 1, 59–66. doi: 10.1080/09593330.2012.696715

Gotzenberger, L., de Bello, F., Brathen, K. A., Davison, J., Dubuis, A., Guisan, A., et al. (2012). Ecological assembly rules in plant communities–approaches, patterns and prospects. Biol. Rev. Camb. Philos. Soc. 87, 111–127. doi: 10.1111/j.1469-185X.2011.00187.x

Grime, J. P. (1977). Evidence for the existence of three primary strategies in plants and its relevance to ecological and evolutionary theory. Am. Nat. 111, 1169–1194. doi: 10.1086/283244

Haichar, F. Z., Marol, C., Berge, O., Rangel-Castro, J. I., Prosser, J. I., Balesdent, J., et al. (2008). Plant host habitat and root exudates shape soil bacterial community structure. ISME J. 2, 1221–1230. doi: 10.1038/ismej.2008.80

Harms, H., Schlosser, D., and Wick, L. Y. (2011). Untapped potential: exploiting fungi in bioremediation of hazardous chemicals. Nat. Rev. Microbiol. 9, 177–192. doi: 10.1038/nrmicro2519

Hartmann, A., Schmid, M., Tuinen, D. V., and Berg, G. (2008). Plant-driven selection of microbes. Plant Soil 321, 235–257. doi: 10.1007/s11104-008-9814-y

Hassan, S. E. D., Liu, A., Bittman, S., Forge, T. A., Hunt, D. E., Hijri, M., et al. (2013). Impact of 12-year field treatments with organic and inorganic fertilizers on crop productivity and mycorrhizal community structure. Biol. Fertil. Soils 49, 1109–1121. doi: 10.1007/s00374-013-0813-817

Hassan, S. el-D., Bell, T. H., Stefani, F. O., Denis, D., Hijri, M., and St-Arnaud, M. (2014). Contrasting the community structure of arbuscular mycorrhizal fungi from hydrocarbon-contaminated and uncontaminated soils following willow (Salix spp. L.) planting. PLoS ONE 9:e102838. doi: 10.1371/journal.pone.0102838

Heuer, H., and Smalla, K. (2012). Plasmids foster diversification and adaptation of bacterial populations in soil. FEMS Microbiol. Rev. 36, 1083–1104. doi: 10.1111/j.1574-6976.2012.00337.x

Hibbing, M. E., Fuqua, C., Parsek, M. R., and Peterson, S. B. (2010). Bacterial competition: surviving and thriving in the microbial jungle. Nat. Rev. Microbiol. 8, 15–25. doi: 10.1038/nrmicro2259

Hodgson, S., de Cates, C., Hodgson, J., Morley, N. J., Sutton, B. C., and Gange, A. C. (2014). Vertical transmission of fungal endophytes is widespread in forbs. Ecol. Evol. 4, 1199–1208. doi: 10.1002/ece3.953

Hoeksema, J. D. (2010). Ongoing coevolution in mycorrhizal interactions. New Phytol. 187, 286–300. doi: 10.1111/j.1469-8137.2010.03305.x

Ijaz, A., Imran, A., Anwar ul Haq, M., Khan, Q., and Afzal, M. (2015). Phytoremediation: recent advances in plant-endophytic synergistic interactions. Plant Soil 1–17. doi: 10.1007/s11104-015-2606-2

Ingham, C. J., Sprenkels, A., Bomer, J., Molenaar, D., van den Berg, A., van Hylckama Vlieg, J. E., et al. (2007). The micro-Petri dish, a million-well growth chip for the culture and high-throughput screening of microorganisms. Proc. Natl. Acad. Sci. U.S.A. 104, 18217–18222. doi: 10.1073/pnas.0701693104

Jayakumar, V., Bhaskaran, R., and Tsushima, S. (2007). Potential of plant extracts in combination with bacterial antagonist treatment as biocontrol agent of red rot of sugarcane. Can. J. Microbiol. 53, 196–206. doi: 10.1139/W06-126

Jimenez, D. J., Dini-Andreote, F., and van Elsas, J. D. (2014). Metataxonomic profiling and prediction of functional behaviour of wheat straw degrading microbial consortia. Biotechnol. Biofuels 7:92. doi: 10.1186/1754-6834-7-92

Johnson, N. C., Wilson, G. W., Bowker, M. A., Wilson, J. A., and Miller, R. M. (2010). Resource limitation is a driver of local adaptation in mycorrhizal symbioses. Proc. Natl. Acad. Sci. U.S.A. 107, 2093–2098. doi: 10.1073/pnas.0906710107

Jorgensen, T. S., Kiil, A. S., Hansen, M. A., Sorensen, S. J., and Hansen, L. H. (2014). Current strategies for mobilome research. Front. Microbiol. 5:750. doi: 10.3389/fmicb.2014.00750

Ju, F., Xia, Y., Guo, F., Wang, Z., and Zhang, T. (2014). Taxonomic relatedness shapes bacterial assembly in activated sludge of globally distributed wastewater treatment plants. Environ. Microbiol. 16, 2421–2432. doi: 10.1111/1462-2920.12355

Ju, F., and Zhang, T. (2015). Bacterial assembly and temporal dynamics in activated sludge of a full-scale municipal wastewater treatment plant. ISME J. 9, 683–695. doi: 10.1038/ismej.2014.162

Juhas, M., Eberl, L., and Glass, J. I. (2011). Essence of life: essential genes of minimal genomes. Trends Cell Biol. 21, 562–568. doi: 10.1016/j.tcb.2011.07.005

Kawasaki, A., Watson, E. R., and Kertesz, M. A. (2011). Indirect effects of polycyclic aromatic hydrocarbon contamination on microbial communities in legume and grass rhizospheres. Plant Soil 358, 169–182. doi: 10.1007/s11104-011-1089-z

Kidd, P., Mench, M., Álvarez-López, V., Bert, V., Dimitriou, I., Friesl-Hanl, W., et al. (2015). Agronomic practices for improving gentle remediation of trace element-contaminated soils. Int. J. Phytoremediation 17, 1005–1037. doi: 10.1080/15226514.2014.1003788

Kowalchuk, G. A., Buma, D. S., de Boer, W., Klinkhamer, P. G., and van Veen, J. A. (2002). Effects of above-ground plant species composition and diversity on the diversity of soil-borne microorganisms. Antonie Van Leeuwenhoek 81, 509–520. doi: 10.1023/a:1020565523615

Krause, S., Le Roux, X., Niklaus, P. A., Van Bodegom, P. M., Lennon, J. T., Bertilsson, S., et al. (2014). Trait-based approaches for understanding microbial biodiversity and ecosystem functioning. Front. Microbiol. 5:251. doi: 10.3389/fmicb.2014.00251

Larsen, P., Sreedasyam, A., Trivedi, G., Podila, G., Cseke, L., and Collart, F. (2011). Using next generation transcriptome sequencing to predict an ectomycorrhizal metabolome. BMC Syst. Biol. 5:70. doi: 10.1186/1752-0509-5-70

Lebeis, S. L. (2014). The potential for give and take in plant-microbiome relationships. Front. Plant Sci. 5:287. doi: 10.3389/fpls.2014.00287

Lecomte, J., St-Arnaud, M., and Hijri, M. (2011). Isolation and identification of soil bacteria growing at the expense of arbuscular mycorrhizal fungi. FEMS Microbiol. Lett. 317, 43–51. doi: 10.1111/j.1574-6968.2011.02209.x

Loper, J. E., Hassan, K. A., Mavrodi, D. V., Davis, E. W., Lim, C. K., Shaffer, B. T., et al. (2012). Comparative genomics of plant-associated Pseudomonas spp.: insights into diversity and inheritance of traits involved in multitrophic interactions. PLoS Genet. 8:e1002784. doi: 10.1371/journal.pgen.1002784

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S., et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86–90. doi: 10.1038/nature11237

Makris, K. C., Sarkar, D., and Datta, R. (2010). Coupling indigenous biostimulation and phytoremediation for the restoration of 2,4,6-trinitrotoluene-contaminated sites. J. Environ. Monit. 12, 399–403. doi: 10.1039/b908162c

Mangalassery, S., Mooney, S. J., Sparkes, D. L., Fraser, W. T., and Sjögersten, S. (2015). Impacts of zero tillage on soil enzyme activities, microbial characteristics and organic matter functional chemistry in temperate soils. Eur. J. Soil Biol. 68, 9–17. doi: 10.1016/j.ejsobi.2015.03.001

Mastretta, C., Taghavi, S., van der Lelie, D., Mengoni, A., Galardi, F., Gonnelli, C., et al. (2009). Endophytic bacteria from seeds of nicotiana tabacumcan reduce cadmium phytotoxicity. Int. J. Phytoremediation 11, 251–267. doi: 10.1080/15226510802432678

Mench, M., Lepp, N., Bert, V., Schwitzguébel, J.-P., Gawronski, S., Schröder, P., et al. (2010). Successes and limitations of phytotechnologies at field scale: outcomes, assessment and outlook from COST Action 859. J. Soil Sediment 10, 1039–1070. doi: 10.1007/s11368-010-0190-x

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere microbiome: significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/1574-6976.12028

Michalet, S., Rohr, J., Warshan, D., Bardon, C., Roggy, J.-C., Domenach, A.-M., et al. (2013). Phytochemical analysis of mature tree root exudates in situ and their role in shaping soil microbial communities in relation to tree N-acquisition strategy. Plant Physiol. Biochem. 72, 169–177. doi: 10.1016/j.plaphy.2013.05.003

Mille-Lindblom, C., Fischer, H., and J Tranvik, L. (2006). Antagonism between bacteria and fungi: substrate competition and a possible tradeoff between fungal growth and tolerance towards bacteria. Oikos 113, 233–242. doi: 10.1111/j.2006.0030-1299.14337.x

Mitter, B., Petric, A., Shin, M. W., Chain, P. S., Hauberg-Lotte, L., Reinhold-Hurek, B., et al. (2013). Comparative genome analysis of Burkholderia phytofirmans PsJN reveals a wide spectrum of endophytic lifestyles based on interaction strategies with host plants. Front. Plant. Sci. 4:120. doi: 10.3389/fpls.2013.00120

Mondy, S., Lenglet, A., Beury-Cirou, A., Libanga, C., Ratet, P., Faure, D., et al. (2014). An increasing opine carbon bias in artificial exudation systems and genetically modified plant rhizospheres leads to an increasing reshaping of bacterial populations. Mol. Ecol. 23, 4846–4861. doi: 10.1111/mec.12890

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., Gonzalez, A., Fontana, L., et al. (2011). Diet drives convergence in gut microbiome functions across mammalian phylogeny and within humans. Science 332, 970–974. doi: 10.1126/science.1198719

Muehe, E. M., Weigold, P., Adaktylou, I. J., Planer-Friedrich, B., Kraemer, U., Kappler, A., et al. (2015). Rhizosphere microbial community composition affects cadmium and zinc uptake by the metal-hyperaccumulating plant Arabidopsis halleri. Appl. Environ. Microbiol. 81, 2173–2181. doi: 10.1128/AEM.03359–3314

Myrold, D. D., and Posavatz, N. R. (2007). Potential importance of bacteria and fungi in nitrate assimilation in soil. Soil Biol. Biochem. 39, 1737–1743. doi: 10.1016/j.soilbio.2007.01.033

Narasimhan, K., Basheer, C., Bajic, V. B., and Swarup, S. (2003). Enhancement of plant-microbe interactions using a rhizosphere metabolomics-driven approach and its application in the removal of polychlorinated biphenyls. Plant Physiol. 132, 146–153. doi: 10.1104/pp.102.016295

Neal, A. L., Ahmad, S., Gordon-Weeks, R., and Ton, J. (2012). Benzoxazinoids in root exudates of maize attract Pseudomonas putida to the rhizosphere. PLoS ONE 7:e35498. doi: 10.1371/journal.pone.0035498

Nichols, D., Cahoon, N., Trakhtenberg, E. M., Pham, L., Mehta, A., Belanger, A., et al. (2010). Use of ichip for high-throughput in situ cultivation of “uncultivable” microbial species. Appl. Environ. Microbiol. 76, 2445–2450. doi: 10.1128/AEM.01754-1759

O’Brien, E. J., Lerman, J. A., Chang, R. L., Hyduke, D. R., and Palsson, B. O. (2013). Genome-scale models of metabolism and gene expression extend and refine growth phenotype prediction. Mol. Syst. Biol. 9:693. doi: 10.1038/msb.2013.52

Oburger, E., Dell‘mour, M., Hann, S., Wieshammer, G., Puschenreiter, M., and Wenzel, W. W. (2013). Evaluation of a novel tool for sampling root exudates from soil-grown plants compared to conventional techniques. Environ. Exp. Bot. 87, 235–247. doi: 10.1016/j.envexpbot.2012.11.007

Ochman, H., Worobey, M., Kuo, C. H., Ndjango, J. B., Peeters, M., Hahn, B. H., et al. (2010). Evolutionary relationships of wild hominids recapitulated by gut microbial communities. PLoS Biol. 8:e1000546. doi: 10.1371/journal.pbio.1000546

Oger, P., Petit, A., and Dessaux, Y. (1997). Genetically engineered plants producing opines alter their biological environment. Nat. Biotechnol. 15, 369–372. doi: 10.1038/nbt0497-369

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

Pérez-Jaramillo, J. E., Mendes, R., and Raaijmakers, J. M. (2015). Impact of plant domestication on rhizosphere microbiome assembly and functions. Plant Mol. Biol. doi: 10.1007/s11103-015-0337–337 [Epub ahead of print].

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013). Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev. Microbil. 11, 789–799. doi: 10.1038/nrmicro3109

Pieper, D. H., and Seeger, M. (2008). Bacterial metabolism of polychlorinated biphenyls. J. Mol. Microbiol. Biotechnol. 15, 121–138. doi: 10.1159/000121325

Pilon-Smits, E. (2005). Phytoremediation. Annu. Rev. Plant Biol. 56, 15–39. doi: 10.1146/annurev.arplant.56.032604.144214

Puschenreiter, M., Wenzel, W. W., Wieshammer, G., Fitz, W. J., Wieczorek, S., Kanitsar, K., et al. (2005). Novel micro-suction-cup design for sampling soil solution at defined distances from roots. J. Plant Nutr. Soil Sci. 168, 386–391. doi: 10.1002/jpln.200421681

Quiza, L., St-Arnaud, M., and Yergeau, E. (2015). Harnessing phytomicrobiome signaling for rhizosphere microbiome engineering. Front. Plant Sci. 6:507. doi: 10.3389/fpls.2015.00507

Raaijmakers, J. (2015). “The minimal rhizosphere microbiome,” in Principles of Plant-Microbe Interactions. Microbes for Sustainable Agriculture, ed. B. Lugtenberg (Berlin: Springer), 411–419.

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., and Moënne-Loccoz, Y. (2008). The rhizosphere: a playground and battlefield for soilborne pathogens and beneficial microorganisms. Plant Soil 321, 341–361. doi: 10.1007/s11104-008-9568-9566

Remans, R., Beebe, S., Blair, M., Manrique, G., Tovar, E., Rao, I., et al. (2007). Physiological and genetic analysis of root responsiveness to auxin-producing plant growth-promoting bacteria in common bean (Phaseolus vulgaris L.). Plant Soil 302, 149–161. doi: 10.1007/s11104-007-9462-9467

Remus-Emsermann, M. N., Kowalchuk, G. A., and Leveau, J. H. (2013). Single-cell versus population-level reproductive success of bacterial immigrants to pre-colonized leaf surfaces. Environ. Microbiol. Rep. 5, 387–392. doi: 10.1111/1758-2229.12040

Remus-Emsermann, M. N., Tecon, R., Kowalchuk, G. A., and Leveau, J. H. (2012). Variation in local carrying capacity and the individual fate of bacterial colonizers in the phyllosphere. ISME J. 6, 756–765. doi: 10.1038/ismej.2011.209

Robertson, B. K., and Jjemba, P. K. (2005). Enhanced bioavailability of sorbed 2,4,6-trinitrotoluene (TNT) by a bacterial consortium. Chemosphere 58, 263–270. doi: 10.1016/j.chemosphere.2004.08.080

Robinson, C. J., and Young, V. B. (2010). Antibiotic administration alters the community structure of the gastrointestinal microbiota. Gut Microbes 1, 279–284. doi: 10.4161/gmic.1.4.12614

Rooks, M. G., Veiga, P., Wardwell-Scott, L. H., Tickle, T., Segata, N., Michaud, M., et al. (2014). Gut microbiome composition and function in experimental colitis during active disease and treatment-induced remission. ISME J. 8, 1403–1417. doi: 10.1038/ismej.2014.3

Rout, M. E., and Southworth, D. (2013). The root microbiome influences scales from molecules to ecosystems: the unseen majority. Am. J. Bot. 100, 1689–1691. doi: 10.3732/ajb.1300291

Rylott, E. L. (2014). Endophyte consortia for xenobiotic phytoremediation: the root to success? Plant Soil 385, 389–394. doi: 10.1007/s11104-014-2296-2291

Savka, M. A., and Farrand, S. K. (1997). Modification of rhizobacterial populations by engineering bacterium utilization of a novel plant-produced resource. Nat. Biotechnol. 15, 363–368. doi: 10.1038/nbt0497-363

Scheuring, I., and Yu, D. W. (2012). How to assemble a beneficial microbiome in three easy steps. Ecol. Lett. 15, 1300–1307. doi: 10.1111/j.1461-0248.2012.01853.x

Sentchilo, V., Mayer, A. P., Guy, L., Miyazaki, R., Green Tringe, S., Barry, K., et al. (2013). Community-wide plasmid gene mobilization and selection. ISME J. 7, 1173–1186. doi: 10.1038/ismej.2013.13

Sessitsch, A., Hardoim, P., Doring, J., Weilharter, A., Krause, A., Woyke, T., et al. (2012). Functional characteristics of an endophyte community colonizing rice roots as revealed by metagenomic analysis. Mol. Plant Microbe Interact. 25, 28–36. doi: 10.1094/MPMI-08-11-0204

Sessitsch, A., Kuffner, M., Kidd, P., Vangronsveld, J., Wenzel, W. W., Fallmann, K., et al. (2013). The role of plant-associated bacteria in the mobilization and phytoextraction of trace elements in contaminated soils. Soil Biol. Biochem. 60, 182–194. doi: 10.1016/j.soilbio.2013.01.012

Shade, A., Hogan, C. S., Klimowicz, A. K., Linske, M., McManus, P. S., and Handelsman, J. (2012). Culturing captures members of the soil rare biosphere. Environ. Microbiol. 14, 2247–2252. doi: 10.1111/j.1462-2920.2012.02817.x

Siciliano, S. D., Fortin, N., Mihoc, A., Wisse, G., Labelle, S., Beaumier, D., et al. (2001). Selection of specific endophytic bacterial genotypes by plants in response to soil contamination. Appl. Environ. Microbiol. 67, 2469–2475. doi: 10.1128/AEM.67.6.2469-2475.2001

Siciliano, S. D., Germida, J. J., Banks, K., and Greer, C. W. (2003). Changes in microbial community composition and function during a polyaromatic hydrocarbon phytoremediation field trial. Appl. Environ. Microbiol. 69, 483–489. doi: 10.1128/AEM.69.1.483-489.2003

Siciliano, S. D., Ma, W. K., Ferguson, S., and Farrell, R. E. (2009). Nitrifier dominance of Arctic soil nitrous oxide emissions arises due to fungal competition with denitrifiers for nitrate. Soil Biol. Biochem. 41, 1104–1110. doi: 10.1016/j.soilbio.2009.02.024

Sillen, W. M. A., Thijs, S., Abbamondi, G. R., Janssen, J., Weyens, N., White, J. C., et al. (2015). Effects of silver nanoparticles on soil microorganisms and maize biomass are linked in the rhizosphere. Soil Biol. Biochem. 91, 14–22. doi: 10.1016/j.soilbio.2015.08.019

Sipila, T. P., Keskinen, A. K., Akerman, M. L., Fortelius, C., Haahtela, K., and Yrjala, K. (2008). High aromatic ring-cleavage diversity in birch rhizosphere: PAH treatment-specific changes of I.E.3 group extradiol dioxygenases and 16S rRNA bacterial communities in soil. ISME J. 2, 968–981. doi: 10.1038/ismej.2008.50

Smith, K. P., Handelsman, J., and Goodman, R. M. (1999). Genetic basis in plants for interactions with disease-suppressive bacteria. Proc. Natl. Acad. Sci. U.S.A. 96, 4786–4790. doi: 10.1073/pnas.96.9.4786

Sørensen, J., Haubjerg Nicolaisen, M., Ron, E., and Simonet, P. (2009). Molecular tools in rhizosphere microbiology—from single-cell to whole-community analysis. Plant Soil 321, 483–512. doi: 10.1007/s11104-009-9946-9948

Stefanowicz, A. M., Niklinska, M., and Laskowski, R. (2008). Metals affect soil bacterial and fungal functional diversity differently. Environ. Toxicol. Chem. 27, 591–598. doi: 10.1897/07-288

Stephenson, C., and Black, C. R. (2014). One step forward, two steps back: the evolution of phytoremediation into commercial technologies. Biosci. Horizons 7:hzu009–hzu009. doi: 10.1093/biohorizons/hzu009

Stewart, E. J. (2012). Growing unculturable bacteria. J. Bacteriol. 194, 4151–4160. doi: 10.1128/JB.00345-312

Sutton, N. B., Maphosa, F., Morillo, J. A., Abu Al-Soud, W., Langenhoff, A. A., Grotenhuis, T., et al. (2013). Impact of long-term diesel contamination on soil microbial community structure. Appl. Environ. Microbiol. 79, 619–630. doi: 10.1128/AEM.02747-2712

Taghavi, S., Barac, T., Greenberg, B., Borremans, B., Vangronsveld, J., and van der Lelie, D. (2005). Horizontal gene transfer to endogenous endophytic bacteria from poplar improves phytoremediation of toluene. Appl. Environ. Microbiol. 71, 8500–8505. doi: 10.1128/AEM.71.12.8500-8505.2005

Thompson, I. P., van der Gast, C. J., Ciric, L., and Singer, A. C. (2005). Bioaugmentation for bioremediation: the challenge of strain selection. Environ. Microbiol. 7, 909–915. doi: 10.1111/j.1462-2920.2005.00804.x

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, R., et al. (2013). Genome of an arbuscular mycorrhizal fungus provides insight into the oldest plant symbiosis. Proc. Natl. Acad. Sci. U.S.A. 110, 20117–20122. doi: 10.1073/pnas.1313452110

Travis, E. R., Bruce, N. C., and Rosser, S. J. (2008a). Microbial and plant ecology of a long-term TNT-contaminated site. Environ. Pollut. 153, 119–126. doi: 10.1016/j.envpol.2007.07.015

Travis, E. R., Bruce, N. C., and Rosser, S. J. (2008b). Short term exposure to elevated trinitrotoluene concentrations induced structural and functional changes in the soil bacterial community. Environ. Pollut. 153, 432–439. doi: 10.1016/j.envpol.2007.08.006

Travis, E. R., Hannink, N. K., Van der Gast, C. J., Thompson, I. P., Rosser, S. J., and Bruce, N. C. (2007). Impact of transgenic tobacco on trinitrotoluene (TNT) contaminated soil community. Environ. Sci. Technol. 41, 5854–5861. doi: 10.1021/es070507a

Treonis, A. M., Austin, E. E., Buyer, J. S., Maul, J. E., Spicer, L., and Zasada, I. A. (2010). Effects of organic amendment and tillage on soil microorganisms and microfauna. Appl. Soil Ecol. 46, 103–110. doi: 10.1016/j.apsoil.2010.06.017

Truyens, S., Beckers, B., Thijs, S., Weyens, N., Cuypers, A., and Vangronsveld, J. (2015). Cadmium-induced and transgenerational changes in the cultivable and total seed endophytic community of Arabidopsis thaliana. Plant Biol. (Stuttg). doi: 10.1111/plb.12415 [Epub ahead of print].

Truyens, S., Weyens, N., Cuypers, A., and Vangronsveld, J. (2013). Changes in the population of seed bacteria of transgenerationally Cd-exposed Arabidopsis thaliana. Plant Biol. (Stuttg) 15, 971–981. doi: 10.1111/j.1438-8677.2012.00711.x

Van Aken, B., Correa, P. A., and Schnoor, J. L. (2010). Phytoremediation of polychlorinated biphenyls: new trends and promises. Environ. Sci. Technol. 44, 2767–2776. doi: 10.1021/es902514d

van der Lelie, D., Barac, T., Taghavi, S., and Vangronsveld, J. (2005). Response to newman: new uses of endophytic bacteria to improve phytoremediation. Trends Biotechnol. 23, 8–9. doi: 10.1016/j.tibtech.2004.11.008

Van Elzas, J. D., Turner, S., and Bailey, M. (2003). Horizontal gene transfer in the phytosphere. New Phytol. 157, 525–537. doi: 10.1046/j.1469-8137.2003.00697.x

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adriaensen, K., Ruttens, A., et al. (2009). Phytoremediation of contaminated soils and groundwater: lessons from the field. Environ. Sci. Pollut. Res. Int. 16, 765–794. doi: 10.1007/s11356-009-0213-216

Vanwonterghem, I., Jensen, P. D., Ho, D. P., Batstone, D. J., and Tyson, G. W. (2014). Linking microbial community structure, interactions and function in anaerobic digesters using new molecular techniques. Curr. Opin. Biotechnol. 27, 55–64. doi: 10.1016/j.copbio.2013.11.004

Violle, C., Pu, Z., and Jiang, L. (2010). Experimental demonstration of the importance of competition under disturbance. Proc. Natl. Acad. Sci. U.S.A. 107, 12925–12929. doi: 10.1073/pnas.1000699107

Wang, Y., Kou, S., Jiang, Q., Xu, B., Liu, X., Xiao, J., et al. (2014). Factors affecting transfer of degradative plasmids between bacteria in soils. Appl. Soil Ecol. 84, 254–261. doi: 10.1016/j.apsoil.2014.07.009

Wei, H., Wang, Y., Zhou, C., Jiang, Q., He, X., Chen, J., et al. (2014). Transfer of degradative plasmids from a rhizobacterium to single and multiple mixed recipients. Ann. Microbiol. 64, 1869–1873. doi: 10.1007/s13213-014-0828-829

Weyens, N., Beckers, B., Schellingen, K., Ceulemans, R., van der Lelie, D., Newman, L., et al. (2015). The potential of the ni-resistant TCE-degrading Pseudomonas putida W619-TCE to reduce phytotoxicity and improve phytoremediation efficiency of poplar cuttings on A Ni-TCE co-contamination. Int. J. Phytoremediation 17, 40–48. doi: 10.1080/15226514.2013.828016

Weyens, N., Croes, S., Dupae, J., Newman, L., van der Lelie, D., Carleer, R., et al. (2010a). Endophytic bacteria improve phytoremediation of Ni and TCE co-contamination. Environ. Pollut. 158, 2422–2427. doi: 10.1016/j.envpol.2010.04.004

Weyens, N., Schellingen, K., Beckers, B., Janssen, J., Ceulemans, R., van der Lelie, D., et al. (2012). Potential of willow and its genetically engineered associated bacteria to remediate mixed Cd and toluene contamination. J. Soil Sediment 13, 176–188. doi: 10.1007/s11368-012-0582-581

Weyens, N., Truyens, S., Dupae, J., Newman, L., Taghavi, S., van der Lelie, D., et al. (2010b). Potential of the TCE-degrading endophyte Pseudomonas putida W619-TCE to improve plant growth and reduce TCE phytotoxicity and evapotranspiration in poplar cuttings. Environ. Pollut. 158, 2915–2919. doi: 10.1016/j.envpol.2010.06.004

Weyens, N., Van der Lelie, D., Artois, T., Smeets, K., Taghavi, S., Newman, L., et al. (2009a). Bioaugmentation with engineered endophytic bacteria improves contaminant fate in phytoremediation. Environ. Sci. Technol. 43, 9413–9418. doi: 10.1021/es901997z

Weyens, N., van der Lelie, D., Taghavi, S., Newman, L., and Vangronsveld, J. (2009b). Exploiting plant-microbe partnerships to improve biomass production and remediation. Trends Biotechnol. 27, 591–598. doi: 10.1016/j.tibtech.2009.07.006

Wu, X., Monchy, S., Taghavi, S., Zhu, W., Ramos, J., and van der Lelie, D. (2011). Comparative genomics and functional analysis of niche-specific adaptation in Pseudomonas putida. FEMS Microbiol. Rev. 35, 299–323. doi: 10.1111/j.1574-6976.2010.00249.x

Yang, S., Wen, X., Jin, H., and Wu, Q. (2012). Pyrosequencing investigation into the bacterial community in permafrost soils along the China-Russia Crude Oil Pipeline (CRCOP). PLoS ONE 7:e52730. doi: 10.1371/journal.pone.0052730

Yeoh, Y. K., Paungfoo-Lonhienne, C., Dennis, P. G., Robinson, N., Ragan, M. A., Schmidt, S., et al. (2015). The core root microbiome of sugarcanes cultivated under varying nitrogen fertilizer application. Environ. Microbiol. doi: 10.1111/1462-2920.12925 [Epub ahead of print].

Yergeau, E., Sanschagrin, S., Maynard, C., St-Arnaud, M., and Greer, C. W. (2014). Microbial expression profiles in the rhizosphere of willows depend on soil contamination. ISME J. 8, 344–358. doi: 10.1038/ismej.2013.163

Zhang, T., Zhang, X. X., and Ye, L. (2011). Plasmid metagenome reveals high levels of antibiotic resistance genes and mobile genetic elements in activated sludge. PLoS ONE 6:e26041. doi: 10.1371/journal.pone.0026041

Zhang, Y., Ruyter-Spira, C., and Bouwmeester, H. J. (2015). Engineering the plant rhizosphere. Curr. Opin. Biotechnol. 32, 136–142. doi: 10.1016/j.copbio.2014.12.006

Zhou, N., Liu, P., Wang, Z. Y., and Xu, G. D. (2011). The effects of rapeseed root exudates on the forms of aluminum in aluminum stressed rhizosphere soil. Crop Protect. 30, 631–636. doi: 10.1016/j.cropro.2011.02.011

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Thijs, Sillen, Rineau, Weyens and Vangronsveld. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Microbiology

Towards an Enhanced
Understanding of
Plant—Microbiome Interactions
to Improve Phytoremediation:
Engineering the Metaorganism





OPS/images/fmicb-07-00341-g001.jpg
Competitors

Increase the poo
of beneficial

degradative PGP
g@o traits/species
g i
¢ Y R0 0 (o
Catabolic genes . % o™, a0
PGP-trajts % o ®
& [ Chel i | 5
& i Motaxis | o>
N Lo Antibiotics | 2% Seed transfer
hd | Nutrient acqyicis: %% i issi
& Qoo Quisition ® % Vertical transmission
2 y 2 %
& Spores i A %%
& & Mai / 28
0& é aintenance Rapid growth 2% *®
N Exluders [ §pngy organjsm, 3 %é‘
Bi 133 S [
e"ﬂbrarlnzﬁcl:e R High reproduction \%v&o resources
. . Mistry, MOU’ity ‘% 9;, < 2 HOSt
Microbiome 3, %
2% 2
4 K
St'ESs-tolemm
Increas; '
Creasing Stress Ruderals

(High fey,
el of contaminanrs, Nutrients
oxidoreductants) v Water, ph,





OPS/images/fmicb-07-00341-t001.jpg
Selecting the right plant host

Interfering with root-exudates (diet)

Modiy the driving forces

Feeding the supply lines

Metaorganism approach

In function of the
microbiome

Subsequent microbial
inoculation practices

Breeding, and transgenesis
of plants for high biomass/
rapid growth, high
tolerance, uptake and
detoxification potential

Rhizoengineering

Selecting plant traits for
their global interaction with
the rhizosphere microbiome

Elucidating the main factors
that influence the
plant-microbiome
interactions

Studying interactions at the
single microbial cell level in
situ, and
extrapolate/confirm findings
at the population and
community level
(bottom-up).

Isolation of previously
difficult to culture
degradative strains

Selection of
strains/consortia to
inoculate

Time point of inoculation
matters, prioritization

Exploiting horizontal gene
transfer

Example research strategy

A pyrosequencing study identified that native willow cultivars were associated
with a different microbial community than non-native cultivars, across a
hydrocarbon contaminated soil (Sell et al., 2014). Fungi were more sensitive to
hydrocarbon contamination then bacteria, and reacted different to willow
introduction, suggesting that plant species selection (and evolutionary history)
are not to underestimate with regard to their effect on microbiome
establishment and influence on phytoremediation activity.

Fungi grown in their soi of origin with native plant species have been shown to
be more mutualistic (more arbuscules), which can enhance the introduction of
cooperative strains at a later stage (Johnson et al., 2010)

Transgenic tobacco cultivars over-expressing a bacterial nitroreductase resuted
in improved TNT detoxification, and additionally increased the functional
diversity of the rhizosphere microbial community (Travis et l., 2007), a double
positive effect which warrants further investigation.

There are promising outlooks to change the quality and quantity of root
exudates in the rhizosphere to optimize plant growth (Zhang et al., 2015) and
biodegradation (Narasimhan et al., 2003). Transgenic Arabidopsis plants that
exuded the xenotopic compound octopine, significantly increased the ratios of
octopine degraders (Mondy et al., 2014).

Maize seediings were shown to exude a high concentration of the compound
DIMBOA which exerts antimicrobial activities in the rhizosphere (Neal et al.,
2012). In addition, DIMBOA also attracts a catabolic (Neal et al., 2012), but also
recruiting a catabolic, plant-beneficial rhizobacterium Pseudomonas putida
KT2440. Can we identify more plant traits that globally interact with the
rhizosphere microbiome?

Antibiotic administration altered the community structure of gastrointestinal
microbiota (Robinson and Young, 2010), similarly antibiotic addition to soi
changed the soil microbiome leading to increased hydrocarbon degradation
rates (Bell et al., 2013a). It is assumed that reduced interspecies competition
enhances the catabolic activity of degradative strains.

Remus-Emsermann et al. (2012), used gfp-tagged individual Erwinia herbicola
cells as bioreporter, to better understand bacterial colonization of the leaf
surface of Phaseolus vulgaris plants. They suggested that the ‘carrying
capacity,” can be understood as the sum of local carrying capacities
(Remus-Emsermann et al., 2012) whereby leaves contain a few sites where
individual cells can produce high numbers of offspring, and the remainder of the
leaf offers sites with low and medium reproductive success. Using such a
bottom-up approach in phytoremediation, can help to better understand
bacterial colonization of the rhizosphere at the population and community level.
Continued efforts in culture-based techniques including the use of improved
culture media and intelligent devices such as the i-Chip, have enabled the
cultivation of a broader collection of previously difficult to cultivate
microorganisms (Nichols et al., 2010; Stewart, 2012).

The identification of the core rhizosphere microbiome and core root microbiome
(Lundberg et al., 2012; Yeoh et al., 2015), i.e., strains that sufficiently depend
on host genotype, but remain consistent across different soll types and
developmental stages, allows selecting strains for their intimate interaction with
the host, which should facilitate their introduction/enrichment in the native
microbial community.

Preemptive colonization of plant leaves with beneficial bacteria was found to
reduce, but not completely exclude, the ability of secondary colonizers to
reproduce and proliferate (Remus-Emsermann et al., 2013). These findings
have direct relevance to phytoremediation, based on preemptive exclusion of
opportunists and pathogens when there is a high level of catabolic strains at the
start.

Introduction of the endophyte Burkholderia cepacia VM1468, equipped with the
PTOM-Bu61 plasmid coding for toluene degradation, in the rhizosphere of
yellow lupine has shown to dramatically reduce toluene evapotranspiration.
Interestingly, the catabolic plasmid was found to transfer from the inoculated
strain to different members of the endogenous plant endophytic community
(Taghavi et al., 2005). As such harnessing horizontal gene transfer is a simple
and inexpensive way to enrich catabolic traits.
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