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The plant organism and associated microbial communities can

be seen as a sunlight driven hotspot for the turnover of organic

chemicals. In such environments the fate of a chemical will not

only depend on its intrinsic structural stability toward (bio-

)chemical reactions and its bioavailability but also on the

functional effectiveness and stability of natural microbial

communities as main drivers of natural attenuation of

chemicals. Recent research demonstrates that interactions

between plants and microorganisms are crucial for the

biotransformation of organic chemicals, for various processes

affecting the bioavailability of such compounds, and for the

stability of the affected ecosystem. Practical bioremediation

approaches, therefore, should encompass integrated

measures targeting functional vegetation as well as functional

microbial communities. Good examples for a successful

practical approach are constructed wetlands, where an

artificial, simplified ecosystem is used for the detoxification of

organic contaminants. While such systems have considerable

practical success, they are often treated as a black box and a

sound mechanistic understanding of functional resilience and

of the ‘reactive power’ of such plant–microbe ecosystems is

poor. This situation has to change, if progress in the application

of bioremediation is to be made.
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Introduction
Bioremediation is widely regarded as a preferred method

for the natural attenuation of chemicals of human and

environmental concern (consecutively termed as ‘contami-

nants’) and there is intense research aiming at improving its

performance [1�,2]. Most approaches are focusing on single

genes, organisms or groups of organisms, as exemplified by
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the term ‘phytoremediation’. However, effective turnover

of contaminants as of any other chemical should be seen

as a function of the complete ecosystem and thereby

depends on the functional stability and the interactions

of a large range of organisms in a given environment. In

particular many of the processes connected to plant–
microbe interactions (Figure 1) can be regarded to be of

crucial importance for understanding and managing ter-

restrial ecosystems challenged by organic chemicals.

The keyword ‘plant–microbe interaction’ covers a wide

range of interactions (Figure 2). While this review

focusses on mutualistic interactions, it tries to include

the whole range of interdependencies from obligately

symbiotic to purely saprotrophic microorganisms. This

includes mycorrhizal fungi and close bacterial symbionts

(Rhizobium, Frankia), bacterial and fungal endophytes, as

well as numerous saprotrophic or oligotrophic fungi or

bacteria colonizing the rhizosphere. In all cases plant-

derived carbon is exchanged against benefits comprising

improvements in plant mineral nutrition, plant tolerance

of biotic and abiotic stress, and plant hormone regulation.

While there is an increasing amount of research analyzing

the interactions of plants with algae, nematodes or pro-

tists, this review will mostly focus on the plants’ interplay

with bacteria and fungi.

With reference to bioremediation of organic contaminants

this review aims at presenting recent findings regarding

the role of plant–microbe interactions in (i) degrading

organic contaminants, (ii) increasing the bioavailability of

organic chemicals in soil, and in (iii) practical approaches

to bioremediate organic compounds.

The potential of plant-associated
microorganisms for the biotransformation of
organic contaminants
Prokaryotic and eukaryotic microorganisms can utilize

organic contaminants as carbon and energy sources, or

co-metabolize them in the presence of suitable growth

substrates. Given the oligotrophic nature of soil, plant-

derived carbon (e.g. from root exudates or remnants) is a

crucial driver of such (co-metabolic) processes. Contami-

nants thereby can serve as electron donors becoming

oxidized under both aerobic and anaerobic conditions,

where various electron acceptors other than oxygen can

enable anaerobic respiration processes. Moreover, halo-

genated organic compounds can also serve as terminal
www.sciencedirect.com
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Figure 1
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Processes and compartments involved in bioremediation of organic contaminants. Processes connected to plant–microbe interactions are marked in

green color. SOM, soil organic matter; DOC, dissolved organic carbon; PGPR, plant growth promoting rhizobacteria.
electron acceptors, either supporting growth in dehalor-

espiration or becoming incidentally dehalogenated due to

lacking enzyme specificity in co-metabolic processes.

Both growth-supporting and co-metabolized organic
www.sciencedirect.com 
chemicals can be degraded to CO2 and H2O, whereas

oxidative anaerobic co-metabolism or reductive dehalo-

genations represent biotransformations commonly result-

ing in organic metabolites.
Current Opinion in Biotechnology 2014, 27:168–175
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Figure 2
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Mobilization and degradation of organic contaminants by plant roots and associated microorganisms (in white); (a) schematic summary: important

transport routes of organic contaminants are indicated by red arrows, mobilization of organic contaminants by a red ‘M’, transformation of organic

contaminants is indicated by a yellow/red star, and fungi are depicted in blue (see also Figure 1). (b–d) Illustrations of typical interactions. (b)

Arbuscular mycorrhizal fungi are forming arbuscules (highly branched hyphae constituting the main symbiotic interface) in individual root cortical cells

in a root cross-section. (c) Ectomycorrhizal fungi are colonizing intercellular spaces in a cross section of a root tip. (d) Microorganisms colonizing the

rhizosphere (depicted not according to their real size).
Mycorrhizae probably comprise the most prominent and

closest forms of mutualistic plant–fungal interactions.

Regarding the biotransformation of organic contaminants,

ectomycorrhizae (ECM) have been most frequently

investigated. Pure cultures of ECM fungi were shown

to degrade various chloroaromatics, polycyclic aromatic

hydrocarbons (PAH), and explosives such as 2,4,6-tri-

nitrotoluene (TNT). An enhanced compound degra-

dation was occasionally monitored in symbiosis of
Current Opinion in Biotechnology 2014, 27:168–175 
ECM fungi with plants [3��]. An enhanced dissipation

of PAH and atrazine was also reported for arbuscular

mycorrhizal fungi (AMF), although AMF have been less

frequently investigated for bioremediation purposes

than ECM [3��]. Pure cultures of ericoid mycorrhizal

fungi were shown to degrade chloroaromatic herbicides

[3��]. A few studies have demonstrated  that colonization

by AMF can increase the uptake of PAH by plant roots

[4,5]. However, studies addressing the potential role of
www.sciencedirect.com
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mycorrhizal associations for the degradation of organic

chemicals rarely go beyond monitoring their dissipation

from the experimental system, leaving the question ‘who

is doing what’ largely unresolved. Moreover, mycorrhizal

associations were not always found to be beneficial for

phytoremediation of contaminants [6], hence requiring

analysis of the boundary conditions for a successful

employment. Similar to mycorrhizal fungi, fungal endo-

phytes have been reported to promote PAH removal from

planted soil [7]. Metabolization and detoxification of

plant defense compounds have been demonstrated for

these fungi [8], and the production of contaminant-

degrading enzymes by such organisms [9�] suggests a

certain potential for the breakdown of organic contami-

nants.

In general almost all fungi attack organic contaminants

oxidatively under aerobic conditions, despite the exist-

ence of very rare reports describing anaerobic fungal

contaminant degradation [3��,10]. In addition, fungi prim-

arily co-metabolize organic contaminants, that is, often

depend on plant-derived carbon sources (like root exu-

dates or root remnants). Fungal growth on contaminants

seems to be restricted to compounds with rather simple

monoaromatic (e.g. phenol, p-cresol, toluene) or aliphatic

(e.g. n-alkanes) structures [3��]. Saprotrophic wood-

decaying and soil litter-dwelling basidiomycetes, causing

a white-rot decay type of lignocellulosic matter, possess a

particular potential for the co-metabolic mineralization of

a wide range of organic contaminants. This is due to the

unspecificity of the catabolic radical reaction machinery

primarily ‘invented’ for lignin degradation (enzymatic

combustion), which involves a range of extracellular

(peroxidases, multi-copper oxidases) and intracellular

enzymes (e.g. cytochrome P450 monooxygenases) [3��].
Recent genome studies have demonstrated that ectomy-

corrhizal fungi lack lignin-modifying peroxidases known

from lignin-degrading saprotrophic Agaricomycetes,
whereas other potential candidate enzymes for organic

contaminant breakdown (laccases/multi-copper oxidases,

P450s) are present [11,12�]. This suggests a lifestyle-

related, less distinct potential for the catabolism of

organic contaminants in biotrophic compared to sapro-

trophic fungi.

In contrast to fungi, bacteria deploy more specific

enzymes for contaminant transformation, involving also

alternative electron acceptors thereby extending the

microbial activity beyond oxygenated zones [13]. The

structural similarity of most xenobiotics to natural com-

pounds (e.g. root exudates) and the ability for a rapid

genetic adaptation generate an almost unlimited genetic

versatility for degradation among bacteria [14], even

toward non-natural chemical structures. Thus, retarded

elimination of contaminants by bacteria in soil is generally

due to unfavorable conditions for the respective degra-

ders [15,16�]. The heterogeneous and often oligotrophic
www.sciencedirect.com 
nature of soil, in particular in anthropogenically over-

burdened soils, stratifies the bacterial range of action

due to physical or chemical entrapment (of bacteria,

contaminants or essential nutrients), unmet niche-

requirements or inhibitory effects (e.g. high contaminant

concentrations or the presence of co-contaminants) [17�].
Organismic interactions with other bacteria, with plants or

fungi have been identified as important factors affecting

the net-degradation performance of a community. The

plant genotype and physiological status, for instance,

determine the composition of the bacterial rhizosphere

community [18,19], which might be either favorable or

repellent for potential contaminant degraders. This

impact is particularly important in the case of endophytic

bacteria, which can transform contaminants taken up by

plants to a certain extent [9�]. However, their contribution

to the overall contaminant dissipation when compared to

rhizosphere bacteria might be poor due to low (phylo-)

genetic diversity and cell numbers.

‘Microbial logistics’ as promoter of
biodegradation
Plants and their biotic/abiotic environment constitute a

multitude of heterogeneous habitats for microbes. Some

of these habitats may contain toxic mixtures of com-

pounds or lack nutrients, water and/or appropriate term-

inal electron acceptors needed to support microbial

communities capable of remediation. Similar to the pro-

blems of human transport logistics an effective flux of

matter and energy between the point of origin and the

point of consumption is needed for the well-being of

microbial catalysts and the effective turnover of environ-

mental chemicals (‘microbial logistics’). Little is known,

in this respect, about processes in the phyllosphere, one of

the largest microbial habitats with an estimated surface

area of 4 � 108 km2 [20]. In the rhizosphere, by contrast,

microbial turnover is often limited by the tendency of

many chemicals to escape the aqueous microhabitats of

most degraders, and to interact with the solid soil matrix

or to accumulate in soil organic matter. A recent concept

[21] measures bioavailability of a chemical by its chemical
activity (i.e. its chemical potential to partition into organ-

isms at equilibrium), and bioaccessibility as a chemical’s

fraction that is reversibly bound and can undergo rapid

release into the aqueous phase. In bioremediation such

approaches define operational physico-chemical end-

points, that is, degradation rates and maximal fractions

of a chemical to be biodegraded, respectively. Yet, such a

concept poorly accounts for the fact that bioavailability

emerges from highly dynamic physical, chemical and

biological interactions that shape the spatio-temporal

exposure of individual organisms to chemicals in an

environment. Confronted with this spatio-temporal

heterogeneity in soil, many bacteria have developed

evolutionary adaptations that help them to cope with

an unfavorable (too high or limited) availability of

chemicals. These adaptations include physiological
Current Opinion in Biotechnology 2014, 27:168–175
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characteristics (e.g. the release of surface-active vesicles

[22] or cellular swimming modes allowing to tactically

follow water and airborne chemical gradients [23�]). Myce-

lial fungi, on the other hand, are often less sensitive to soil

heterogeneities than bacteria [24], as long as soil environ-

ments are not extensively disturbed. By developing struc-

tures of high fractal dimensions that optimally exploit the

three-dimensional space, they have adopted a unique life

style that is adapted to environmental changes [25��]. The

morphology and cytoplasmic streaming in mycelia reflect

an effective foraging strategy that combines explorative

expansion under poor nutrient conditions with growth in

optimal environments. Hyphae thereby cross air–water

interfaces, bridge air-filled soil pores, and may grow into

soil pores with a diameter as little as 2 mm. They influence

soil structure through electrostatic, adhesive and enmesh-

ment mechanisms and have strong impact on organic

matter decomposition. They also transport N and P nutri-

ents, shape soil water infiltration properties by producing

large quantities of hydrophobic compounds (hydropho-

bins) or help to extract soil water from pores under dry

conditions [26]. Mycorrhizal fungi are also able to utilize

hydraulically lifted water from plants to obtain nutrients in

extremely dry soils and are thought to be mediators of

infochemicals for bacteria and plants [27,28]. Not surpris-

ingly bacterial–fungal interactions and their biotechnolo-

gical applications have become a prominent topic in

microbial ecology [3��,29��]. Particularly in soils, bac-

terial–fungal interaction mechanisms have improved our

understanding of complex ecosystem dynamics [30,31].

Fungi are known to facilitate bacterial growth, alter bac-

terial community structures or promote the activity of

‘fungiphilic’ bacteria in the hyphosphere [32]. Mycelial

networks may also serve as dispersal vectors (‘fungal high-

ways’ [33]) for a wide range of bacteria and enable their

(random or tactic) access to otherwise unattainable soil

habitats [27] or mobilize a wide range of PAH by vesicle-

bound cytoplasmic transport (‘hyphal pipelines’) [30].

Given the fact that 10–30% of the host plant’s net carbon

fixation is deposited in the rhizosphere and ends up in

spatially dense mycorrhizal networks, fungal logistic net-

works may be of crucial importance for the degradation of

organic contaminants in the rhizosphere; in particular as

fungi often attack organic compounds using a range of

unspecific extracellular oxidoreductases in mostly co-

metabolic processes. By using simulation models that

describe such highly complex dynamics in a simplified

manner, key interactions can be disentangled and, with the

help of ecological theory, the biodegradative effectiveness

be simulated in silico [34�,35].

Plant associated microorganisms — the
unseen majority in phytoremediation
As outlined above and similar to plant biomass production

in terrestrial ecosystems in general [36], plant microbial

symbionts may constitute the ‘unseen majority’ in ‘phy-

toremediation’ of organic compounds. Plants have an
Current Opinion in Biotechnology 2014, 27:168–175 
enzymatic potential for biodegradation of organic con-

taminants of their own (green liver concept [2]) and are

clearly driving many important processes (water flux,

carbon flux, redox conditions). They have a strong impact

on soil microbial communities even under conditions of

strong contamination [31] and they are often responsible

for the architecture and mechanical stability [32] of a

given system. Nevertheless, in reality, plant associated

microorganisms often seem to be the real players mediat-

ing the plant impact on contaminant transformation.

Phytoremediation of organic contaminants has been

described for the water compartment (employing con-

structed wetlands, CWs) and soil compartment. CWs are

artificial systems consisting of a basin with water-logged

soil filters usually planted with helophytes (plants with an

aerenchyma for active oxygen pumping into anaerobic

sediments [37�,38]). CWs are efficient, low-cost treat-

ments systems but, similar to natural wetlands and

depending on management measures, may have methane

production as unfavorable side effects [39]. In comparison

to soil phytoremediation, waste water treatment by CWs

can be considered as a state of the art remediation

technology based on ecological principles, as they encom-

pass plant-mediated and microorganism-mediated con-

taminant removal strategies and allow interactions among

the various partners [plant-induced formation of oxic–
anoxic interfaces with diurnal spatial changes due to light

(and dark) driven metabolic processes]. Besides domestic

and industrial waste water treatment, CWs have recently

been applied also to remove contaminants from contami-

nated groundwater [40�,41�].

Similar to CWs, plant-based soil remediation is less

expensive and less energy-demanding than, for example,

physical and chemical treatments. In addition, plants may

alleviate erosion and improve soil carbon sequestration.

Bioremediation on marginal lands may be combined with

biofuel production [42]. However, phytoremediation is

often considered as slow and incomplete, due to limita-

tions in plant-metabolic capacity, in rooting depth and

due to seasonality of plant growth [43]. As a consequence,

phytoremediation is currently believed to be restricted to

‘moderately hydrophobic’ compounds.

Inclusion of microorganisms interacting with plants in

phytoremediation schemes is increasingly regarded as an

option for dealing with inherent weaknesses of the plant

organisms [1�]. For trichloroethylene (TCE) contami-

nated groundwater, for instance, it was shown that the

contaminant was eliminated partially by microbial degra-

dation within the rhizosphere [44]. The application of

various endophytic bacteria, for example, for the degra-

dation of hydrophobic compounds [45,46] or for improv-

ing plant N-supply (diazotrophic endophytic bacteria) or

the plant’s supply with P, Fe or hormones (plant-growth-

promoting-rhizobacteria, PGPR) [42,47] has also been
www.sciencedirect.com
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proposed. Several reports showed that PGPR may

increase plant fitness and root and shoot biomass at a

given site [48�]. In addition, they may promote the

elimination of contaminants. One additional important

issue when regarding plant–microbe interactions is intra-

species and inter-species communication in the rhizo-

sphere operating either by direct contact or by chemical

‘long-distance’ signaling [49].

While many current research approaches promote the

application of isolated elements derived from the com-

plex rhizosphere interplay for tackling problems in phy-

toremediation (designer-plants, designer-microbes or

nano-technologies [1�,2,46,50,51�]), reports on respective

real-world pilot-scale remediation facilities are rare.

Older, more integrative approaches (soil treatment using

ligninolytic fungi [52] with stable coupling of partially

reduced amino-metabolites into the humus matrix [53] or

the addition of high amounts of electron donors for

anaerobic processes [54]) appear to be technically more

successful. The inclusion of interacting microbial con-

sortia of degraders, but also of biodegradation-improving

mature composts [55�,56] may point toward ecological

approaches for soil remediation and should be more

focussed in future research.

One aspect hardly considered when reflecting on the

application of specific microorganisms, are effects refer-

ring to ecosystem stability. AMF, for instance, are at the

same time stabilizing soil structure as well as host plant

performance under stressful conditions [57]. A similar

stabilization of host plants under stress conditions has

been described for PGPR [58] and fungal endophytes [9�]
and even phyllosphere microorganisms have been

described to strengthen plant defense (priming, [59�]).
A complete ecosystem’s approach targeting ecotoxicolo-

gical effects of organic contaminants and the alleviating

effects of microorganisms is currently lacking [60��],
however, and respective analyses are only focused on

specific keystone species, like AMF [61] or on a subset

of the ecosystem, like soil microbial communities [62�].

Perspectives
Plants and their interactions with microbial communities

are crucial for transporting and transforming organic con-

taminants and for stabilizing affected ecosystems. While

the importance of the rhizosphere becomes increasingly

acknowledged, other compartments, like the phyllo-

sphere [20], are largely neglected. In order to obtain a

systemic understanding of the multitude of compart-

ments and processes and to manage the large areas of

terrestrial ecosystems affected by organic contaminants in

a rational way, multidisciplinary research will be necess-

ary. Key aspects to be studied will comprise interactions

between organic contaminants and plant or microbial

diversity, an integrated view on matter flux and organis-

mic distribution, and an improved understanding of
www.sciencedirect.com 
contaminant interactions with the physico-chemical

environment in the various compartments.
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