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Plant-Microbiome Interactions
in Hydrocarbon-Contaminated Soils

Ana Carolina Agnello, Irma Susana Morelli, and María Teresa Del Panno

Abstract The use of green remediation technologies (i.e., phytoremediation, biore-
mediation, mycoremediation) for the restoration of hydrocarbon-contaminated sites
is one of the keys for sustainable development. These technologies rely on the joint
action of biotic components of the ecosystem, namely, plants, bacteria, and fungi.
Despite the fact that previous studies showed that the clean-up of hydrocarbons could
be achieved individually by plants or microorganisms, present investigations suggest
that the interaction of plants with their surrounding microbiome determines the
outcomes of green remediation technologies. This book chapter reviews the state of
the art to explain the two-way relationship established between plants and their
associated microbiome in hydrocarbon-polluted soils. Special focus is put on
stressing the results obtained in recent studies that employ omics approaches.

10.1 Introduction

Petroleum hydrocarbons (HCs) are a large family of heterogeneous organic com-
pounds that are found in crude oil, its derived materials (e.g., diesel, gasoline,
kerosene), and waste by-products, which have in common C and H atoms as their
main chemical constituents. As a function of the chemical structure, four HC fractions
can be separated from crude oil: saturates, aromatics, resins, and asphaltenes (SARA)
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(Aske et al. 2001). Saturated HCs are aliphatics that contain C and H joined together
in saturated straight (i.e., n-alkanes), branched (i.e., paraffins), or cyclic (i.e.,
cycloalkanes) chains. Aromatic HCs are formed by one or more benzene rings:
when two or more rings are fused, they originate polycyclic aromatic hydrocarbons
(PAHs) (Abdel-Shafy and Mansour 2016). On the other hand, the fractions of resins
(i.e., pyridines, quinolines, carbazoles, sulfoxides, and amides) and asphaltenes (i.e.,
phenols, fatty acids, ketones, esters, and porphyrins) do not have a definite structure
like saturates and aromatics but a very complex constitution with the addition of
heteroatoms like N, S, and O (Mullins 2008). Due to the extensive worldwide use of
petroleum products, contamination with HCs is not uncommon either during the
exploration, as a consequence of the generation of refinery waste by-products, or as a
result of accidental spills throughout transportation and storage processes (Krahforst
and Healey 2017). Indeed, petroleum-HC contamination is of great concern as it
poses severe toxic effects for the whole ecosystem affecting both environmental
compartments (e.g., soil, air, water bodies) and human health (Ahmed and
Fakhruddin 2018; Tormoehlen et al. 2014).

Considering that environmental protection is one of the pillars of sustainable
development, improving green remediation technologies appears to be a suitable
approach for the restoration of HC-contaminated sites (USEPA 2008). In this sense,
technologies such as bioremediation and phytoremediation are passive energy reme-
diation systems driven by little or no external energy, which maximize remediation
sustainability. Bioremediation takes advantage of heterotrophic microorganisms,
which obtain the energy by the oxidation of electron donors in their environment
(Abatenh et al. 2017; Singh et al. 2017). This feature can be exploited to achieve the
complete mineralization of xenobiotics to non-toxic end products such as CO2 and
H2O (Das and Chandran 2011; Varjani 2017). Indeed, bioremediation is not limited
to bacteria but extended to fungi, which contribute to pollutant removal through
specific mechanisms in a distinct type of bioremediation, i.e., mycoremediation
(Morelli et al. 2013; Prasad 2017, 2018). On the contrary, as phototrophic organ-
isms, green plants use the energy from light to convert CO2 and H2O into carbohy-
drates, and thus do not rely on HC catabolism as a source of carbon and energy to
sustain their metabolic functions. Still, plants may play an important role for the
remediation of HCs through phytodegradation, which can take place both inside the
plant and/or within the rhizosphere zone (Newman and Reynolds 2004). Plants can
either take an active part (i.e., adsorption, accumulation, degradation, and/or vola-
tilization) in cleaning-up organic pollutants or play a secondary role sustaining
rhizosphere microbial communities responsible for pollutant removal throughout
rhizoremediation (Correa-García et al. 2018).

The current trend toward developing reliable and predictable green remediation
technologies focuses on the application of integrative omics tools to explore and
harness the microbiome of polluted soils (Bell et al. 2014b; Quiza et al. 2015).
Indeed, sustaining soil microbiome diversity certainly plays a major role in HC
biodegradation. For instance, Bell et al. (2014a) demonstrated that the highly diverse
initial soil microbiome of a polluted soil degraded more crude oil than a more
specialized but less diverse bacterial assemblage selected on crude oil media.
Furthermore, the diversity of the soil microbiome is subject to the selective pressure
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that exerts the coexistence of HCs and plants. For example, Tardif et al. (2016)
observed that increasing contamination levels of petroleum HCs were related to
large shifts in the microbiome composition of bulk soil, favoring HC degraders and
microorganisms associated with plant health. Besides, these shifts were moderated in
the plant surroundings (i.e., rhizosphere, root, and stem tissues), probably because of
a more controlled and protected environment provided by plants. Although less
studied than bacteria, fungi are also crucial constituents of the microbiome whose
diversity is also shaped by plants and HCs. Bell et al. (2014a) observed that fungal
communities were even more sensitive than bacteria to HCs and that the introduction
of willows (Salix spp.) promoted more diverse fungal communities, which diverged
based on plant phylogeny.

Plant-microbiome interactions taking place in the endosphere and rhizosphere
appear to enable much of the outcomes in polluted environments in terms of plant
growth and HC degradation. Therefore, this book chapter examines the interactions
between plants and their associated microbiomes in HC-contaminated soils. Recent
studies are gathered together to shed light on how plants contribute to HC removal
and by what means they are assisted by microorganisms and, the other way round,
how microorganisms (i.e., bacteria and fungi) metabolize HCs and in what way they
are supported by plants to do so.

10.2 The Active Role of Plants in the Metabolism
of Hydrocarbons and How They Are Assisted
by Microorganisms

10.2.1 Uptake and Degradation of Hydrocarbons by Plants

Although plants do not rely on an external supply of HCs for their metabolism, the
uptake of these compounds can occur, taking place both in the phyllosphere and
rhizosphere. HCs can volatilize (from the soil surface) to the leaf surface and be
adsorbed and/or uptaken by plant leaves in the phyllosphere. Likewise, in the
rhizosphere the process involves the desorption of HCs from soil followed by
adsorption and/or uptake by plant roots from soil solution (Collins et al. 2006)
(Fig. 10.1). Chemical properties of HCs definitely limit both plant foliar and root
uptake. As the octanol-water partition coefficient (Kow) and molecular weight of
HCs increase, water solubility decreases hindering the transfer of HCs across
biological membranes. In addition, soil properties (e.g., clay, soil organic matter
content) govern the sorption of HCs to soil. Several studies report a successfully
active role of plants to uptake, translocate, and/or degrade a wide variety of HCs. For
instance, Schefflera arboricola and Spathiphyllum wallisii, two ornamental plants,
were able to remove benzene from indoor air (Parseh et al. 2018). Similarly, Scirpus
grossus showed the potential to withstand diesel in contaminated water with the
ability to uptake and translocate the HC series C8–C32 (Al-Baldawi et al. 2015).
Finally, ornamental Tagetes patula and Mirabilis jalapa demonstrated to have good
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ability to tolerate and accumulate benzo[a]pyrene from polluted soils (Sun and Zhou
2016), and PAHs were detected in alfalfa (Medicago sativa L.) tissues by fluores-
cence microscopy as well (Alves et al. 2017).

After being taken up by plants, HCs can be catabolized to non-toxic intermedi-
ates. The most accepted model that describes the metabolism of xenobiotics by
plants considers plants as a ‘green liver’ due to the resemblance with the detoxifi-
cation function of the mammalian liver. According to this model, the metabolism of
xenobiotics by plants involves three steps: (1) chemical transformation through
oxidation, reduction, or hydrolysis reactions, (2) conjugation to endogenous mole-
cules (e.g., malonate, UDP-glucose, glutathione), and (3) internal compartmentali-
zation and storage in the vacuole, incorporation into the cell wall, or excretion to the
extracellular space (Sandermann 1992). For instance, Clitoria ternatea exhibited a
high potential for airborne HC remediation. Ethylbenzene was not only taken up but
also metabolized by the plant: 1-phenylethanol, acetophenone, and benzaldehyde
were identified as metabolites from ethylbenzene degradation (Daudzai et al. 2018).
Besides intracellular metabolism of HCs, plants may also have an active role in HC
degradation via the root exudation of enzymes, which catalyze the oxidation of HCs

Fig. 10.1 Metabolism of hydrocarbons by plants and the role of microorganisms to assist them
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and degrade them into intermediate products. In support of this, Barone et al. (2016)
demonstrated that water-soluble protein extracts derived from maize (Zea mays L.)
were able to degrade PAHs as a result of peroxidase, polyphenol oxidase, and
catalase activities.

10.2.2 Phytotoxicity of Hydrocarbons

The balance between the uptake and the degradation of HCs by plants in the
pathways explained above is the key of plant tolerance/sensitivity to HCs. The
phytotoxicity of HCs can be manifested as a number of symptoms such as inhibition
of germination, stunting of plant development, reduced plant growth, and tissue
damage (Al-Baldawi et al. 2015; Chaîneau et al. 1997; Siddiqui et al. 2001).
Mechanisms underlying HC phytotoxicity may be related both to direct effects on
plant physiology (e.g., cell membrane disruption, damage of photosynthetic appa-
ratus) or, indirectly, altering the physical and chemical properties of the soil where
plants are growing. Moreover, the chemical structure of HCs, its concentration and
bioavailability in soil, and the plant species are among the key factors that determine
the severity of phytotoxicity (Efroymson et al. 2004). A typical example of phyto-
toxicity was surveyed by Somtrakoon and Chouychai (2013) who observed that
germination of maize and rice (Oryza sativa L.) seeds was retarded by single or
mixed PAHs. Similarly, the study carried out by Chaîneau et al. (1997) showed that
growth of maize, wheat (Triticum aestivum L.), and bean (Phaseolus vulgaris L.)
was reduced by the presence of fuel oil. Interestingly, growth inhibition increased
with HC concentration but was not linearly proportional to the loading rates.
Another remarkable example of phytotoxicity is described by Al-Baldawi et al.
(2015) who observed that direct exposure to diesel-contaminated water caused
severe damage to the root and stem structures, as demonstrated by SEMmicrographs
of S. grossus epidermis and cross-sections. Besides, it is important to highlight that
biotransformation of HCs can lead to additional phytotoxic metabolites. This is
exemplified in the recent work undertaken by Dubrovskaya et al. (2016) who
found that some of the metabolites produced as a result of microbial degradation
of phenanthrene (i.e., 9,10-phenanthrenequinone, 1-hydroxy-2-naphthoic and
benzoic acids) are more toxic for plants than starting PAH molecules.

Because of the toxic effects of HCs on plants, performing a phytotoxicity assess-
ment is an initial and essential step in phytoremediation trials. Phytotoxicity tests
allow finding potential candidate species able to germinate and establish in
HC-contaminated sites. In this context, several species of legumes, grasses, and
crops have been tested for their ability to withstand the presence of HCs (Kirk et al.
2002;Muratova et al. 2008). The outcome of these screenings showed that the species
that most frequently demonstrated a good performance to tolerate HCs, in terms of
high germination and growth rates, were alfalfa and ryegrass (Lolium perenne). As a
result, these species were used later on as candidates in phytoremediation trials
with promising applications for the remediation of HC-contaminated soils (Bourceret
et al. 2015).
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10.2.3 The Role of Bacteria to Assist Plants
in Hydrocarbon-Contaminated Soils

The term plant growth–promoting bacteria (PGPB) refers to a group of bacteria that
are beneficial for plant development and can be found in close association with
different plant tissues (e.g., roots, shoots, leaves, or even fruits and seeds). Therefore,
the habitat of PGPB might be not only the rhizosphere but also internal tissues of
plants colonized by endophytes with plant growth–promoting ability (Santoyo et al.
2016; Prasad et al. 2015). PGPB act both through (1) direct mechanisms: like the
synthesis of phytohormones that enhance plant growth and the release of compounds
that facilitate resource acquisition and (2) indirect mechanisms such as the competition
with pathogens and the modulation of plant stress (Olanrewaju et al. 2017). A
significant aspect of PGPB is that they act not only under normal conditions but also
under environmental stress. PGPB can assist in overcoming the detrimental phytotoxic
effects caused by organic pollutants promoting the establishment of plants in
HC-contaminated soils by improving plant health and growth performance. The
enhancement of a prolific root system by PGPB may benefit the uptake of water and
nutrients, promote the rhizosphere effect, and increase the depth of the treatment zone,
which often limits the success of phytoremediation. Moreover, bacteria may help
plants to cope with pollutants regulating the stress induced by HCs (Fig. 10.1). This is
exemplified in the work undertaken by Singha et al. (2018) who observed that rice
stress response under the influence of pyrene was modulated by PGPB. Inoculation of
rice with PGPB promoted not only the growth of rice (i.e., shoot and root length) but
also improved rice antioxidant activity enhancing the levels of glutathione, glutathi-
one-S-transferase, and superoxide dismutase activities. Likewise, PGPB have also
demonstrated to influence phytodegradation of pollutants. For example, the inocula-
tion of C. ternatea with plant growth–promoting endophytic bacteria Bacillus cereus
modulated the expression of plant ethylbenzene degradation genes and increased
ethylbenzene removal efficiency (Daudzai et al. 2018).

Besides the straight actions that PGPB have on plants, they can also have effects
on soil pollutants. A distinct mechanism by which soil microorganisms may influ-
ence pollutant removal is the increase of HC bioavailability in the rhizosphere and
plant uptake as a result. In support of this, Chen et al. (2017) observed that the
inoculation of Scirpus triqueter with PGPB increased the amount of pyrene uptaken
by the plant. Microorganisms may enhance desorption of HCs from soil by produc-
ing surface-active biomolecules termed biosurfactants. As a result of biosurfactant
emulsifying action, HCs could be readily available not only for microorganisms but
also for plants. In this sense, the degradation of HCs by PGPB may be a supple-
mentary beneficial trait for plants. Bacteria being able to metabolize HCs (refer to
Sect. 10.3.1) can reduce soil phytotoxicity via the effective removal of contaminants,
which constitutes an additional gain for plants growing in polluted soils. In this
sense, Baoune et al. (2018) isolated endophytic bacteria (Streptomyces genus) from
roots of plants grown naturally in sandy contaminated soil that exhibited plant
growth-promoting features and also could use petroleum as sole carbon and energy.
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In view of the joint actions that PGPB may exhibit, Pacwa-Płociniczak et al. (2016)
performed a broad screening to isolate bacteria strains that combine plant growth-
promoting traits, HC-degrading ability, and biosurfactant/bioemulsifier production.
Although from 42 HC-degrading isolates they could not identify a unique strain with
a high performance for all the above-mentioned characteristics, they propose the
application of a consortium composed of biosurfactant-producing strains together
with plant growth-promoting strains as promising agents in microbe-assisted
phytoremediation.

Extensive research has been conducted over the past years to develop bacteria-
assisted phytoremediation as an efficient remedial strategy for petroleum HCs
(Fatima et al. 2017). The key to enhance phytoremediation in this way is finding
the suitable plant-bacteria partnerships, which can be accomplished through differ-
ent approaches: native plant growth-promoting rhizobacteria (PGPR) (Gerhardt et al.
2015), colonizing endophytes (Syranidou et al. 2016), bioaugmentation with indig-
enous (Franchi et al. 2016) or allochthonous (Agnello et al. 2016) bacteria,
biostimulation (Agarry et al. 2014), etc.

10.2.4 The Role of Fungi to Assist Plants
in Hydrocarbon-Contaminated Soils

The interior of plants is an important habitat where colonizing fungi reside. Plants
can live in symbiosis with non-pathogenic endophytic fungi like arbuscular mycor-
rhizae (AM) and ectomycorrhizae. To date, a number of plant-fungal interactions
have been reported in contaminated soils, which may favor plants and, in turn, its
phytoremediation potential. The main mechanisms by which fungal endophytes can
assist plants in HC-contaminated soils are (1) improving plant growth, (2) modulat-
ing plant stress levels, (3) enhancing the adsorption and bioaccumulation of HCs by
plants, and (4) reducing phytotoxicity by the removal of HCs provided that they
possess the suitable degradation pathways (refer to Sect. 10.3.1) (Deng and Cao
2017; Rajtor and Piotrowska-Seget 2016). For example, it has been observed that
AM inoculation alleviated diesel toxicity on Melilotus albus: plants had a better
growth response and higher content of microelements than non-inoculated plants.
Moreover, roots of inoculated plants had higher total antioxidant and nitrate reduc-
tase activities, indicating an improved physiological response (Hernández-Ortega
et al. 2012). In what concerns the influence of fungi on HC bioavailability, it
has been demonstrated that AM may facilitate the mobilization of HCs in soil
enabling the adsorption and/or uptake by plants (Fig. 10.2). For instance, alkane
bioaccumulation in roots of wheat was more important in AM-inoculated plants than
in non-inoculated plants although this process accounted for only a small portion of
the total HC removal, which was mainly due to biodegradation by bacteria and fungi
(Lenoir et al. 2016). The authors hypothesized that the increased HC accumulation
was related to a higher lipid content and volume of the root adsorption area in the
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presence of AM. In addition, the uptake of organic contaminants from soil by plants
can be mediated by AM hyphae through a distinct mechanism. In a remarkable
experiment using a compartmentalized cultivation system, Gao et al. (2010)
observed that ryegrass (Lolium multiflorum Lam.) roots, which were grown in
un-spiked clean soil, accumulated high concentrations of PAHs in the roots because
abundant mycorrhizal hyphae extended from PAH-spiked soil, took PAHs and
transported them to plants. Interestingly, AM acted as a pipeline dynamically linking
soil pollutants, fungi, and plant roots. Furthermore, AM have been reported to
synthesize compounds that alter HC bioavailability. This is supported by a recent
study in which glomalin-related soil protein (GRSP), a N-linked glycoprotein pro-
duced by AM hyphae (Schindler et al. 2007), induced changes in roots that favored
PAH adsorption and accumulation by ryegrass (Chen et al. 2018). Likewise, Gao
et al. (2017) observed that inoculation with AM increased GRSP content and pyrene
removal in soils planted with alfalfa.

The synergistic effect of plants and fungi has been used for the removal of organic
contaminants in the context of microbe-assisted phytoremediation. For instance,

Fig. 10.2 Metabolism of hydrocarbons by microorganisms and the role of plants to assist them
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García-Sánchez et al. (2018) demonstrated that the combination of plants and white
rot fungi (i.e., maize-Crucibulum laeve association) was more efficient than the
individual use of plants or fungi for the treatment of aged PAH-polluted soils.
Likewise, Asemoloye et al. (2017) reported that a synergistic approach that com-
bined the joint action of guinea grass (Megathyrsus maximus) and rhizospheric fungi
(i.e., Aspergillus flavu, Aspergillus niger, Talaromyces purpurogenus, and
Trichoderma harzianum) isolated from a crude oil polluted site improved the soil
nutrient content and sped up PAHs degradation rates. Finally, it is important to
highlight that sole inoculation with AM may not be enough to achieve the presumed
goals. Indeed, it will require the joint action of fungi and bacteria. For instance,
Boldt-Burisch et al. (2018) demonstrated that mycorrhizal inoculation alone did not
improve the growth of the legume Lotus corniculatus L. and the grass Elymus
trachycaulus growing in oily substrates. By contrast, the inoculation with mycor-
rhizae plus bacteria led to a significantly positive response of both plant species.

10.3 The Active Role of Microorganisms in the Metabolism
of Hydrocarbons and How They Are Assisted
by Plants

10.3.1 Uptake and Degradation of Hydrocarbons by Bacteria

The metabolism of HCs by bacteria involves three fundamental steps: (1) access to
the target HCs, (2) trans-membrane transport, and (3) enzymatic degradation.

Bacteria can gain access to the target HCs if they are dissolved in the aqueous
phase or if small HC droplets are pseudo-solubilized (emulsified). Apart from water-
soluble aromatics and short-chain HCs, most HCs are poorly soluble in water. As a
result, the most common process to access them is the solubilization of little HC
droplets. This can be achieved through the formation of micelles structured in the
presence of biosurfactants. In contrast, large HC drops require the attachment of
bacteria through direct surface contact, but this mechanism has been reported less
frequently and the subsequent uptake mechanism remains poorly understood
(Hua and Wang 2014). Indeed, Sphingomonas paucimobilis demonstrated to make
phenanthrene bioavailable combining both mechanisms, i.e., the production of
biosurfactants and the direct contact of cells adhering to phenanthrene crystals
developing a biofilm over time (Coppotelli et al. 2010). Moreover, fungi have
been suspected to facilitate bacterial access to hydrophobic substrates through direct
bacterial-fungal interactions. Mycelial networks can act both as ‘highways’ that
accelerate bacterial migration in the hydrophilic film around fungal hyphae as well
as ‘pipelines’, which bring remote pollutants to bacteria by taking up and
translocating them through their hyphae (Banitz et al. 2013; Harms and Wick 2006).

The transport of HCs across the membrane of bacteria can occur through passive
diffusion and/or energy-dependent active transport, depending on HC type and
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concentration (Hua and Wang 2014). While most studies are devoted to low-
molecular-weight HCs, the trans-membrane transport of high-molecular-weight
HCs is rarely reported. Furthermore, it has been described from Gram-negative
bacteria a system of outer membrane proteins with pore-like structure and a hydro-
phobic channel, which facilitate the passive diffusion of small HCs from the
extracellular environment to the periplasm (Hearn et al. 2008). Once internalized,
there are some reports that show the formation of lipid inclusion bodies inside the
cell where HCs (e.g., octadecane) are deposited before being oxidized (Hua and
Wang 2012).

The most documented pathways for intracellular HC degradation by bacteria
occur under aerobic conditions, where molecular oxygen is critical to initiate the
enzymatic attack (Fig. 10.2). The catabolism of aliphatic HCs involves a number of
oxidation steps. The first key step consists in the hydroxylation of a terminal carbon,
which is catalyzed by monooxigenases (e.g., alkane 1-monooxygenase, CYP153
alkane hydroxylase). Afterwards, the hydroxylated alkane is further oxidized to the
corresponding aldehyde and carboxylic acid, which in turn enter in the β-oxidation
route of fatty acids. The final product is acetyl-CoA, which is catabolized in the
Krebs cycle, and fully oxidized to CO2. The degradation of aromatic HCs requires,
not only the initial hydroxylation of the aromatic ring, but also the opening of the
hydroxylated aromatic ring (i.e., catechol or structurally related compounds) by
aromatic-ring cleavage dioxygenases (e.g., intradiol or extradiol dioxygenases)
following the ortho- or meta-cleavage of the ring. The resulting di- or
trihydroxylated aromatic compounds can be introduced into the Krebs cycle and
fully degraded to CO2 (Das and Chandran 2011). Examples of aerobic bacteria such
as Pseudomonas, Alcaligenes, Sphingomonas, Rhodococcus, and Mycobacterium
have often been reported to degrade HCs. Indeed, biodegradation of HCs generally
involves a number of different bacterial species within a consortium of microbes
with broad enzymatic capacities rather than individual organisms (Santisi et al. 2015;
Zafra et al. 2017). Recent studies demonstrate that functional bacterial communities
co-acclimate to a changing environment of HC stress and are able to conduct
biodegradation of HCs in a cooperative way creating interactive networks with
each other (Wanapaisan et al. 2018; Wang et al. 2016).

Although the fastest and most complete degradation of HCs is performed in the
presence of O2, degradation of HCs is also possible under anaerobic conditions, but
these pathways are less studied. Examples of such anaerobic reactions are the
addition of toluene or n-alkanes to fumarate, the O2-independent hydroxylation of
ethylbenzene, and the reductive dearomatization of benzoyl-CoA (Rabus et al.
2016). In anaerobic and methanogenic environments, where HCs are biodegraded
to methane, mutually beneficial interactions between syntrophic microorganisms
play a key role. This implies that a cooperative action of mixed microbial
populations is required for the ultimate removal of HCs (Gieg et al. 2014). Consid-
ering that O2 is replenished in the rhizosphere by O2 diffusion as a function of water/
air-filled porosity, the anaerobic pathway is supposed to be less relevant than the
aerobic route in the rhizosphere (Uteau et al. 2015).
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Some key genes involved in HC degradation can be located on mobile elements.
Moreover, the homology of DNA sequences and organization of degrading genes
carried by conjugative plasmids may be indicators that horizontal gene transfers can
occur between HC-degrading bacteria during microbial adaptation to xenobiotics
(Abbasian et al. 2016). This is supported by in silico analysis, which demonstrated
that HC-degrading genes alkB and catA can be subjected to horizontal transfer events
among bacterial communities spreading the potential to degrade HCs (Rodrigues
et al. 2018). In an interesting study, Taghavi et al. (2005) reported for the first time in
planta horizontal gene transfer among plant-associated endophytic bacteria. They
inoculated poplars with the endophyte Burkholderia cepacia, which contained a
plasmid coding for toluene degradation. They observed that although the inoculated
endophyte could not establish in the endophytic community, there was horizontal
gene transfer of toluene degrading ability to different members of the endogenous
endophytic community. Moreover, bacterial horizontal gene transfer can be facili-
tated by the network structures of mycelia. As described above, liquid films around
hyphae constitute a continuous highway in which bacterial migration and contacts are
favored (Berthold et al. 2016).

10.3.2 Degradation of Hydrocarbons by Fungi

Fungi are able to degrade HC both in an assimilative way to obtain energy and in a
non-assimilative way through detoxification and co-metabolism pathways (Morelli
et al. 2013). Fungi can be classified into ligninolytic and non-ligninolytic according
to their ability to metabolize lignin in wood, and both types of fungi have a part in the
degradation of PAHs (Aydin et al. 2017) (Fig. 10.2).

Major constituents of ligninolytic fungi are the white-rot fungi (WRF), i.e., wood-
decaying basidiomycetes. Ligninolytic fungi are characterized for their ability to
produce extracellular enzymes, which are responsible for the complete degradation
of lignin. Ligninolytic enzymes encompass a vast array of enzymes such as perox-
idases (e.g., lignin, manganese, and versatile peroxidases), laccases, and accessory
enzymes (H2O2-generating enzymes and glioxal oxidase). A key characteristic of the
complex ligninolytic enzymatic system is low substrate specificity. As a result, this
feature can be exploited to extend the degrading ability of ligninolytic enzymes to
break down other complex compounds (Kadri et al. 2017). This is exemplified in the
work undertaken by Pozdnyakova et al. (2018) who studied the degradation of three-
ringed PAHs by the white-rot fungus Pleurotus ostreatus and the litter-decomposing
fungi Agaricus bisporus, demonstrating that the extracellular enzyme system of
ligninolytic fungi plays a key role in the initial attack of PAH molecules yielding
quinone metabolites. The degrading ability of ligninolytic fungi clearly represents a
promising option for the bioremediation of HCs in soil. This is supported by a recent
study performed by Košnář et al. (2018) that compared the removal of PAHs in soil
after different bioremediation approaches in relation to extracellular enzyme
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activities. They observed that mycoremediation treatment with P. ostreatus
outperformed natural attenuation and phytoremediation in terms of PAHs removal
from soil.

The main weakness of WRF application for bioremediation is that they only
grow under specific environmental conditions (e.g., on compact wood rich in lignocel-
lulosic substrates, at acidic pH), which renders them inefficient to compete with
non-ligninolytic fungi in soil and limits their contribution in the decomposition of
HCs under natural conditions. In this sense, previous studies have demonstrated that is
possible to isolate non-ligninolytic fungi (mainly belonging to the Ascomycota and
Zygomycota phylum) from contaminated sites (Reyes-César et al. 2014). Likewise,
highly diverse AM communities demonstrated to be able to colonize plants growing in
weathered oil ponds indicating that AM are able to adapt to these harsh conditions
(Garcés-Ruiz et al. 2017). This is particularly interesting because this kind of fungi
exhibit tolerance to environmental pollutants as well as potential for their enzymatic
transformation. The enzymatic transformation of HCs by non-ligninolytic fungi is
typically slower than for ligninolytic fungi, and although is not fully understood, it
is believed to use phase I (e.g., P450s and epoxide hydrolases) and phase II (e.g.,
glutathione S-transferases, NAD(P)H: quinine oxidoreductases and UDP-glucuronosyl
transferases) intracellular enzymes (Marco-Urrea et al. 2015). These degradative path-
ways catalyze xenobiotic biotransformation and detoxification in most eukaryotes, thus
being extensive to ligninolytic fungi too. Intracellular fungal degradation is exemplified
in the study undertaken by Aranda et al. (2017) in which the Ascomycota fungi
Penicillium oxalicum was found to exhibit a high and fast PAH degradation capability.
P. oxalicum degradation of both anthracene and dibenzothiophene was mediated at the
intracellular level by cytochrome P450 enzymes (CYPs). Indeed, the use of 13C-anthra-
cene enabled the identification of oxidized and hydroxylated derivatives, which are
known as Phase I metabolites produced through CYP transformation. Additionally, this
work highlighted that the presence of glucose was required to proceed with anthracene
degradation, suggesting that fungi may not be able to use PAHs as a sole C and energy
supply and may require additional C sources to co-metabolize xenobiotic compounds.

10.3.3 The Role of Plants in Assisting Hydrocarbon
Uptake/Degradation by Microorganisms

Plants have a secondary supportive role in HC removal, both in the rhizosphere and
endosphere, improving HC uptake/degradation by microorganisms through different
mechanisms (Fig. 10.2).

The degradation of HCs by soil microorganisms is noteworthy under the root
influence because of the rhizosphere effect to which the root surrounding
microbiome is subject to. The rhizosphere effect is used to depict that, in comparison
with bulk soil, the biomass and activity of microorganisms in the rhizosphere are
enhanced (Warembourg 1997). This is the result of various processes driven by
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plants, but the most significant is probably root exudation (Rohrbacher and
St-Arnaud 2016). Root exudates consist of a vast array of metabolites (e.g., organic,
amino, and fatty acids, sugars, vitamins, nucleotides, flavonoids, phytohormones,
etc.) released by plant roots to the surrounding media, many of which can be used as
substrates for microbial metabolism leading to increased microbial biomass and/or
activity. Moreover, the root architecture also shapes the rhizosphere microbiome by
physical processes. The mechanical effect of growing roots comes with soil aeration,
which influences the distribution of rhizosphere microorganisms, the concentration
of O2, and thus aerobic metabolism of HCs (van Dam and Bouwmeester 2016).
Rhizodegradation takes advantage of the rhizosphere effect to achieve the removal
of HCs in the rhizosophere by stimulating HC-degrader populations. This is
evidenced in the study of Bourceret et al. (2018) that, using culture-independent
methods, demonstrated that Gram-negative PAH-dioxygenase genes and transcripts
were higher in the planted (alfalfa) than unplanted soil and were positively correlated
to PAH degradation. Along with the enhancement of microbial biomass and/or
activity of HC-degrading bacteria, root exudates can also promote HC biodegrada-
tion as a result of increasing HC bioavailability. Root-induced chemical changes in
the rhizosphere by the release of organic anions (e.g., citrate, oxalate) contributes to
HC desorption from the soil (e.g., organic matter and clay particles), improving the
accessibility of degrading bacteria to HCs (Martin et al. 2014). This can be illustrated
by a batch experiment showing that low-molecular-weight organic acids in aqueous
solution could disrupt soil organic matter (SOM)-metal cation-mineral linkages in
soils, resulting in the release of SOM from soil and simultaneous increase of
dissolved organic carbon (DOC) in solution. The loss of SOM from soil and increase
of DOC in solution were responsible for the enhanced PAH desorption from soil
(Ling et al. 2015).

The so-called ‘secondary compound hypothesis’ states that plant secondary metab-
olites released into the rhizosphere can trigger the biodegradation of environmental
pollutants. This may be explained by the fact that plant secondary metabolites
can induce the expression of degradative genes or serve as primary substrates
during the co-metabolism of HCs (Musilova et al. 2016). In support of the first
mechanism, Yergeau et al. (2014) and Pagé et al. (2015) demonstrated through a
metatranscriptomic approach an induced expression of several aliphatic- and
aromatic-degrading genes in the rhizosphere of willows (Salix purpurea) growing in
HC-contaminated soils as compared to bulk soils. The authors hypothesize that the
secondary metabolite salicylate released by willows could mediate this process, as it
has been reported to induce the transcription of PAH-degrading genes. Regarding
the second mechanism, Rentz et al. (2005) corroborated that benzo[a]pyrene
was removed from solution by Sphingomonas yanoikuyae while growing on root
products as a primary carbon and energy source. This confirms the hypothesis that
co-metabolism of xenobiotics, i.e., the transformation of a non-growth substrate (i.e.,
benzo[a]pyrene) in the obligate presence of a growth substrate (i.e., root extracts), can
take place in the rhizosphere (Crowley et al. 2001; Dalton and Stirling 1982).

In addition to the processes taking place in the rhizosphere, it is important to take
into consideration the endosphere as well. The endosphere is the interior of the plant
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that functions as a microbial habitat of endophytes where plants provide shelter and
protection. Endophytic bacteria like those associated with L. corniculatus L. and
Oenothera biennis L. collected in a long-term petroleum HC-polluted site have been
shown to possess HC-degrading genes such as P450 gene, which encodes for
cytochrome P450-type alkane hydroxylase (Pawlik et al. 2017). This confirms the
importance of plants as the residence of endophytic bacteria with HC-degrading
ability and thus with a high potential to improve phytoremediation of petroleum
HCs. Moreover, plants can host fungi as well. In this sense, Fu et al. (2018) were
able to demonstrate the biodegradation of phenanthrene by endophytic fungus
Phomopsis liquidambari not only in vitro in liquid culture but also in vivo using
rice seedlings.

10.4 The Construction of the Holobiont Concept Through
Omics Approaches

The current trend toward developing reliable and predictable green remediation
technologies puts the focus on the application of integrative omics tools to explore
and harness themicrobiome of polluted soils in order to fill in present knowledge gaps
(Bell et al. 2014b; Quiza et al. 2015). In this sense, omics approaches are definitely
enabling a deeper understanding of the complex relationships in the microbial
network under the plant influence and subjected to HC stress (Table 10.1). For
instance, metagenomics enables the prediction of the HC-degrading potential of
rhizosphere microbial communities, metatranscriptomics can reveal the actual
expression of HC-degrading genes under the plant influence, and metaproteomics/
metabolomics makes possible the identification of the complete metabolic interme-
diates during HC degradation as well as the myriad of compounds released by root
exudates. As a consequence, the use of such innovative technology platforms allows
proposing new degradative pathways beyond the individual plant, bacterial, or fungal
levels. Indeed, present research intends to understand not only how plants influence
degrading microbial communities in the rhizosphere but also how they interplay as
a metaorganism or holobiont (i.e., host and microbiome together) to degrade
complex pollutants (El Amrani et al. 2015). Based on the latest evidence from the
metagenomics level, Thijs et al. (2016) have recently proposed a competition-driven
model to explain the establishment of a catabolic rhizosphere microbiome in con-
taminated soil. Furthermore, Yergeau et al. (2018) highlight the importance of
considering plants and their associated microbiota as an ‘interactome’. Performing
simultaneous analysis of root and rhizosphere metatranscriptomes they found that
plants and their associated microorganisms undergo a complete overhaul under HC
stress modulating transcript abundances. Indeed, Gonzalez et al. (2018) conducted a
complex metatranscriptomic study taking into consideration the entire microbiome
and concluded that trees, fungi, and bacteria establish a tripartite mutualism in
HC-polluted soils. They observed that while root and fungal expression patterns
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responded to HC stress altering pathways associated to microbiome interactions, the
apparatus necessary for the direct reduction of contamination stress came from
bacteria. These results highlight how crucial it is to investigate the expression of
the entire microbiome to have a full picture of the metaorganism responding to soil
contamination.

10.5 Conclusion and Future Prospects

The evidence reviewed here supports the concept of a conjoint action of plants,
bacteria, and fungi building an inseparable and highly dependent relationship. The
particular approach of analyzing the contribution of plants to soil HC degradation
with the assistance of soil microorganisms and, conversely, how the soil microor-
ganisms could improve their degrading ability with the support of plants revealed a
broad perspective of the multiple and diverse interactions that take place between
plants and their associated microbiome. Moreover, it becomes manifest how the
limitations of one actor could be overwhelmed by the abilities of the other. This leads
to the accomplishment of a robust establishment in polluted soils and an effective
HC degradation by the metaorganism or holobiont. In this sense, the current state of
the art by means of a diffuse application of mixed omics approaches strengthens the
idea that an integrated understanding of the relationships between plants, bacteria,
and fungi determines the success of green remediation technologies. Furthermore, it
is insinuated that green remediation is facing an auspicious transition moving from
individual bio-, myco-, phyto-remediation toward the development of an integrative
meta/holo-remediation notion.
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Glossary

Endophyte Microorganism residing within plant tissues (the endosphere). They
may establish different types of interactions (e.g, mutualistic, pathogenic) with
their plant hosts. For instance, they may improve the plant’s ability to tolerate
hydrocarbon stress

Endosphere Interior of the plant as a microbial habitat of endophytes. The term
may refer to either the aerial (i.e., stems, leaves) and/or root components of a plant

Metaorganism/Holobiont Plant and its associated microorganisms
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Microbiome Totality of microorganisms inhabiting a particular environment. For
example, the rhizosphere microbiome refers to all microorganisms inhabiting the
rhizosphere of a particular plant. The microbiome is a dynamic ecosystem driven
by environmental changes (e.g., plant species, soil type, presence of pollutants,
etc.)

Multi-omics Approach Combination of methods that use innovative technology
platforms such as genomics, transcriptomics, proteomics, and metabolomics.
Omics approaches typically generate large datasets to provide insight of genes,
transcripts, proteins, and metabolites of a biological system. The prefix ‘meta’ is
used when performed on all members of a mixed-species community as opposed
to a single organism

Mycoremediation The use of fungi for soil remediation applications
Phyllosphere Surface area of the aerial portions of plants
Phytodegradation Breakdown of organic contaminants by plants through meta-

bolic processes that occur within the plant; or through the effect of compounds,
such as enzymes, produced by the plant

Rhizoremediation Degradation of pollutants by soil microorganisms, which are
under the rhizosphere effect

Rhizosphere Zone in the soil under the direct influence of plant roots. This includes
not only the surface of the roots (rhizoplane) but also any external region that is
affected by root exudates

Rhizosphere Effect Phenomenon describing that in comparison with bulk soil, the
biomass and activity of microorganisms in the rhizosphere are enhanced as a
result of different mechanisms driven by plants (mainly root exudation)

Root Exudates Set of compounds (e.g., flavonoids, fatty acids, organic acids,
aminoacids) produced by plants and secreted by roots into the soil or any other
medium surrounding the roots. These molecules can be actively or passively
released by plant roots. Root exudation patterns change under the influence of the
plant (e.g., cultivar, plant species, developmental stage), environmental factors
(e.g., soil type, pH, temperature, nutrient availability), and the presence of
microorganisms.
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