REVIEW ARTICLES

Rhizosphere—plant—microbial system under
polycyclic aromatic hydrocarbons-induced

stress

Kavita Vermal, Pooja Gokhale Sinhaz, Garima Sharmal, Surbhi Agarwall,

Anita Verma' and Vartika Mathur'™>*

'Department of Zoology, and

“Department of Botany, Sri Venkateswara College, Dhaula Kuan, New Delhi 110 021, India
*Delhi School of Climate Change and Sustainability, Institute of Eminence, University of Delhi, New Delhi 110 007, India

The rhizosphere—plant—microbial association is a com-
plex and intricate system susceptible to various organic
pollutants, including polycyclic aromatic hydrocarbons
(PAH). Since the soil acts as a sink of PAH, their accumu-
lation shifts the delicate rhizosphere—plant—-microbe
equilibrium and enters the food chain through plants.
How the presence of PAH in the rhizosphere affects the
rhizosphere—plant-microbial system is still unclear. This
study aims to understand the effects of PAH on rhizo-
sphere—plant-microbial interactions. It also explores
the potential use of microbes to alleviate PAH-induced
stress in the soil for effective and sustainable manage-
ment.

Keywords: Bioaccumulation, microbe-mediated reme-
diation, persistent organic pollutants, polycyclic aromatic
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PoLYCYCLIC aromatic hydrocarbons (PAH) are among the
most notorious, cosmopolitan, toxic and persistent organic
pollutants. They are ubiquitous in nature, and in the last
five decades, their global burden has increased by around
45% (ref. 1). In 2007, the average global PAH emission
was estimated to be 504 Gg/year, with major contributions
from the developing Asian countries’. Africa, Europe, North
America, Oceania and South America contribute 18.8%,
9.5%, 8.0%, 1.5% and 6.0% respectively, to worldwide
PAH emissions’. The distribution and accumulation of
PAH are not uniform and show significant regional variation.
India (90 Gg) and China (114 Gg) are the major contribu-
tors of PAH annually®. This is due to rapid industrialization,
fossil-fuel-dependent transportation and other anthropo-
genic activities. Sources of PAH can be broadly classified
as petrogenic (petroleum as the source) and pyrogenic (in-
complete combustion of fossil fuels and biomass). Most
PAH are potential carcinogens, and their exposure or indirect
consumption leads to serious health effects. They are con-
sidered priority pollutants due to their ‘three disease-cau-
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sing’ effects (carcinogenic, teratogenic and mutagenic) on
humans. In spite of being volatile and present in the air,
the presence of PAH in the soil is of concern as they tend
to accumulate in it.

Due to their hydrophobicity, around 90% of the global
PAH is adsorbed in the soil, which not only makes it a
major sink but also drastically changes the physico-chemi-
cal properties of the soil, thereby altering its structure and
function®. Rhizosphere, the zone of interaction between
the soil and roots, is a diverse and intricate habitat hosting a
wide range of algae, protozoa, arthropods, nematodes, bacte-
ria and fungi. Among these, microorganisms play a signifi-
cant role in regulating essential biogeochemical processes
and facilitating xenobiotic degradation. Biodegradation of
soil pollutants such as pesticides, insecticides, and PAH is
a critical ecosystem service provided by rhizospheric micro-
bes’. The presence of PAH in the rhizosphere enhances
their risk of entering the food chain as well as influences
soil microbial diversity and dynamics®.

Plants are key players that influence the entry, accumu-
lation and movement of PAH in the food chain. They take
up PAH directly through the roots or indirectly through
the cuticle’. The higher the PAH concentration in the soil, the
greater the risk of their bioaccumulation and subsequent
magnification in the plants. Excess PAH accumulation in
plants is responsible for acute, chronic, and latent injuries
that eventually disrupt their primary metabolic functions,
such as photosynthesis'®. As plants regulate the growth and
diversity of microbial communities through root exudates,
when grown in high PAH, the diversity of rhizospheric
microbes, as well as their endophytes is observed to be
modified"!. Therefore, the interaction among soil microbes,
plants and PAH is a tripartite process; any change in one
of them significantly affects not only the other two, but also
the food chain.

The interactions among rhizosphere—plant—microbe are
delicate and sensitive to the presence of PAH. However,
no study has addressed the effect of PAH toxicity on this
complex yet important system. This study summarizes the
multifaceted interactions among rhizosphere—plant—microbes

837



REVIEW ARTICLES

and analyses how this system responds to increased PAH
levels. It also explores microbe-mediated, sustainable miti-
gation measures for PAH-polluted soil to prevent their ac-
cumulation and increasing presence in the food chain.

Soil: a sink of PAH

PAH released from various anthropogenic activities accumu-
late in the soil by wet or dry deposition. The soil serves as
their primary and largest steady repository. The lipophilicity
of PAH makes them less available for biodegradation, and
hence, they accumulate in the soil, increasing their persis-
tence in the ecosystem'”. The distribution of PAH in the
rhizosphere depends on their source and chemical properties,
soil characteristics and environmental conditions'>. The
amount of PAH in the soil is inversely proportional to its
proximity to the emission source. Industrial and urban soils
have more PAH contamination compared to rural or remote
areas"”. The chemical properties of PAH also influence
their bioavailability. Low-molecular-weight (LMW) PAH
with two or three rings, such as naphthalene, fluorene, phe-
nanthrene and anthracene, are present in lesser amounts as
they undergo degradation, leaching and volatilization in
the soil'*. In contrast, high-molecular-weight (HMW) PAH,
such as pyrene, chrysene, benzo(a)pyrene and benzo(a)-
anthracene, are abundant in the soil as they are not degra-
ded or transformed completely into simpler products due
to their highly lipophilic, persistent and stable chemical
compositionls. It is known that two-, three-, four-, five- and
six-ring PAH contribute to >3%, >16%, 45%, >27% and
>6% respectively, of the total PAH in the soil of urban
parks in China'®. Thus, HMW PAH are greatly responsible
for soil contamination.

Based on the concentration of PAH, the soil is classi-
fied as (i) unpolluted (<600 ng g™"), (ii) slightly polluted
(600-1000 ng g "), (iii) polluted (1000-5000 ng g), (iv)
heavily polluted (5000—10,000 ng g™") and (v) very highly
polluted (>10,000 ng g )®"". Figure 1 summarizes the
country-wise prevalence of PAH in the soil based on the
literature.

Significance and role of rhizospheric microbes
Diversity of microbes

The rhizosphere is a dynamic zone where numerous bio-
chemical and biophysical processes take place that shape
and organize the physical and functional attributes of the
soil. Soil characteristics such as texture, pore volume and
particle aggregation influence root—microbe association.
Interactions between the soil and its microbiome are influ-
enced by the plant species and soil type and are important
for plant growth and organic matter turnover'®.

Bacteria are among the most abundant microbes in the
rhizosphere, covering nearly 15% of the total root surface,
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dominated by phyla such as Proteobacteria, Actinobacteria,
Firmicutes, Bacteroidetes and Acidobacteria'®. Proteobac-
teria are present in greater numbers due to their ability to
act on labile carbon sources and, thus, grow quickly, making
them capable of surviving in diverse rhizospheres™. Another
dominant phylum is Acidobacteria, which plays a key role
in carbon cycling as it is capable of degrading cellulose
and lignin®'. Anaerobic bacteria belonging to Latescibacteria
and Planctomycetes dominate the rhizosphere, whereas
aerobic bacteria (Parcubacteria, Firmicutes and Sacchari-
bacteria) are comparatively less in number due to reduced
oxygen levels in the rhizosphere™.

Along with bacteria, the rhizosphere is well represented
by fungi primarily belonging to Ascomycota, Basidiomycota
and Zygomycota™. Arbuscular mycorrhizal (AM) fungi are
among the most ubiquitously present fungi in the rhizosphere
ecosystem globally and provide an array of services .
Moreover, several algae, including species of Arthrospira,
Chlorella, Dunaliella, Nostoc and Aphanizomenon are
found in the rhizosphere and play a significant role in
maintaining soil health by acting as both bioprotective and
biostimulant agents™.

The rhizosphere microbiome is sensitive and quickly
responds to any change in its surroundings®. The physio-
chemical properties of the soil, type of vegetation and
stage of the plant influence the diversity and abundance of
microbes in the rhizosphere.

Rhizosphere microbes in ecosystem services

Rhizosphere microbes play a substantial role in various
ecological services such as soil formation, decomposition
of organic matter, biogeochemical cycles and degradation
of soil contaminants®’. The ecosystem services performed
by microbes are categorized into regulating, supporting
and provisioning services (Supplementary Table 1).

Soil bioremediation is an important regulating service
performed by the rhizosphere microbes. Genera of bacteria,
including Acinetobacter, Burkholderia, Pseudomonas, Fla-
vobacterium, Bacillus and Azotobacter and fungi such as
Aspergillus are capable of degrading an array of soil con-
taminants”®*’. Many species of mycorrhizal fungi are also
involved in remediating soil pollutants such as organic
hydrocarbons™. Microbes either use organic pollutants as
the carbon source or degrade the toxic and complex com-
pounds into simple, less toxic forms®. Their efficiency and
strategy are dependent on the pollution load. A consortium of
PAH-degrading microbes removed 97.2% of pyrene from
the soil, inhibiting its accumulation in the host tissues®>. Sim-
ilarly, up to 90% biodegradation of lindane (organochlo-
rine pesticide) using Paracoccus sp. NITDBRI1 has been
reported®. Rhizospheric microbes are also known to degrade
diesel-based contaminants efficiently. Diesel oil-contami-
nated soil was effectively mediated by an artificial consor-
tium containing Alcaligenes xylosoxidans, Pseudomonas
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Figure 1.

fluorescens, Pseudomonas putida, Stenotrophomonas

maltophilia and Xanthomonas sp.>*.

Plant-microbe—rhizosphere system under
PAH-induced stress

Physicochemical properties of the soil

Soils across the globe are under constant threat of PAH,
which tends to accumulate on these soil particles. The degree
of adsorption and desorption of these pollutants depends on
redox conditions, pH, organic ligands and inorganic ions™.
The molecular weight and ring structure of PAH govern
their fate in the soil as well as influence soil characteris-
tics’®’’. HMW PAH tend to alter the physical characters
of the soil, such as pore size, rate of filtration and aeration, as
they bind more firmly to the particles than LMW PAH.
Fine soil particles have less inter-particle space and a po-
rosity-mediated effect that restricts the mobility of HMW
PAH due to their greater hydrophobicity®. As a result, they
tend to completely choke the soil pores or partially replace
them, reducing the soil's aeration and filtration capacity.
The presence of PAH affects the physico-chemical proper-
ties of the soil, such as pH, cation exchange capacity, humic
acid, carbon and nitrogen contents’**’. PAH also influence
the physical characteristics of the soil, such as grain size,
water-holding capacity and porosity, leading to reduced
aeration and choking of soil pores™. Fine-grained particles,
i.e. silt and clay, are more susceptible to PAH binding*'.
The properties of the soil, such as its size, pH and asso-
ciated organic carbon, also determine the PAH effect’’.
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Country-wise polycyclic aromatic hydrocarbons (PAH) contamination in the soil. Source: The map was created by using mapchart.net.

Fine soil particles provide a less scope of PAH movement,
resulting in persistent toxicity and enduring effects®. The
carbon-rich organic and fine-grained acidic soil is more
susceptible to PAH contamination and is difficult to bio-
remediate™. Prolonged exposure and subsequent accumula-
tion of PAH in the soil, and by extension, the rhizosphere
significantly lower its quality and adversely affect the rate
of seed germination, growth, and eventually plant health*’.
In spite of their ubiquitous presence across soils in differ-
ent parts of the world, there is limited information on the
influence of PAH on the soil and its processes. There is a
large temporal and spatial variability of types and concentra-
tions of PAH, and therefore, more region-specific studies
are required to provide sustainable remediation solutions.

Impact on rhizo-microbiota

Rhizosphere microbes are highly sensitive to any change
in the physico-chemical or edaphic properties of the soil.
Under the influence of pollutants, a shift in the diversity
and growth patterns of the microbial population takes
place. Biological activities in the rhizosphere, such as micro-
bial biomass and associated enzymatic activities, are sus-
ceptible to organic pollutants, including PAH*. The type
of PAH influences the community profile of rhizospheric
microbiota. Studies have been focused on understanding
the effect of PAH on microbial diversity, density and meta-
bolic activity®. At high concentration, PAH is detrimental
to their growth or even toxic to soil microbes. Contamina-
tion of PAH in the rhizosphere may even decrease the diver-
sity of some microbial populations and increase the density
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of aromatic ring dioxygenase-expressing bacteria (ARDB)
due to increased concentration of organic carbon''. This
could be the result of increased root exudation or accumu-
lation of PAH around the roots due to the transport pro-
cesses inside PAH-accumulated plants. Soil microflora is
highly sensitive to soil perturbation and is therefore known to
be a pollution indicator*®*’. PAH-induced stress in soil can
lead to altered microbial diversity, activity and succession®®.
The influence on the microbiome depends upon the type
and molecular weight of PAH®. For example, pyrene-
contaminated soils affect the diversity and abundance of
bacteria than fungi. Similarly, the density of Gram-negative
bacteria and AM fungi increases around Echinacea pur-
purea grown in PAH-contaminated soil’’. PAH-mediated
change in microbiome is due to altered carbon and nitrogen
cycling, and accelerated metabolism of carbon in the soil’'.
These studies indicate that PAH may negatively affect the
ecological balance of the rhizosphere. High PAH contam-
ination lowers the capacity of the soil to degrade contami-
nants due to decreased microbial activity***'”*. Any
change in soil microbial diversity and population dynam-
ics may alter the delicate balance of nutrient cycling.
Moreover, any shift in rhizospheric community structure and
function has direct implications on the growth of plants as
well.

Soil enzymes are sensitive indicators of the function
and degradation potential of the soil. Enzymes such as
urease, alkaline phosphatase, polyphenol oxidase and dehy-
drogenase are used to determine PAH load by assessing
the rhizo-microbiota™. There is a positive correlation be-
tween the presence of different PAH and the activity of
dehydrogenase and urease™.

Plant response to PAH-induced stress

Increasing PAH concentration in the soil is of concern due
to their tendency to bioaccumulate and subsequently bio-
magnify through absorption by plants. They not only affect
the germinability, growth, physiology and metabolic behav-
iour of the plants but also resource-partitioning®>®. Expo-
sure to low PAH concentration increases plant weight and
reduces root area’’. However, high PAH contamination in
the soil may inhibit plant growth and have phytotoxic effects,
making them prone to other stressors’®’. Growth in high
PAH soil leads to deformed trichomes, chlorosis, white
spots, and impaired root growth and development™*®.
PAH can penetrate cell membranes and eventually decrease
water content, nutrient utilization, inhibit photosynthetic
activity and electron transport in plants’®. LMW PAH can
even cause phytotoxic effects in plants, such as impaired
growth and development™.

Uptake of PAH by plants is governed by their concentra-
tion, water solubility, physico-chemical and even soil type®®.
Additionally, their molecular weight is a key determinant of
their uptake. HMW PAH bind more firmly to soil particles,
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making their removal through physical means a chal-
lenge®'. PAH uptake and accumulation in the plants, pri-
marily a passive process, are limited due to their high
partition coefficients in the soil®*®. Root and shoot con-
centration and transpiration stream concentration factors
also determine their uptake and availability in the plants®.

The rhizosphere significantly influences PAH uptake by
the plants directly and/or indirectly®™>®. Active rhizosphere
facilitates PAH degradation and decreases their bioavaila-
bility66’67. Factors such as microflora, root exudates, soil
type, available nutrients and pollutant load influence the
rhizosphere effect®™. Aromatic compounds that are homolo-
gous to PAH, as well as surfactant molecules released by
the plant roots give rise to the rhizosphere effect that
might contribute to an increase in microbial activity and
rhizodegradation of PAH in contaminated soils®*"".

Exposure to PAH induces oxidative stress in plants, lead-
ing to increased levels of reactive oxygen species (ROS)"".
Arabidopsis thaliana exposed to high phenanthrene con-
centration leads to an increase in ROS load, which may
surpass the capacity of the antioxidant systems of the
plants’.

A significant amount of PAH is accumulated in the leaves,
especially in the cuticle, and is dependent on morphologi-
cal factors such as size, surface-to-volume ratio and wax
content of the leaves, as well as chemical properties such
as lipophilicity and volatility of PAH™. Adsorption and
intake of PAH not only increase toxicity in the plants owing
to bioaccumulation but also make them available in vege-
tables and fruits’*. Temperature is another important factor
that determines the accumulation of PAH in plants. High-
temperature conditions enable PAH to exist in the gas phase,
while low-temperature conditions facilitate their accumu-
lation in the leaves.

The effect of PAH on plant growth and metabolism is
species-specific. For example, the biomass of Aeschynomene
indica increased, whereas that of Panicum bisulcatum de-
creased to approximately 70% when both species were ex-
posed to the same PAH concentration®™””. They not only
affect the growth and metabolism of plants but also their
endophyte population. Plant endophytes are highly sensitive
to PAH contamination, which increases specific PAH-
degrading endophytes in the plants. Therefore, endophytes
can be explored for better PAH biodegradation in an eco-
friendly manner.

PAH-induced stress on the rhizosphere—plant—
microbial relationship

Active interactions between plants and rhizo-microbiota
have been long recognized and are the fulcrum of biological
activity in the rhizosphere. Microbes depend on plant exu-
dates and other associated rhizodeposits for energy, and
facilitating critical processes in nutrient cycling, production
of growth promoters and xenobiotic degradation. Plants
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Figure 2.

under abiotic stress, such as contaminants, influence soil
properties through root exudates’®. This, in turn, affects
the microbial communities in the rhizosphere and eventually
alters plant performance. This is known as the plant—soil
feedback mechanism. Thus, rhizosphere—plant—microbes
share an intimate relationship that is not only symbiotic
but is more of a cyclic relationship, wherein changes in
one of them directly affect the others and ultimately affect
all three components. The health of the rhizosphere and its
microbial populations are important for plant health and
productivity. Plants and rhizospheric microbes are a com-
bined unit of the soil ecosystem; neither can be studied or
considered separately.

The rhizosphere microbiome has the capability to degrade
pollutants such as PAH"’. The mere presence of the rhizo-
sphere accelerates the rate of PAH dissipation and degra-
dation”®. Interactions among plant—soil-microbiome are
greatly influenced by plant species, physiology and photo-
systems, and life stages of plants’>*’. The rhizosphere of
grasses provides better degradation of PAH due to their
fibrous root system®'. However, in a comparative study,
legumes performed better in the removal of PAH when
compared to grasses’”.

This three-component rhizosphere—plant-microbial system
quickly responds to any change in the physico-chemical
properties and composition of the soil. The addition of
carbon-based pollutants such as PAH significantly influences
all three components. The effect of PAH on this system is
not restricted to morpho-physiological changes in the
plants, and their influence can be seen on plant-microbe sig-
nalling, nutrient allocation and resource partitioning®. A
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Rhizosphere—plant-microbe system under PAH-induced stress.

study has shown that increased carbon allocation to the
roots led to rapid utilization of carbon by microbes in Phrag-
mite australis under hydrocarbon stress™. Studies have
shown that plant hormones such as ethylene, brassinoster-
oids, ethane, expansin, cytokinin, cytochrome P450, gluta-
thione-S-transferase and endogenous abscisic acid play a
significant role in the signalling pathway of PAH-induced
stress"'. Glutathione S-transferase and ABC transporter
play a key role in the transfer of PAH from the rhizo-
sphere into the plant tissues®. PAH can affect the plant—
rhizosphere—microbial interactions by a two-way process
(Figure 2). PAH accumulated in the plants affect their micro-
biota and physiology. This, in turn, affects the lipophilic
composition of root exudates, which facilitate PAH deg-
radation. The presence of glucose, pyruvate and acetate
increases PAH accumulation in the rhizosphere. The pres-
ence of such compounds in root exudates in the rhizosphere
lowers the expression of PAH-degrading genes such as
nahG in Pseudomonas fluorescens HK44 present in the
rhizosphere, resulting in increased bacterial biomass®.
Therefore, the direct or indirect effect of PAH on plants,
microbes and rhizosphere may alter their natural interac-
tions temporarily or permanently.

Significance of the plant—-microbe—soil system in
alleviating PAH-induced stress

Due to their high concentration and prevalence, particularly
in some parts of the world, PAH make way into the food
chain, augmenting at each trophic level. Their effective
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Table 1. Plant—microbial system for effective polycyclic aromatic hydrocarbons (PAH) degradation
Percentage

Plant-microbial system PAH degraded degradation Genes involved Reference

Sorghum x drummondii and Sphingomonadales Fluorene, phenanthrene, 98 PAH-RHD o and nidA 90

fluoranthene and pyrene

Fire phoenix and Mycobacterium sp. Total PAH" 40.3-53.7 - 91

Orychophragmus violaceus and Rhodococcus ruber Eml Total PAH® 17.85 alkB and PAH-RHD 92

Populus deltoides and Bacillus sp. SBER3 Anthracene and naphthalene >75 - 93

Populus deltoides and Kurthia sp., Micrococcus varian, Anthracene and naphthalene >85 94
Deinococcus radiodurans and Bacillus circulans

Alfalfa (Medicago sativa L.), Ensif meliloti, Pseudomonas Phenanthrene 20-60 - 95
kunmingensis, Rhizobium petrolearium and
Stenotrophomonas sp.

Jatropha curcas, Pseudomonas aeruginosa PDBI, Pyrene 97.2 nod, nahR, nahAF, 96
Pseudomonas fragi DBC, Klebsiella pneumoniae AWDS, catA, kshA and hsaC
Alcaligenes faecalis BDB4 and Acinetobacter sp. PDB4

Ryegrass and Acinetobacter sp. or AMF Phenanthrene and pyrene >90 97

Ryegrass (Lolium multiflorum) and Arthrobacter pasce strain ~ Fluoranthene 74.9 98
(ZZ21) and/or Bacillus cereus strain (Z21)

Alfalfa (M. sativa L.), Bacillus sp. and Flavobacterium sp. Total PAH* 25.8 99

Vertiveria zizanioides, Bacillus sp. and Pseudomonas sp. Total PAH® 88-89% 100

“Different components of PAH were not studied separately.

"Napthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benzo[a]anthracene, Chyrsene, Ben-
zo[b,k]fluoranthene, Benzo[a]pyrene, Indeno[1,2,3-cd]pyrene and Benzo[g,h,i]perylene.
“Fluoranthene, Phenantherene, Anthracene, Pyrene, Benzo(a) anthracene, Chrysene, Benzo(b) fluoranthene and Benzo(a) pyrene.

and eco-friendly mitigation is thus the need of the hour.
PAH removal through chemical and photolytic oxidation,
volatilization and sedimentation is costly and environmen-
tally unsustainable®'. Conversely, phytoremediation and
microbial remediation, although cost-effective and ecolog-
ically sustainable, are dependent on the physico-chemical
properties of the soil, microbial profile and plant commu-
nities present in the rhizosphere and may show incomplete
and slow degradation rates. Till now, studies have focused
on microbe-assisted phytoremediation, which uses either a
single microbe or a consortium for remediation. However,
the mechanism of action of a single microbe or consorti-
um within the rhizosphere is not completely understood.
Moreover, the rhizospheric ecosystem of higher plants has
unique eco-biological characteristics which can be altered
due to the addition of such microbe(s). It may also be dif-
ficult to provide enough microbial population for com-
plete biodegradation of PAH.

Rhizoremediation is the use of plant and rhizospheric
microbiota for the efficient degradation of PAH. The appli-
cation of plant growth-promoting rhizobacteria (PGPR)
provides bidirectional benefits by efficiently degrading
PAH and improving plant growth and development, which
in turn helps the microbes to grow and survive in the rhizo-
sphere®’. Various studies have confirmed that the degrada-
tion of PAH through rhizoremediation is far more efficient
than other remediation techniques due to the exploitation
of useful interactions between the host plants and their re-
spective rhizo-microbiota. For example, >70% pyrene deg-
radation was documented in vegetated soil compared to
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that in unplanted soil conditions (<40%), indicating that
rhizo-microbiota, along with the host plants, accelerate the
degradation process®®.

The rhizo-microbiota of specific host plants may include
microbes significant in plant growth and development and
a subpopulation possessing PAH-degrading genes such as
ARDB. Such a type of healthy rhizo-microbiota may be
formed naturally through microbial interactions within the
rhizosphere or artificially through microbiome engineering.
The latter includes the establishment of a more efficient
microbiome artificially into the rhizosphere, which can
completely degrade PAH. In situ microbiome engineering
may be achieved through augmentation (elevating the levels
of a specific microbial community using certain types of
supplement), reduction (establishment of a non-conducive
environment for undesirable microbial function) or bio-
inoculation (application of a mixture of microbes involved
in degradation)®. Plant-rhizosphere—microbial interactions
need to be explored for better remediation of PAH-conta-
minated soil. Table 1 summarizes some of the beneficial
interactions.

Conclusion and future prospects

Prolonged exposure of the soil to high PAH increases the
risk of their bioaccumulation and entry into the food chain.
PAH-induced stress adversely affects the plant—soil-
microbial interactions, ultimately disrupting several eco-
system functions and services. To come up with suitable
solution, this tripartite interaction must be completely
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understood. Being a dynamic system, it is in constant flux,
and shows several regional and local variations. Since most
PAH emissions are anthropogenic and associated with
economic development, there seems to be no imminent
near-future solution for this menace. To reduce toxic effects
of PAH and minimize the damage to ecosystem and health,
sustainable solutions are required. Tapping the potential of
soil microbes which can efficiently degrade PAH seems to
be the best possible sustainable solution. Rhizoremediation is
a promising tool in establishing a healthy host plant mi-
crobial zone and developing an efficient PAH-degradation
system. However, the diversity of rhizosphere microbes
involved in rhizoremediation and their functional genes
are still poorly understood. Exploring modern molecular
technologies such as genomics, metabolomics, transcriptom-
ics and proteomics for understanding the biochemistry of
PAH-degrading microbes will provide adequate knowledge
of potential genes and enzymes involved in the degrada-
tion process. This will lead to the development of genetically
modified microbes or consortia and provide an effective
and sustainable solution for soil remediation from PAH-
induced stress.
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