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Plant–bacteria partnerships for the remediation of hydrocarbon contaminated soils
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h i g h l i g h t s

" Plant–bacteria partnerships is an emerging pollutant remediation approach.
" Plant associated rhizo- and endophytic bacteria can enhance pollutant degradation.
" Plant stimulates the bacteria to degrade organic contaminants in the soil.
" Plant associated-bacteria can reduce phytotoxicity and evapotranspiration of hydrocarbons.
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a b s t r a c t

Plant–bacteria partnerships have been extensively studied and applied to improve crop yield. In addition
to their application in agriculture, a promising field to exploit plant–bacteria partnerships is the remedi-
ation of soil and water polluted with hydrocarbons. Application of effective plant–bacteria partnerships
for the remediation of hydrocarbons depend mainly on the presence and metabolic activities of plant
associated rhizo- and endophytic bacteria possessing specific genes required for the degradation of
hydrocarbon pollutants. Plants and their associated bacteria interact with each other whereby plant sup-
plies the bacteria with a special carbon source that stimulates the bacteria to degrade organic contami-
nants in the soil. In return, plant associated-bacteria can support their host plant to overcome
contaminated-induced stress responses, and improve plant growth and development. In addition, plants
further get benefits from their associated-bacteria possessing hydrocarbon-degradation potential, lead-
ing to enhanced hydrocarbon mineralization and lowering of both phytotoxicity and evapotranspiration
of volatile hydrocarbons. A better understanding of plant–bacteria partnerships could be exploited to
enhance the remediation of hydrocarbon contaminated soils in conjunction with sustainable production
of non-food crops for biomass and biofuel production.

� 2012 Elsevier Ltd. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1318
2. HC remediation by plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1318
3. HC remediation by plant–bacteria partnerships. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1319
4. RB with the capacity to enhance HC phytoremediation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1322
5. EB with the capacity to enhance HC phytoremediation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1324
6. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1326
7. Future prospects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1326

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1326

0045-6535/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2012.09.045

⇑ Corresponding author. Tel.: +92 41 2651475; fax: +92 41 2651472.
E-mail address: manibge@yahoo.com (M. Afzal).

Chemosphere 90 (2013) 1317–1332

Contents lists available at SciVerse ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate /chemosphere

http://dx.doi.org/10.1016/j.chemosphere.2012.09.045
mailto:manibge@yahoo.com
http://dx.doi.org/10.1016/j.chemosphere.2012.09.045
http://www.sciencedirect.com/science/journal/00456535
http://www.elsevier.com/locate/chemosphere


1. Introduction

Although petroleum is one of the main components of our mod-
ern industrial society, during the processes of extraction, refining,
transport and use, an increasing number of sites is seriously con-
taminated by hydrocarbons (HCs) world-wide (Banks et al., 2003;
Truu et al., 2007; Nam et al., 2008; Rojo, 2009). Presence of HC pol-
lutants in the environment not only adversely affect human health
but also plant growth and development (Joner et al., 2004; Meudec
et al., 2007; Euliss et al., 2008; Peng et al., 2009; Nie et al., 2011;
Rojo-Nieto and Perales-Vargas-Machuca, 2012). Furthermore,
these strongly influence soil chemical properties, and soil microor-
ganisms’ population and activities (MacNaughton et al., 1999;
Lapinskienė et al., 2006; Kisic et al., 2009; Barrutia et al., 2011;
Guo et al., 2012; Leme et al., 2012). The toxicity of low molecular
weight HCs is considered to inhibit plant growth and development.
Furthermore, hydrophobic properties of HCs reduce the ability of
plants and microorganisms to absorb water and nutrients from
the soil (Kirk et al., 2005; Kechavarzi et al., 2007; Nie et al., 2011).
Therefore, the remediation of HC contaminated soils is one of the
hot topics in the field of environmental sciences and engineering
(Ciric et al., 2009; Gan et al., 2009; Gurska et al., 2009; Kathi and
Khan, 2011; Nie et al., 2011; Basumatary et al., 2012).

At present, remediation treatments available for HC polluted
soils are usually expensive and environmentally invasive (Pandey
et al., 2009; Weyens et al., 2009a, 2010b). As a complement to tra-
ditional remediation treatments, currently emerging phytoremedi-
ation technology might provide a more cost-effective and
environmentally friendly HC remediation approach. Phytoremedia-
tion involves the use of plants to extract, sequester, and/or detoxify
hazardous organic and inorganic contaminants from soil, water and
air (Salt et al., 1995; Meagher, 2000; Pilon-Smits, 2005; Sandhu
et al., 2007; Ali et al., 2012; Kabra et al., 2012). As plants use sun-
light, water and carbon dioxide for their growth and development,
the in situ application of this technology requires low inputs and
maintenance. Furthermore, it causes minimum site disturbance,
therefore it is highly acceptable in community (Weyens et al.,
2010b, 2010c; Nesterenko-Malkovskaya et al., 2012). However,
there are some disadvantages/limitations of phytoremediation,
i.e. it is a long time process, not as efficient in the presence of high
concentration of pollutants. The zone of effectiveness of phyto-
remediation is generally dictated by the depth of root growth, only
the plant with extensive root system can be applied. Moreover, con-
taminants which are highly sorbed to soil particles may not be
treatable due to limited bioaccessibility or bioavailability. More
importantly, the effectiveness of phytoremediation varies with
environmental conditions, including soil physicochemical proper-
ties and seasonal temperature fluctuations (Segura et al., 2009).

Although there have been some reports whereby plants alone
were used successfully for bioremediation of HC from contami-
nated soils (Liste and Alexander, 2000; Newman and Reynolds,
2004; Euliss et al., 2008; Gerhardt et al., 2009; Peng et al., 2009;
Zhang et al., 2012), the use of plants in conjunction with HC-
degrading and/or plant growth-promoting bacteria (PGPB) offers
much more potential for the remediation of HC contaminated soils
(McGuinness and Dowling, 2009; Afzal et al., 2011; Teng et al.,
2011; Yousaf et al., 2011). Bacteria possessing HC-degradation
pathways and metabolic activities improve plant tolerance to HC
pollutants by degrading these organic compounds (Escalante-
Espinosa et al., 2005; Alarcón et al., 2008; Robert et al., 2008). Addi-
tionally, PGPB mitigate plant stress responses, and enhance plant
growth and development (Weyens et al., 2009c, 2009d; Golubev
et al., 2011; Afzal et al., 2012). Beside the fact that bacterial appli-
cation to plants vegetated in contaminated soil enhances biomass
production, for the purposes of its use in different industries, the

exploration of plant–bacteria associations for the reclamation of
polluted environments is an emerging field (Weyens et al.,
2010a, 2010b, 2010c). Due to high potential of plant–bacteria part-
nerships to remediate contaminated soil and water, the use of this
technology to remediate different environmental pollutants has
been increasingly investigated (Germaine et al., 2006, 2009; Wey-
ens et al., 2009c, 2010b, 2010c; Glick, 2010; Yousaf et al., 2010b;
Afzal et al., 2011, 2012).

Plant-associated bacteria, such as rhizobacteria (RB) and endo-
phytic bacteria (EB), have been shown to contribute to biodegrada-
tion of toxic organic compounds in polluted soil and could have
potential for improving phytoremediation (Siciliano et al., 2001;
Germaine et al., 2006, 2009; McGuinness and Dowling, 2009;
Weyens et al., 2009c, 2009d; Yousaf et al., 2010a; Afzal et al.,
2012). RB colonize the root environment, where they can involve
in the degradation of organic contaminants including HCs (Alkorta
and Garbisu, 2001; Glick, 2003; Abhilash et al., 2011; Afzal et al.,
2011). RB which exert a beneficial effect on the plant being colo-
nized are termed ‘plant growth promoting rhizobacteria’ (PGPR).
PGPR may benefit the host by causing plant growth promotion or
biological disease control. EB colonize in the internal tissues of
the plant and generally do not confer pathogenic effects to their
host (Compant et al., 2010). HC-degrading EB can produce various
enzymes to degrade HCs and reduce both the phytotoxicity and
evapotranspiration of volatile HCs (Germaine et al., 2009; Weyens
et al., 2009d; Yousaf et al., 2011; Li et al., 2012). Recently,
HC-degrading bacteria (up to 9 � 107 cells g�1) were isolated from
the surfaces of leaves of two legumes, peas and beans (Ali et al.,
2012). It was recommended that phytoremediation through phyl-
osphere technology could be useful in remediating atmospheric
HC pollutants.

Although plant–bacteria partnerships have been extensively
investigated; most of the studies aimed to explore either plant–
pathogen interactions or nitrogen fixation. From the last decade,
the ecology of bacteria in the rhizosphere and endosphere of differ-
ent plants was focused to improve the phytoremediation of soil
contaminated with different organic pollutants including HCs
(Siciliano et al., 2001; Yousaf et al., 2010a). More recently, many re-
ports pointed out that successful colonization of inoculated RB
and/or EB in different compartments of plant is an important factor
to enhance the efficiency of phytoremediation (Nie et al., 2011;
Yousaf et al., 2011; Afzal et al., 2012; Wang et al., 2012a). In this
paper, we review the current knowledge about the plant–bacteria
partnerships that can be applied for the remediation of HCs from
the polluted environment. Furthermore, colonization and meta-
bolic activities of plant growth-promoting and HC-degrading RB
and EB regarding phytoremediation of HCs will be addressed.

2. HC remediation by plants

It is a general concept that plants are basic source of fiber, fuel
and food. However, their possible roles to remove contaminants
from the soil and water have been recognized in the last two dec-
ades. The particular tendency to tolerate, immobilize, accumulate,
degrade and remove large amount of organic pollutants from the
soil and water has opened up the possibility to use plants for the
remediation of HCs polluted environment (van der Lelie et al.,
2001; Garbisu et al., 2002; Peña-Castro et al., 2006; Ying et al.,
2011). Plants can absorb minute quantity of HCs from the soil
and translocate them into their different parts (McCrady et al.,
1987; Sheng et al., 2008a). HCs uptake and accumulation in the
root and shoot of plants vegetated in contaminated soil are associ-
ated with contaminant concentration in the soil (Brooks et al.,
1998; Wild et al., 2005; Parrish et al., 2006; Lu et al., 2010b). Once
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