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 Introduction

Living organisms such as plants, earthworms, and microorganisms have been recog-
nized by their capacity to dissipate pollutants (Hong et al. 2015; Lu and Lu 2015; 
Xue et al. 2015). Some biochemical and physiological properties of these organisms 
are used to increase the dissipation of polycyclic aromatic hydrocarbons (PAHs) 
through biodegradation and bioremediation processes (Abbasian et  al. 2015; 
Haritash and Kaushik 2009). Biodegradation is a natural way of recycling wastes or 
pollutants, which are usually used in relation to ecology, waste management, and 
mostly associated with bioremediation, a technology for environmental remedia-
tion. Bioremediation is defined as the treatment of pollutants or waste by the use of 
living organisms in order to eliminate, attenuate, degrade, transform, or break down 
(through metabolic or enzymatic action) the undesirable substances to inorganic 
components, such as CO2, H2O, and NO3

− (Fernández-Luqueño et al. 2011; Pistelok 
and Jureczko 2014).

Organic pollution by PAHs is an increasing concern by the environmental scien-
tists nowadays. Increasing concern for the environment has recently highlighted 
three major problems to resolved, namely, pollution, scarcity of resources, and 
unsustainable development of our societies. Pollution is defined as the introduction 
of elements, compounds, substances, or energy into the environment at concentra-
tions that adversely alter its biological functioning or that present an unacceptable 
risk to humans or other targets that use or are linked to the environment (Fernández- 
Luqueño et al. 2011; Okparanma and Mouazen 2013; Berezina et al. 2015). In addi-
tion, PAHs pollution is a cause of many human and environmental health-related 
problems.

PAHs are organic molecules that often contaminate water (Fernández-Luqueño 
et al. 2013a; Leonov and Nemirovskaya 2011; Vodyanitskii 2014), soil (Alagic et al. 
2015; Chen et al. 2015; Ibrahim et al. 2015; Wloka et al. 2015), sediments (Hall 
et al. 2011; Meng et al. 2015), and air (Ma and Harrad 2015; Szulejko et al. 2014). 
Although several hundred PAHs exist, most studies have been focused on a limited 
number of them, the so-called 16 EPA priority PAHs, seven of them might be muta-
genic, carcinogenic, and teratogenic (Keith 2015). In the natural environment, the 
PAHs undergo transformations involving both biotic and abiotic processes such as 
volatilization, adsorption, photolysis, chemical oxidation, and the microbial degra-
dation, among others. However, plants and microbial activities make up the primary 
pathway for PAHs removal from the environment (Fig. 1).

Recently, different papers have reviewed the biodegradation and bioremedia-
tion of soil, water, and air polluted with PAHs, e.g., Fernández-Luqueño et al. 
(2011), Abbasian et  al. (2015), Alagic et  al. (2015), and Xue et  al. (2015). 
However, until now, there have been no reviews summarizing the relationship 
between microbial and vegetal populations under different PAHs-polluted 
 ecosystems in order to enhance the degradation of PAHs, while the main biotech-
nological challenges to increase the biodegradation of PAHs at laboratory and 
field scale have neither been published. The objective of this chapter is to provide 
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the cutting-edge knowledge about the different biological interrelationships that 
are simultaneously taking place on a polluted site, prior, during, and after of the 
bioremediation strategies, taking into account and at the same time discussing 
the experimental findings at the laboratory and field scale by outstanding 
specialists.

 Plants and Microorganisms Suited for Remediation 
Techniques

Pollution of soil, water, sediments, and air by PAHs is a common phenomenon 
across the globe, which may pose a great threat to the environment and human 
being at large. Different treatment methods have been employed to reclaim con-
taminated soils, water bodies, or air nowadays. However, plants and microorgan-
isms have been recognized by their potential to dissipate PAHs within a very 
narrow range of climates and physical and biochemical characteristics of polluted 
substrates (soil, sediments, water, and air), e.g., Fernández-Luqueño et al. (2011) 
and Yavari et al. (2015).

Phytoremediation is a strategy that employs plants to degrade, stabilize, and/or 
remove PAHs, which can be an alternative green technology method for reme-
diation of PAHs-polluted soils, water, and air. Phytoremediation, as a green 
t echnology option, is defined as the use of plants to remove pollutants from the 
environment or to render them harmless. This technique includes seven main 
strategies such as (Fig. 2):

Fig. 1 List of 16 EPA priority polycyclic aromatic hydrocarbons (in the red box, there are seven 
PAHs that might be mutagenic, carcinogenic, and/or teratogenic)
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• Phytoextraction, also referred to as phytosequestration, phytoaccumulation, or 
phytoabsorption: plants remove PAHs from the soil and concentrate them in the 
harvestable parts of plants (Jiao et al. 2015).

• Phytodegradation, also referred to as phytotransformation: plants break down 
PAHs into simpler compounds that are integrated with plant tissue, which in turn, 
foster plant growth (Al-Baldawi et al. 2015).

• Phytofiltration, also referred to as rhizofiltration: plants and/or roots absorb, 
adsorb, concentrate, and/or precipitate PAHs. It involves filtering water through 
a mass of tissues to remove toxic substances or nutrients (Lee 2012).

Fig. 2 Main strategies used to remediate contaminated soils, sediments, air, and water bodies

F. Fernández-Luqueño et al.
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• Phytohydraulics: this process is used to limit the movement of contaminants with 
water. Plants are used to increase evapotranspiration, thereby controlling soil 
water and contaminant movement (Hong et al. 2001).

• Phytostabilization, also referred to as phytoimmobilization: plants reduce the 
mobility and bioavailability of pollutants in the environment either by immobili-
zation or by prevention of migration (Pulford and Watson 2003; Masu et  al. 
2014).

• Phytostimulation, also referred to as rhizodegradation: process where roots 
release compounds in order to enhance microbial activity in the rhizosphere 
through the rhizospheric associations among plants and symbiotic soil microor-
ganisms (Gartler et al. 2014).

• Phytovolatilization: plants increase the volatilization of pollutants into the atmo-
sphere via themselves through its ability to take up, translocate, and subsequently 
transpire volatile contaminants (Shiri et al. 2015).

It is well known that the plants may use more than one strategy of the abovemen-
tioned simultaneously during a common phytoremediation process. In addition, 
there are other strategies to improve the environmental quality and remove pollut-
ants using plants, which are categories or variations of the abovementioned strate-
gies. These include constructed wetlands, hydraulic barriers, phytodesalination, and 
vegetation covers.

Phytoremediation has now emerged as a promising strategy for in situ removal of 
many contaminants, while microbe-assisted phytoremediation including rhizoreme-
diation appears to be particularly effective for the removal and/or degradation of 
organic contaminants from PAHs-polluted substrates (Zawierucha et al. 2014; Chen 
et al. 2016). Furthermore, root exudates from plants do help to dissipate PAHs and 
act as substrates for soil microorganisms, which result in increased rate of PAHs 
biodegradation. It has to be remembered that the strategies chosen for a 
 phytoremediation project depend on the contaminant level, contaminant properties, 
and the contaminated matrix (Fig. 3).

Fig. 3 Application of phytoremediation strategies as a function of the matrixes (such as soil, 
water, sediments, and air)
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Different plants and crops have been found useful for phytoremediation of 
PAHs- polluted substrates (Table  1). Phytoremediation is a particularly useful in 
wetland environments because it uses plants and their associated microorganisms to 
recover PAHs-polluted soil and water (Table 2). Plant-associated rhizobacteria are 
involved in the PAHs degradation in contaminated substrates, while the plants them-
selves have the potential to enhance the rhizobacteria population. It is well known 
that many studies have been concentrating on the plant-microorganism interaction 
in phytoremediation, where the presence of autochthonous microorganisms can 
enhance the remediation efficiency of plants.

It has to be remembered that Macek et al. (2000) stated some advantages and 
disadvantages of phytoremediation. The main advantages of phytoremediation in 
comparison with classical remediation methods can be summarized as follows: (i) 
it is far less disruptive to the environment, (ii) there is no need for disposal sites, 
(iii) it has a high probability of public acceptance, (iv) it avoids excavation and 
heavy traffic, (v) it has potential versatility to treat a diverse range of hazardous 
materials, and (vi) it is cheaper than other techniques. However, the use of phy-
toremediation is also limited by the climatic and geological conditions of the site 
to be cleaned, temperature, altitude, soil type, and accessibility by agricultural 
equipment.

According to Macek et al. (2000), phytoremediation also has some disadvantages 
such as:

 1. Formation of vegetation may be limited by extremes of environmental toxicity.
 2. Contaminants collected in leaves can be released again to the environment dur-

ing litter fall.
 3. Contaminants can be accumulated in fuel woods.
 4. The solubility of some contaminants may be increased, resulting in greater envi-

ronmental damage and/or pollutant migration.
 5. It may take longer than other technologies.
 6. The plant biomass may require additional management prior to final 

disposition.
 7. It may need the use of plants or microorganisms transgenic.
 8. It requires technicians with strong academic skills about phytoremediation and 

about their economic, social, and environmental implications.

In addition, according to Eapen and D’Souza (2005), a plant suitable for phy-
toremediation should possess the following characteristics: (i) ability to tolerate, 
accumulate, or degrade pollutants in their aboveground parts, (ii) tolerance to 
pollutants concentration accumulated, (iii) fast growth and high biomass, (iv) wide-
spread highly branched root system, and (v) easy harvestability.

Regarding the interactions among plants and indigenous rhizobacteria, 
Fernández-Luqueño et al. (2011) and Chen et al. (2016) stated that microbe-assisted 
phytoremediation has been well documented in scientific literature so that there is 
enough evidence to state that microbe-assisted phytoremediation has potential as an 
effective and inexpensive technique for removal, degradation, or dissipation of 
organic pollutants from polluted systems such as soils, water b odies, or air.

F. Fernández-Luqueño et al.
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 Biological Interrelationships Between Plant 
and Microorganisms in a Polluted Site: Insights into Prior, 
During, and After of the Bioremediation Strategies

For more than 120 years, the biological interrelationship among plants and micro-
organisms has been studied. However, the remediation techniques are not older than 
30 years. Nevertheless, more and more studies have demonstrated the remediation’s 
potential to recover polluted systems, which are becoming major environmental and 
human health concerns worldwide.

Lynch and Moffat (2005) were the first to use the term “phytobialremediation” in 
order to redefine phytoremediation assisted by microorganisms. Recently, it has 
been reported that plants and microorganisms help each other in the whole process 
of phytoremediation throughout phytobialremediation, which may be improved 
with transgenic technologies. Phytobialremediation is a technique, which can be 
carried out by free-living microorganisms or by symbiotic microbes, which live in 
the rhizosphere. In addition, it has to be remembered that plant microbial symbionts 
may constitute the “unseen majority” in phytoremediation of organic compounds 
(Fester et al. 2014). The rhizosphere is the microecological zone surrounding plant 
roots, i.e., it is a narrow region of soil that is directly influenced by root secretions 
and associated soil microbes. In the rhizosphere, the roots release a number of com-
pounds establishing a highly dynamic and active microbial community distinctly 
different from the bulk soil microbial community. The exudates compounds increase 
contact among plant roots and the surrounding soil and prevent dehydration during 
dry spells. The functions of the plant root system include anchorage, the absorption 
of water and mineral nutrients, synthesis of various essential compounds, and the 
storage of food. Furthermore, the plant root system aerates the soil and provides a 
steady-state redox environment and a starting material for colonization of plant 
growth-promoting rhizobacteria (PGPR). PGPR are the rhizosphere bacteria that 
can enhance plant growth by a wide variety of mechanisms such as degradation of 
pollutants, phosphate solubilization, siderophore production, biological nitrogen 
fixation, antifungal activity, and induction of systemic resistance, among others 
(López-Valdez et al. 2015).

Chen et al. (2016) studied the potential of interplanting a Zn/Cd hyperaccumula-
tor plant (Sedum alfredii L.) with a rhizospheric mediator (perennial ryegrass, 
Lolium perenne L.) for remediation of an actual wastewater-irrigated soil co- 
contaminated with PAHs and heavy metals in a 2-year greenhouse experiment, 
using Microbacterium sp. strain KL5 and Candida tropicalis strain C10. They found 
that the highest efficiency of PAHs removal, PAHs mineralization, and metal phyto-
extraction was obtained by interplanting ryegrass with S. alfredii associated with 
regular reinoculation with strain KL5 and C10 in the contaminated soil. Additionally, 
they reported that microbial inoculation promoted soil enzyme activity, PAHs 
removal, plant growth, and metal phytoextraction. Their date from qPCR and high- 
throughput sequencing suggest that reinoculation was necessary for the long-term 
remediation practice, and plants especially ryegrass were beneficial for PAHs 
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degraders (Chen et al. 2016). As already explained, it has to be remembered that 
PAHs degradation in soils is dominated by bacterial and fungal strains belonging to 
a wide number of taxonomic groups (Fernández-Luqueño et al. 2011), i.e., it is well 
known that degradation/dissipation rates are strongly influenced by a wide number 
of soil microbial communities. Fernández-Luqueño et  al. (2013b) studied the 
dynamics of the bacterial community composition, i.e., the diversity and abundance 
of microbial soil communities through PCR-DGGE of 16S rDNA gene fragments 
from a saline-alkaline soil polluted with PAHs. They found in a 56-days experiment 
that some microbial communities were harbored in the nine studied treatments. In 
addition, they found that the number of ribotypes increased in an alkaline-saline soil 
amended with wastewater sludge and spiked with phenanthrene and anthracene. 
Aertsen and Michiels (2005) noted similar results in a soil polluted with PAHs. 
They showed that both microorganism prokaryotes and eukaryotes possess mecha-
nism that generates genetic and phenotypic diversity upon encountering stress such 
as PAHs spill.

Fernández-Luqueño et al. (2011) stated that the cutting-edge knowledge in the 
molecular genetics of plant and microorganisms and the knowledge-based meth-
ods of rational genetic modification suggest the possibility to develop plants and/
or microorganisms that could decontaminate environments. The genomics and 
genetic engineering are the main biotechnological techniques to achieve this. 
Plants and microorganisms naturally respond differently to various kinds of stresses 
and gain fitness in the polluted environment. However, applying genetic engineer-
ing techniques can accelerate this natural process, but it has to be taken into account 
that ethical and social concerns are important. In addition, it has to be remembered 
that during the last several decades, plants and microorganisms have been widely 
investigated as unconventional systems for getting faster production of consumer 
goods and additional benefits. In genetic transformation processes, the gene of 
interest of donor plants, microorganisms, or viruses is transferred to host plants 
using methods such as Agrobacterium mediation, bombardment/biolistics, electro-
poration, a silicon- carbide fiber-based technique, polyethylene glycol-mediated 
protoplast fusion, and liposome-mediated gene transfer, among others. To date, 
transgenic plants have been engineered for the following purposes: to increase 
their tolerance to abiotic and biotic stresses, to improve the nutrient uptake, to 
reduce the effect of harmful agrochemicals, to increase their yield (grain produc-
tion, growth rate, and biomass production), to increase the symbiotic interaction 
ships with soil microorganism, to increase the tolerance to pollutants, and to be 
used during phytoremediation processes (Abiri et al. 2016). Kotrba et al. (2009) 
published a review in which they summarize the state of the art on phytoremedia-
tion with genetically modified plants. Hannula et al. (2014) stated that the impact 
of genetically modified plants on natural or agricultural ecosystems showed that 
specific effects of single transformation events should be tested on a case-by-case 
basis in a natural setting where the baseline factors are all taken into consideration. 
In addition, Fernández-Luqueño et al. (2011) suggested that care should then be 
taken that the genetically modified microorganisms and plants do not outcompete 
the native ones or that negative traits spread through the soil microbial population. 
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Therefore, the environmental risk is latent when genetically modified microorgan-
isms and plants are released in the environment in order to phytoremediate natural 
systems polluted with PAHs. New techniques such as stable isotope probing exper-
iments, high-throughput sequencing, and meta-transcriptomics should be used in 
parallel with carefully designed field experiments considering a holistic review of 
the different individual reactions that are simultaneously taking place during the 
phytoremediation and that should be source of additional effects on the subsequent 
plant and microorganism species.

 Increasing Social Welfare Throughout Remediation

Phytoremediation will become more economically feasible if the harvestable plant 
biomass results in financial returns (Mench et al. 2010). However, agronomic con-
straints, such as problems with crop rotation, climate, soil quality, and culture, must 
be considered. According to Mench et  al. (2010), the commercial viability of a 
phytoremediating crop, which depends on total revenue (minus nonlabor variable 
costs) earned on the area to be cleaned up and calculated over an appropriate time 
period, is not decreased from what would be earned by conventional agricultural 
production. Decision making by the stakeholder must be assisted by a “cost-benefit 
analysis” accounting for the timely evolution of costs and benefits of phytoremedia-
tion. In addition, Mench et al. (2010) stated that assuming a predefined time period 
for the remediation, a cost-benefit approach could distinguish the cost of the phy-
toremediation action, capital, and operational costs connected with the contaminant 
removal, performance of the remediation crop, the soil or water conditions, and the 
difference between initial and target levels of contamination. Taken as a whole, 
these determine: (i) the remediation timescale, (ii) the income loss generated by the 
contaminated matrix, (iii) the potential income through biomass valorization, and 
(iv) the projected income from the remediated matrix, determined by its functional 
use (Mench et al. 2010; Ciesielczuk et al. 2014). However, the economics of phy-
toremediation is frequently favorable, but financial returns from produced biomass 
and element recycling have yet to be optimized. In addition, strategies for phytore-
mediation have to be relied on sustainable development, because environment pro-
tection does not preclude economic development, and economic development is 
ecologically viable today and in the long run.

Phytoremediation appears to be a feasible approach for cleaning contaminated 
matrix with PAHs, but technical hindrances have to be overtaken to shape a sustain-
able future throughout remediation techniques. In addition, a widespread lack of 
awareness among governments and societies about the current scale, pervasiveness, 
and risk to billions of people from environmental contamination hinders the estab-
lishment of strategies to stop/reduce the PAHs pollution. However it has to be 
remembered that phytoremediation is an efficient and cheap technique, but it is not 
free. Finally, site decontamination should be regarded as integral to bioeconomy 
and sustainability goals.
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 Conclusions and Perspectives

A substantially large body of information on the potential of phytoremediation for 
cleaning up the environment has been gathered together. Here we summarize the 
gained experience, which has helped to prove the suitability of plants and microor-
ganism to remediate polluted environments. However, it has to be remembered that 
many technical hindrances currently limit the efficiency of phytoremediation. In 
addition, it has to be taken into account that to protect human health and the envi-
ronment is necessary to develop and to promote innovative cleanup strategies that 
restore polluted sites/matrix to incorporate them to a productive use and promote 
the environmental stewardship and the sustainable development. Sharing scientific 
knowledge and technologies for assessing, cleaning, and preventing contamination 
is necessary, but the lack of environmental education in our society is evident, while 
the universities and research centers have the commitment of preparing young engi-
neers with strong academic skills to address and decontaminate the increasingly 
polluted environment. We must not forget that the multidisciplinary nature of 
assessment and cleanup of polluted sites requires a complex and costly team of 
experts.

Acknowledgments The research was funded by the Sustainability of Natural Resources and 
Energy Program (Cinvestav-Saltillo). CR S-C and S G-M received grant-aided support from 
“Becas de Posgrado-CONACyT.” F F-L, and F L-V received grant-aided support from “Sistema 
Nacional de Investigadores-CONACyT.”

References

Abbasian F, Lockington R, Mallavarapu M, Naidu R (2015) A comprehensive review of aliphatic 
hydrocarbon biodegradation by bacteria. Appl Biochem Biotechnol 176(3):670–699

Abiri R, Valdinani A, Maziah M, Shaharuddin NA, Sahebi M, Yusof ZNB, Atabaki N, Talei D 
(2016) A critical review of the concept of transgenic plants: insights into pharmaceutical bio-
technology and molecular farming. Curr Issues Mol Biol 18:21–42

Aertsen A, Michiels CW (2005) Diversity or die: generation of diversity in response to stress. Crit 
Rev Microbiol 31(2):69–78

Agamuthu P, Abioye OP, Aziz AA (2010) Phytoremediation of soil contaminated with used lubri-
cating oil using Jatropha curcas. J Hazard Mater 179:891–894

Ahmed RZ, Ahmed N, Gadd GM (2010) Isolation of two Kocuria species capable of growing on 
various polycyclic aromatic hydrocarbons. Afr J Biotechnol 9:3611–3617

Alagic SC, Maluckov BS, Radojicic VB (2015) How can plants manage polycyclic aromatic 
hydrocarbons? May these effects represent a useful tool for an effective soil remediation? A 
review. Clean Technol Environ Policy 17(3):597–614

Alarcon A, Davies F, Autenrieth R, Zuberer D (2008) Arbuscular mycorrhiza and petroleum- 
degrading microorganisms enhance phytoremediation of petroleum-contaminated soil. Int 
J Phytoremediation 10:251–263

Al-Baldawi IA, Abdullah SRS, Anuar N, Suja F, Mushrifah I (2015) Phytodegradation of total 
petroleum hydrocarbon (TPH) in diesel-contaminated water using Scirpus grossus. Ecol Eng 
74:463–473

F. Fernández-Luqueño et al.



59

Arulazhagan P, Vasudevan N (2011) Biodegradation of polycyclic aromatic hydrocarbons by a 
halotolerant bacterial strain Ochrobactrum sp. VA1. Mar Pollut Bull 62:388–394

Atagana HI (2011) Bioremediation of co-contamination of crude oil and heavy metals in soil by 
phytoremediation using Chromolaena odorata (L) king & HE Robinson. Water Air Soil Pollut 
215:261–271

Baneshi M, Kalantary R, Jafari A, Nasseri S, Jaafarzadeh N, Esrafili A (2014) Effect of bioaug-
mentation to enhance phytoremediation for removal of phenanthrene and pyrene from soil with 
Sorghum and Onobrychis sativa. J Environ Health Sci Eng 12:24

Basumatary B, Bordoloi S, Sarma HP (2012) Crude oil-contaminated soil phytoremediation by 
using Cyperus brevifolius (Rottb.) hassk. Water Air Soil Pollut 223:3373–3383

Berezina N, Yada B, Lefebvre R (2015) From organic pollutants to bioplastics: insights into the 
bioremediation of aromatic compounds by Cupriavidus necator. N Biotechnol 32(1):47–53

Brito EM, Barron M, Carretta CA, Goni-Urriza M, Andrade LH, Cuevas-Rodriguez G, Malm O, 
Torres JPM, Simon M, Guyonraud R (2015) Impact of hydrocarbons, PCBs and heavy metals 
on bacterial communities in Lerma River, Salamanca, Mexico: investigation of hydrocarbon 
degradation potential. Sci Total Environ 521:1–10

Cai Z, Zhou Q, Peng S, Li K (2010) Promoted biodegradation and microbiological effects of petro-
leum hydrocarbons by Impatiens balsamina L. with strong endurance. J  Hazard Mater 
183:731–737

Castro-Carrillo LA, Delgadillo-Martinez J, Ferrera-Cerrato R, Alarcon A (2008) Phenanthrene 
dissipation by Azolla caroliniana utilizing bioaugmentation with hydrocarbonoclastic microor-
ganisms. Interciencia 33:591–597

Chang C, Lee J, Ko B, Kim S, Chang J (2011) Staphylococcus sp. KW-07 contains nahH gene 
encoding catechol 2,3-dioxygenase for phenanthrene degradation and a test in soil microcosm. 
Int Biodeterior Biodegrad 65:198–203

Chen M, Xu P, Zeng GM, Yang CP, Huang DL, Zhang JC (2015) Bioremediation of soils contami-
nated with polycyclic aromatic hydrocarbons, petroleum, pesticides, chlorophenols and heavy 
metals by composting: applications, microbes and future research needs. Biotechnol Adv 
33(6):745–755

Chen F, Tan M, Ma J, Zhang S, Li G, Qu J  (2016) Efficient remediation of PAH-metal co- 
contaminated soil using microbial-plant combination: a greenhouse study. J  Hazard Mater 
302:250–261

Chigbo C, Batty L (2013) Phytoremediation potential of Brassica juncea in Cu-pyrene co- 
contaminated soil: comparing freshly spiked soil with aged soil. J  Environ Manage 
129:18–24

Ciesielczuk T, Rosik-Dulewska C, Kochanowska K (2014) The influence of biomass ash on the 
migration of heavy metals in the flooded soil profile-model experiment. Arch Environ Prot 
40:3–15

Cisneros- de La Cueva S, Martinez-Prado MA, Rojas-Contreras JA, Medrano-Roldan H, Murillo- 
Martinez MA (2014) Isolation and characterization of a novel strain, bacillus sp. kj629314, 
with a high potential to aerobically degrade diesel. Rev Mex Ing Quim 13:393–403

Cobas M, Ferreira L, Tavares T, Sanroman MA, Pazos M (2013) Development of permeable reac-
tive biobarrier for the removal of PAHs by Trichoderma longibrachiatum. Chemosphere 
91:711–716

Cui Z, Xu G, Gao W, Li Q, Yang B, Yang G, Zheng L (2014) Isolation and characterization of 
Cycloclasticus strains from Yellow Sea sediments and biodegradation of pyrene and fluoran-
thene by their syntrophic association with Marinobacter strains. Int Biodeterior Biodegrad 
91:45–51

Da Cunha A, Sabedot S, Sampaio C, Ramos C, da Silva A (2012) Salix rubens and Salix triandra 
species as phytoremediators of soil contaminated with petroleum-derived hydrocarbons. Water 
Air Soil Pollut 223:4723–4731

Dastgheib S, Amoozegar MA, Khajeh K, Shavandi M, Ventosa A (2012) Biodegradation of poly-
cyclic aromatic hydrocarbons by a halophilic microbial consortium. Appl Microbiol Biotechnol 
95:789–798

Bioremediation of Polycyclic Aromatic Hydrocarbons-Polluted Soils at Laboratory…



60

Dellagnezze BM, de Sousa GV, Martins L, Domingos D, Limache EE, de Vasconcellos SP, da Cruz 
GF, de Oliveira VM (2014) Bioremediation potential of microorganisms derived from petro-
leum reservoirs. Mar Pollut Bull 89:191–200

D’Orazio V, Ghanem A, Senesi N (2013) Phytoremediation of pyrene contaminated soils by differ-
ent plant species. Clean: Soil Air Water 41:377–382

Eapen S, D’Souza SF (2005) Prospects of genetic engineering of plants for phytoremediation of 
toxic metals. Biotechnol Adv 23(2):97–114

Esmaeili A, Sadeghi E (2014) The efficiency of Penicillium commune for bioremoval of industrial 
oil. Intl J Environ Sci Technol 11:1271–1276

Feng T, Cui C, Dong F, Feng Y, Liu Y, Yang X (2012) Phenanthrene biodegradation by halophilic 
Martelella sp. AD-3. J Appl Microbiol 113:779–789

Fernández-Luqueño F, Valenzuela-Encinas C, Marsch R, Martinez-Suarez C, Vázquez-Nunez E, 
Dendooven L (2011) Microbial communities to mitigate contamination of PAHs in soil- 
possibilities and challenges: a review. Environ Sci Pollut R 18(1):12–30

Fernández-Luqueño F, López-Valdez F, Gamero-Melo P, Luna-Suárez S, Aguilera-González EN, 
Martínez AI, García-Guillermo MS, Hernández-Martínez G, Herrera-Mendoza R, Álvarez- 
Garza MA, Pérez-Velázquez IR (2013a) Heavy metal pollution in drinking water-a global risk 
for the human health: a review. Afr J Environ Sci Technol 7(7):567–584

Fernández-Luqueño F, Vázquez-Núñez E, Zavala-Días de la Serna FJ, Martínez-Suárez C, 
Salomón-Hernández G, Valenzuela-Encinas C, Franco-Hernández O, Ceballos-Ramírez JM, 
Dendooven L (2013b) Bacterial community composition of a saline-alkaline soil amended or 
not with wastewater sludge and contaminated with polycyclic aromatic hydrocarbons (PAHs). 
Afr J Microbiol Res 7(28):3605–3614

Ferrafji FZ, Mnif S, Badis A, Rebbani S, Fodil D, Eddouaouda K, Sayadi S (2014) Naphthalene 
and crude oil degradation by biosurfactant producing Streptomyces spp. isolated from Mitidja 
plain soil (north of Algeria). Int Biodeter Biodegr 86:300–308

Fester T, Giebler J, Wick LY, Schlosser D, Kästner M (2014) Plant-microbe interactions as drivers 
of ecosystem functions relevant for the biodegradation of organic contaminants. Curr Opin 
Biotechnol 27:168–175

Gartler J, Wimmer B, Soja G, Reichenauer TG (2014) Effects of rapeseed oil on the rhizodegrada-
tion of polyaromatic hydrocarbons in contaminated soil. Int J  Phytoremediation 
16(7–8):671–683

Gonzales-Paredes Y, Alarcon A, Ferrera-Cerrato R, Almaraz JJ, Martinez-Romero E, Cruz- 
Sanchez JS, Mendoza-Lopez MR, Ormeno-Orrillo E (2013) Tolerance, growth and degradation 
of phenanthrene and benzo[a]pyrene by Rhizobium tropici CIAT 899 in liquid culture medium. 
Appl Soil Ecol 63:105–111

Goswami D, Patel K, Parmar S, Vaghela H, Muley N, Dhandhukia P, Thakkler JN (2015) 
Elucidating multifaceted urease producing marine Pseudomonas aeruginosa BG as a cogent 
PGPR and bio-control agent. Plant Growth Regul 75:253–263

Hall J, Soole K, Bentham R (2011) Hydrocarbon phytoremediation in the family Fabacea – review. 
Int J Phytoremediation 13(4):317–332

Hannula SE, de Boer W, van Veen JA (2014) Do genetic modifications in crops affect soil fungi? 
A review. Biol Fertil Soils 50(3):433–446

Haritash AK, Kaushik CP (2009) Biodegradation aspects of polycyclic aromatic hydrocarbons 
(PAHs): a review. J Hazard Mater 169(1–3):1–15

Hassanshahian M, Tebyanian H, Cappello S (2012) Isolation and characterization of two crude 
oil-degrading yeast strains, Yarrowia lipolytica PG-20 and PG-32, from the Persian Gulf. Mar 
Pollut Bull 64:1386–1391

Hesham A, Mawad AM, Mostafa YM, Shoreit A (2014) Biodegradation ability and catabolic genes 
of petroleum-degrading Sphingomonas koreensis strain asu-06 isolated from Egyptian oily 
soil. Biomed Res Int 2014:127674

Hong MS, Farmayan WF, Dortch IJ, Chiang CY, McMillan SK, Schnoor JL (2001) Phytoremediation 
of MTBE from a groundwater plume. Environ Sci Technol 25(6):1231–1239

F. Fernández-Luqueño et al.



61

Hong JW, Park JY, Gadd GM (2010) Pyrene degradation and copper and zinc uptake by Fusarium 
solani and Hypocrea lixii isolated from petrol station soil. J Appl Microbiol 108:2030–2040

Hong YW, Liao D, Chen JS, Khan S, Su JQ, Li H (2015) A comprehensive study of the impact of 
polycyclic aromatic hydrocarbons (PAHs) contamination on salt marsh plants Spartina alterni-
flora: implications for plant-microbe interactions in phytoremediation. Environ Sci Pollut Res 
22(9):7071–7081

Huesemann M, Hausmann T, Fortman T, Thom R, Cullinan V (2009) In situ phytoremediation of 
PAH- and PCB-contaminated marine sediments with eelgrass (Zostera marina). Ecol Eng 
35:1395–1404

Ibrahim MM, Al-Turki A, Al-Sewedi D, Arif IA, El-Gaaly GA (2015) Molecular application for 
identification of polycyclic aromatic hydrocarbons degrading bacteria (PAHD) species isolated 
from oil polluted soil in Dammam, Saud Arabia. Saudi J Biol Sci 22(5):651–655

Jiao HH, Luo JX, Zhang YM, Xu SJ, Bai ZH, Huang ZB (2015) Bioremediation of petroleum 
hydrocarbon contaminated soil by Rhodobacter sphaeroides biofertilizer and plants. Pak 
J Pharm Sci 28(5):1881–1886

Keith LH (2015) The source of US EPA’s sixteen PAH priority pollutants. Polycycl Aromat Comp 
35(2–4):147–160

Kotrba P, Najmanova J, Macek T, Ruml T, Mackova M (2009) Genetically modified plants in phy-
toremediation of heavy metal and metalloid soil and sediment pollution. Biotechnol Adv 
27(6):799–810

Kuo HC, Juang DF, Yang L, Kuo WC, Wu YM (2014) Phytoremediation of soil contaminated by 
heavy oil with plants colonized by mycorrhizal fungi. Int J  Environ Sci Technol 
11:1661–1668

Lee JH (2012) An overview of phytoremediation technology and its applications to environmental 
pollution control. Korean Soc Biotech Bioeng J 27(5):281–288

Leonov AV, Nemirovskaya IA (2011) Petroleum hydrocarbons in the waters of major tributaries of 
the White Sea and its water areas: a review of available information. Water Resour 
38(3):324–351

Liao C, Xu W, Lu G, Liang X, Guo C, Yang C, Dang Z (2015) Accumulation of hydrocarbons by 
maize (Zea mays L.) in remediation of soils contaminated with crude oil. Int J Phytoremediation 
17:693–700

Lin Q, Mendelssohn IA (2009) Potential of restoration and phytoremediation with Juncus roemeri-
anus for diesel-contaminated coastal wetlands. Ecol Eng 35:85–91

Lin JJ, Gan L, Chen ZL, Naidu R (2015) Biodegradation of tetradecane using Acinetobacter vene-
tianus immobilized on bagasse. Biochem Eng J 100:76–82

Liu R, Zhao L, Jin C, Xiao N, Jadeja RN, Sun T (2014a) Enzyme responses to phytoremediation 
of PAH-contaminated soil using Echinacea purpurea (L.) Water Air Soil Pollut 225:2230

Liu R, Xiao N, Wei S, Zhao L, An J (2014b) Rhizosphere effects of PAH-contaminated soil phy-
toremediation using a special plant named Fire Phoenix. Sci Total Environ 473:350–358

Liu H, Meng F, Tong Y, Chi J (2014c) Effect of plant density on phytoremediation of polycyclic 
aromatic hydrocarbons contaminated sediments with Vallisneria spiralis. Ecol Eng 
73:380–385

Liu H, Chen G, Wang G (2015) Characteristics for production of hydrogen and bioflocculant by 
Bacillus sp. XF-56 from marine intertidal sludge. Int J Hydrogen Energy 40:1414–1419

López-Valdez F, Fernández-Luqueño F, Valerio-Rodríguez MF (2015) Mineral fertilizers, bio- 
fertilizers and PGPRs: advantages and disadvantages of its implementation. In: Sinha S, Pant 
KK, Bajpai S (eds) Fertilizer technology II, biofertilizers. Studium Press, Houston

Lu YF, Lu M (2015) Remediation of PAH-contaminated soil by the combination of tall fescue, 
arbuscular mycorrhizal fungus and epigeic earthworms. J Hazard Mater 285:535–541

Lu S, Teng Y, Wang J, Sun Z (2010a) Enhancement of pyrene removed from contaminated soils by 
Bidens maximowicziana. Chemosphere 81:645–650

Lu M, Zhang ZZ, Sun SS, Wei XF, Wang QF, Su YM (2010b) The use of goosegrass (Eleusine 
indica) to remediate soil contaminated with petroleum. Water Air Soil Pollut 209:181–189

Bioremediation of Polycyclic Aromatic Hydrocarbons-Polluted Soils at Laboratory…



62

Lu H, Zhang Y, Liu B, Liu J, Ye J, Yan C (2011) Rhizodegradation gradients of phenanthrene and 
pyrene in sediment of mangrove (Kandelia candel (L.) Druce). J Hazard Mater 196:263–269

Lynch JM, Moffat AJ (2005) Bioremediation-prospects for the future application of innovative 
applied biological research. Ann Appl Biol 146:217–221

Lyu Y, Zheng W, Zheng T, Tian Y (2014) Biodegradation of polycyclic aromatic hydrocarbons by 
Novosphingobium pentaromativorans US6-1. PLoS One 9:e101438

Ma YN, Harrad S (2015) Spatiotemporal analysis and human exposure assessment on polycyclic 
aromatic hydrocarbons in indoor air, settled house dust, and diet: a review. Environ Int 
84:7–16

Ma YL, Lu W, Wan LL, Luo N (2015) Elucidation of fluoranthene degradative characteristics in a 
newly isolated Achromobacter xylosoxidans DN002. Appl Biochem Biotechnol 
175:1294–1305

Macek T, Mackova M, Kas J (2000) Exploitation of plants for the removal of organics in environ-
mental remediation. Biotechnol Adv 18(1):23–34

Machin-Ramirez C, Morales D, Martinez-Morales F, Okoh AL, Trejo-Hernandez MR (2010) 
Benzo[a]pyrene removal by axenic- and co-cultures of some bacterial and fungal strains. Int 
Biodeter Biodegr 64:538–544

Masu S, Albulescu M, Balasescu LC (2014) Assessment on phytoremediation of crude oil polluted 
soils with Achillea millefolium and total petroleum hydrocarbons removal efficiency. Rev Chim 
(Bucharest, Rom.) 65(9):1103–1107

Mench M, Lepp N, Schwitzguebel JP, Gawronski SW, Schroder P, Vangronsveld J (2010) Successes 
and limitations of phytotechnologies at field scale: outcomes, assessment and outlook from 
COST action 859. J Soil Sediment 10(6):1039–1070

Meng F, Chi J (2015) Interactions between Potamogeton crispus L. and phenanthrene and pyrene 
in sediments. J Soil Sediment 15:1256–1264

Meng FB, Huang JJ, Liu HY, Chi JE (2015) Remedial effects of Potamogeton crispus L. on PAH- 
contaminated sediments. Environ Sci Pollut Res 22(10):7547–7556

Moubasher HA, Hegazy AK, Mohamed NH, Moustafa YM, Kabiel HF, Hamad AA (2015) 
Phytoremediation of soils polluted with crude petroleum oil using Bassia scoparia and its 
associated rhizosphere microorganisms. Int Biodeter Biodegr 98:113–120

Muratova A, Pozdnyakova N, Makarov O, Baboshin M, Baskunov B, Myasoedova N, Golovleva 
L, Turkovskaya O (2014) Degradation of phenanthrene by the rhizobacterium Ensifer meliloti. 
Biodegradation 25:787–795

Nesterenko-Malkovskaya A, Kirzhner F, Zimmels Y, Armon R (2012) Eichhornia crassipes capa-
bility to remove naphthalene from wastewater in the absence of bacteria. Chemosphere 
87:1186–1191

Okparanma RN, Mouazen AM (2013) Determination of total petroleum hydrocarbon (TPH) and 
polycyclic aromatic hydrocarbon (PAH) in soil: a review of spectroscopic and nonspectro-
scopic techniques. Appl Spectrosc Rev 48(6):458–486

Oluchi-Nwaichi E, Frac M, Aleruchi-Nwoha P, Eragbor P (2015) Enhanced phytoremediation of 
crude oil-polluted soil by four plant species: effect of inorganic and organic bioaugumentation. 
Int J Phytoremediation 17:1253–1261

Parray JA, Kamili AN, Reshi ZA, Qadri RA, Jan S (2015) Interaction of rhizobacterial strains for 
growth improvement of Crocus sativus L. under tissue culture conditions. Plant Cell Tiss Org 
Cult 121:325–334

Passarini M, Rodrigues M, da Silva M, Sette L (2011) Marine-derived filamentous fungi and their 
potential application for polycyclic aromatic hydrocarbon bioremediation. Mar Pollut Bull 
62:364–370

Patel V, Cheturvedula S, Madamwar D (2012) Phenanthrene degradation by Pseudoxanthomonas 
sp. DMVP2 isolated from hydrocarbon contaminated sediment of Amlakhadi canal, Gujarat, 
India. J Hazard Mater 201:43–51

Patowary K, Kalita MC, Deka S (2015) Degradation of polycyclic aromatic hydrocarbons (PAHs) 
employing biosurfactant producing Pseudomonas aeruginosa KS3. Indian J  Biotechnol 
14:208–215

F. Fernández-Luqueño et al.



63

Peng S, Zhou Q, Cai Z, Zhang Z (2009) Phytoremediation of petroleum contaminated soils by 
Mirabilis Jalapa L. in a greenhouse plot experiment. J Hazard Mater 168:1490–1496

Pistelok F, Jureczko I (2014) Concentration of PAHs in municipal wastewater in selected sewer 
collectors of the upper Silesian urban area, Poland. Arch Environ Prot 40:101–112

Pulford ID, Watson C (2003) Phytoremediation of heavy metal-contaminated land by trees-a 
review. Environ Int 29:529–540

Shahsavari E, Adetutu EM, Taha M, Ball AS (2015) Rhizoremediation of phenanthrene and pyrene 
contaminated soil using wheat. J Environ Manage 155:171–176

Shao Y, Wang Y, Wu X, Xu X, Kong S, Tong L, Jiang Z, Li B (2015) Biodegradation of PAHs by 
Acinetobacter isolated from karst groundwater in a coal-mining area. Environ Earth Sci 
73:7479–7488

Shiri M, Rabhi M, Abdelly C, El Amrani A (2015) The halophytic model plant Thellungiella sal-
suginea exhibited increased tolerance to phenanthrene-induced stress in comparison with the 
glycophitic one Arabidopsis thaliana: application for phytoremediation. Ecol Eng 
74:125–134

Soleimani M, Afyuni M, Hajabbasi MA, Nourbakhsh F, Sabzalian MR, Christensen JH (2010) 
Phytoremediation of an aged petroleum contaminated soil using endophyte infected and non- 
infected grasses. Chemosphere 81:1084–1090

Somtrakoon K, Chouychai W, Lee H (2014) Phytoremediation of anthracene- and fluoranthene- 
contaminated soil by Luffa acutangula. Maejo Int J Sci Technol 8:221–231

Sun Y, Zhou Q, Xu Y, Wang L, Liang X (2011) Phytoremediation for co-contaminated soils of 
benzo[a]pyrene (B[a]P) and heavy metals using ornamental plant Tagetes patula. J  Hazard 
Mater 186:2075–2082

Szczepaniak Z, Cyplik P, Juzwa W, Czarny J, Staninska J, Piotrowska-Cyplik A (2015) Antibacterial 
effect of the Trichoderma viride Fungi on soil microbiome during PAH's biodegradation. Int 
Biodeter Biodegr 104:170–177

Szulejko JE, Kim KH, Brown RJC, Bae MS (2014) Review of progress in solvent-extraction tech-
niques for the determination of polyaromatic hydrocarbons as airborne pollutants. TrAC Trends 
Anal Chem 61:40–48

Ting W, Yuan SY, Wu SD, Chang BV (2011) Biodegradation of phenanthrene and pyrene by 
Ganoderma lucidum. Int Biodeterior Biodegrad 65:238–242

Ventorino V, Sannino F, Piccolo A, Cafaro V, Carotenuto R, Pepe O (2014) Methylobacterium 
populi VP2: plant growth-promoting bacterium isolated from a highly polluted environment for 
polycyclic aromatic hydrocarbon (PAH) biodegradation. Sci World J 2014:931793

Vodyanitskii YN (2014) Effect of reduced iron on the degradation of chlorinated hydrocarbons in 
contaminated soil and ground water: a review of publications. Eurasian Soil Sci 
47(2):119–133

Wloka D, Kacprzak M, Grobelak A, Grosser A, Napora A (2015) The impact of PAHs contamina-
tion on the physicochemical properties and microbiological activity of industrial soils. Polycycl 
Aromat Compd 35(5):372–386

Xiao N, Liu R, Jin C, Dai Y (2015) Efficiency of five ornamental plant species in the phytoreme-
diation of polycyclic aromatic hydrocarbon (PAH)-contaminated soil. Ecol Eng 75:384–391

Xu S, Chen Y, Lin K, Chen X, Lin Q, Li F, Wang Z (2009) Removal of pyrene from contaminated 
soils by white clover. Pedosphere 19:265–272

Xue JL, Yu Y, Bai Y, Wang LP, Wu YN (2015) Marine oil-degrading microorganism and biodegra-
dation process of petroleum hydrocarbon in marine environments: a review. Curr Microbiol 
71(2):220–228

Yang H, Jia R, Chen B, Li L (2014) Degradation of recalcitrant aliphatic and aromatic hydrocar-
bons by a dioxin-degrader Rhodococcus sp. strain p52. Environ Sci Pollut Res 
21:11086–11093

Yavari S, Malakahmad A, Sapari NB (2015) A review on phytoremediation of crude oil spills. 
Water Air Soil Pollut 226(8):279

Zafra G, Moreno-Montano A, Absalon A, Cortes-Espinosa D (2015) Degradation of polycyclic 
aromatic hydrocarbons in soil by a tolerant strain of Trichoderma asperellum. Environ Sci 
Pollut Res 22:1034–1042

Bioremediation of Polycyclic Aromatic Hydrocarbons-Polluted Soils at Laboratory…



64

Zawierucha I, Malina G, Ciesielski W, Rychter P (2014) Effectiveness of intrinsic biodegradation 
enhancement in oil hydrocarbons contaminated soil. Arch Environ Prot 40:101–113

Zhang Z, Rengel Z, Chang H, Meney K, Pantelic L, Tomanovic R (2012) Phytoremediation poten-
tial of Juncus subsecundus in soils contaminated with cadmium and polynuclear aromatic 
hydrocarbons (PAHs). Geoderma 175:1–8

Zhang S, Gan Y, Xu B (2014) Efficacy of Trichoderma longibrachiatum in the control of Heterodera 
avenae. BioControl 59:319–331

Zhang X, Wang J, Liu X, Gu L, Hou Y, He XC, Liang X (2015) Potential of Sagittaria trifolia for 
phytoremediation of diesel. Int J Phytoremediation 17:1220–1226

F. Fernández-Luqueño et al.


	Bioremediation of Polycyclic Aromatic Hydrocarbons-Polluted Soils at Laboratory and Field Scale: A Review of the Literature on Plants and Microorganisms
	 Introduction
	 Plants and Microorganisms Suited for Remediation Techniques
	 Biological Interrelationships Between Plant and Microorganisms in a Polluted Site: Insights into Prior, During, and After of the Bioremediation Strategies
	 Increasing Social Welfare Throughout Remediation
	 Conclusions and Perspectives
	References


