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Introduction

Persistent organic pollutants, including petroleum 
derivatives, are emitted to the environment mainly 
from anthropogenic sources and are characterized by 
high toxicity and power for bioaccumulation. More 
than 90% of global PAH’s pollution that is coming 
from the combustion of organic matter is accumu-
lated in the surface layer of soil (Anderson et al., 1993; 
Andreoni and Gianfreda, 2007). Biological degrada-
tion of petroleum derivatives by microorganisms and 
decline of metals often show a synergistic effect and 
is one of the most effective and most secure ways to 
remove them from the environment but the process is 
lengthy and multistage (Cerniglia, 1992). As a  result 
of the metabolic activity of microorganisms, hydrocar-
bons are partially or completely turned into bacterial 
mass and stable, non-toxic end products. The effective-
ness of the microbiological decomposition of PAHs in 

soil, requires the use of strains not only capable of cata-
bolic degradation of pollutants and their usage as the 
only source of carbon and energy, but also a number 
of other features allowing adaptation to contaminated 
conditions and cometabolic degradation of organic 
compounds (Siciliano and Germida, 1998; Chauhan 
et al., 2008; Lee, 2013).

Phytoremediation, or use of plants and associated 
rhizosphere to decontaminate polluted sites, is con-
sidered today, as a realistic, low-cost alternative for 
treatment of extensive areas of pollution by organic 
chemicals (Dominguez-Rosado and Pitchel, 2004; Ma 
et al., 2010). This technology is based on the catabolic 
potential of root-associated microorganisms, which are 
supported by the organic substrates in root excretions 
and by a  favorable micro-environment in the rhizo - 
sphere. Soils polluted by polycyclic aromatic hydro- 
carbons (PAHs) are suitable for treatment by phyto- 
remediation, since several scientific studies, performed 
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A b s t r a c t

The reaction of soil microorganisms to the contamination of soil artificially polluted with polycyclic aromatic hydrocarbons (PAHs) was 
evaluated in pot experiments. The plant used in the tests was cock’s foot (Dactylis glomerata). Three different soils artificially contaminated 
with PAHs were applied in the studies. Three selected PAHs (anthracene, phenanthrene, and pyrene) were used at the doses of 100, 500, 
and 1000 mg/kg d.m. of soil and diesel fuel at the doses of 100, 500, and 1000 mg/kg d.m. of soil. For evaluation of the synergistic effect 
of nitrogen fixing bacteria, the following strains were selected: associative Azospirillum spp. and Pseudomonas stutzerii. Additionally, in 
the bioremediation process, the inoculation of plants with a mixture of the bacterial strains in the amount of 1 ml suspension per 500 g of 
soil was used. Chamber pot-tests were carried out in controlled conditions during four weeks of plant growth period. The basic physical, 
microbiological and biochemical properties in contaminated soils were determined. The obtained results showed a statistically important 
increase in the physical properties of soils polluted with PAHs and diesel fuel compared with the control and also an important decrease 
in the content of PAHs and heavy metals in soils inoculated with Azospirillum spp. and P. stutzeri after cock’s foot grass growth. The bio-
remediation processes were especially intensive in calcareous rendzina soil artificially polluted with PAHs.
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with well-designed controls, have specifically shown 
higher rates of PAH biodegradation in whole soils 
planted with a  variety of species. Biodegradation of 
PAHs in soils is often limited by the slow mass trans-
fer of these hydrophobic compounds towards degrad-
ing microbes. This slow process may lead to bioavail-
ability restrictions, even in the conditions of massive 
contamination often faced by bioremediation technol-
ogies. Little is known about bioavailability in phytore-
mediation systems. Specific bioavailability-promoting 
mechanisms, operating in soils with PAH-degrading 
populations, may be responsible for increased rates of 
pollutant transformation. These include an increased 
bacterial adherence to the pollutants, and production of 
biosurfactants by bacteria or by plants (Gunther et al., 
1996; Huang et al., 2004). 

There are many methods for removing PAH’s con-
tamination from natural environment. The elaboration 
of the most effective method of bioremediation is one of 
the most important problems related to the protection. 
Such methods make use of microorganisms inhabi - 
ting the natural environment or genetically changed 
microorganisms which utilize hydrocarbons as a only 
source of energy and carbon (Liste and Felgentreu, 
2006; Liang et al., 2011).

The most important of the mentioned transforma-
tions are those that involve microbiological processes. 
The main organisms contributing to the degradation 
of hydrocarbons in the soil environment are bacteria 
and fungi. However, it is thought that the dominating 
role in this process is played by bacteria. Bacteria car-
rying out the degradation of hydrocarbons belong to 
the genera: Alcaligenes, Arthrobacter, Bacillus, Micrococ
cus, Mycobacterium, Pseudomonas (Gogoi et al., 2003; 
Liste and Felgentreu, 2006; Gałązka, 2008; Mahmoud 
et al., 2011; Abhilash et al., 2011; Gałązka et al., 2012; 
Tejeda-Agredano et al., 2013). The effectiveness of the 
bioremediation of soils contaminated with PAHs was 
also confirmed in experiments on soils contaminated 
with a mixture of PAH and heavy metals (Ciesielczuk 
et al., 2014). It is also known that the use in inoculated 
plants of a mixture of bacterial strains and in particu-
lar bacteria of the genus Azospirillum significantly 
improves plant growth (Naiman et al., 2009; Couilleror 
et al., 2013).

Evidence for biological nitrogen fixation in grasses 
was reported in many publications (Hung et al., 2004; 
Joner et al., 2007). Studies on long-term N-balance 
and 15N isotope dilution technique have shown that 
some plants may actually obtain up to 70% of their 
N  requirements by nitrogen fixation. In this process 
both rhizosphere and endophytic diazotrophs seem 
to participate. Nitrogen fixing bacteria such as Azo
spi rillum spp. and Pseudomonas stutzeri colonize the 
plant and its tissues. Azospirillum species belong to the 

facultative endophytic diazotrophs group which colo-
nize the surface and the interior of roots, this kind of 
association being considered as the starting point of 
most ongoing BNF programs with non-legume plants 
worldwide (Muratova et al., 2003; Król et al., 2007). 
These bacteria are microaerophilic, nitrogen-fixing, 
Gram-negative rods and often associated with the roots 
of cereals and grasses (Muratova et al., 2003). However, 
obligate endophytes such as Gluconacetobacter diazo
trophicus and Herbaspirillum spp. seem to be the prom-
issory group in relation to nitrogen fixation associated 
with grasses. These bacteria have an advantage over 
root-associated diazotrophs, as Beijerinckia spp. and 
Azotobacter spp., they colonize the interior rather than 
the surface of plants, hence have better possibilities to 
exploit carbon substrates supplied by the plant (Steen-
houdt et al., 2000). Azospirillum spp. and P. stutzeri are 
capable of creating permanent associations with the 
roots of most cereals and grasses, and use PAHs as the 
only carbon and energy source, as well as produce bio-
surfactants (Okon and Vanderleyden, 1997). Bacteria 
from the genus Pseudomonas are microorganisms that 
effectively decompose organic pollutants through co-
metabolism in natural water and soil environment. In 
the available literature, there is a lack of data on the 
participation of bacteria from the genus Azospirillum in 
the bioremediation processes. Free-living bacteria that 
fix nitrogen, namely Azospirillum spp. and P. stutzeri, 
may create permanent associations with the roots of 
most cereals and grasses used in plant production (Król 
et al., 2007; Gałązka et al., 2012).

Dactylis glomerata popularly called cock’s foot grass 
is a very persistent plant in bioremediation studies. It 
does not require high temperatures for active growth, 
and is very winterhardy. It appreciates a high soil 
moisture content. D. glomerata can be grown success-
fully on a wide range of soils. This grass has an early 
spring growth, with a regrowth consisting mainly of 
leafy shoots. It is suitable for both cutting and grazing 
(Muratova et al., 2003).

The aim of the work was to estimate the effect of 
plant inoculation with the bacteria Azospirillum spp. 
and P. stutzeri on PAH degradation in soils artificially 
polluted with the use of cock’s foot grass (D. glomerata) 
as a bioremediation plant. 

Experimental

Materials and Methods

Soil samples and plant. Soil material, uptaken 
from the plough – humus horizon (0–20 cm) of arable 
land, distant from PAH emission sources, from various 
regions of Poland, was used for the studies
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The selected soils are the most common in Lublin 
Province. The effect of soil (chernozem, calcareous 
rendzina, and lessives) pollution was studied, artificially 
polluted with polycyclic aromatic hydrocarbons (PAHs) 
and diesel fuel (DF) in the phytoremediation process. 
Agricultural areas from which the soil material for the 
studies was uptaken were distant from the sources of 
PAH emissions, and the content of Σ15 PAHs in the 
soils corresponded to the average content of those com-
pounds in agriculturally used soils:

– charnozem generated from loess silty loam; Kuła-
kowice near Hrubieszów

– calcareous rendzina light loamy sand; Mięćmierz 
near Kazimierz Dolny

– lessives generated from loess dusty loam, Las 
Stocki near Wąwolnica. 

Plant used in the tests was cock’s foot grass (D. glo
me rata), potting used about 50 seeds per pot.

Microorganisms – bacterial inoculants. Three 
bacterial strains were used in the study: (1) strain Aa1 
isolated from endorhizosphere of barley (Hordeum 
sativum), identified by RFLP-PCR and 16S-23S rDNA 
methods as Azospirillum amasoense, (2) strain Ab2 
isolated from endorhizosphere maize (Zea mays  L.), 
identified by RFLP-PCR and 16S-23S rDNA methods 
as Azospirillum brasilense, (3) strain Ps, identified by 
RFLP-PCR and 16S-23S rDNA methods as P. stutzeri. 
This bacteria was isolated from the endorhizosphere 
grass Leymus arenarius (Król et al., 2007). 

The physiological properties of Azospirillum spp. 
were determined with the use of BIOLOG test (Król 
et al., 2007; Gałązka, 2008). Strains Aa1 and Ab2 have 
genes of the catabolic pathway of PAH degradation: 
catechol 2,3-dioxygenase (C2,3-DO), and naphtalene 
dioxygenase (NDO) (Gałązka, 2008). In the bioreme-
diation process, plant inoculation with bacteria mix-
tures Azospirillum spp. and P. stutzeri was additionally 
applied on D. glomerata seeds inoculation in amount 
of 1 ml per 500 g of soil in proportion 1:1:1 for strains 
(Aa1:Ab2:Ps). An inoculum with approximate density 
of 0.5 × 107 cfu/ml was used for the experiments. 

Bacteria strains (Aa1, Ab2) Azospirillum spp. and 
P. stutzeri (Ps), originated from the collection of the 
Department of Agricultural Microbiology, Institute of 
Soil Science and Plant Cultivation – State Research Insti-
tute in Puławy, Poland. Measuring the density of pure 
strains and tested by plating serial dilutions on nutrient 
agar plates. The plates were incubated in a thermostat at 
28°C on PDA medium (Azospirillum) and Nfb medium 
for P. stutzeri. In order to verify the purity of the strains 
a single colony was viewed under a microscope. 

Pot experiment. Pot-tests were carried out in con-
trolled conditions in a climatic chamber during a four-
week-long plant growth period with 16-hour lighting 
(light intensity 240 E/ms). Tests were carried out at the 

temperature of 24°C during the day and for 8 hours at 
night at the temperature of 18°C. In the pots, 500 g of 
air-dry, sieved soil were placed. Hydrocarbons were 
added as a solution in dichloromethane, reaching con-
centrations of 100, 500, and 1000 mg/kg d.m. of soil. 
Dichloromethane was also added to control soil for 
every pollution level, at the concentration equal to the 
polluted samples. Samples were left for 48 hours for 
the solvent to evaporate. Subsequently, the soil was 
thoroughly stirred and moistened to 60% of full water 
capacity. After soil moistening, in the pots pre-sprouted 
cock’s foot grass seeds were sown (50 plants per pot). 
After the completion of the four-week plant growth 
cycle in the particular experiment combinations, basic 
physical properties of the soils were determined, as 
well as anthracene, phenanthrene, and pyrene content 
in artificially polluted soils and Σ15 PAHs in the case 
of soil pollution with diesel fuel. 

Determination of physical and chemical proper-
ties of the soils. Basic physical properties of the soils 
were marked: soil texture (Casagrande’a method), 
pH (PN-ISO 10390:1997), total organic carbon (Corg-
using the Tiurin’s method) and total Kjeldahl nitrogen 
content (Ntotal-using flow spectrometry, wet sample 
mineralization).

Determination of biochemical and microbiologi-
cal properties of soils. Soil microbial properties were 
evaluated on the basis of six parameters on different 
functional levels: three on the population level [total 
bacteria number (Wallace and Lockhead, 1950), total 
fungi number (Martin, 1950) and total number of 
microorganisms capable of degrading PAH (Jones and 
Edington, 1968)] and three on the activity level [dehy-
drogenase (Caside et al., 1964) and acid and alkaline 
phosphatase activities (Tabatabai and Bremner, 1969)]. 
Microorganisms were enumerated in triplicate using 
the plate-count techniques. Aqueous suspensions of the 
microbial population in 10 g of soil sample were serially 
diluted. Plates were inoculated at 28°C for 3 or 5 days 
prior to counting colony forming units (cfu). After the 
vegetation period the total number of microorganisms 
in the soil samples capable of degrading PAH as the sole 
source of carbon and energy was determined. 

Determination of polycyclic aromatic hydrocar-
bons. For the experiment with artificial soil pollution 
the following compounds were chosen: anthracene, 
phenanthrene, and pyrene, which were applied in 100, 
500, and 1000 mg/kg d.m. of soil doses and diesel fuel 
(Multi Motor Oil Jasol 12 SG/CE 5W/4 originating 
from Jasło Refinery, JSC, Poland) at the concentra-
tion of 100, 500, and 1000 mg/kg d.m. of soil. PAHs 
used in the soil samples were determined by HPLC: 
20 µl of the extract was injected onto a reverse phase 
HPLC column (Li Chro CART® 250–4) using water 
and acetonitrile gradient with a flow rate of 1 ml/min. 
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PAHs in the samples were detected using UV (254 nm) 
absorbance detection and degradation was quantified 
against a negative control. The Σ15 PAHs were analysed, 
accepted for determination in environmental samples 
by the United States Environmental Protection Agency, 
excluding the most volatile hydrocarbons and those 
that rarely occur in soils. 

Analysis of diesel fuel chemical composition was 
carried our according to the Decree by the Ministry of 
the Environment from September 9, 2002 concerning 
soil quality standards and ground quality standards. 
Determinations were made in chernozem, calcareous 
rendzina, and lessives with the highest doses of PAHs 
and diesel fuel. A dose of 1000 mg/kg PAHs, 1000 mg/
kg of diesel fuel is equivalent to the border content of 
PAHs for soil used in agriculture and recreational areas. 
The scope of the applied PAH levels was equivalent to 
the content of these compounds that occur in soils in 
non-polluted areas, as well as from industrial areas 
(Kabata-Pendias et al.,1995). 

Determination of heavy metals in soil samples. 
Microwave digestion of soil with the use of aqua regia 
in middle pressure (32 bars) digestion vessels coupled 
with ICP-MS (inductively coupled plasma mass spec-
trometry) technique was used for quantitative analysis 
of metals. Mars Xpress by CEM microwave digestion 
system was used for accelerated pressurized digestion 
of soil samples, 0.5 g of air dried soils was used with 
10 ml of aqua regia prepared from Instra-analyzed 
grade nitric and hydrochloric acids by J.T. Baker. The 
setup of the digestion system was as follows: Power: 
1600 W, temperature: 170°C, ramping time: 25 minutes, 
holding time: 20 minutes, cool down time: 20 minutes. 
Then the analyte was transferred to falcon vials and 
diluted to 50 ml with distilled water (0.05 μS/cm). The 
samples were additionally diluted 1:10 directly before 
the analysis. The same procedure was carried out for 
blank samples and to ensure quality control, for certi-
fied reference materials.

The quantitative analysis was conducted on Agilent 
7500ce ICP-MS. This instrument is fitted with a micro 
mist nebulizer, Peltier cooled double pass spray cham-
ber, peristaltic pump. Argon 5.0 (99.999% purity) was 
used as the carrier gas. The instrument was also fit-
ted with a torch with “shield torch” system reducing 
so called “secondary discharge”, off-axis ion lenses that 
prevent photons from entering the reaction cell and 
quadrupole, reaction/collision chamber with hydro-
gen 6.0 and helium 6.0 (purity 99.9999%) as reaction/
collision gasses for the elimination of interferences. 
The vacuum system consisted of a rotary and turbo-
molecular pump. Quadrupol with hyperbolic rods is 
the mass separator that separates ions on the basis of 
their mass to charge (m/z) ratio. The detector has the 
ability to work in two modes: digital and analog that 

makes measurement through nine orders of magni- 
tude possible. All determination were made in the pres-
ence of 45Sc, 89Y, 159Tb as internal standards to minimize 
the matrix effect and ensure long term stability. The 
quantification limits were set at 0.01 mg/kg and the 
accuracy was 10%.

Statistical analysis. A randomized complete design 
in a factorial scheme was implemented with one plant. 
Three soils, two patterns of plants: (+) – inoculated, 
(–) – noninoculated and three replications. Analysis 
of variance procedure (one way ANOVA) for all treat-
ments was conducted using the programme packet 
STATISTICA.PL (7) (Stat. Soft. Inc., 95% significance 
level). The difference between specific pairs of means 
was identified using Tukey test (P < 0.05).

Results and Discussion

Polycyclic aromatic hydrocarbons (PAHs) are com-
pounds whose presence in contaminated soils and sedi-
ments poses a significant risk to the environment, and 
they have cytotoxic, mutagenic, and in some cases car-
cinogenic effects on human tissue (Parales et al., 2002; 
Yu et al., 2013). 

The data concerning the effect of PAH’s and diesel 
fuel on basic physical properties and biological indica-
tors of the soil involving grass inoculation applied in the 
studies with bacteria Azospirillum spp. and P. stutzeri 
suspensions are presented in this work (Table I). It was 
found that soil pollution indeed contributed to a dete-
rioration in the studied physical indicator. Statistically 
significant improvement was also found in the physical 
parameters and biological activity of the studied soils 
after grass inoculation with bacteria Azospirillum spp. 
and P. stutzeri during four-week plant growth. A statis-
tically significant decrease in the content higher values 
of such parameters as: pH, total carbon was found in 
soils after bioaugmentation of plants with nitrogen fix-
ing bacteria. The highest dehydrogenase activity and 
total number of bacteria were found in chernozem after 
growth of grasses inoculated with nitrogen fixing bac-
teria. Also soil contaminated with diesel fuel stimulated 
the enzymatic activity. Dehydrogenase, alkaline phos-
phatase and acidic phosphatase activities in chernozem 
and rendzina polluted with PAHs after the growth of 
plants was always higher after bioaugmentation of the 
plants. Relatively, the highest enzymatic activities and 
total number of bacteria were noted for samples inoc-
ulated with Azospirillum spp. and P. stutzeri – almost 
20–40% more than for the control. The dehydrogenase 
activity appeared to be the most sensitive parameter 
of all six biological indexes tested. High applicability 
of this parameter for soil ecotoxicological testing was 
pointed out by other authors (Gogoi et al., 2003; Parrish 
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et al., 2005; Gałązka et al., 2012). Muratova et al. (2003) 
contaminated soil with 5 g/kg of diesel oil and observed 
that the activity of soil dehydrogenase increased imme-
diately after oil introduction. Azospirillum spp. and 

Pseudomonas spp. are predominant plant growth-pro-
moting rhizobacteria extensively used as phytostimul-
tory crop inoculants, but mixed inocula involving more 
than two strains are not very common. The cooperation 

Chernozem
Control  7.48 2.75 0.147 123 42 75 85 36

Non-inoculated grass
Anthracene  7.25 2.52 0.121  54 36 54 38 15
Phenanthrene  7.15 2.58 0.113  48 28 48 41 21
Pyrene  7.13 2.55 0.128  37 21 52 45 18
Diesel fuel  7.02 2.84 0.135 124* 46 64 56 14

Grass inoculated with Azospirillum spp. and Pseudomonas stutzeri
Anthracene  7.48* 2.78* 0.142* 110* 52 62 48 25
Phenanthrene  7.48* 2.85* 0.152* 144* 45 56 56 31*
Pyrene  7.35* 2.95* 0.148* 154* 48 78* 57* 36*
Diesel fuel  7.32* 2.96* 0.157* 174* 21* 88* 69* 42*

Calcareous rendzina
Control  6.75 2.21 0.123 187 37 64 68 42

Grass non-inoculated
Anthracene  6.64 1.78 0.107  74 23 42 36 26
Phenanthrene  6.72 1.73 0.105  56 31 38 42 28
Pyrene  6.52 1.77 0.110  53 28 36 39 31
Diesel fuel  6.31 1.88 0.092 197* 42 45 31 27

Grass inoculated with Azospirillum spp. and Pseudomonas stutzeri
Anthracene  6.88* 2.22* 0.134*  98 21* 56 45 36*
Phenanthrene  6.82* 2.21* 0.144* 237* 18* 58 56* 41*
Pyrene  6.85* 2.23* 0.138* 186* 24 66* 43* 33*
Diesel fuel  6.89* 2.32* 0.146* 245* 16* 56 58* 28

Lessives
Control  5.37 1.21 0.097  42 18 32 46 26

Grass non-inoculated
Anthracene  5.22 1.32 0.094  34 14 12 15 15
Phenanthrene  4.84 1.33 0.085  24 16 14 21 10
Pyrene  4.67 1.22 0.084  26 12 7 18 8
Diesel fuel  4.52 1.27 0.092  87* 8* 23 16 12

Grass inoculated with Azospirillum spp. and Pseudomonas stutzeri
Anthracene  5.75* 1.56* 0.099  56 8 34 32 18
Phenanthrene 5.75* 1.63* 0.112*  78* 5* 24 37 15
Pyrene  5.78* 1.62* 0.108  69* 6* 26 25 10
Diesel fuel  5.82* 1.45* 0.115* 120* 5* 42 34 15

Table I
Physical and biological properties of soils polluted with PAHs (1000 mg · kg–1) and diesel fuel (PAHs (1000 mg·kg–1).

* statistically significant decrease in the content (P ≤ 0.05) in comparison with the control in the particular soils;
data is an arithmetic mean (n = 6) control –soil non-polluted with PAHs and diesel fuel – with no plant 
pH – using the potentiometric method 
Ctotal– using the Tiurin’s method 
Ntotal– using flow spectrometry, wet sample mineralisation 
B+A – total number of bacteria and Actinomycetes (107 cfu · g–1 d.m. of soil) 
F– total number of fungi (104 cfu · g–1 d.m. of soil)
DEH – dehydrogenase activity (µg · g–1 d.m. of soil) 
PHO Acid – acid phosphatase activity (µg · g–1 d.m. of soil) 
PHO Alk – alkaline phosphatase activity (µg · g–1 d.m. of soil)

PAHs/diesel fuel pH Ctotal% Ntotal% B+A F DEH PHO Acid PHO Alk
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of Azospirillum and Pseudomonas bacterial strains with 
fungi of the genus Glomus has a significant effect on 
promoting the growth and yield of maize (Couillerot 
et al., 2013). According to Gunther et al. (1996), pyr-
ene had an inhibitive effect on alfalfa growth and the 
residual concentrations of pyrene in the rhizosphere 
soil were lower than those in the non-rhizosphere soil. 
The rhizospheric bacterial counts were 30–50% higher 
than those in the non-rhizosphere soil, respectively. The 
effectiveness of the bioremediation of high molecular 
weight polycyclic aromatic hydrocarbons by Bacillus 
thuringiensis strain NA2 was presented in a work by 
Maiti et al. (2012).

A wide range of different soil microorganisms are 
able to metabolise, co-metabolize and utilize PAHs as 
a sole source of carbon and energy. The aerobic catab-
olism of one-cyclic and two-, three-cyclic aromatic 
hydrocarbons by bacteria has been extensively stud-
ied. Naphthalene has often been selected as a model 
compound for the study of PAH degradation because 
of its high aqueous solubility and the ease of isolation 
of microbes capable of its degradation. Since the first 
report of a biochemical pathway for naphthalene oxi-
dation by Pseudomonas species in 1964 by Davis and 
Evans, extensive studies have rigorously defined the 
metabolic pathway genes, and the enzymes involved. 
In the last decade a number of bacteria that metabo-
lise larger PAHs molecules have been isolated. These 
include Azoarcus evansii, various Mycobacterium spe-
cies and several Pseudomonas species (Walton et al., 
1994; Parrish et al., 2005; Pizzul et al., 2007). 

The presented results are a consequence of research 
initiated to obtain an answer to the question of the pos-
sibility of using the bacterial strains Azospirillum spp. 
and P. stutzeri in bioremediation processes, and at the 
same time to supplement missing data in this field of 
science. A positive effect of the bacteria Azospirillum 
spp. and P. stutzeri on PAH degradation was found in 
soils artificially polluted with PAHs. The bioremedia-
tion process in aged polluted soil was more intense per-

haps because in that environment, numerous autoch-
thonous groups of microorganisms capable of pollution 
degradation are situated and the introduced strains 
additionally increased the effect (Walton et al., 1994; 
Parrish et al., 2005).

Phytoremediation occurs the most intensely in the 
rhizosphere, so the depth to which the roots grow is 
one of the most important factors that limit the process 
(Muratova et al., 2003; Hung et al., 2004; Gałązka et al., 
2012). The studies conducted so far demonstrate that 
the most effective phytoremediation of soil polluted with 
hydrocarbons is obtained with the sowing of monocoty-
ledonous plants, including grasses (Leigh et al., 2002). 
Good results are given also by legumes, which may be 
related to root secretions rich in nitrogen compounds 
(Liste and Felgentreu, 2006; Ouvrard et al., 2013).

In order to establish the effect of plant inoculation 
on the degree of PAH’s degradation in the polluted 
soils, chromatographic determinations of aromatic 
hydrocarbons were carried out. In the soils artificially 
polluted with PAHs, a significant degree of anthracene, 
phenanthrene, and pyrene degradation was noted (dose 
1000 mg/kg) after plant inoculation with the bacteria 
Azospirillum spp. and P. stutzeri, particularly visible in 
the case of calcareous chernozem and rendzina pol-
lution (Fig. 1a). The bioremediation process occurred 
most efficiently in rendzina soil, especially in degrada-
tion degree of anthracene, phenanthrene, and pyrene 
in the three applied doses (100, 500, and 1000 mg/kg) 
during four-week long grasses growth inoculated and 
non-inoculated with Azospirillum spp. and P. stutzeri 
(Fig. 1b). With the highest PAH doses (1000 mg/kg), 
a decrease in the content of anthracene in the soil took 
place – from 96% with no plant inoculation to 24% with 
inoculation, phenanthrene from 56 to 22%, and pyrene 
from 42 to 18%.

In the root area of plants, an increased bioremedia-
tion rate of organic pollutants is observed in compari-
son with non-rhizospheric soil (Liste and Aleksander, 
2000). This is related first of all to the metabolic activity 
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of microflora, which populates the rhizosphere in great 
numbers. It turns out that of significant importance 
are also microorganisms directly connected with the 
plant that live inside root, stem, and leaf tissues. Exam-
ples of such microorganisms are strains of Azospirillum 
spp. and P. stutzeri. The total number of microorgan-
isms capable of degrading PAHs as a sole source of 

carbon and energy was found in in each of the studied 
soils (Fig. 2). The tested soils showed a large number 
of microorganisms capable of degrading anthracene, 
phenanthrene, pyrene, and diesel fuel (104 cfu/g d.m. 
of soil). The analysis of variance indicate the statisti-
cal important differences of total number of micro-
organism able to degrade anthracene, phenanthrene 

Fig. 2. The total number of microorganisms capable of degrading PAH (doses in soil 1000 mg/kg) and diesel fuel
(doses in soil 1000 mg/kg) as a sole source of carbon and energy [104 cfu/g d.m. of soil] – two-way analysis of variance.

C – control; Phe – phenantrene; Ant – anthracene; Pyr – pyrene; DF – diesel fuel –––––– chernozem –––– rendzina ----- lesives

Fig. 1. Degree of PAHs degradation: a) in soils artificially polluted with anthracene, phenanthrene, and pyrene
(doses in soil 1000 mg/kg) and diesel fuel (doses in soil 1000 mg/kg); b) in calcareous rendzina artificially polluted with PAHs.

Fig. 1b.
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and pyrene in different soils. The highest total num-
ber of microorganisms able to degrade diesel fuel was 
observed in chernozem after grown of cock’s food grass. 
Bacteria are mayor players in the degradation of PAHs, 
bioremediation is an increasingly popular option for 
reclamation of oil-contaminated sites. Many bacteria 
that utilize a polycyclic aromatic hydrocarbon as the 
source of carbon and energy have been isolated (Pizzul 
et al., 2007).

A number of different metabolic pathways have 
been established for the bacterial degradation of 
PAHs. The genes coding for the enzymes involved in 
the degradation of alkanes (alk), naphthalene (nah), 
benzoate via ortho cleavage of catechol (in bacteria) or 
prothocatechuate (in fungi) by the β-ketoadipate path-
way have been extensively characterized. Evaluation of 
the effect of contaminants on soil microflora strongly 
depended on the applied parameters. A more detailed 
discussion of the results regarding the effect of PAH’s on 
soil microorganisms is given elsewhere (Johnsen et al., 
2007; Ahammed et al., 2012). In contrast to inorganic 
compounds, microorganisms can degrade and even 
mineralize organic compounds in association with 
plants. Hence the discovery of effective pathways for 
degradation and mineralization of organic compounds 
may play an important role in the future. So far, bacteria 
capable of degrading certain kinds of organic pollutant, 
such as PAHs have been isolated from a range of sites 
and the pathways and encoding genes have also been 
well studied. But most of these bacteria cannot survive 
in the near-starvation conditions found in soils, includ-
ing the rhizosphere (Joner et al., 2007). Compared with 
physical and chemical remediation, phytoremediation 
has several advantages: it preserves the natural prop-
erties of soil; it acquires energy mainly from sunlight; 
high levels of microbial biomass in the rhizosphere can 
be achieved; it is low in cost; and it has the potential to 
be rapid. Although with these advantages, some plants 
show very low tolerance to soil contaminants, which 

limits the degradation efficiency to an insufficient 
level for meaningful soil remediation. As described 
above, although rhizobacteria may play an important 
role in the degradation and mineralization of organic 
compounds, the metabolic efficiency can be very low. 
Possible causes may be the small microbial biomass or 
the low solubility and bioavailability under high toxic 
pressure (Liste and Aleksander, 2000).

Grasses, thanks to a well-developed and dense root 
system, became an adequate habitat for the applied 
in the inoculation entophytic bacteria capable of 
using PAHs as the only source of carbon and energy 
(Leigh et al., 2002). A statistically significant (P ≤ 0.05) 
decrease in aromatic carbon content was obtained in 
the polluted soils. It cannot be unambiguously stated, 
however, that the entire amount of PAHs per soil pol-
lution was used by the bacteria in the bioremediation 
process. In the conducted studies with the use of non-
inoculated plants, a decrease in PAH content in the 
soil was also observed, but it was significantly smaller 
than in the inoculated combinations. The degree of 
degradation of the particular aromatic hydrocarbons 
in the soils polluted with the highest diesel fuel doses 
(1000 mg/kg) is presented in Fig. 3. The highest degree 
of their degradation was found in calcareous rendzina 
(Fig. 3b). Equally intensive was the degradation of those 
hydrocarbons in chernozem (Fig. 3a), whilst it was sig-
nificantly weaker in lessives (Fig. 3c). 

Liste and Felgentreu (2006) found a decrease in gas-
oline hydrocarbon content to 68.7% and PAHs to 59% 
at mustard growth during a 90-day-long bioremedia-
tion process with natural plant rhizosphere microflora. 
In the present studies, with significantly higher soil 
pollution (1000 mg/kg) at non-inoculated and inocu-
lated maize growth in calcareous rendzina the follow-
ing results were obtained: decrease in the anthracene 
content in the soil from 95% with no plant inocula-
tion to 42% with inoculation, phenanthrene from 72% 
to 36%, whilst pyrene from 58 to 27%. Gałązka et al. 
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(2012) found the degradation degree with the highest 
PAHs and diesel fuel doses in soils artificially polluted 
during four-week long meadow fescue growth inocu-
lated and non-inoculated with nitrogen fixing bacteria 
a decrease in the content of Σ15PAHs in the soil took 
place – from 65% with no plant inoculation to 15% with 
inoculation. A decrease in hydrocarbon content was 
noted at meadow fescue growth from 80–91% (non-
inoculated plant) to 18–56% (inoculated plant), whilst 
it was significantly weaker in lessives.

A plant is capable – through the root system – of 
absorbing various organic compounds depending on 
their relative lipophilicity (Kang and Xing, 2006). Com-
pounds uptaken by the plant may accumulate in the 
root or become permanently built into its structure, 
for example lignin, which is an example of pollution 
phytostabilisation (Siciliano and Germida, 1998). How-
ever, a significant part of the absorbed organic com-
pound undergoes only translocation along the vascular 
bundles of the plant and is transpirated through the 

leaves. This process decreases pollution concentration 
in the soil but it is not advantageous to the environ-
ment because it causes atmosphere pollution. Moreover, 
the presence of plants in the soil intensifies humifica-
tion (Liste and Aleksander, 2000; Smith et al., 2006), as 
the organic compounds of the pollutant are built into 
humus components. Immobilised in such a way do not 
pose a significant threat to the environment, but this 
does not solve the problem of pollution, either. Much 
better results are obtained during bioaugmentation pro-
cesses with the use of soil microorganisms capable of 
pollution degradation (Johnsen et al., 2007). 

After 30 days of experiment concentrations of PAH’s 
in soils decreased almost 10–60% comparing to con-
trol. In other hand content of heavy metals in soils was 
also lower. The content of heavy metals determined by 
ICP-MS methods confirmed the statistically significant 
decrease in their levels if inoculated plants were used 
(decline in chernozem and rendzina by 20–45% and 
lessives 15–23%) (Table II). Through the root system 

Fig 3. The PAHs content in in soils polluted with 1000 mg/kg diesel fuel.
a) chernozem, b) calcareous rendzina, c) lessives.
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PAHs [% of control]
naphthalene  35.2 ± 1.2a 21.8 ± 2.1a  67.9 ± 1.5b  35.2 ± 0.5a  94.8 ± 2.1b  75.4 ± 1.2a 
acenaphthene  89.8 ± 0.5b 61.7 ± 1.6b  58.3 ± 1.3a  42.2 ± 0.2a  91.9 ± 1.0b  73.8 ± 0.7a 
fluorene  89.6 ± 1.5b 58.1 ± 1.8a  58.4 ± 0.8a  35.7 ± 0.2c  92.5 ± 1.0b  68.8 ± 0.5a 
phenanthrene  85.1 ± 0.5b 47.9 ± 1.1a  47.4 ± 1.1a  32.5 ± 1.1c  96.5 ± 0.5b  67.5 ± 1.1a 
anthracene  81.5 ± 1.2b 42.3 ± 2.2a  52.2 ± 0.2a  35.4 ± 0.8c  96.1 ± 1.2b  72.9 ± 0.7a 
fluoranthene  73.5 ± 2.2b 41.2 ± 2.3a  87.2 ± 0.5b  42.6 ± 2.5a  77.3 ± 0.5b  63.9 ± 0.4a 
pyren  56.1 ± 1.5a 38.9 ± 0.4c  48.2 ± 0.7a  26.4 ± 1.4c  81.7 ± 1.1b  58.4 ± 1.2a 
benz[a]anthracene  84.0 ± 2.5b 58.4 ± 0.7a  85.1 ± 0.8b  38.6 ± 1.3c  95.6 ± 0.4b  63.8 ± 0.3a 
chrysene  96.7 ± 1.2b 58.1 ± 1.5a  63.4 ± 1.1a  37.4 ± 1.1c  87.5 ± 0.3b  62.4 ± 0.6c 
benzo[b]fluoranthene  52.8 ± 1.3a 37.3 ± 0.8a  92.5 ± 1.2b  52.6 ± 0.2a  83.3 ± 1.2b  62.9 ± 0.5a 
benzo[k]fluoranthene  78.9 ± 1.9b 38.4 ± 1.2a  81.7 ± 0.7b  46.5 ± 0.1c  88.7 ± 1.2b  52.4 ± 0.4c 
benzo[a]pyrene  95.8 ± 1.2b 58.9 ± 1.8a  73.9 ± 0.4b  52.4 ± 0.3a  77.6 ± 0.5a  50.4 ± 0.9c 
dibenz(a, h)anthracene  61.5 ± 1.2a 48.1 ± 2.2a  77.6 ± 1.2a  45.1 ± 1.2a  79.5 ± 0.4b  58.3 ± 0.3c 
benzo[ghi]perylene  69.1 ± 0.8b 42.2 ± 0.5a  89.2 ± 1.1b  51.4 ± 0.4a  80.2 ± 0.5b  54.8 ± 1.2a 
indeno(1, 2, 3–cd)pyrene  72.6 ± 1.7a 53.5 ± 1.2a  65.7 ± 0.5b  46.8 ± 0.7a   81.7 ± 1.0b  67.7 ± 1.1a 
Heavy metal [mg ∙ kg–1]
Cr  16.4 ± 0.2a 14.5 ± 0.4a  15.8 ± 0.5a  11.5 ± 0.1b  17.4 ± 0.3a  16.2 ± 0.2a 
Pb  24.2 ± 1.2a 11.4 ± 0.8b  22.4 ± 0.7a  15.4 ± 0.5b  21.4 ± 0.7a  18.4 ± 0.2a 
Cu  11.4 ± 0.4a 7.4 ± 0.4b  10.7 ± 0.2a  8.6 ± 0.3b  11.6 ± 0.1a  8.4 ± 0.4a 
Zn  62.4 ± 0.2a 45.5 ± 0.5b  58.7 ± 0.5 a  32.5 ± 0.4b  60.4 ± 0.2a  55.2 ± 0.3a 
Ni  16.5 ± 0.4a 9.4 ± 0.2b  15.7 ± 0.3a  8.4 ± 0.5b  14.2 ± 0.2a  10.4 ± 0.6c 
Co  5.4 ± 0.2a 3.4 ± 0.3b  6.2 ± 0.4a  4.2 ± 0.5b  6.1 ± 0.6a  3.1 ± 0.4b 
Cd  0.298 ± 0.02a 0.098 ± 0.01b 0.242 ± 0.02a 0.075 ± 0.01b  0.187 ± 0.02a  0.142 ± 0.02a

Sn  1.2 ± 0.02a 0.4 ± 0.02b  1.7 ± 0.01a  0.3 ± 0.02b  1.9 ± 0.02a  0.7 ± 0.01b 
Pb  24.6 ± 0.3a 11.4 ± 0.2b  22.6 ± 0.2a  14.5 ± 0.1b  28.4 ± 0.2a  18.7 ± 0.1b

Table II
Degree of PAHs degradation in soils polluted with 1000 mg · kg–1 diesel fuel: calcareous rendzina, chernozem, lessives,

brown soil aged polluted with crude oil

values marked with different letters (a, b, c) are statistically significantly different (P < 0.05)
I+ inoculated plants; I– non inoculated plants

Factors of the experiment

chernozem calcareous rendzina lessives
I– I+ I– I+ I– I+

heavy metals were accumulated in the plant tissues. 
The results obtained show that D. glomerata is not only 
a good bioremediation plant but also effective in soils 
polluted with heavy metals. Lower concentrations of 
PAH’s and heavy metals were observed in chernozem 
and rendzina after inoculation grass with Azospirillum 
spp. and P. stutzeri. 

As described, applied coupling decreased the pol-
lution of the soil environment with PAHs and metals 
which means it was simultaneously beneficial for the 
growth of plants in contamination conditions. Under 
the influence of synergistic reaction of nitrogen fixing 
bacteria the toxic effect of PAH’s content and heavy 
metals on chosen plant species and their rhizosphere 
was reduced and the processes of PAH’s degradation 
in soils increased. To conclude, the application of grass 
inoculation with Azospirillum spp. and P. stutzeri had 

a positive effect on the degradation processes of polycy-
clic aromatic hydrocarbons in soils artificially polluted 
with PAHs. A detailed understanding of all the mecha-
nisms responsible for physiological and biological inter-
actions during hydrocarbons degradation may be useful 
for the application of these bacteria in field studies on 
bioremediation of oil contaminated sites. Therefore, the 
present inoculation of plants with Azospirillum spp. and 
P. stutzeri was effective in promoting the phytoremedia-
tion of freshly added PAH’s into the soil.

Literature

Abhilash P.C., S. Srivastava and N. Singh. 2011. Comparative bio-
remediation potential of four rhizospheric microbial species against 
lindane. Chemosphere 82 (1): 56–63.



Phytoremediation of polycyclic aromatic hydrocarbons in soils3 251

Ahammed G.J., S. Zhang, K. Shi, Y.-H. Zhou, and J.Q. Yu. 2012. 
Brassinosteroid improves seed germination and early development 
of tomato seedling under phenanthrene stress. Plant Growth Regul 
68: 87–96.
Anderson T.A., E.A. Guthire and B.T. Walton. 1993. Bioremedia-
tion in the rhizosphere: plant roots and associated microbes clean 
contaminates soil. Environ. Sci. Technol. 27: 2630–2636.
Andreoni V. and L. Gianfreda. 2007. Bioremediation and monitor-
ing of aromatic-polluted habitats. Appl. Microbiol. Biotechnol. 76: 
287–308.
Caside L., D. Klein and T. Santoro. 1964. Soil dehydrogenase activ-
ity. Soil Sci. 98: 371–376.
Cerniglia C. 1992. Biodegradation of polycyclic aromatic hydrocar-
bons. Biodegradation 3: 351–368.
Chauhan A., Fazlurrahman, J.G. Oakeshott and R.K. Jain. 2008. 
Bacterial metabolism of polycyclic aromatic hydrocarbons: strate-
gies for bioremediation. Indian J. Microbiol. 48: 95–113.
Ciesielczuk T., G. Kusza, J. Poluszyńska and K. Kochanowska. 
2014. Pollution of Flooded arable soils with heavy metals and poly-
cyclic aromatic hydrocarbons (PAHs). Water Air Soil Pollut. 225(10): 
2145. 
Couillerot O., A. Ramírez-Trujillo, V.  Walker, A. von Felten, 
J. Jansa, M. Maurhofer, G. Défago, C. Prigent-Combaret, G. Comte, 
J. Caballero-Mellado and Y. Moënne-Loccoz. 2013. Comparison 
of prominent Azospirillum strains in AzospirillumPseudomonas
Glomus consortia for promotion of maize growth. Appl. Microbiol. 
Biotechnol. 97(10): 4639–4649. 
Dominiguez-Rosado E., and J. Pichtel. 2004. Phytoremediation 
of soil contaminated with used motor oil: II. Greenhouse studies. 
Environ. Engin. Sci. 21(2): 169–180.
Gałązka A. 2008. PhD Thesis (Assessment of bacteria Azospirillum 
spp. and Pseudomonas stutzeri usefulness for the bioremediation of 
soils polluted with aromatic hydrocarbons). IUNG – PIB Puławy, 
Poland (in Polish).
Gałązka A., Król M. and A. Perzyński. 2012. The efficiency of rhi-
zosphere bioremediation with Azospirillum sp. and Pseudomonas 
stutzeri in soils freshly contaminated with PAHs and diesel fuel. Pol. 
J. Environ. Stud. 21(2): 345–353.
Gogoi B.K., N.N. Dutta, P. Goswami and T.R.K. Mohan. 2003. 
A case study of bioremediation of petroleum-hydrocarbon contami-
nated soil at a crude oil spill. Adv. Environ. Res. 7: 757–782.
Günther T., U. Dornberger and W. Fritsche. 1996. Effects of rye-
grass on biodegradation of hydrocarbons in soil. Chemosphere. 33: 
203–215.
Huang X.D., Y. El-Alawi, D.M. Penrose, B.R. Glick and B.M. Green - 
berg. 2004. Responses of three grass species to creosote during 
phyto remediation. Environ. Poll. 130: 453–463.
Johnsen A.R., S. Schmidt, T.K. Hybholt, S. Henriksen, C.S. Jacob-
sen and O. Andersen. 2007. Strong impact on the Polycyclic aro-
matic hydrocarbon (PAH) – degrading community of a PAH-pol-
luted soilbut marginal effect on PAH degradation when priming 
with bioremediated soil dominated by Mycobacterium. Appl. Envi
ron. Microbiol. 73(5): 1474–1480.
Joner E.J., A. Johannes, A.P. Loibne, M.A. de la Cruz, O.H. Szolar, 
J.M. Portal and C. Leyval. 2007. Rhizosphere effects on microbial 
community structure and dissipation and toxicity of polycyclic aro-
matic hydrocarbons (PAHs) in spiked soil. Environ. Sci. Technol. 
35: 2773–2777.
Jones J.G. and M.A. Edington. 1968. An ecological survey of 
hydrocarbon – oxidazing microorganisms. J. Gen. Microbiology 52: 
381–390.
Kabata-Pendias A., M. Piotrowska, T. Motowicka-Terelak, B. Mal-
iszewska-Kordybach, K. Filipiak, A. Krakowiak and Cz. Pietruch. 
1995. Fundamentals of the assessment of chemical soil pollution; 

heavy metals, sulphur, and PAHs. Bibl. Monitoringu Środowiska 
Warszawa (in Polish).
Kang S.H. and B.S. Xing. 2006. Phenanthrene sorption to sequen-
tially extracted soil humic acids and humins. Environ. Sci. Technol. 
39: 134–140.
Król M.J., A. Perzyński and A. Leśniak. 2007. Pseudomonas stutzeri 
– bacteria colonizing the plants endoryzoshere (in Polish). Postępy 
Nauk Rol. 1: 81–91.
Lee J.H. 2013. An overview of phytoremediation as a potentially 
promising technology for environmental pollution control. Biotech
nol. Bioproc. Eng. 18: 431–439.
Leigh M.B., J.S. Fletcher, X. Fu and F.J. Schmitz. 2002. Root turn-
over: an important substrate of microbial substrates in rhizosphere 
remediation of recalcitrant contaminants. Environ. Sci. Tech. 36: 
1579–1583.
Liang Meng L., M. Qiao and H. Peter. 2011. Phytoremediation 
efficiency of a PAH-contaminated industrial soil using ryegrass, 
white clover, and celery as mono- and mixed cultures. H. Arp. J. Soils 
Sediments 11:482–490.
Liste H.H. and M. Aleksander. 2000. Accumulation of phenan-
threne and pyrene in rhizosphere soil. Chemosphere 40: 11–14.
Liste H.H. and D. Felgentreu. 2006. Crop growth, culturable bacte-
ria, and degradation of petrol hydrocarbons (PHCs) in a long-term 
contaminated field soil. Appl. Soil Ecol. 31: 43–52. 
Ma B., H. Chen, Y. He, H. Wang and J. Xu. 2010. Evaluation of 
toxicity risk of polycyclic aromatic hydrocarbons (PAHs) in crops 
rhizosphere of contaminated field with sequential extraction. J. Soils 
Sediments 10:955–963. 
Mahmoud H.M., P. Suleman, N.A. Sorkhoh, S. Salamah and 
S.R. Samir. 2011. The potential of established turf cover for cleaning 
oily desert soil using rhizosphere technology. Int. J. Phytoremediat. 
13(2): 156–67. 
Martin J.P. 1950. Use of acid, rose bengal and streptomycin in the 
plate method for estimating soil fungi. Soil Science, 69: 215–232.
Muratova A., T. Hubner, S. Tischer, O. Turkovskaya, M. Moder 
and P. Kuschk. 2003. Plant-rhizosphere-microflora association dur-
ing phytoremediation of PAH-contaminated soil. Int. J. Phytoreme
diat. 5(2):137–151. 
Naiman A.D., A. Latrónico and I.E. García de Salamone. 2009. 
Inoculation of wheat with Azospirillum brasilense and Pseudomonas 
fluorescens: Impact on the production and culturable rhizosphere 
microflora. Eur. J. Soil Biol. 45: 44–51.
Okon, Y. and J. Vanderleyden. 1997. Root-Associated Azospirillum 
species can stimulate plant. ASM News 63: 366–370.
Order by the Minister of the Environment on soil quality standards 
and ground quality standards. 2002. Dz.U. Nr 165 poz. 1359 (in 
Polish). http://isap.sejm.gov.pl/DetailsServlet?id=WDU20021651359, 
2015.08.22.
Ouvrard S., E.D. Chenot, J.F. Masfaraud and Ch. Schwartz. 2013. 
Long-term assessment of natural attenuation: statistical approach on 
soils with aged PAH contamination. Biodegradation 24: 539–548.
Parales R.E., N.C. Bruce, A. Schmid and L.P. Wackett. 2002. Bio-
degradation, Biotransformation, and Biocatalysis (B3). Appl. Envi
ron. Microbiol. 68(10): 4699–4709.
Parrish Z.D., M.K. Banks and A.P. Schwab. 2005. Assessment of 
contaminant lability during phytoremediation of polycyclic aromatic 
hydrocarbon impacted soil. Environ. Poll. 137: 187–197.
Pizzul L., M. del Pilar Castillo and J. Stenström. 2007. Effect of 
rapeseed oil on the degradation of polycyclic aromatic hydrocar-
bons in soil by Rhodococcus wratislaviensis. Int. Biodet. Biodegr. 59: 
111–118. 
Siciliano S.D. and J.J. Germida. 1998. Mechanisms of phytoreme-
diation: Biochemical and ecological interactions between plants and 
bacteria. Environ. Rev. 6: 65–79.



Gałązka A. et al. 3252

Smith M.J., T.H. Flowers, H.J. Duncan and J. Alder. 2006. Effects 
of polycyclic aromatic hydrocarbons on germination and subse-
quent growth of grasses and legumes in freshly contaminated soil 
and soil with aged PAHs residues. Environ. Poll. 141: 519–525.
Steenhoudt O. and J. Vanderleyden. 2000. Azospirillum, a free-
living nitrogen-fixing bacterium closely associated with grasses: 
genetic, biochemical and ecological aspects, FEMS Microbiol. Rev. 
24: 487–506. 
Tabatabai M. A. and J.M. Bremner. 1969. Use of p-nitrophenyl 
phosphate for assay of soil phosphatase activity. Soil Biol. Biochem. 
1: 301–307. 
Tejeda-Agredano M.C., S. Gallego, J. Vila, M. Grifoll, J.J. Ortega-
Calvo and M. Cantos. 2013. Influence of the sunflower rhizo-

sphere on the biodegradation of PAHs in soil. Soil Biol. Biochem. 
57: 830–840.
Wallace R. and A. Lockhead. 1950. Qualitative studies of soil 
microorganisms. Aminoacid requirements of rhizosphere bacteria. 
Can. J. Research. section C 28: 1–6.
Walton B.T., A.M. Hoylman, M.M. Perez, T.A. Anderson, 
T.R. Johnson, E.A. Guthrie and R.F. Christman. 1994. Bioremedia-
tion through Rhizosphere Technology, pp. 82–92. In: Anderson T.A. 
and J.R. Coats (eds). Am. Chem. Soc. Washington. 
Yu W., S. Kuang and L. Zhao. 2013. Uptake, accumulation and 
translocation of polycyclic aromatic hydrocarbons by winter 
wheat cultured on oily sludge-amended soil. Chin. J. Geochem. 32: 
295–302. 


