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Abstract. Pilot experiments were conducted to analyse the
effect of different environmental factors on the rhizoremedi-
ation of petroleum-contaminated soil. Different plant species
(cotton, ryegrass, tall fescue and alfalfa), the addition of fer-
tilizer, different concentrations of total petroleum hydrocar-
bons (TPH) in the soil, bioaugmentation with effective mi-
crobial agents (EMA) and plant growth-promoting rhizobac-
teria (PGPR) and remediation time were tested as influenc-
ing factors during the bioremediation process of TPH. The
results show that the remediation process can be enhanced
by different plant species. The order of effectiveness of
the plants was the following: tall fescue> ryegrass> al-
falfa > cotton. The degradation rate of TPH increased with
increased fertilizer addition, and a moderate urea level of
20 g N (Nitrogen)/m2 was best for both plant growth and
TPH remediation. A high TPH content is toxic to plant
growth and inhibits the degradation of petroleum hydrocar-
bons. The results showed that a 5% TPH content gave the
best degradation in soil planted with ryegrass. Bioaugmen-
tation with different bacteria and PGPR yielded the follow-
ing results for TPH degradation: cotton+EMA+PGPR> cot-
ton+EMA> cotton+PGPR> cotton> control. Rapid degra-
dation of TPH was found at the initial period of remediation
caused by the activity of microorganisms. A continuous in-
crease of degradation rate was found during the 30–90 days
period followed by a slow increase during the 90–150 days
period. These results suggest that rhizoremediation can be
enhanced with the proper control of different influencing fac-
tors that affect both plant growth and microbial activity in the
rhizosphere environment.
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(tangjch@nankai.edu.cn)

1 Introduction

With the development of the economy and petroleum explo-
ration, the contamination of soil with petroleum compounds
is a concern worldwide (Banks et al., 2003; Rojo, 2009).
Bioremediation of contaminated soil is low cost, causes less
interference with the soil structure and has a higher pub-
lic acceptance than other approaches including soil ther-
mal desorption and soil leaching treatment. There are two
different approaches for the bioremediation of petroleum-
contaminated soil: microbial remediation and phytoremedi-
ation. Phytoremediation is a strategy that uses plants to de-
grade, stabilise, and/or remove soil contaminants. Phytore-
mediation of hydrocarbons has the potential to be a sustain-
able waste management technology if it can be proven to be
effective in the field (Gurska et al., 2009). Recently, the com-
bination of microbial remediation and phytoremediation has
become a general practice in the field treatment of petroleum-
contaminated soils. This technique can be defined as rhi-
zoremediation, which is a specific type of phytoremediation
that involves both plants and their associated rhizosphere mi-
crobes. The process can occur naturally or can be actuated
by deliberately introducing specific microbes (Gerhardta et
al., 2009).

The contamination of crude oil results in an immediate
change in the bacterial community structure, an increasing
abundance of hydrocarbon-degrading microorganisms and a
rapid rate of oil degradation, which suggests the presence of
a pre-adapted, oil-degrading microbial community and suf-
ficient supply of nutrients (Coulon et al., 2006; Hamamura
et al., 2006). The degradation rates of microbial remedia-
tion and phytoremediation greatly differ, depending on sev-
eral conditions. Microbial degradation can be accomplished
by different species of microorganisms that are both native
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to the soil and added as effective degrading strains. The mi-
crobial degradation is generally higher than 40% within 1
year of disposal and may be as high as 70% in some cases
(Sathishkumar et al., 2008). Influencing factors for microbial
remediation include soil moisture content, soil temperature,
soil pH, oxygen supply, nutrients, oxidation-reduction po-
tential, soil texture and soil structure (Riser-Roberts, 1998).
However, the degradation rate in phytoremediation is gener-
ally low; it may be as low as only 9.1%–20% higher than
that of the control soil (Brandt et al., 2006; Euliss et al.,
2008). Accordingly, bioaugmentation is needed to intro-
duce effective microorganisms to improve the efficiency of
rhizoremediation. The synergistic reaction of the plants and
microorganisms, rhizoremediation showed a higher degrada-
tion rate of petroleum pollutants than microbial remediation
and phytoremediation (Gurska et al., 2009; Xin et al., 2008;
Escalante-Espinosa et al., 2005). Several plant species, in-
cluding ryegrass, sorghum, maize, alfalfa, Bermuda grass,
rice, legume, sorghum and beggar ticks, are effective in de-
grading total petroleum hydrocarbons (TPH) (Nedunuri et
al., 2000; Kaimi et al., 2007; Merkl et al., 2005; Shirdam
et al., 2008). The TPH content is an important factor of rhi-
zoremediation and influences the bioremediation process. A
high TPH content is toxic to both microorganisms and plants.
Some plants are sensitive to oil pollution, and plant growth
may be greatly reduced in a high-TPH soil (Peng et al.,
2009). By using ryegrass and plant growth-promoting rhi-
zobacteria (PGPR) in a rhizoremediation process, the degra-
dation rate in soil with a TPH content of 13% was 61.5%
during 3 years of remediation (Gurska et al., 2009). When
the TPH content was 5%, the process removed 90% of all
TPH fractions from the soil, whereas phytoremediation alone
was only able to remove about 50% of the TPH in the same
time period (Huang et al., 2005). These results suggest that
a high TPH content inhibits plant growth and microbial ac-
tivity in the rhizosphere environment, which then results in
low TPH degradation. Other factors affecting the rhizoreme-
diation process include inoculation, the addition of nutrients,
soil organic content, soil depth and salt content (Mishra et
al., 2001; Margesin et al., 2003; Lin and Mendelssohn, 1998;
Hutchinson et al., 2001; Keller et al., 2008).

Despite our understanding of the mechanisms of remedi-
ation and the successful results in the laboratory and green-
house, efforts to translate bioremediation research to the field
have been challenging (Gerhardta et al., 2009), which is par-
tially because plant growth in the field is generally different
from that under laboratory conditions. Furthermore, the field
remediation can be affected by many different factors. Cur-
rently, systematic research on the influencing factors of rhi-
zoremediation is lacking even though various rhizoremedi-
ation techniques for petroleum-contaminated soil have been
applied in both laboratory and field experiments. For a bet-
ter understanding of the mechanisms of remediation and the
enhancement of the remediation efficiency, a series of rhi-
zoremediation experiments was conducted and compared to

Table 1. Chemical properties of the soil used in the experiment.

pH TPH% Total Total Heavy metal (mg/kg)
N(g/kg) P(g/kg) Zn Cd Ni Cu Pb Cr

7.9 10 2.75 0.11 666 − 6.5 16.5 − 12

− indicates values below the detection limit of 0.1 mg/kg

further understand how different factors affect the rhizore-
mediation process and how the remediation process can be
controlled for better disposal of TPH-contaminated soil.

2 Materials and methods

2.1 Petroleum-contaminated soil

Petroleum-contaminated soil was brought from the Shengli
Oil Field in China. The soil was air dried and ground to 20
meshes before using. The chemical properties of the soil are
shown in Table 1. The pH was relatively high, and high TPH
and Zn contents were found in the soil. The TPH content
was about 10%, and different concentrations of petroleum-
contaminated soil were prepared by mixing the contaminated
and un-contaminated soil in different ratios.

2.2 Experiments for different influencing factors of
rhizoremediation

The following five experimental series were designed to
study different influencing factors on the effect of rhizore-
mediation. (1) Comparison of different species regarding
the remediation of TPH. The following four plant species
were selected based on literature reports showing that these
plants have been used for the remediation of petroleum pol-
lutants: cotton (Gossypium hirsutum Linn), ryegrass (Lolium
perenneL.), tall fescue (Festuca arundinacea) and alfalfa
(Medicago sativa). The soil TPH content was 5%, and the
experiment was carried out in flower pots with 750 g of soil
for 150 days. The plants were managed based on their gen-
eral requirements. The TPH content was tested after the re-
mediation process. (2) Effect of chemical fertilizer addition
on the remediation process. Urea was added to the TPH-
contaminated soil at rates of 0 g N (Nitrogen) /m2, 5 g N/m2,
10 g N/m2, 20 g N/m2 and 30 g N/m2, using the same soil as
described in the previous experiment. Tall fescue was used
as the remediation plant, and the TPH content was analysed
and plant biomass was weighed after 150 days of remedia-
tion. (3) The effect of TPH content on the growth of plants
and the remediation effect. TPH contents of 2%, 5% and
10% were prepared, and tall fescue was planted for a pe-
riod of 150 days. The degradation rates were calculated
based on the change of TPH content before and after the
remediation. (4) Effect of bioaugmentation on the remedi-
ation process. Pot experiment was carried out using 750 g of
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petroleum-contaminated soil at a TPH concentration of 5%.
Cotton was used in this experiment to study the combined
effect of plants and EMA, which has not previously been re-
ported. The following five treatments were used: (a) control,
(b) planting cotton, (c) planting cotton and the addition of
2% effective microbial agents (EMA), (d) cotton+PGPR, and
(e) cotton+EMA+PGPR. The EMA consisted of 2 microbial
strains:Acinetobacter radioresistensandRhodococcus ery-
thropolis. The bacteria were incubated to over 1×1010 cfu/g
in liquid media and added to the peat in a ratio of 1:4 (w/w)
to produce the microbial agents. PGPR contained mainly
Azospirillum Brasilence, which was bought from Shanghai
Pengxie Co., Ltd. The cotton seeds were soaked in the PGPR
solution before planting. TPH content, dehydrogenase activ-
ity and PCR-DGGE analyses were carried out on the samples
during bioaugmentation process. (5) Degradation of pollu-
tants at different times throughout the rhizoremediation pro-
cess. The following three treatments were used: (a) con-
trol, (b) addition of 2% EMA (Acinetobacter radioresistens
andRhodococcus erythropolis), and (c) addition of 2% EMA
with the planting of tall fescue. Samples were taken after
days 0, 15, 30, 45, 60, 90 and 150 to study the dynamic
change of TPH content during the remediation process.

Filter paper was placed at the bottom of the flower pot
to cover the drainage hole, and TPH-contaminated soil was
added. For cotton planting, 20 seeds were arranged evenly in
each pot and covered with 2–3 cm of soil on the top. For tall
fescue, ryegrass and alfalfa, 5 g of seed were added evenly
to the soil in each pot and covered with 0.5–1 cm of soil on
the top. Water was then added to maintain a soil moisture
of 60–90% of the maximum water holding capacity. No fer-
tilizer was added during the remediation process. In exper-
iment 2, different amounts of urea were added to the TPH-
contaminated soil that was placed in the flower pot, and the
soil was then mixed thoroughly.

2.3 Analysis of TPH

The TPH content was analysed by air-drying 5-g sub-
samples of the soil. The samples then underwent ultrasound
extraction with 15 mL of chloroform for 15 min followed by
centrifugation at 4000 rpm. The supernatant was then fil-
trated and placed in a flask. The extraction procedure was
repeated 3 times, and the extracts were concentrated by dry-
ing with a rotary evaporator at 40◦C. The samples were
then dried to constant weights at 60◦C, and the flask was
reweighed to determine the petroleum hydrocarbon contents.

2.4 Dehydrogenase activity analysis

The soil was air-dried, and a 5-g sample was placed in a
flask. A solution consisting of 5 mL of 0.1% TTC (2,3,5-
triphenyltetrazolium Chloride) and 2 mL of 0. 2M Tris-HCl
buffer solution (pH 7.6) was added to the flask, which was
then mixed and shaken. A blank was prepared with no addi-

tion of TTC. The prepared samples were incubated at 37◦C
for 24 h. After incubation, a 1 M H2SO4 solution was used to
stop the reaction, and 5 mL of toluene was added. The flasks
were then incubated for 30 min with shaking. After centrifu-
gation, the absorbance of the organic solution was detected
at 492 nm, and the dehydrogenase activity was expressed as
the amount of TPF (Triphenyl formazan) produced by the re-
duction of TTC.

2.5 Denaturing gradient gel electrophoresis (DGGE)
analysis of partial 16S rRNA genes

DNA extraction was carried out using a ZR Soil Microbe
DNA Kit™ (Orange, CA). The procedure of the DNA extrac-
tion from soil was performed according to the manufacturer’s
instructions. The 16S rDNA genes were amplified with PCR
using the following primers: 357f-GC clamp (forward, 5′-
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCAC
GGGGGGCCTACGGGAGGCAGCAG-3′, Escherichia
coli position: 341–357; the underlined sequence
corresponds to the GC clamp) and 517r (reverse, 5′-
ATTACCGCGGCTGCTGG-3′, Escherichia coli position:
517–534). The reaction solution for the PCR contained
0.5 µl of each primer, 2.5 µl of 10X Ex Taq buffer, 2.5 µl
of 2.5 mM dNTP mixture, 2.0 µl of bovine serum albumin
(BSA), 1.5 µl of 25 M Mg2+, 0.25 µl of 5 U/ µl Ex Taq DNA
polymerase (TaKaRa, Otsu, Japan), 1.0 µl of DNA template
and 14.75 µl of ultrapure sterile water. The PCR was carried
out by a TaKaRa PCR Thermal Cycler Dice Model TP600
(TakaRa, Otsu, Japan) with the following conditions for
amplification: initial denaturation at 94◦C for 3 min, 25
cycles at 1 min each of denaturation at 94◦C, 1 min of
annealing at 55◦C and 2 min of extension at 72◦C, followed
by a final extension at 72◦C for 7 min.

DGGE analysis was used to obtain fingerprinting of the
PCR products of partial 16S rDNA genes. The denaturing
gradient of polyacrylamide ranged from 30% to 60%. The
PCR products were used to perform gel electrophoresis in a
cell D-code TM system (Bio-Rad laboratories, Hercules, CA,
USA) at 60◦C and 200 V for 4 h. The gel was then stained
with ethidium bromide (EB) for 30 min and photographed
under UV light. The DGGE bands were analysed by Quan-
tity One (Bio-Rad laboratories, Hercules, CA, USA).

3 Results

3.1 Effects of different plant species on the remediation
process of TPH

Different plant species have been used in the phytoremedi-
ation process of petroleum-contaminated soil. Grass of tall
fescue and ryegrass as well as alfalfa are generally used and
are effective in enhancing the bioremediation of TPH. Cotton
is an economic crop that has adapted to saline and alkaline
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Fig. 1. Comparison of the abilities of different plant species to
bioremediate TPH.

soils. The effects of different plant species on the remedia-
tion of TPH are shown in Fig. 1. The degradation of TPH
ranged from 33.1% to 48.6% with the following order of ef-
fectiveness of the plants: tall fescue> ryegrass> alfalfa >

cotton. The values of degradation in tall fescue and ryegrass
were almost the same and were only slightly higher than that
of alfalfa. The different degradation rates of TPH in differ-
ent plants were likely caused by the different physiological
functions of roots in the different plants and suggest that the
proper selection of plant species is an important strategy in
the bioremediation process of TPH.

3.2 Effect of chemical fertilizer addition to the
remediation process

As both microbial activity and plant growth can be affected
by the addition of fertilizer, fertilizer addition is an impor-
tant factor in determining the efficiency of the bioremedia-
tion process. Figure 2a shows the degradation rate of TPH
with different addition rates of urea. A positive relationship
between the degradation rate of TPH and the addition rate of
urea indicates that fertilizer is effective in enhancing the rhi-
zoremediation process of TPH. Figure 2b shows the change
of biomass weight with the addition of different amounts
of urea. Both wet and dry weights of tall fescue increased
with the increase in urea when the application rate was un-
der 20 g N/m2. However, when the application rate was in-
creased to 30 g N/m2, a low biomass weight was found. The
highest biomass value of 6.28 g was achieved when the urea
addition was 20 g N/m2, which was approximately 6 times
higher than when the urea addition was 30 g N/m2.
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Fig. 2. The effect of urea addition on the bioremediation of TPH.

3.3 Effect of TPH concentration on plant growth and
remediation effectiveness

Petroleum is toxic to plants, therefore, high concentrations
of TPH inhibit plant growth. Figure 3 shows the degradation
of TPH at various concentrations. During the phytoreme-
diation process by tall fescue for 150 days, the degradation
rates in soil with TPH concentrations of 2%, 5% and 10%
was 60.3%, 48.4% and 14.9%, respectively. The degradation
rates indicate that low concentrations of TPH are favourable
for TPH degradation. However, the degradation amount of
THP is the highest when a moderate concentration of THP
is present (Fig. 3). Proper evaluation of the TPH concentra-
tion should, thus, be considered during the phytoremediation
process to achieve the best remediation results.

3.4 Effect of bioaugmentation on the rhizoremediation
process

The rhizoremediation process is a combined effect of micro-
bial degradation and plant growth. Figure 4 compares the ef-
fect of plant growth, addition of EMA and addition of PGPR
on the bioremediation process. The TPH degradation order
of effectiveness is: cotton+EMA+PGPR> cotton+EMA>

cotton+PGPR> cotton> control. The highest degradation
rate was 29.8% and was found in the treatment of cotton with
the addition of both EMA and PGPR. This treatment showed
a 10% higher degradation rate than the control, indicating
that bioaugmentation with EMA and PGPR is effective in
promoting the rhizoremediation process of TPH. When com-
paring cotton planting with the control, a 5% higher degra-
dation rate in cotton planting treatment suggested the effec-
tiveness of phytoremediation. However, cotton+EMA and
cotton+PGPR planting showed higher degradation rates than
those achieved through cotton planting only. Bioaugmenta-
tion with petroleum-degrading bacteria is supposed to be able
to enhance the rhizoremediation process. Dehydrogenase ac-
tivity was higher in the four treatments than in the control.
The highest value of dehydrogenase activity was achieved
with the addition of EMA. However, PGPR did not improve
the dehydrogenase activity during the remediation process.

Based on the DGGE analysis results shown in Fig. 5a,
more complex microbial communities were found in lanes
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Fig. 3. The effect of soil TPH concentration on the degradation rate.

2–6 compared to that in lane 1. These results indicate that the
rhizoremediation of TPH with cotton and different microor-
ganisms allows the proliferation of the complex microbial
community. Some new bands developed during the reme-
diation process. Common bands C1-C13 can be found in all
samples of lanes 1–6. Special bands S1-S8 are only observed
in certain lanes. S1 was found in lanes 2–6 but not in lane1,
S2 was only found in lane 1, S3 was only found in lanes 4
and 5, and S5 was only found in lane 3. The cluster analysis
shown in Fig. 5b indicates that the microbial community of
the control group was different from that of the cotton plant-
ing group. However, the two treatments with the addition of
PGPR were grouped into one category by the cluster analy-
sis.

3.5 Degradation of TPH pollutants at different time
throughout the rhizoremediation process

The rhizoremediation process with tall fescue can be divided
into three periods. A rapid increase in the degradation rate
was found at the initial period of remediation of days 0–30,
a continuous increase in the degradation rate was found in
the following period of days 30–90, and a slight increase in
the degradation rate was found from days 90 to 150. At days
15, the relative degradation rates were: EMA> EMA+plant
> control. The degradation rate gradually increased in the
EMA+plant treatment and became higher than that of EMA
in TPH degradation after day 30. An enhanced remediation
effect by planting tall fescue coupled with the addition of
EMA (7% higher than the control and EMA sample) was
found after remediation days 90 (Fig. 6).
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Fig. 4. The effect of EMA and PGPR bacteria on the remediation
process.

4 Discussion

Regulating the factors influencing the rhizoremediation pro-
cess is important for achieving an improved degradation of
TPH. In this study, plant species, fertilizer addition, TPH
concentration, inoculation of microorganisms and remedia-
tion time were considered to be the main factors influenc-
ing rhizoremediation and were studied in detail. In our re-
search, tall fescue, ryegrass, cotton and alfalfa were com-
pared in rhizoremediation process. These plants were chosen
because they grow in a wide range of soil conditions and can
withstand high saline-alkali stress, which is common in oil
fields in many parts of China. Hydrocarbon contamination is
known to significantly reduce the growth of the plants, and
the corresponding TPH degradation efficiency of the differ-
ent plant species is reported to differ widely (Shirdam et al.,
2008; Euliss et al., 2008).

The TPH degradation rate among various plant species de-
pends on the microbial population in the rhizosphere of these
plants. Many different plant species have been reported to be
effective in the remediation of TPH-contaminated soil, in-
cluding grass, alfalfa, poplar, and ryegrass (Phillips et al.,
2009; Euliss et al., 2008; Kechavarzi et al., 2007). It was re-
ported that perennial ryegrass and alfalfa increased the num-
ber of rhizosphere bacteria in hydrocarbon-contaminated soil
(Kirk et al., 2005). Tall fescue also showed a high TPH
degradation rate in petroleum-contaminated soil (Ezzatian et
al., 2009). Cotton can grow under conditions of approxi-
mately 0.5% salinity (Ashraf and Ahmad, 2000; Sacchi et
al., 2000) and can be grown in the saline-alkaline oil fields
in China. However, the degradation rate of TPH by cotton is
lower than that of the other three plant species in this study.
It was reported by Hou et al. (2001) that rooting intensity
(mg root kg−1 soil) is the key factor leading to high TPH loss
rates, and root development is crucial in evaluating the phy-
toremediation potential. The well-developed root system of
grass is advantageous in enhancing petroleum degradation.
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Fig. 5. DGGE analysis results from the TPH bioremediation pro-
cess (a) and cluster analysis (b). Soil before remediation (1), con-
trol (2), cotton (3), cotton+EMA (4), cotton+PGPR (5), and cot-
ton+PGPR+EMA (6).

In contrast, alfalfa has an advantage because of its ability
to recruit nitrogen fixing microbes in the soil (Kelner et al.,
1997). In addition, cotton is important in phytoremedia-
tion because it produces products with high economic value,
which might help to sustain the long-term application of field
phytoremediation (Banuelos, 2006). It is important to rank
the different plant species in TPH degradation. However, the
degradation rate is not the only factor used in selecting phy-
toremediation plants. Plant species should be selected based
on the soil condition and remediation purpose.

Microbial degradation rates in TPH-contaminated soil
were more affected by soil properties and the chemical char-
acteristics of the contaminant than the presence of roots
(Song et al., 2004). This result indicates that research should
be focused more on the effects of different soil properties
on TPH remediation rather than on the selection of differ-
ent plant species. The addition of NPK fertilizer and com-
post was shown to greatly enhance hydrocarbon degradation
(Palmroth et al., 2006). Furthermore, a positive correlation
between TPH degradation rate and fertilizer addition sup-
ports this conclusion and suggests that a moderate amount of
fertilizer is required for both better plant growth and higher
TPH degradation. The inhibition of plant growth at a urea
content of 30 g N /m2 is likely caused by salt toxicity. How-
ever, the microbial degradation of TPH was not affected at
this urea concentration, as bacteria are tolerant to higher salt
contents. Although phosphorus (P) is another factor that
might affect plant and microbial growth, our results suggest
that N is the most crucial factor in the rhizoremediation pro-
cess.

The effect of TPH concentration on the degradation of
TPH is likely caused by the toxicity of hydrocarbons on the
plants and rhizosphere microorganisms. TPH concentration
was the major determinant of total bacterial abundance and
affected the abundance of hydrocarbon degraders (Nie et al.,
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Fig. 6. Degradation of TPH pollutants at different time points dur-
ing the rhizoremediation process with tall fescue.

2009). The bioremediation of hydrocarbons could be car-
ried out successfully at TPH concentrations of 10–13% (Del
Panno et al., 2005; Gurska et al., 2009), although there is no
report of the maximum permissible TPH content for biore-
mediation. In addition, the optimum TPH content for rhi-
zoremediation is still a question of concern. Earthworms
were 1.4 to 14 times more sensitive to TPH than microor-
ganisms and 1.3 to>77 times more sensitive to TPH than
plants (Dorn et al., 1998), meaning that plants can withstand
higher concentrations of TPH than other organisms. A pref-
erential degradation of saturated hydrocarbons was found by
Peng et al. (2009), during a phytoremediation trial of TPH
usingMirabilis JalapaL. Light oil fractions were generally
more toxic than heavy oil fractions (Dorn et al., 1998), and
the preferential degradation of light oil generally causes a de-
crease in soil toxicity during the TPH degradation process.
On the other hand, the degradation of older soil contami-
nated by TPH is generally more difficult than freshly con-
taminated soil. Research shows greater rates of hydrocar-
bon loss in soils containing fresh petroleum products com-
pared with the aged products (Parker and Burgos, 2001). Our
results indicate that a moderate TPH concentration (about
5%) is favourable for hydrocarbon degradation, which means
that biological remediation is most effective in a moderate
TPH concentration of contaminated soil immediately after a
spill. However, rhizomediation can be carried out success-
fully even under high TPH concentrations, indicating that
further research associated with reducing the toxicity of TPH
and enhancing the rhizoremediation process for an improved
remediation is necessary.

As TPH reduction is positively correlated with culturable
hydrocarbon degraders (Phillips et al., 2006), it is possi-
ble that the addition of effective microorganisms enhances
the rhizoremediation process of TPH (Gurska et al., 2009;
Mishra et al., 2001). Different plant species may introduce
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different microbial communities and increase the total cultur-
able microbial amount during their growth processes. Cot-
ton roots can be colonised by a variety of microorgan-
isms includingFusarium culmorum, F. solani, F. oxyspo-
rum, Macrophomina phaseoliandBacillussp. (Ghaffar and
Parveen, 1969). Some bacteria, such as theRhodococcus
sp. strain, can grow at the oil-water interface and produce
a mycolic acid-containing capsule to enhance TPH degra-
dation (Van Hamme and Ward, 2001). A high degradation
rate of 85.67% within 120 days was reached by combining
cotton with native microorganisms. The degradation rates
were higher when cotton was combined with native microor-
ganisms than when other plant species, such as sunflowers,
bermuda grass and sudan grass, were combined with native
microorganisms (Liu et al., 2009). The results of the DGGE
analysis conducted here show that cotton growth increases
microbial diversity and alters the microbial community struc-
ture. The inoculated microorganisms will remain active dur-
ing plant growth conditions and colonise in the root systems
of plants. In some cases, the population of introduced strains
may remain stable even after one year (Mishra et al., 2001).
However, researchers reported that the introduction of exotic
microorganisms did not improve the remediation and that
the inoculation of oil-contaminated sites with nonindigenous
species is likely to fail (Li et al., 2002; Thomassin-Lacroix
et al., 2002; Cavalca et al., 2002). It is suggested that the
effect and efficiency of inoculated microorganism depend on
the environmental conditions such as the existence of indige-
nous microorganisms, nutrient level and amount of inocula-
tion. Microbial degradation combined with phytoremedia-
tion will further improve the degradation efficiency. As mi-
crobial degradation occurred at the early stage of remedia-
tion, an early period of microbial remediation followed by
phytoremediation is likely to be effective in the field remedi-
ation practice.

It generally takes several months for the bioremediation of
TPH to reach a reasonable end point. Our results suggest that
the degradation rate of TPH is different at different time dur-
ing the bioremediation process. It is possible that native mi-
croorganisms may also develop at the initial period of biore-
mediation as indicated by the high degradation of TPH in
the control in experiment 5. While several factors influence
rhizoremediation, TPH content is the most important factor.
Other factors that can affect the degradation rate include the
amount of microbial agents and the addition of fertilizer. As
microbial degradation is most effective at the initial period of
remediation, a second addition of the microbial agents may
be a good strategy during the course of remediation. The
regulation of soil conditions such as pH, moisture content
and nutrient content is the most important measure for the
growth of native microorganisms and plants during the ini-
tial phase of rhizoremediation. It is also recommended to
use plants with fast growth rates and plants that can become
strong enough, such that after only one month they can take
over the role of the inoculated microorganisms in maintain-

ing the TPH degradation activity for the long term. Thus, the
selection of fast growing plants that have long growth periods
is an important factor to consider in the combination of mi-
crobial remediation and phytoremediation. After 150 days,
the degradation rate is stable even when microbial remedi-
ation is combined with the planting of tall fescue. Further
research should be performed to enhance the bioremediation
by multi-process phytoremediation systems such as the addi-
tion of fertilizer, management of plant growth and increasing
aeration of the rhizosphere environment.

5 Conclusions

Grass plants like tall fescue and ryegrass are better for the
bioremediation of TPH than alfalfa and cotton, as these
plants showed a higher TPH degradation rate. The addition
of urea enhanced the degradation of TPH, and a positive cor-
relation between the amount of urea added and the degrada-
tion rate of TPH was found. A high TPH content inhibited
the bioremediation process likely because of the toxicity of
TPH to the plant and bacteria. The optimum TPH concen-
tration for rhizoremediation was determined to be approxi-
mately 5%. Bioaugmentation during the phytoremediation
process with different bacteria including PGPR was shown
to enhance the rhizoremediation process with a degradation
rate of 29.8% after 150 days. Bioaugmentation was effective
during the first 30 days, and plant growth enhanced the TPH
degradation after several months of remediation. The results
suggest that rhizoremediation can be enhanced by control-
ling the factors that affect both plant growth and microbial
activity in the rhizosphere environment.

Because a long time period is needed to conduct biore-
mediation processes, it is difficult to control all the influenc-
ing factors. The TPH content is crucial for rhizoremediation
because of its toxicity to plants. Plant selection is also im-
portant, as crop management will greatly differ for different
plant species. Finally, fertilizer and EMA addition should
be applied in the remediation field for better degradation of
TPH.
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