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Abstract 
 

Oil spills to natural environment, either accidental or instinctive seepage, pose a long term threat to all kind of life. Efficient 

remediation techniques are still on the way of development. In the present study, phytoremediation process in combination 

with introduction of bacterial consortium in a diesel oil-contaminated soil was investigated in terms of removal of total 

petroleum hydrocarbons (TPH). A model soil spiked with 50 g diesel oil kg
-1 

was incubated over a 90-day period at ambient 

condition in combination with perennial ryegrass (Lolium perenne L.) and with hydrocarbon (HC)-degrading bacterial 

consortium consisting ten strains isolated from petroleum contaminated soils. The average TPH removal efficiency of the 

bioaugmented phytoremedation was 57.3%, which was 7.3% more efficient than the phytoremediation alone and 5.3% more 

than the bioaugmentation alone. Mutual interactive effect of the perennial ryegrass and the inoculated bacterial consortium 

was expalined in terms of alteration in soil conditions, plant growth, bacterial population and diesel oil degradation in the soil. 

© 2014 Friends Science Publishers 
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Introduction 
 

Release of large quantities of oil to marine and terrestrial 

environments due to accidental spills by human activities as 

well as seepage from storages pose a long term threat to all 

forms of life. There is an increasing need for cost-effective 

remediation technologies for HC contamination (Balba et al., 

1998). The conventional techniques used for oil remediation 

have been to excavate contaminated soil and remove it to 

landfill, or to cap and contain the contaminated areas of a 

site, high temperature incineration and chemical 

decomposition. These methods have some drawbacks such 

as displacement of contamination, creating significant 

environmental and health risks in handling of hazardous 

material, technological complexity and high costs. 

Bioremediation is an option that offers the possibility to 

destroy or render harmless various contaminants using 

natural biological activity. Organic contaminants, such as 

petroleum hydrocarbons and polycyclic aromatic 

hydrocarbons can be stabilized within the soil matrix, 

degraded and transformed or stored in a non-phytotoxic 

form. Plants also stimulate the microbial community in the 

rhizosphere that is capable of degrading organic 

contaminants (Siciliano and Germida, 1998; Macek et al., 

2000; Kirk et al., 2005). It uses relatively low cost 

techniques, high public acceptance and can be often carried 

out on site. However, its effectiveness is limited on the 

range of contaminants, time scales involved are relatively 

long and residual contaminant levels achievable may not 

always be appropriate (Vidali, 2001). 

Bioaugmentation by hydrocarbon-degrading bacteria 

isolated from indigenous population can successfully 

degrade petroleum contaminants over time when introduced 

into a contaminated site (Bento et al., 2005; Joo et al., 2008; 

Zhang et al., 2010; Karamalidis et al., 2010; Taccari et al., 

2012). Vegetation can increase the total numbers of 

beneficial bacteria and fungi in contaminated soil through 

general rhizosphere effect. The successive use of selected 

type of vegetation and sound plant management practices 

will increase the total proportion of pollutant degraders, 

their number and activity in the rhizoshpere, leading to 

enhanced rhizodegradation of recalcitrant organic pollutants 

and faster site recovery (Olson et al., 2003). 

Phytoremediation is emerging and promising means for 

treating soil contaminated with petroleum products (Kim et 

al., 2006; Phillips et al., 2008; Lin and Mendelssohn, 2009). 

However, considerable experience and expertise may be 

required to design and implement a successful 

bioremediation strategy due to the need to thoroughly 

assess a site for suitability and to optimize conditions to 
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achieve a satisfactory result. 

 The objective of this study was to determine 

effectiveness of single and combined strategy using 

biological approach for reclamation of diesel oil-spiked soil. 
 

Materials and Methods 
 

Experimental Material and Treatments 
 

Experimental material: Bioreactors of size 125 mm × 106 

mm × 79 mm (Height × Top diameter × Bottom diameter) 

filled with perlite were used for plant growth. The perlite 

(KD Ceratech, Seoul, Korea) used to simulate soil was 

lightly ground to approximately 0.075-0.250 mm sieve size 

(equivalent to fine sand) and autoclaved. Commercial diesel 

oil was filter-sterilized and spiked the model soil at 50 g kg
-1

 

contamination level prior to the experiment. 

Total of four treatments including a control were 

employed in the experiment. Treatments were natural 

attenuation (NA) as control, phytoremediation (P), 

bioaugmentation (B) and bioaugmented phytoremediation 

(BP).  
 

Plant Species 
 

Due to its wide spread nature, root morphology, fast growth 

and adaptation, perennial ryegrass (Lolium perenne L.) was 

selected as remedial plant during the experiment. Sterilized 

plant seeds were directly sown into the Evergreen artificial 

soil (Seoul Bio, Suncheon, Korea) and grown for two 

months under ambient temperature. Plants were periodically 

watered with Hoagland solution #2 (606.6 mg L
-1

 KNO3; 

944.4 mg L
-1

 Ca(NO3)2⋅4H2O; 115 mg L
-1

 NH4H2PO4; 

123.2 mg L
-1

 MgSO4·7H2O; 7.8 mg L
-1

 iron (II) chelate; 2.9 

mg L
-1

 H3BO3; 1.8 mg L
-1

 MnCl2·4H2O; 220 µg L
-1

 

ZnSO4·7H2O; 80 µg L
-1

 CuSO4·5H2O; 25 µg L
-1

 

Na2MoO4·2H2O) until they reach maturity. The matured 

plants were washed with tap water to remove the soil 

adhered to roots, blot-dried and weighed before transplanted 

into experimental bioreactors. 

 

Microorganisms 

 

Petroleum HC-degrading bacterial consortium was 

selectively isolated from soils with previous history of 

petroleum contamination in Bushnell Haas (BD, Franklin 

Lakes, and NJ) minimum mineral salts medium. The 

bacterial strains in the isolated bacterial consortium were 

identified (data not shown) by PCR-amplified 16S rDNA 

fragment analysis as R. erythropolis (AB180237.1), C. 

variabile DCM44702 (CP002917.1), N. subarcticum 

(AY151394.1), A. xylosooxidans strain ZH4 (HM103324.1), 

P. putida strain PCM2153 (FJ440105.1), P. citronellolis 

strain FX6 (JN941272.1), R. lindaniclasticus (AB245366.1), 

S. maltophilia strain KNUC 605 (HM047520.1), E. cloacae 

(AB609039.1) and C. freundii strain UMS5/10 

(JQ231157.1). A 20 mL inoculum of the liquid culture of 

the bacterial consortium was seeded to the soil per 

bioreactor, which was equivalent to 10% (v/w) in the soil 

and thoroughly mixed. 

After application of treatments, bioreactors were 

watered using the same Hoagland solution#2 to keep the 

soil moisture at field capacity levels during the experimental 

period. Whole plants were harvested at the end of 

experiment. Roots were thoroughly rinsed by tap water to 

remove perlite, blot-dried and weighed. 
 

Soil Sampling and Analysis 
 

Soil samples composed of 5 composites from depth of 5 cm 

of each bioreactor were collected at 1, 2, 4, 8 and 14 weeks 

intervals and analyzed for moisture content, pH, oxidation-

reduction potential (ORP) and total petroleum hydrocarbons 

(TPH) residues.  
 

Residual Total Petroleum Hydrocarbons Analysis 
 

Residual TPH in soil were determined according to the EPA 

method 8015C (USEPA) with slight modification. Briefly, 

the soil samples were extracted with dichloromethane by 

ultrasonication method and analyzed gravimetrically. The 

extracts were transferred into tare vials; the solvent 

evaporated under stream of nitrogen gas, then the residue oil 

remained in the vial as TPH residue was weighed to the 

nearest 0.0001 g and expressed as g TPH kg
-1

 dry soil. 

Diesel range organic (DRO) compounds (i.e., C10 to C28) 

in the extracts were quantified by an Agilent
®
 6890 Gas 

Chromatography coupled with Time-of-flight Mass 

Spectrometry and equipped with silica capillary column 

DB-xlb (25 m length × ID 0.2 mm × film thickness 0.33 

µm). Carrier gas was helium at the rate of 1.2 mL/min. The 

oven temperature was set as from 35°C to 110°C and from 

110°C to 275°C at the ramp of 15°C/min. Holding time at 

the initial, middle and final temperatures were 4, 10 and 5 

min,  respectively.  
 

Bacterial Community Analysis 
 

Soil samples at day 0 and day 90 were serially diluted in 50 

mM sodium pyrophosphate buffer and these 10-fold 

dilutions were used for plate count analysis for total 

culturable heterotrophic bacterial community and Most 

Probable Number (MPN) assays for hydrocarbon-degrading 

populations. Total culturable heterotrophic bacteria were 

enumerated as colony forming units (CFU) on PCA plates. 

100 µL of each dilution (10
-4

 to 10
-6

) were inoculated on 

triplicate plates and counted after incubation at 35°C for 

48±2 h. The hydrocarbon-degrading bacteria were 

enumerated using a modified MPN protocol (Wrenn and 

Venosa, 1996) as described in Kirkpatrick et al. (2008). In 

brief, triplicates of each treatment were assessed for 

degrading n-hexadecane (aliphatic HC-degraders), diesel oil 

(total HC-degraders) and a mixture of polyaromatic 

hydrocarbons (PAH-degraders) in separate 96-well 

microtiter plates.  
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Statistical Analysis 
 

All values presented for the chemical and biological 

analyses of soil were the means of three replicates. The 

means were compared using ANOVA and Pearson’s 

correlation coefficients were calculated at significance level 

of α=0.05. 
 

Results 
 

Effect of Diesel oil on Soil Condition and Plant Growth 
 

Soil pH significantly (p≤0.05) increased in all treatments 

and ranged from 6.4 to 8.1 with lower values observed in 

treatments with plants (Table 1). Soil redox potential did not 

alter significantly during study period and showed positive 

values (277.7-306.6 mV) indicated highly oxidative 

condition in all treatments. Growth of the perennial ryegrass 

was deteriorated by the presence of 50 g kg
-1

 diesel oil; 

however, 100% survival was observed. The initial fresh 

weights of the perennial ryegrass were 15.8±5.2 g per 

bioreactor with only plants (P) and 14.7±5.6 g per bioreactor 

with plants in combination with bacterial consortium (BP) 

(Table 2). The final fresh weights of the perennial ryegrass 

in the P treatments increased by 18% on average, whereas 

32% increase was noticed in the final weights of the 

perennial ryegrass in the BP treatments. Higher root 

biomass of 5.4 g was recorded in BP treatment. 
 

TPH Residues in Soil and Removal Efficiency of 

Treatments 
 

Significant (p≤0.05) reduction in TPH concentration of the 

soil over the experimental period (Fig. 1). The BP treatment 

was found the most efficient with TPH residues of 21.3 g 

kg
-1

 soil at the end of experiment. The NA was the lease 

efficient where TPH residues were found 30.0 g kg
-1

 soil. 

TPH residues in P and B treatments were found 25.0 g kg
-1

 

and 24.0 g kg
-1

soil, respectively. Reduction of DROs in soil 

was also was caused by the presence of perennial ryegrass 

and the bacterial consortium (Fig. 2). TPH removal 

efficiencies ranged from 40% in the NA treatment to 57.3% 

in the BP treatments.  

It was noticed that the perennial ryegrass contributed 

10% TPH reduction over NA, while the bacterial 

consortium individually contributed 12%. Their 

combination in the BP treatment showed even higher 

contribution up to 17.3%.  
 

Bacterial Community Analysis 
 

Large number of total culturable heterotrophic bacteria was 

counted in order of 10
8
 to 10

9
at the end of experiment with 

highest number found in BP treatments (Table 2, 3). 

Aliphatic HC-degrading population multiplied 2 to 3 

magnitudes of orders at final day. Total HC-degrading 

population significantly increased by four magnitudes of 

orders in the NA and P treatments conversely to only one 

magnitude of order enhancement in the B and BP treatments. 

Overall, PHA-degrading population in all treatments were 

small ranging from 10
1
 to 10

2
 MPN g

-1
 soil. Only one order 

of magnitude increasein their population could be observed 

in B and the BP treatments.  
 

Discussion 
 

The soil pH of all treatments was in margin of tolerance 

level for normal growth of the perennial ryegrass 

(Hannaway et al., 1999). The well-conserved aerobic 

condition in the soils favored the aerobic degradation of 

petroleum HCs (Fritsche and Hofrichter, 2000). Usually 

aliphatic HCs degrade first via aerobic pathway followed by 

aromatics and polar HCs such as asphaltenes and resins, 

which are very reluctant to aerobic biodegradation, because 

of accumulation of inhibiting intermediate products or 

metabolites, caused low or negative biodegradation rates 

(Tahhan et al., 2011; Liu et al., 2011). As seen in Fig. 2, 

rapid degradation of the DRO in all treatments was 

contributed by the aerobic bacteria indigenous in the root of 

the perennial ryegrass as well as in the bacterial consortium. 

Diesel contamination caused deteriorated plant growth. 

Cohen et al. (2002) also reported that Azolla pinnata plants 

were kill by low concentrations of diesel but released viable 

PHC-degrading microbes, greatly increasing the rate of 

degradation. 

The high TPH removal of the NA treatment could be 

attributed to unexpected increase of the heterotrophic 

bacterial population in that control bioreactors. Similar high 

removal rate of petroleum HCs degradation (48%) in 

control reactor without inoculums was previously reported 

by Joo et al. (2008) after running 13 days treatment in 

the oil-contaminated soil composted with food waste. 

 
 

Fig. 1: Reduction in soil total petroleum hydrocarbon 

(TPH) content with time caused by natural attenuation 

(NA), phytoremediation (P), bio-augmentation (B) and bio-

augmented phytoremediation (BP) 
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The removal rate by the of plants was in agreement with 

previously reported results by Huang et al. (2005), who 

reported the phytoremediation alone removed 

approximately 55% of the TPHs from the oil-contaminated 

soil over 8-months experiment and Cai et al. (2010). The 

extensive root surface area of monocot grasses creates an 

optimal environment for the contaminant-degrading 

microorganisms. The roots of aggressively growing plants 

can disrupt soil aggregates, increase exposed surface area 

and enhance biodegradation of entrapped hydrophobic 

contaminants (Hutchinson et al., 2003). Because of its 

fibrous root systems, the perennial ryegrass can provide 

high surface areas for the soil microbial population to 

increase bioremediation in the rhizosphere.  

Table 1: Soil pH, ORP, TPHresidue and removal efficiency shown by natural attenuation (NA), phytoremediation (P), 

bioaugmentation (B) and bioaugmented phytoremediation (BP) during the experimental period 
 

Treatments Soil pH Soil ORP (mV) TPH residue (g/kg) DRO residue (g/kg) Removal (%) 

d 0 d 90 d 0 d 90 

NA 7.2±0.4 8.0±0.3 277.4±5.3 298.8±6.7 30±1.8 3.6 40 

P 7.2±0.4 7.9±0.5 277.4±8.1 306.6±15.8 25.0±2.0 3.7 50 

B 6.4±0.2 8.1±0.2 287.4±4.6 283.3±2.2 24.0±1.5 2.5 52 

BP 6.4±0.3 7.9±0.4 287.4±4.8 277.7±5.9 21.3±1.5 1.2 57.3 

Mean (n=3) ± standard deviation 

 

Table 2: Measured plant growth parameters as affected by application of bacterial consortium 
 

Treatments Plant density (no./bioreactor) Canopy height (cm) Fresh weight (g) Dry weight (g) at d 90 

d 0 d 90 d 0 d 90 d 0 d 90 Shoot Root 

P 26.7±3.1 8.3±1.7 23.7±3.1 6.3±3.0 15.8±5.2 15.7±5.9 0.3±0.1 5.3±0.2 

BP 23.7±2.0 20.3±1.5 25.0±2.0 23.0±1.4 14.7±5.6 16.6±2.4 0.7±0.3 5.4±0.3 

Mean (n=3) ± standard deviation 
 

Table 3: Total culturable heterotrophic and various hydrocarbon-degrading bacterial population found in natural 

attenuation (NA), phytoremediation (P), bioaugmentation (B) and bioaugmented phytoremediation (BP) 
 

Treatments Total culturable heterotrophs 

-------(CFU g-1 soil)------- 

Aliphatic HC-degraders Total HC-degraders PAH-degraders 

-------------------------------         --(MPN g-1 soil)--------------------------------- 

Day 0 Day 90 Day 0 Day 90 Day 0 Day 90 Day 0 Day 90 

NA 3.5x101 1.1x108 1.6x101 4.7x103 1.1x101 5.0x105 1.1x101 6.1x101 

P 3.5x101 2.4x108 1.6x101 1.5x104 1.1x101 4.7x105 1.1x101 7.3x101 

B 5.4x106 3.6x108 2.4x102 3.2x104 2.8x103 6.9x104 1.1x101 1.9x102 

BP 5.4x106 2.1x109 2.4x102 2.2x104 2.8x103 3.4x104 1.1x101 2.3x102 

 

 
 

Fig. 2: Qualitative comparison of GC/TOF-MS chromatograms of diesel range organic (DRO) compounds in soil: (a) day 

0 at the Natural Attenuation and the Phytoremediation treatments; (b) day 0 at the Bioaugmentation and the Bioaugmented 

Phytoremediation treatments vs. (c) day 90 at the Natural Attenuation;(d) day 90 at the Bioaugmentation; (e) day 90 at the 

Phytoremediation and (f) Day 90 at the Bioaugmented Phytoremediation treatments 
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The number of bacterial populations in our experiment 

were in agreement with Kim et al. (2006) who found similar 

range of total culturable heterotrophic bacteria (10
8 

g
-1

 dry 

soil) and total HC-degrading populations (10
3
 to 10

6 
g

-1 
dry 

soil) in diesel-contaminated soil phytoremediated by alfalfa. 

Greater density of inoculums of bacteria which were more 

specialized and acclimated to HC utilization at the onset of 

the incubation period helped in increased removal rates and 

quantity of HCs from soil (Tahhan et al., 2011). The boost 

in bacterial population in the soil was possibly due to the 

prevalence of aerobic condition in the soil as well as root 

exudates by the perennial ryegrass. The presence of plant 

exudates is primarily responsible for the increased microbial 

population densities generally observed in rhizosphere soil 

which serve as sources of energy, carbon, nitrogen and 

growth factors for the populations (Hutchinson et al., 2003). 

Stimulation of soil microbial communities by root exudates 

also benefits plants through increased availability of soil-

bound nutrients and degradation of phytotoxic soil 

contaminants (Chaudhry et al., 2005). Mutual interactions 

of bioremediation methods led to a more successful 

remediation of petroleum contaminants (Bento et al., 2005). 

The present study demonstrates that a concomitant use 

of the HC-degrading bacterial consortium and the perennial 

ryegrass for reclamation of diesel contaminated soil can be 

rather effective than bioaugmentation or phytoremediation 

techniques when applied alone. We expect that such an 

alternative methodology could provide future strategic 

directions for the design of a novel, cost-effective and 

environment friendly technique for the remediation of oil 

spills and restoration of damaged ecosystems. Further 

research is needed to confirm the application of this strategy 

to broad spectrum of soils.  
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