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Abstract: An ecotoxicological approach is used to assess the efficiency of an in-batch 
bioremediation process in reducing environmental toxicity of a soil polluted with 
Polycyclic Aromatic Hydrocarbons (PAHs). Microbial strains, able to use PAHs as a sole 
source of carbon, were added to a soil artificially contaminated with naphthalene, 
anthracene, phenanthrene, pyrene, and benzo[a]pyrene, with concentrations ranging from 
0.4 to 0.1 mg/g. A phytoxicity test (Lepidium sativum) a chronic assay (Ceriodaphnia 
dubia) and acute assays (Daphnia magna, Artemia salina and Ceriodaphnia dubia) were 
performed after by incubating soil spiked with selected microbial strains and PHAs for 2 
months. PAHs concentration was measured monthly by High Pressure Liquid 
Cromatography. A decrement of PHAs was observed as result of microbial metabolism. 
The obtained data showed a positive correlation with the decrement of PAHs for acute 
and phytotoxicity tests, while an opposite result was observed for chronic assays. The 
opportunity to implement ecotoxicological assays in the evaluation of remediation 
process efficiency is discussed. 
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1.   Introduction 

Total petroleum hydrocarbons (TPHs) are one of the most common groups of persistent 
organic contaminants in the environment and are known to be toxic to many organisms, 
including humans [1]. Polycyclic Aromatic Hydrocarbons (PAHs) are a group of TPHs 
that are both produced by natural and by anthropogenic sources, originating from the 
incomplete combustion of low biodegradable hydrocarbons, occurring during volcanic 
eruptions, forest fires, burning of fossil fuels, steel industry production processes, etc. [2]. 
Sixteen of these chemicals have been regulated by the US EPA as priority pollutants [3]. 
They are characterized by high toxicity, high environmental persistence and high 
lipophilicity leading to bioaccumulation in food webs [4, 5] and, at last, to humans through 
intake by food [6]. However, concerns for the PAHs environmental diffusion has been 
expressed for the mutagenic and carcinogenic activity of these compounds. The correlation 
between PAHs pollution and the occurrence of oxidative DNA damage, chronically 
exposed human populations included, has been proved [7]. Nevertheless, the PAHs 
mechanism of action and the chemical modifications occurring in the environment are far 
to be understood [8]. 
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     Different remediation processes are currently available for contaminated sites. Among 
the others, bioremedation processes (phytoremediation or the boosting of in-situ microbial 
activity) are considered more effective, affordable, safe and with a less soil disturbance 
than chemical and physical technical approaches [2]. These bioremediation techniques are 
mainly based on the ability of microorganisms (prokaryotic and eukaryotic) to use PAHs 
and other pollutants for their metabolism [1, 2, 7]. Some studies have shown that PAHs, 
once in the environment, and during a remediation process, undergo a series of 
modifications both caused by abiotic and by biotic factors, with the consequent formation 
of more reactive and toxic molecules; such products may absorb on soil particles [9] 
making their extraction and identification very difficult. Ecotoxicological bioassays can 
compensate for the complex procedures required by the chemical analysis giving an 
insight on the possible detoxification process [9,10]. In this study we discuss the 
importance of the ecotoxicological approach by acute, chronic and phytotoxicity tests in 
the evaluation of a bioremediation process efficiency made in batch bioreactor.  

2.   Materials and Methods 

2.1 Isolation of PAHs Degrading Bacteria 

PAHs degrading bacteria were isolated from soot samples, taken from the walls of a 
tunnel subject to intense vehicular traffic in the city of Naples (Southern Italy). One g of 
soot samples were homogenized in 24 mL of NaCl saline solution (0.95%) and serially 
diluted. The aerobic viable count at 22°C after 5 days on Nutrient Agar (NA) (Oxoid, 
Basingstoke, UK) was carried out. PAHs degrading strains were isolated with the use of 
culture media spiked with naphthalene, anthracene, phenanthrene, pyrene, and 
benzo[a]pyrene (Sigma-Aldrich, St. Louis, USA) as sole carbon and energy sources [14]. 
In no case PAHs were mixed together. Shortly, sterile agar medium (folic acid 0.01g/l, 
vitamin B12 vitamin 0.01 g/l, cycloheximide 0.1 g/l, and agarose 1.5 g/l) was poured into 
90 mm diameter Petri dishes. Then, 300 µl of diluted soot suspension were 
homogeneously mixed with Winogradsky Mineral Medium (WMM), supplemented with 
agarose (1.5 g/l) and PAHs/aceton solution (8.0 mg/ml), and evenly distributed on the 
lower layer [14]. Cultures were incubated at 22°C for 4 weeks. PAHs degrading bacteria 
were recognized by the clarification halo surrounding the colonies. Isolates were 
identified after PCR amplification carried out using the primer set for 16S rRNA [12]. 
Sequences were analysed with Vector NTI software (Invitrogen) and then a similarity 
search was carried out in the GenBank database using BLAST algorithm. 

2.2  Lab-scale Batch Experiment 

Uncontaminated soil (UCS), previously sieved at 2 mm and dried at 120°C for 2 h, was 
artificially contaminated with all the chosen PAHs: naphthalene (0.4 mg/g), anthracene, 
phenantrene, pyrene (0.2 mg/g), and benzo[a]pyrene (0.1 mg/g). These concentrations 
are from 10 to 40 fold higher than the EPA Critical Threshold Concentration (CTC) for 
industrial sites (0.01-0.05 mg/g) [17]. The contaminated soil (CS) samples were kept in 
the dark for a month in order let PAHs to absorb on soil particles and to avoid light-
induced degradation. The batch bioreactors were prepared by adding to CS the WMM 
in order to obtain a 40% slurry (w/v) [17]. Then, microbial suspensions in saline 
solution were added to reach a final microbial load of 107 to 108 CFU/g of soil. The 
batch bioreactor consisted of 6 jars of 1 litre in volume. Aerobic conditions was 
provided by bubbling air in the slurry. The system was stirred at 150 rpm and incubated 
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in the dark at 22°C for two months. Samples of bioslurry were analyzed after one month 
(BS1M) and two months (BS2M) for their content in PAHs. 

2.3   Ecotoxicological Analyses 

All bio-assays were carried out according to standardized methods [15-17]. Slurries of 
UCS and CS samples were centrifuged (10 min at 1400g), the pellet was eluted (1:4 w/v) 
in breeding water (whose composition was appropriate to each test organism according to 
the standard methods used), stirred for 60 min and, then, decanted for 24 h; the liquid 
phase (elutriate) was used for all ecotoxicological assays [19] carried out on BS1M, 
BS2M, UCS and CS. 

2.3.1 Acute Assays 

The acute assays against Daphnia magna, Artemia salina and Ceriodaphnia dubia, were 
performed under illumination (300 lux, photoperiod of 16 h) with an oxygen 
concentration not below 40%, pH ranging from 7.00 to 7.50 and an environmental 
temperature of 20±1°C. The assays were performed in four replicas on undiluted and 
diluted samples. After 24 h and 48 h of exposure, the immobility rate of 24 h newborns 
was observed. Immobilization rates over 80% were indicative of a high acute toxicity [17-
19]. Results at 24 h and 48 h were analyzed by a Student’s t test (α=0.05). 

2.3.2 Chronic Assay 

The chronic assay against C. dubia was performed in four replicas under constant 
illumination (300 lux), temperature (25°C), and pH 7.5±0.2 for 144 h [7, 8]. The EC50 
(i.e. the concentration causing the immobilization of 50% of organisms) value was also 
calculated for each sample according to Litchfield e Wilcoxon [19]. 

2.3.3 Phytotoxicity Assay 

The toxicity against Lepidium sativum seeds was evaluated by the Germination Index (GI) 
measure after a 72 h period of exposition, in absence of light. Germination of the seeds 
was ascertained by a minimum root length of 5 mm. GI takes into account both the seeds 
germination and the root elongation rate, as showed by equation (1). 

                                                               (1) 
where:  Gs=average number of germinated seeds in the sample, 
Gt=average number of seed germinated in the blank, 
Ls=average root length of the sample,  
Lt=average root length of the blank 
     A GI less than 40% indicates a high toxicity, a value ranging from 40% to 60% a 
moderate toxicity (with delay in the growth) while values higher than 60% the absence of 
any negative effect [21]. 

2.4   Chemical Analyses 

PAHs extraction was carried out according to Derudi et al. [14] and US EPA [20]. Briefly, 
2.5 g of bioslurry were centrifuged at 1400g for 15 min. One gram of the sediment was 
treated with 10 mL of an acetonitrile:acetone mixture (3:2), stirred for 3 h and, then, 
sonicated for 45 min. The sample was refrigerated at -22°C for 24 h. Thereafter, the 
supernatant was filtered with a 0.22 µm pore glass fiber membrane, previously rinsed with 
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acetonitrile. The quantitative analysis was performed by an inverse phase High 
Performance Liquid Chromatography (HPLC) with a C18 column. PAHs were detected at 
both UV-Vis spectrophotometry and at spectrofluorimetry (HPLC UF Shimadzu 
Prominence) [12]. 

3.    Results 

3.1   Microbiological Results 

Total viable count on NA of soot samples was 8.2x105 UFC/g. PAHs-degrading bacterial 
colonies growing on double layer medium were made of Achromobacter sp., Alcaligenes 
faecalis, Arthrobacter misorens, Bacillus mojavensis, Enterobacter aerogenes, 
Pseudomonas stutzeri, Pseudomonas sp., Staphylococcus succinus, Stenotrophomonas sp., 
and Xanthomonas group bacterium, as identified by rDNA16S analysis. 

3.2    Ecotoxicological Results 

3.2.1 Acute Tests 

UCS, used as negative control, showed no toxicity, while CS showed the maximum 
toxicity after 48 h (100% of immobilization) in D. magna and C. dubia tests, and 70% of 
immobilization in A. salina tests. The environmental toxicity decreased in the course of 
the in-batch treatment, with a significant detoxification after 2 months, except for C. dubia 
whose percentage of immobilization was still 60% after 48 h of exposition to BS2M 
elutriate. The analyses by the Student’s t test revealed a significant difference between 24 
h and 48 h exposition of C. dubia to both BS1M and BS2M and of A. salina to CS. On the 
whole, A. salina test showed the lowest toxic effects (data not shown). 

3.2.2 Phytotoxicity Test 

Phytotoxicity tests against L. sativum confirmed a detoxification activity, along with the 
in-batch treatment. The germination index was 38.7% in contaminated soil and 57.7% in 
bioslurry after a two month treatment, whereas the germination index of uncontaminated 
soil was 60.5%. 

 
Figure 1: Results of Chronic Toxicity Assay at Different Elutriate Dilutions. 

UCS = uncontaminated soil; CS = artificially contaminated soil; BS1M = bioslurry after one month of 
treatment; BS2M = bioslurry after a two months’ treatment. 

3.2.3 Chronic Test 

A high chronic toxicity vs C. dubia was found in all samples, except for UCS. Due to the 
high percentage of immobility of the studied organism, elutriates were diluted 2, 4, 8, 10, 
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and 100 folds. Unexpectedly, at the highest dilution, toxicity increased both with the in-
batch treatment and with exposure time (Figure 1).  
The EC50 values for BS1M and BS2M were respectively 7.53% and 6.52%, thus 
indicating an increment in toxicity for BS2M after 144 h (Figure 2, and Figure 3).  
 

 
 

 

Figure 2: Ceriodaphnia dubia EC50 
Curve after the 1-month In-batch 
Treatment. 

Figure 3: Ceriodaphnia dubia EC50 Curve after 
the 2- months In-batch Treatment. 

Due to the high toxicity, the CS EC50 was calculated by equation (2): 
                                                                              (2) 

where, A is the highest concentration without any immobilization (0% effect) and B is the 
lowest dilution causing the maximum toxic effect (100% immobilized C. dubia) [21]. The 
EC50 value for contaminated soil was equal to 1%.  

3.3 Chemical Results 

The analyses at HPLC showed a significant reduction of PAHs concentration after the first 
and the second month, except for naphtalene, whose amount increased during the second 
month. Degradation rates (as CS/BS2M ratio) were also calculated (Table 1). 
 

Table 1: PAHs degradation rate. BS1M: Bioslurry after 1 month; 
BS2M: Bioslurry after 2 months; CS: Contaminated Soil. 

PAHs Degradation rates (%) 
BS1M/CS BS2M/CS 

Naphtalene 79.40 53.04 
Anthracene 61.67 70.14 
Phenantrene 64.93 85.81 

Pyrene 7.87 41.54 
Benzo[a]pyrene 9.73 39.29 

 

 

While anthracene and phenanthrene decreased of 70.14% and 85.81% respectively, a 
reduction of 39% and 41% were observed for pyrene and benzo[a]pyrene.  
4.    Discussion 

In the course of two months, a microbial consortium isolated from soot made of car 
exhaust gases, mainly composed by Alcaligenaceae, Xantomonadaceae and 
Pseudomonadaceae, was able to drop down anthracene and phenanthrene concentrations 
in our artificially contaminated soil. A degradation rate of about 40% was detected for 
pyrene and benzo[a]pyrene after two months of treatment in our lab-scale bioreactor. As to 
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naphtalene, a significant decrease after the first month was followed by an increase after 
the second month, probably because of neo-production of naphthalene from complex 
molecules issued from microbial degradation pathways. If the synergistic activity of 
different microbial species resulted in a significant biodegradation of PAHs, less 
efficiency was shown by single strains with the exception of B. mojavensis which 
produced a clear degradation halo in pure culture. To the best of our knowledge, this is the 
first time that a degradation activity of B. mojavensis vs PAHs is reported.  
     The bacterial consortium, under aerobic conditions, thanks to its degrading activity 
towards PAHs, decreased the acute toxicity on D. magna as well as of phytotoxicity on L. 
sativum. Nevertheless, the detoxificant activity had a short-term effects. A prolonged 
exposition to bioslurry elutriate caused an increasing toxicity to C. dubia, even after a two-
months treatment. As this toxic effects were limited to chronic assays (carried out in 
presence of light), the role of photo-degradation process yielding toxic breakdown 
molecules could be taken into account.  

5.    Conclusions 

A lab-scale remediation process highlighted a detoxification activity of a microbial 
consortium in a soil artificially contaminated with five PAHs, considered as priority 
pollutants. The different results about short-time and long-time toxic effects on C. dubia 
points on how the biological degradation of complex molecules in the environment is far 
to be clearly understood. 
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