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Abstract
This study investigated the impacts of crude oil, diesel, and gasoline on the diversity of indigenous microbial communities 
as well as culturable microorganisms in the studied soil. Oil contamination led to shifts in the diversity of the soil’s micro-
bial communities, regardless of the contaminant applied. Unpolluted soils were more diverse and evenly distributed than 
contaminated samples. The domain Bacteria accounted for 65.15% of the whole microbial community. The bacterial phylum 
Proteobacteria dominated in all samples, followed by Actinobacteria and Acidobacteria. Pseudomonas with 28.15% of reads 
dominated in Proteobacteria, while Rhodococcus (3.07%) dominated in Actinobacteria, and Blastocatella (2.53%) dominated 
in Acidobacteria. The dominant fungal phyla across all samples were Ascomycota dominated by Penicillium (50.48% of 
sequences), and Zygomycota dominated by Mortierella (16.87%). Sequences similar to the archaeal phyla, Euryarchaeota 
and Thaumarchaeota, were also detected. The number of culturable microorganisms increased following the contamina-
tion and was higher in contaminated samples than in clean samples. Oil contamination also resulted in the enrichment of 
oil-degrading strains. Two bacteria, Serratia marcescens strain PL and Raoultella ornithinolytica PS, which were isolated 
from crude oil-contaminated soil, exhibited strong crude oil degradation ability. Strain PL was the most efficient strain and 
degraded 75.10% of crude oil, while strain PL degraded 65.48%, after 20 days of incubation. However, the mixed culture 
of the two strains was more effective than single strain and could achieve up to 96.83% of crude oil degradation, with a 
complete abatement of straight-chain hydrocarbons (from C12 to C25), and more than 91% removal of highly branched 
hydrocarbons, phytane and pristane, which are known to be more recalcitrant to biodegradation. Strains PS and PL are two 
newly isolated crude oil degraders that are not among the most prominent crude oil-degrading strains referenced in the 
literature. Therefore, their high degradation capacity makes them perfect candidates for the bioremediation of petroleum 
hydrocarbon contaminated environments.
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Introduction

Petroleum (Crude oil) is a primary and essential source of 
energy that is widely used in various fields of human activ-
ity. However, there is growing concern about the rate of 
global environmental pollution because of the increasing 
production and use of products made from crude oil. Crude 
oil drilling, transportation, and refining can lead to acciden-
tal discharges of pollutants into the environment. Likewise, 
diesel and gasoline can also be released into the environment 
during transportation or dispensing at the gas stations.

Crude oil, diesel, and gasoline are mixtures of differ-
ent hydrocarbons including alkanes, cycloalkanes, and 
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polycyclic aromatic hydrocarbons (Ameen et  al. 2016; 
Avanzi et al. 2015; Hazen et al. 2016). The release of hydro-
carbons, from crude oil, diesel or gasoline, into the envi-
ronment has numerous adverse effects on all living crea-
tures including humans, animals, and even microorganisms 
(Borowik et al. 2017; Hassanshahian et al. 2012).

Microbial populations in soil play a critical role in eco-
system stability, plant nutrition, and organic matter transfer 
(Kirk et al. 2004). However, petroleum pollutants can change 
the composition and function of soil microbial communities 
due to their long-term toxic effects into the environments 
and their resistance to biodegradation (Hassanshahian et al. 
2012; Mahjoubi et al. 2017; Sutton et al. 2013). Different 
methods and strategies have been adopted to clean up petro-
leum contaminants from the environments. Bioremediation, 
as one of the eco-friendly and cost-effective techniques, has 
received great attention over the past decade (Alegbeleye 
et al. 2017). Microorganisms, including bacteria, yeasts, 
archaea, and fungi possess the ability to adapt to petroleum-
contaminated environments and utilize petroleum pollutants 
as carbon and energy sources for growth. However, no single 
microbial species can break down all components of crude or 
refined oils (Rahman et al. 2002; Sathishkumar et al. 2008). 
A consortium composed of many microbial populations with 
full enzymatic capacities is often used to improve the effec-
tiveness of the biodegradation process (Sathishkumar et al. 
2008). Nevertheless, the degrading rate based on the use of 
consortia is still not satificatory (Van Hamme et al. 2003; 
Crisafi et al. 2016; Patowary et al. 2016). Therefore, there is 
still a need for new strains that are highly effective in degrad-
ing all the compounds present in crude oil.

Given that microbial communities in soils include an 
extensive range of different kinds of organisms with distinct 
metabolisms, functions, and capabilities, it is essential to 
gain a better understanding of how these communities may 
respond to the environmental stress caused by petroleum 
pollutants. Several studies have reported the impacts of die-
sel oil or crude oil contamination on the microbial diversity 
in soils (Borowik et al. 2017; Sutton et al. 2013; Wu et al. 
2017). However, simultaneous comparison of the effects of 
gasoline, diesel, and crude oil is lacking. Thus, the present 
study aimed to complement previous works by providing 
further insights into the overall effects of oil contamina-
tion on microbial communities in soils. This was achieved 
using a culture-independent approach based on Illumina 
sequencing of the bacterial 16S rRNA and the fungal ITS 
genes regions, and a traditional culture technique based on 
plate counts (Kirk et al. 2004). From the crude oil-impacted 
communities, we isolated microbial strains with crude oil 
degradation abilities. Raoultella ornithinolytica strain PS 
and Serratia marcescens strain PL, as well as their mixed 
culture, exhibited a great potential for crude oil degradation 
and could degrade all compounds in crude oil, as well as 

the most recalcitrant hydrocarbons, phytane and pristane. 
Therefore, these strains, especially as a mixed culture, can 
be successfully applied on bioremediation of petroleum pol-
luted soil.

Materials and methods

Soil sampling and chemicals

The crude oil used in this study was obtained from an oil 
company located in Ningbo city, China. It was dark brown 
with a density of 0.845 g cm−3. 0# diesel and 90# gasoline 
with a density of 0.773 and 0.726 g cm−3, respectively, were 
purchased from a Sinopec gas station in Hangzhou, China.

For soil contamination experiment, a control of unpol-
luted soils were collected in an urban area within the Zhao-
hui campus (30° 17′ 40″ N–120 °9′ 38″ E) of the Zheji-
ang University of Technology (Hangzhou, China), at about 
16 cm depth. The soil was dried and sieved at 2 mm, then 
analyzed for various parameters. Soil properties were deter-
mined according to methods previously described (Roy et al. 
2014).

Soil contamination process

After removing large particles like roots, cobbles, and peb-
bles, 200 g of the fresh soil was distributed into four differ-
ent 500 mL beakers, namely S1 (control on day 1), S3 (soil 
contaminated with crude oil), S4 (soil contaminated with 
diesel), and S5 (oil contaminated with gasoline). S3, S4, and 
S5 were contaminated with 28 mL of the corresponding oil, 
at weekly intervals during 22 days as follows:

On day 1, 4 mL of crude oil, diesel, and gasoline were 
added into S3, S4, and S5, respectively. The oil was thor-
oughly mixed with soil and then all beakers including S1 
were covered with plastic wrap and incubated at 18 ± 2 °C 
for 7 days. On day 8, 8 mL of crude oil, diesel, and gasoline 
was added into each corresponding beaker. Then, all beak-
ers were incubated under the same conditions as on day 1. 
On day 15, the volume of oil added was increased to 16 mL 
and the incubation conditions were as described above. On 
the last day of the experiment (day 22), no additional oil 
was added, and soil samples were taken from each treat-
ment (S2, S3, S4, and S5) for analysis. S2 is the control on 
day 22. The process of soil contamination and analyses is 
shown in Fig. 1. 

Microbial diversity analysis: culture‑dependent 
method based on plates counts

The plate counting method was carried out by using 
Luria–Bertani (LB) agar for bacterial counts, and Sabouraud 
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agar (SAB) for fungal counts (Hare 2013). At each analysis 
period (days 1, 8, 15, and 22), 1 g of soil was collected from 
each sample and decimal dilutions of the soil were prepared 
with sterile distilled water. The procedure was performed in 
triplicate. Then, 0.1 mL of the highest dilutions was spread 
onto LB and SAB plates. All plates were incubated at 30 °C 
for 24–48 h. After incubation, the average number of colony-
forming units per gram (CFU  g−1) was determined. These 
plates were further used for the isolation of oil-degrading 
microorganisms.

Microbial diversity analysis: Illumina‑based analysis

Soil DNA extraction

Total genomic DNA of soil was first extracted from S1 on 
day 1, and then on day 22 from S2, S3, S4, and S5. For each 
sample, DNA was extracted from 0.5 g of soil, in triplicate, 
using the Power Soil DNA Isolation Kit (MO BIO, Cat. no. 
12888) according to the manufacturer’s instructions. The 
extracted DNA was run on a 1% agarose gel and then quan-
tified using the  Qubit® 2.0 Fluorometer (Life Technologies 
Inc., Cat. no. Q32866).

PCR amplification

The genomic DNA was amplified by a two-step PCR pro-
cedure. The first-round PCR was performed using modi-
fied primers containing barcodes and Illumina adapter 
sequences. For bacterial communities, the 16S rRNA genes 
(about 200–500 base pairs) flanking the V3–V4 hyper-
variable regions were amplified using the modified primers 
341F and 805R (Liu et al. 2015; Wu et al. 2017). For the 
fungal community, the internal transcribed spacer regions 

(200–400 base pairs) of the fungal genome were amplified 
using the modified primers ITS1 and ITS2. The PCR reac-
tion was done in 50 μL volumes containing 20–30 ng of 
template DNA, 0.5 μL of primer F (50 µM), 0.5 µL of primer 
R (50 μM), 0.5 μL dNTP (10 mM each), 5 μL of 10 × PCR 
buffer, 0.5 μL Platinum Taq (5 U µL−1), and sterile distilled 
water to make up to a total volume of 50 µL.

The reaction mixtures were subjected to an initial step of 
3 min at 94 °C, followed by 5 cycles of denaturation for 30 s 
at 94 °C, annealing for 30 s at 45 °C, and extension for 30 s 
at 65 °C. This step was followed by 20 cycles of denatura-
tion for 30 s at 94 °C, annealing for 20 s at 55 °C, primer 
extension for 30 s min at 72 °C, and a final extension at 72 
°C for 5 min.

PCR products were visualized on 1% agarose gels and 
then purified using the Agencourt AMPure XP PCR Puri-
fication kit. The amplicons were quantified on a Qubit 2.0 
Fluorometer using the Qubit™ ssDNA Assay Kit (Life Tech-
nologies Inc., Cat. no. Q10212).

The second-round PCR was performed using the Illumina 
bridge PCR compatible primers. The PCR mixture and con-
ditions were the same as with the first amplification. PCR 
products were analyzed, purified, and quantified as described 
above. Triplicate reactions for each sample were pooled and 
used for the sequencing. The sequences of the primers and 
barcodes used in this study are available in the Supplemen-
tary Table S1.

Illumina sequencing

Illumina sequencing libraries were prepared using the 
NEBNext® Ultra™ DNA Library Prep Kit according to the 
manufacturer’s instructions. Paired-end Illumina sequencing 
was performed on Illumina MiSeq (PE300) platform using 

Fig. 1  Process of soil contamination with diesel, gasoline, and crude oil at weekly intervals during 22 days. S1 (control on day1), S2 (control 
after 22 days), S3 (crude oil–contaminated soil), S4 (diesel-contaminated soil), S5 (gasoline-contaminated soil)
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the MiSeq Reagent kit 600-cycle V3 Standard Flow Cell. 
PCR amplification and the Illumina sequencing were car-
ried out at the Institute of Microbiology (Zhejiang Tianke, 
Hangzhou, China).

Analysis of the Illumina sequencing dataset

Sequences of both bacteria and fungi were analyzed using 
Pre.cluster in Mothur. Quality control and data preprocess-
ing were performed using Prinseq (Schmieder and Edwards 
2011). Barcodes and low-quality sequences with less than 
50 bp were removed. Then, all chimeras in the sequences 
were removed using chimera.uchime. After the quality 
check, sequences were clustered into operational taxonomic 
units (OTUs) at 97% similarity using Uclust (Sutton et al. 
2013). Taxonomy was assigned to each OTU using RDP 
classifier at a confidence threshold of 80%. Sequences that 
were not assigned to known microbial phyla were designated 
as “unclassified”. The number of reads was normalized to 
36,820 and 15,587 reads per sample for bacterial and fun-
gal communities, respectively. Mothur was used to gener-
ate alpha diversity indexes. The evenness was calculated as 
previously described (Wilsey and Stirling 2007).

Sequence metadata of indigenous bacterial and fungal 
communities from all samples are available in the NCBI 
Sequence Read Archive (SRA) database (https ://www.ncbi.
nlm.nih.gov/sra) under accession number SRP104096.

Isolation of crude oil‑degrading strains

Crude oil-degrading strains were isolated from the sample 
S3 (soil contaminated with crude oil) on day 22 using a 
Minimal Salt Medium (MSM) supplemented with crude oil. 
The MSM medium contained the following:  K2HPO4·3H2O 
1.3 g,  MgSO4.7·H2O 1.0 g,  CaCl2 0.005 g,  Na2SO4 2.0 g, 
 NH4Cl 1.0 g,  ddH2O 1000 mL, pH 6.0, and autoclaving at 
115 °C for 30 min.

Microbial inocula were prepared by mixing colonies 
that grew on LB agar (plates used for bacterial counts on 
day 22) corresponding to sample S3, with 10 mL of sterile 
MSM. Then, 5 mL of the solution obtained was inoculated 
into 250 mL Erlenmeyer flasks containing 100 mL of sterile 
MSM medium, and 1 mL of sterile crude oil (autoclaved 
at 115 °C for 30 min). Control flasks (uninoculated) were 
prepared under the same conditions. All flasks were sealed 
with silicone stoppers and then incubated for 10 days at 30 
°C on a rotary shaker at 180 rpm. After a series of three 
subcultures in MSM flasks, a 1-mL aliquot from the flasks 
was spread onto sterile LB agar plates, and the plates were 
incubated at 30 °C for 1–5 days. Colonies with different phe-
notypes were picked and cultured onto crude oil-MSM agar 
plates to which 0.5 mL of crude oil was added to the lid of 
the plate. Control agar plates (uninoculated) were prepared 

in parallel. All plates were wrapped with Parafilm labora-
tory film and incubated inverted at 30 °C for 2–5 days. The 
procedure was repeated three times. Among the selected col-
onies, two isolates, PS and PL, showed continuous growth 
on MSM agar supplemented with crude oil. These isolates 
were stored for further characterization.

Identification of the most efficient crude oil 
degraders

The morphology of the cells was observed under a trans-
mission electron microscope (JEOL JEM-1230). Different 
biochemical tests were performed as previously described 
(Stoica and Sorescu 2017).

For the molecular identification, a colony PCR was used 
to amplify the 16S rRNA gene sequence from the genomic 
DNA, by using the universal primers 27 F and 1492R as 
previously described by Obi et al. (2016). PCR reactions 
consisted of a 50-μL amplification mix containing 2 µL of 
the template DNA, 1 µL of each primer (100 µM), 25 µL of 
PremixTaq DNA Polymerase (Takara), and 21 µL of sterile 
distilled water. The amplification reaction was performed 
in a Thermal Cycler (Bio-Rad T100™) and the conditions 
were as follows: 94 °C for 10 min, 30 cycles of 94 °C for 
30 s, 56 °C for 30 s, 72 °C for 3 min, and a final exten-
sion at 72 °C for 5 min. The reaction was held at 16 °C for 
5 min. The amplicons were then analyzed on a 1% agarose 
gel, and the gel was visualized using a Molecular Imager Gel 
Doc (Bio-Rad). PCR amplicons for each isolate were sent to 
Shanghai Invitrogen Biotechnology Co., Ltd for purification 
and sequencing. The amplified 16S rRNA gene sequences 
were submitted to GenBank and analyzed using the BLAST 
algorithm (www.ncbi.nlm.nih.gov/blast ). The phylogenetic 
tree was constructed using the Maximum Composite Likeli-
hood method (Tamura et al. 2004), and the bootstrap consen-
sus tree was inferred from 1000 replicates. The phylogenetic 
tree was constructed in MEGA X (Kumar et al. 2018).

Biodegradation of crude oil by individual strain 
and mixed cultures

A set of 250 mL Erlenmeyer flasks containing 50 mL of 
MSM medium and 0.2 g of crude oil was prepared and 
autoclaved at 115 °C for 30 min. Then, 5 mL of pure iso-
lates (strains PL and PS) were inoculated individually into 
flasks. All flasks including the control were sealed with sili-
cone stoppers and incubated aerobically at 30 °C, 180 rpm 
for 20 days. Another set of 250 mL flasks was prepared as 
described above with and without yeast extract (2 mg mL−1). 
Yeast extract was used to stimulate the biodegradation abil-
ity of isolated strains. Then, 5 mL of a mixed culture of 
strains PS and PL (2.5 mL of inoculum from each strain) 
was inoculated into flasks in triplicate. The flasks without 

https://www.ncbi.nlm.nih.gov/sra
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http://www.ncbi.nlm.nih.gov/blast
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microorganisms were maintained as controls. All flasks 
were then incubated under the same conditions as described 
above. The extent of crude oil degradation in the medium 
was estimated by Gas chromatography–Mass spectrometry 
(GC–MS).

Inoculum preparation

Strains PS and PL were cultured individually in LB medium 
for 24  h. Then, the pellets, after centrifugation, were 
washed and re-suspended in MSM medium. The concen-
tration of each inoculum obtained was determined by plate 
count technique. The concentration of the inoculum was 
2.1 × 107 CFU mL−1 for strain PS and 2.3 × 107 CFU mL−1 
for strain PL.

Estimation of the extent of biodegradation by GC–
MS

After the incubation period, the whole culture broth in flasks 
was used to extract the remaining crude oil in the control 
and inoculated flasks. The extraction was performed at room 
temperature in a separatory funnel with 20 mL of n-hexane. 
This procedure was repeated three times. The top layer 
containing n-hexane and residual crude oil was recovered 
for analysis. Hydrocarbons in crude oil were analyzed by 
GC–MS using an Agilent Technologies 7890A GC system/ 
5975C inert MSD with Triple-Axis-Detector. The injection 
volume was 1 μL. The analysis was performed as described 
by Yan et al. (2013).

Components of crude oil were identified by matching the 
retention time and the mass spectrum of each molecule with 
the reference data in the mass spectral library. The efficiency 
of biodegradation or crude oil degradation, expressed as a 
percentage, was calculated based on the difference between 
the total area of peaks in the treatments and the control, 
using the following formula: P (%) = 100 − (TAS × 100/
TAC), where P is the amount of crude oil degraded, TAS 
is the total area of peaks in the sample and TAC is the total 
area of peaks in the control (Santisi et al. 2015).

Statistical analysis

All experiments were performed in triplicate. A two-way 
ANOVA in excel was used to compare the difference 
between means degradation with individual strains PS and 
PL, and the consortium of the two strains in the presence and 
absence of yeast extract after 20 days. The F-ratio and the 
associated probability value (p value) were calculated. When 
the p value was < 0.05, the statistically significant differences 
observed between treatments means were determined using 
the Student’s T test.

Results and discussion

General proprieties of the studied soil

The unpolluted soil sample used was moderately acidic 
with a pH of 5.98. Organic carbon and organic matter con-
tent were less than 0.3 and 0.5%, respectively. The soil 
contained 2.0% of  CaCO3, 30.0% of moisture, 36.0% of 
clay, 35.0% of sand, and 29.0% of silt. The soil texture 
was clay loam.

Responses of the microbial community to crude oil, 
diesel, and gasoline contamination

Clustering of the reads at 97% similarity threshold resulted 
in 30,238 bacterial OTUs representing a total of 184,100 
sequence reads with an average length of 409 bp, and 1365 
fungal OTUs representing 77,935 sequences reads with an 
average length of 225 bp. The sequences of these OTUs 
were classified into the domain Bacteria (65.15% of the 
total data set) with 26 phyla, the domain Fungi (34.84%) 
with 4 phyla, and the domain Archaea (0.01%) with 2 
phyla. Oil contamination substantially changed the com-
position and structure of bacterial and fungal communities 
in the tested soil.

For the bacterial community, the highest number of 
bacterial OTUs was observed in S1 (8559 OTUs) and S2 
(7495 OTUs) (Table 1). This number decreased signifi-
cantly following the contamination in all contaminated 
samples (Table 1 and Supplementary Fig.S1). The commu-
nity in S1 and S2 was more diverse and evenly distributed 
than that in S3, S4, and S5 as showed by the high values 
of Shannon diversity and evenness indices (Table 1). The 
coverage ranged from 86.6 to 93.0% (90.2 ± 2.62%), indi-
cating that between 7 and 11 [1/(1- ‘Good’s coverage’)] 
additional reads would need to be sequenced before detect-
ing a new bacterial OTU (Table 1). The highest Simpson’s 
index was observed in S3. This value indicated the pre-
dominance of a few phyla (Proteobacteria) in this sam-
ple (Table 1; Fig. 2a). Proteobacteria dominated in all 
samples, but more importantly in polluted sample S3 in 
which it accounted for 95.61% of reads (Fig. 2a). This 
phylum accounted for 77.82% and 66.15% of reads in S5, 
and S4, and for 48.06% and 45.68% in clean samples S1 
and S2 (Fig. 2a). Proteobacteria has been reported as the 
dominant phylum in contaminated soils in several previous 
studies (Sutton et al. 2013; Salam et al. 2018). The second 
most abundant phylum was Actinobacteria with average 
reads higher in polluted samples (S3, S4, and S5) than in 
clean samples (S1 and S2). On the other hand, oil con-
tamination adversely affected phyla such as Acidobacteria, 
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Bacteroidetes, Chloroflexi, Gemmatimonadetes, Plancto-
mycetes, and Verrucomicrobia as their abundances sig-
nificantly decreased following the contamination (Fig. 2a).

For the fungal community, the highest number of OTUs 
was observed in S1 (315 OTUs). This number decreased fol-
lowing the incubation time and the contamination (Table 1 
and Supplementary Fig.S2). S1 (4.42) and S5 (4.19), as 
well as S2 (3.22) and S4 (3.27), had a comparable Shan-
non index, and the coverage was 99.0% in all five samples 
(Table 1). The level of coverage indicated that most fungal 
OTUs present in these samples were identified in this study. 
The phylum Ascomycota predominated in polluted samples 
S4 (70.47%) and S5 (65.39%), but more significantly in S3 
(80.80%), as also indicated by the highest Simpson’s index 
observed in this sample (0.52) (Table 1; Fig. 2b). Zygomy-
cota was the second well-represented phylum with domi-
nance in S1 (28.08% of reads) and S2 (27.16% of reads) 

against 14.64%, 10.21%, and 10.77% of reads in S3, S4, and 
S5 (Fig. 2b). Likewise, Basidiomycota was more abundant in 
S1 (8.86%) and S2 (7.78%) than in S3, S4, and S5 in which 
it accounted for an average of only 1.07% of reads (Fig. 2b). 
The environmental stress caused by petroleum pollutants 
usually results in a natural selection of microbial population 
with the ability to survive and thrive under such conditions 
(Borowik et al. 2017; Yang et al. 2012).

Responses of bacterial genera to crude oil, diesel, 
and gasoline contamination

The most dominant bacterial genera in contaminated sam-
ples were Pseudomonas, followed by Serratia, Rhodoc-
occus, and Sphingobium. Pseudomonas dominated in all 
three treatments, and especially in S3 (73.73%), while a 
significant increase of Rhodococcus (8.94% of reads) and 

Table 1  Richness and alpha-
diversity indices

S1 (control day1), S2 (control after 22 days), S3 (crude oil–contaminated soil on day 22), S4 (diesel-con-
taminated soil on day 22), S5 (gasoline-contaminated soil on day 22)

Samples OTUs number Shannon index Coverage (%) Simpson index Evenness

Bacterial communities
 S1 8559 8.00 86.6 0.01 0.88
 S2 7495 7.47 88.8 0.01 0.84
 S3 3328 3.76 93.6 0.17 0.46
 S4 5697 5.97 90.8 0.04 0.69
 S5 5159 5.45 91.0 0.03 0.64

Fungal communities
 S1 315 4.42 99.2 0.11 0.77
 S2 239 3.22 99.4 0.28 0.56
 S3 268 2.16 99.1 0.52 0.39
 S4 268 3.27 99.3 0.30 0.58
 S5 275 4.19 99.3 0.20 0.75

Fig. 2  Abundance distribution of predominant phyla and genera in 
S1 (control on day 1), S2 (control after 22 days), S3 (crude oil-con-
taminated soil on day 22), S4 (diesel-contaminated soil on day 22), 
and S5 (gasoline-contaminated soil on day 22) determined by Illu-
mina sequencing of 16S rRNA and ITS genes in the studied soil. a 

Predominant phyla of the bacterial community; b predominant phyla 
of the fungal community. Unclassified correspond to sequences that 
could not be assigned to known microbial phyla and Other corre-
sponds to phyla with less than 1% and 0.5% relative abundance
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Sphingobium (3.77% of reads) was observed in S4 and 
of Serratia (14.53%) and Gaiella (4.00%) in S5 (Fig. 3a 
and Supplementary Table S2). Their enrichment increased 
significantly following the contamination indicating that 
resistance to contaminants is widespread within these gen-
era. Members of the Pseudomonas genus can adapt and 
grow under various environmental conditions, including 
petroleum contaminated sites. They are known to possess 
a versatile metabolism and many genes that allow them to 
use various carbon sources of energy (Das and Mukherjee 
2007). Moreover, a great number of Pseudomonas spp. 
have already been reported as able to degrade crude oil 
(Das and Mukherjee 2007; Rahman et al. 2002; Sathish-
kumar et al. 2008), diesel oil, and gasoline (Avanzi et al. 
2015; Lu et al. 2006).

The abundance of Rhodococcus in contaminated soils is 
correlated with their capacity to degrade petroleum hydro-
carbons, which has already been reported in several studies 
(Lu et al. 2006). Similarly, Sphingobium species are also 
known for their natural ability to adjust to contaminated 
environments and use the contaminants as a growth and 
energy source (Waigi et al. 2015). The significant enrich-
ment of the Serratia in gasoline-contaminated soil is con-
sistent with the ability of members of this genus to use 
gasoline as a carbon and energy source for growth (Avanzi 
et al. 2015). On the other hand, there are no reports regard-
ing the involvement of Gaiella in gasoline or hydrocarbon 
degradation. This may be because Gaiella is a novel genus 
that has recently been added to the phylum Actinobacteria 
(Albuquerque et al. 2011). Given that Gaiella was found in 
high abundance in gasoline-contaminated soils, the poten-
tial of members of this genus for petroleum hydrocarbon 
degradation could be worth investigating.

Responses of fungal genera to crude oil, diesel, 
and gasoline contamination

Following the contamination, Penicillium increased in abun-
dance, whereas the abundance of Mortierella decreased. 
Penicillium dominated in contaminated samples with 
78.38% of reads in S3, 60.97% in S4, and 48.78% in S5, 
while Mortierella, accounting for 28.02% in S1 and 27.15% 
in S2, dominated in control samples (Fig. 3b and Supple-
mentary Table S3). The predominance of Penicillium in 
oil-contaminated soils could be associated with their abil-
ity to grow under different environmental conditions and 
use a wide range of carbon sources as previously reported 
(Govarthanan et al. 2017). Although Mortierella decreased 
in abundance after contamination, it was still the second 
most dominant genus in contaminated soils after Penicil-
lium. A few members of this genus have been reported as 
able to degrade hydrocarbons (Hughes et al. 2007). How-
ever, overall, reports on the involvement of Mortierella spp. 
in petroleum hydrocarbons degradation are scarce.

It is worth noting the increased abundance of Didymos-
phaeria in S5 (5.84%) (Fig.  3b and Supplementary 
Table S3). Members of this genus could be potential candi-
date for the biodegradation of hydrocarbons contaminants. 
Minimedusa, Pluteus, and Podospora predominated in clean 
samples, and specifically in S1 accounting for 5.86%, 4.30%, 
and 3.14% of reads, respectively (Fig. 3b). However, their 
abundance decreased significantly to less than 0.1% fol-
lowing the contamination and the incubation time (Fig. 3b 
and Supplementary Table S3). Likewise, the abundances 
of bacterial genera such as Blastocatella, Sphingomonas, 
Escherichia-Shigella, Novosphingobium, Sphingopyxis, and 
Azospira decreased following the contamination (Fig. 3a and 

Fig.3  Abundance distribution of predominant genera in S1 (control 
on day 1), S2 (control after 22 days), S3 (crude oil-contaminated soil 
on day 22), S4 (diesel-contaminated soil on day 22) and S5 (gaso-
line-contaminated soil on day 22) determined by pyrosequencing of 
16S rRNA and ITS genes regions in the studied soil. a Predominant 

genera of the bacterial community; b predominant phyla of the fun-
gal community. Unclassified correspond to sequences that could not 
be assigned to known microbial phyla and other corresponds to phyla 
with less than 1% and 0.5% relative abundance
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Supplementary Table S2). Crude oil, gasoline, and diesel 
consist primarily of complex mixtures of hydrocarbons 
including highly branched alkanes and polycyclic aromatic 
hydrocarbons. These compounds are known to have long-
term toxic effects into the environments due to their resist-
ance to biodegradation (Avanzi et al. 2015; Sathishkumar 
et al. 2008). Therefore, their presence in contaminated soil 
may have exerted adverse effects on the above species, 
resulting in the decreased of their abundances following the 
contamination.

Possible factors contributing to the microbial 
diversity shifts

Shifts in the microbial diversity observed between unpol-
luted and contaminated soils can most likely be attributed 
to the following main factors:

1. Stress due to sudden changes in the environment fol-
lowing the contamination. In other words, the presence 
of crude oil, diesel, and gasoline in contaminated soils 
may have exerted adverse effects on some taxa, includ-
ing Mortierella, Blastocatella and Azospira, while pro-
moting the growth of others such as Pseudomonas, Rho-
dococcus, Gaiella, Sphingobium Serratia, Penicillium, 
and Didymosphaeria (Fig. 3a,b). The environmental 
stress caused by petroleum pollutants usually results in 
a natural selection of microbial population with the abil-
ity to survive and thrive under such conditions, leading 
to an increase in the number of microorganisms with the 
potential to degrade petroleum hydrocarbons (Borowik 
et al. 2017; Yang et al. 2012).

2. Depletion of nutrients caused by the influx of carbon 
from the weekly spiking of the contaminants. Although 
diesel, gasoline, and crude oil are a substantial source of 
carbon, their high abundance may cause imbalanced car-
bons/nutrients ratios, resulting in competition for nutri-
ents (Sutton et al. 2013). Nutrients, including nitrogen, 
phosphorus, and potassium, are essential for the metabo-
lism and growth of indigenous microorganisms as well 
as for their biodegradation potential. The depletion of 
nutrients in the soil may have constrained the growth of 
certain groups of indigenous microorganisms such as 
Mortierella, Blastocatella, Azospira Minimedusa, Plu-
teus, and Podospora resulting in the decreased of their 
abundances after contamination (Fig. 3a, b)

3. The properties of the studied soil may have also influ-
enced the microbial composition and diversity in this 
study. Several phyla including Actinobacteria, Acido-
bacteria, Bacteroidetes, and Gemmatimonadetes were 
abundant in S1, but their abundances were reduced by 
half or more in S2 after 22 days (Fig. 2a). Likewise, 
the relative abundances of genera such as Sphingopyxis, 

Escherichia-Shigella, Sphingomonas, Gaiella, Blas-
tocatella, and Rhodococcus, Minimedusa, Pluteus, and 
Podospora significantly decreased after 22 days (Fig. 3a, 
b). The soil investigated in this study was moderately 
acidic (pH = 5.98) with 30.0% of moisture. Given that 
no water was supplemented in the soil during the whole 
experimental period, the soil may have lost its initial 
moisture content over time leading to change in the soil 
pH, as the pH is known to often co-vary with differ-
ent soil characteristics including moisture (Rousk et al. 
2010). Several studies have reported the effect of pH on 
the relative abundances of Acidobacteria, Actinobacte-
ria, and Bacteroidetes (Lauber et al. 2009; Sutton et al. 
2013). The effects of soil moisture on microbial com-
munity composition were reported by Ma et al. (2015). 
The soil tested was a clay loam soil. This type of soil 
ensures a better transfer of water and air. The texture of 
the soil determines its ability to transmit air, water, and 
nutrients (Agbor et al. 2018). Therefore, the impacts of 
the soil structure on the composition and diversity of 
indigenous microbial community will depend entirely on 
the species of microorganisms present in these commu-
nities. Organic matter content is another important soil 
parameter that may influence microbial growth. Organic 
matter plays a crucial role in bioavailability of con-
taminants to microorganisms and their biodegradation 
potential (Mrozik and Piotrowska-Seget 2010). Many 
studies have reported that the rates of pollutant degrada-
tion were higher in low-organic-matter soil than in high-
organic-matter soil because of lower rates of desorption 
and microbial growth (Mrozik and Piotrowska-Seget 
2010). In this study, the tested soil contained low organic 
matter (0.5%). This could be the reason why well-known 
petroleum hydrocarbon-degrading genera, including 
Pseudomonas, Serratia, Rhodococcus, Blastocatella, 
and Penicillium dominated in this study (Fig. 3).

4. Oxygen availability may have also played an important 
role in the shifts of soil microbial communities, and 
especially on the archaeal community. Archaeal phyla 
Thaumarchaeota and Euryarchaeota were found in very 
low abundance (less than 0.01%) and almost exclusively 
in clean samples, whereas in the study by Sutton et al. 
(2013), archaea have been found in higher abundant 
and more significantly in contaminated samples. How-
ever, it is worth noting that archaea are mostly active 
under anaerobic conditions (Siles and Margesin 2018). 
Therefore, the aerobic conditions under which the pre-
sent study was carried out could be the main reason why 
archaea were observed at such a very low abundance.
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Effects of crude oil, diesel, and gasoline 
contamination on culturable microbes

On day 1, the number of culturable bacteria was around 
6.65 log CFU  g−1 in all samples. This number increased 
reaching the maximum on day 8 in S5 (8.36 log CFU  g−1) 
at a low concentration of gasoline (20 mL kg−1 of soil), 
and on day 15 in S3 (7.94 log CFU  g−1) and S4 (8.24 log 
CFU  g−1) at a relatively high concentration of diesel and 
crude oil (60 mL kg−1 of soil) (Fig. 4a).

Similarly, the number of culturable fungi decreased 
continuously in the control from day1 to day 22 (Fig. 4b). 
The number of culturable fungi reached the highest value 
in S3 (6.02 log CFU  g−1) and S4 (7.49 log CFU  g−1) on 
day 15, while in S5 the maximum value (6.51 log CFU 
 g−1) was observed on day 8 (Fig. 4b). Overall, hetero-
trophic bacterial and fungal counts were more significant 
in contaminated soils than in clean samples. Gasoline, die-
sel, and crude oil contained compounds that are known to 
be highly toxic, and the toxicity of these compounds may 
have an inhibitory effect on soil microbial communities. 
However, many communities in the soil are able to adapt 
to these extreme conditions and metabolize the pollutants. 
This group of microorganisms usually represents less than 
0.1% of the indigenous communities in non-contaminated 
environments (Mahjoubi et al. 2017; Yang et al. 2012). 
Their number can increase reaching 10% to even 100% 
of the whole microbial community after contamination 
(Mahjoubi et al. 2017), resulting in a higher number of 
culturable microorganisms in contaminated soils than in 
non-contaminated soils.

Isolation and identification of crude oil‑degrading 
strains

After enrichment culture in flasks, two isolates (strains PL 
and PS) were selected from the sample S3 as the most effi-
cient crude oil degraders based on their growth response on 
crude-oil-enriched media. The biodegradation efficacy of 
these strains was investigated in MSM medium individually, 
and as a consortium, after 20 days of incubation.

Colonies of strain PS, on LB agar, were 1 to 2 mm in 
diameter, circular, cream-white, glistening and moist with 
an entire margin (Fig. S3). This strain could grow on LB 
agar at 10 °C and 37 °C after 1–3 days. Colonies of isolate 
PL on LB agar slant were red, 1–3 mm in diameter, circular 
with an entire margin (Fig. S3). Isolate PS was rod-shaped 
non-motile with a size from 0.2 to 1 μm, while strain PL was 
a straight rod, motile bacterium, with a diameter between 0.5 
and 1 μm (Fig. S3). Isolates PS and PL were gram-negative, 
oxidase negative, arginine dihydrolase negative, citrate posi-
tive, catalase positive, glucose positive, and non-sporulated 
(Supplementary Table S4). BLAST search based on the 16S 
rRNA gene sequences similarity indicated that isolate PS 
shared 99% identity with Raoultella ornithinolytica species, 
while isolate PL shared the highest degree of similarity with 
Serratia marcescens strains. The evolutionary tree of these 
isolates is shown in Fig. 5.

By comparing the physiological, morphological, and 
biochemical characteristics of these two isolates (Supple-
mentary Table S4), strain PL was identified as Serratia 
marcescens, while strain PS was identified as Raoultella 
ornithinolytica. The sequences of these two strains were 

Fig.4  The number of culturable microbes in S1 (control on day 1), S2 
(control on day 22), S3 (crude oil-contaminated soil on day 22), S4 
(diesel-contaminated soil on day 22), and S5 (gasoline-contaminated 

soil on day 22) determined at weekly intervals during 22 days. a Cul-
turable bacteria; b culturable fungi. Error bars indicate the standard 
deviation of triplicate samples
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submitted to GenBank under accession number KY464986 
(strain PS) and KY652842 (strain PL). R. ornithinolytica 
strain PS, which is a novel strain, was deposited in the China 
Center for Type Culture Collection (CCTCC) under the col-
lection number CCTCC M2018151.

Crude oil degradation by individual strains 
and the mixed culture

The extent of crude oil degradation in MSM medium by 
strain PS and strain PL was estimated by GC–MS after 
20 days of incubation. Owing to the complex composition 
of crude oil, some of its constituents could not be read-
ily resolved and identified by GC–MS chromatography. 
Compounds that could be identified in the crude oil used 
included linear chain n-alkanes from C12 to C25 and 
branched alkanes including 2,6,10-trimethyldodecane 
(iso-C15), 2,6,10-trimethyltridecane (iso-C16), norpris-
tane (iso-C18), pristane (iso-C19), and phytane (iso-C20) 
(Table 2). After 20 days, both strains completely degraded 
short chain n-alkanes C12, C13, and iso-C15, but only 
partially degraded long-chain alkanes (Table 2). Never-
theless, more than 50% of aliphatic hydrocarbons such as 
C14, C15, C16, C17, C19, C20, C21, iso-C16, and iso-
C19 were degraded by the two strains (Table 2).The over-
all biodegradation capacity of strain PS was greater than 
that of strain PL. Strain PS degraded 75.10% of crude oil, 
while strain PL degraded 65.48%, after 20 days. There 
was a statistically significant difference between crude oil 
degradation by strains PS and PL (p = 0.014). Isolate PL 
was identified as Serratia marcescens, members of which 
have been previously reported as petroleum hydrocarbon 

degraders (Alegbeleye et  al. 2017; Morales-Guzmán 
et al. 2017). However, there are few reports regarding the 
involvement of Raoultella ornithinolytica in petroleum 
contaminants’ biodegradation. Only a few researchers have 
reported the use of Raoultella ornithinolytica to degrade 
petroleum hydrocarbons. For examples, Alegbeleye et al. 
(2017) reported a Raoultella ornithinolytica strain that 
could degrade acenaphthene and fluorene compounds in 
shake culture after 14 days. Likewise, Morales-Guzmán 
et al. (2017) reported a Raoultella ornithinolytica C5S3 
that degraded less than 10.0% of diesel after 8 days of 
incubation. R. ornithinolytica strain PS, isolated in this 
study, showed high efficiency for crude oil degradation 
compared to the above-mentioned strains.

Strains PS and PL showed good crude oil degradation 
ability. They could simultaneously degrade linear and highly 
branched alkanes present in the crude oil, with a complete 
abatement of short-chain hydrocarbons. However, the micro-
bial combination of the two strains significantly increased 
the biodegradation of crude oil compared to individual 
strains (p = 0.00001). As shown in Table 2, all alkanes from 
C12 to C25 were completely degraded by the mixed culture 
in the presence of yeast extract, except for pristane (iso-C19) 
and phytane (iso-C20). Peaks of these hydrocarbons com-
pletely disappeared from the chromatograms (Supplemen-
tary Fig.S4). Isoprenoid alkanes phytane and pristane were 
more recalcitrant to biodegradation. However, the mixed cul-
ture could degrade 91.15 and 97.30% of these compounds, 
after 20 days in the presence of yeast extract (Table 2). The 
relative abundances of their peaks on the GC–MS chroma-
tograms were also significantly reduced compared to the 
control (Supplementary Fig. S4).

Fig. 5  Phylogeny trees of the 
16S rRNA sequences of strains 
PS and PL
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Overall, the mixed culture degraded up to 91.52 and 
96.83% of crude oil in the absence and presence of yeast 
extract (Table 2). Yeast extract was used as biostimulant 
agent in supplying limiting nutrients, including nitrogen and 
phosphorus, to stimulate the biodegradation activity of the 
strains. Nutrients, whether organic or inorganic, are inten-
sively used to improve and accelerate the biodegradation of 
pollutants (Santisi et al.2015). The biodegradation of crude 
oil by the mixed culture in the presence and absence of yeast 
extract was not statistically different (p = 0.113). Therefore, 
the presence of yeast extract did not contribute significantly 
in increasing the rate of crude oil degradation. Instead, it is 
the two strains together that could achieve the degradation 
observed, indicating that there was a synergetic interaction 
between strains PS and PL. Several studies have shown that 
synergetic interactions among members of a consortium 
would result in a degradation ratio higher than that observed 
with individual strains (Ameen et al. 2016).

Many studies have already reported the effectiveness 
of consortia of two or more strains in degrading crude oil. 
However, it is worth noting that when comparing the ability 
of one consortium to another, a conclusion should not be 

drawn based solely on the biodegradability of the strains 
used, as the overall performance of a consortium depends 
on many factors, including the temperature, the density 
and concentration of the crude oil used, the incubation 
time, which differ from one study to another (Table 3). For 
instance, Li et al. (2016) reported a consortium of Bacillus 
TCOB-4 and Castellaniella TCOB-5, that could degrade 
51.87% of crude oil (2%, w/v) after 7 days of incubation 
at 30 °C. Xia et al. (2017) reported a consortium of five 
strains, instead, that degraded 85.26% of crude oil (1%, v/v) 
after 15 days of incubation. Likewise, Chen et al. (2017a) 
tested the ability of a mixed culture of five strains to degrade 
different concentrations of crude oil and reported that the 
highest crude oil degradation (75.10%) was observed at low-
est concentration of crude oil (1%, w/v). Similarly, Yang 
et al. (2019) compared the ability of two consortia consist-
ing of two and four bacterial strains. Their results showed 
that the consortium with four strains was more affective and 
degraded 73.00% of crude oil, whereas the mixed culture 
of two strains only degraded 53.00% of crude oil (Yang 
et al. 2019). In the study of Zhao et al. (2011), a consor-
tium of seven strains degraded 52.10% of crude oil, while 

Table 2  Percentage degradation 
of components of crude oil by 
strain PL, strain PS, and the 
consortium of the two strains 
in the absence and presence of 
yeast extract (YE) after 20 days

The table summarized the most probable compounds corresponding to the peak retention time on the GC–
MS chromatogram (Figure S4)
Values are mean of three observations. *indicates that the treatments were significantly different from con-
trol (*P < 0.05)
Same lower letters indicate that there  were  no  statistically significant differences between treatments 
(P > 0.05), and different lower letter indicates that treatments were statistically different

Retention 
time (min)

Components of crude oil Percentage degradation (%)

Control PL*a PS*b PS + PL*c PS + PL + YE*c

11.088 Dodecane (C12) 13.39 100.00 100.00 100.00 100.00
13.899 Tridecane (C13) 2.93 100.00 100.00 100.00 100.00
15.917 2,6,10-Trimethyldodecane 6.53 100.00 100.00 100.00 100.00
16.581 Tetradecane (C14) 0.56 80.57 81.72 100.00 100.00
18.106 2,6,10-Trimethyltridecane 3.20 98.12 70.37 100.00 100.00
19.113 Pentadecane (C15) 3.40 87.04 65.09 100.00 100.00
21.511 Hexadecane (C16) 7.31 51.15 51.86 100.00 100.00
22.576 Norpristane ( iso-C18) 10.52 50.84 18.62 97.47 100.00
23.782 Heptadecane (C17) 19.86 70.31 94.11 100.00 100.00
23.853 Pristane (iso-C19) 5.85 70.89 88.46 94.81 97.30
25.934 Octadecane (C18) 19.23 28.95 91.80 100.00 100.00
26.065 Phytane (iso-C20) 6.71 31.77 87.41 90.96 91.15
27.985 Nonadecane (C19) 28.40 85.21 80.22 100.00 100.00
29.947 Eicosane (C20) 24.49 64.36 70.55 100.00 100.00
31.816 Heineicosane (C21) 1.70 59.28 76.79 100.00 100.00
33.618 Docosane (C22) 5.20 42.92 57.53 80.28 100.00
35.334 Tricosane (C23) 24.86 21.66 40.63 100.00 100.00
36.991 Tetracosane (C24) 10.00 25.96 54.34 100.00 100.00
38.597 Pentacosane (C25) 13.89 22.17 28.75 100.00 100.00

Total degradation 9.52 65.48 75.10 91.52 96.83
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a microbial combination of six strains that was tested by 
Varjania et al. (2015) achieved 83.49% of crude oil degrada-
tion. In the present study, the mixed culture, which included 
only two strains (strain PL and PS), was as effective as many 
previous studies and achieved up to 96.83% of crude oil 
degradation after 20 days of incubation at 30 °C (Table 3). 
The mixed culture could degrade all compounds in crude 
oil, including pristane and phytane, with a complete abate-
ment of linear chain hydrocarbons (Supplementary Fig. S4). 
Isoprenoid alkanes, pristane and phytane, are known to be 
more resistant to biodegradation due to their highly branched 
nature (Yang et al. 2019). However, the mixed culture tested 
could degrade more than 91% of these compounds (Table 2). 
Therefore, strains PS and PL can be used in degrading crude 
oil-contaminated soils. In our recent publication, a consor-
tium of five strains containing strains PL and PS exhibited 
the best degradation rate of crude oil in highly contaminated 
soil compared to many previous studies (Bidja Abena et al. 
2019).

Many hydrocarbons in crude oil were significantly 
degraded to some extent by strains PS and PL as well as 

by the mixed culture of the two strains in the presence 
and absence of yeast extract. Overall short- and medium-
chain alkanes were degraded more quickly than long-chain 
alkanes. Alkanes, in particularly those with relatively shorter 
chains (< C12), are generally readily degraded due to their 
lower molecular weight and water solubility. Medium-length 
alkanes (C12–C16), and long-chain alkanes (> C16) with 
higher molecular weight are generally degraded at a rela-
tively slow rate owing to their hydrophobic nature (Sathish-
kumar et al. 2008).

Moreover, the susceptibility of crude oil to micro-
bial degradation depends on the intrinsic ability of the 
microorganism to degrade crude oil and activate the key 
enzyme for the first step of the biodegradation. The crude 
oil used in this study consisted primarily of medium- and 
long-chain alkanes. Therefore, the key enzymes that 
might have been involved in the biodegradation process 
were more likely to be soluble cytochrome P450s and 
integral membrane non-heme iron monooxygenase (AlkB) 
enzymes for the degradation of medium-chain alkanes 
(C8–C16), and alkane monooxygenases (AlmA and 

Table 3  Comparison of crude oil degradation rate in MSM by mixed cultures (or consortia) between this study and previous literatures reports

Crude oil content was calculated based on a density 0.845 g cm−3

YE (yeast extract)

Consortia/mixed cultures Crude oil con-
tent (g L1)

Temperature 
(°C)

Time (days) Degradation rate (%) References

Bacillus TCOB-4
Castellaniella TCOB-5

2 30 7 51.87 Li et al. (2016)

Rhodococcus erythropolis OSDS1
Serratia proteamaculans S1BD1
Alcaligenes sp. OPKDS2
Rhizobium sp. PNS1
Pseudomonas sp. BSS9BS1

8 30 15 85.26 Xia et al. (2017)

Rhodococcus erythropolis OSDS1
Serratia proteamaculans S1BD1
Alcaligenes sp. OPKDS2
Rhizobium sp. PNS1
Pseudomonas sp. BSS9BS1

8 30 15 85.26 Xia et al. (2017)

Exiguobacterium sp. ASW-1
Pseudomonas aeruginosa ASW-2
Alcaligenes sp. ASW-3
Alcaligenes sp. ASS-1
Bacillus sp. ASS-2

1
2
4

20 7 75.10
58.60
56.31

Chen et al. (2017a)

Acinetobacter spp. TTH0-4
Pseudomonas spp.YF24-3

8 20 10 53.00 Yang et al. (2019)

Nocardia soli Y48
Rhodococcus erythropolis YF28-1 (8), 

Acinetobacter spp. TTH0-4
Pseudomonas spp.YF24-3

8 30 10 73.00 Yang et al. (2019)

Ochrobactrum sp. (01),
Stenotrophomonas maltophilia (02)
P. aeruginosa (03)

25 30 75 83.49 Varjania et al. (2015)

Serratia marcescens PL
Raoultella ornithinolytica PS

4 30 20 91.52
96.83(YE)

This study
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LadA) for the degradation of long-chain alkanes (Chen 
et al. 2017b; Hassanshahian et al. 2012). Researches in 
the past decade have gained many new insights into the 
mechanism of alkane degradation, including branched and 
linear alkanes, by microorganisms and the genes encod-
ing for the enzymes involved in the process (Chen et al. 
2017b). The general aerobic biodegradation pathway of 
alkanes by bacteria proceeds as follows: alkanes are first 
converted into the corresponding alcohols that are further 
oxidized by alcohol dehydrogenases and aldehydes dehy-
drogenases to fatty acids, which then enter β-oxidation 
(Van Hamme et al. 2003).

The specific metabolic pathway of hydrocarbons is still 
unclear for many bacterial species, including Serratia 
marcescens and Raoultella ornithinolytica species. There-
fore, further investigations are still needed to understand 
the mechanism of hydrocarbons’ degradation in strain PS 
and PL and to identify the intermediates metabolites that 
are produced during the biodegradation process. Like-
wise, the potential of these strains remains to be investi-
gated in crude oil-contaminated soils.

Strains PS and PL can be applied as exogenous strains, 
in a process known as bioaugmentation, to accelerate the 
biodegradation of soils contaminated with crude oil. 
Bioaugmented strains along with indigenous microbial 
communities would then carry out the biodegradation of 
the contaminants. However, the process of bioaugmenta-
tion still encounters many environmental challenges that 
should be considered when setting up an in situ biore-
mediation. The survival of inoculated strains is one of 
the most challenging issues as the number of exogenous 
microorganisms generally decreased shortly after inocu-
lation into the soil (Mrozik and Piotrowska-Seget 2010). 
Therefore, appropriate nutrients would have to be sup-
plied to stimulate the activity of the introduced micro-
organisms. Nutrients, whether organic or inorganic, can 
be amended to a soil system. However, the use of organic 
wastes would not only provide all the necessary nutrients 
and appropriate conditions for the growth of microbial 
populations, but would also reduce the overall cost of 
the bioremediation process. Besides, the effectiveness 
of organic nutrient in enhancing the biodegradation of 
crude oil-polluted soils has already been reported in 
many studies (Agbor et al. 2018). Another important fac-
tor is the availability of pollutants to microorganisms. 
Biosurfactants can be used to reduce surface tension and 
increase the solubilization of hydrophobic hydrocarbons 
for their optimal utilization by microorganisms (Patowary 
et al. 2016). Other factors such as temperature, pH, and 
moisture content of the soil also determine the efficiency 
of bioaugmentation and should be taken into account 
when designing the experiment.

Conclusions

Oil contamination substantially changed the composition 
and structure of bacterial, archaeal, and fungal commu-
nities in the tested soil. Gasoline, diesel, and crude oil 
contamination all resulted in a significant decrease in the 
number of both bacterial and fungal OTUs. Proteobacteria 
was the most abundant phylum in the bacterial community, 
with Pseudomonas as the dominant genus, while Ascomy-
cota dominated in the fungal community, with Penicillium 
as the dominant genus.

Crude oil contamination also resulted in the enrichment 
of indigenous strains with crude oil degradation potential. 
Serratia marcescens PL and Raoultella ornithinolytica 
PS exhibited high ability to degrade crude oil in liquid 
medium. However, the mixed culture of the two strains 
was more effective and could degrade all compounds in 
crude oil including highly branched hydrocarbons phytane 
and pristane. Strains PL and PS, especially as a mixed 
culture, are good candidates for in situ bioremediation of 
crude oil-contaminated soils.
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