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Abstract Crude oil spills resulting from excavation,

transportation and downstream processes can cause inten-

sive damage to living organisms and result in changes in

the microbial population of that environment. In this study,

we used a pyrosequencing analysis to investigate changes

in the microbial population of soils contaminated with

crude oil. Crude oil contamination in soil resulted in the

creation of a more homogenous population of microor-

ganisms dominated by members of the Actinomycetales,

Clostridiales and Bacillales (all belonging to Gram-positive

bacteria) as well as Flavobacteriales, Pseudomonadales,

Burkholderiales, Rhizobiales and Sphingomonadales (all

belonging to Gram-negative bacteria). These changes in the

biodiversity decreased the ratios of chemoheterotrophic

bacteria at higher concentrations of crude oil contamina-

tion, with these being replaced by photoheterotrophic

bacteria, mainly Rhodospirillales. Several of the dominant

microbial orders in the crude oil contaminated soils are

able to degrade crude oil hydrocarbons and therefore are

potentially useful for remediation of crude oil in contam-

inated sites.

Introduction

Crude oil is considered as one of the main sources of

energy in the world, and growth in population and indus-

tries increases the demand for more crude oil extraction

[20]. Leakage of oil into soil around the oil wells, pipelines

and pumping stations is a normal phenomenon in the

process of extraction of crude oil [20]. Furthermore, crude

oil transportation and downstream processes are also high-

risk points for crude oil contamination [11, 34]. Although

the level of soil contamination with crude oil depends on

the site location, this value can rise to around 10 % w/w

[18]. Contamination can be spread into other natural

habitats by superficial waters or floods especially in the

rainy seasons [45]. Crude oils consist of different aliphatic

and aromatic hydrocarbons, which are rich in carbon and

hydrogen but deficient in other nutritional elements [32, 38,

41]. Since these compounds can be potentially poisonous

for different eukaryotic and prokaryotic cells, soil con-

tamination by crude oil can lead to immediate changes in

the microbial composition of the given environment [1].

Furthermore, because oil spillages change the chemical

composition of soil and thereby the nutrient availability to

microorganisms, contamination can lead to prolonged

effects on the microbial diversity and their abundances in

the contaminated sites [31]. These changes in microbial

population depend heavily on the composition of the total

microbial community present in the site, the chemical
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composition of the crude oil and the physicochemical

factors governing the particular environment [37].

Since microorganisms are the most effective factors in

the natural degradation of crude oil and industrial biore-

mediation, understanding the changes in the microbial

diversity resulting from contamination of soil with crude

oil can be useful for the selection of the most effective

hydrocarbon degrading microorganisms for crude oil

remediation. The most abundant microorganisms in a soil

sample contaminated by crude oil are potentially beneficial

in facilitating the removal of crude oil contamination [5,

12, 35]. In this study, the changes in microbial diversity

and their abundances were analysed using a high

throughput pyrosequencing strategy in order to understand

these dominant microorganisms in the soils contaminated

with crude oil.

Materials and Methods

Preparation of the Column and Oil Spiking

A Gauthier was used to collect the superficial soil samples (6.8

pH at room temperature, 2.8 % moisture and 612 lS con-

ductivity) in order to save the integrity of soil samples. The

soil samples were carefully transferred to suitable columns

matched to the weight of soil samples (Fig. 1). Among the five

columns, one column was used as control without any treat-

ment, and four others were treated with different concentra-

tions (0.5, 2.5, 5 and 10 %) of crude oil. Overall, two sets of

these columns were prepared, allowing the reproducibility of

the results to be determined; these columns were incubated in

room temperature (25 �C) for 1 week.

DNA Extraction and Pyrosequencing Process

Following the incubation period, several samples were

obtained from different parts of each column. The samples

obtained from each column were mixed thoroughly to

make a homogenous sample. The DNA from the soils was

extracted using a power soil DNA kit (MO BIO), according

to manufacturer’s instructions. First, after a gentle vortex

of 0.25 g sediment samples in tubes containing beads and

bead buffer, the contents were mixed with 60 ll solution

C1. Following a vigorous vortexing for 10 min using a

bead beating machine and centrifuging at 10,0009g for 30

S, the supernatants (400–500 ll) were processed according

to the manufacturer’s instructions. The levels of DNAs

obtained were quantified by a quantifluor dsDNA system

(Promega) and were adjusted to a minimum concentration

of 100 ng/ll.

The genomic DNAs were sequenced on the GS-FLX

platform located at the Australian Genome Research

Facility (AGRF). First, the DNAs were amplified using the

primers directed for 16SrRNA of bacteria (referred to as

16S: 27F—519R; 50-AGAGTTTGATCMTGGCTCAG-

30and 50-GWATTACCGCGGCKGCTG-30) and archaea

(referred to as 16S: 341F-806R; 50-CCTAYGGGRBGC

ASCAG-30and 50-GGACTACNNGGGTATCTAAT-30) as

well as 18SrRNA of fungi (referred to as ITS: 1F-2R;

50-CTTGGTCATTTAGAGGAAGTAA-30and 50-TCCTCC

GCTTATTGATATGC-30) and algae (referred to as

Euk3191F-EukBR; 50-CTGGTTGATCCTGCCAG-30 and

50-ACCAGACTTGCCCTCC-30). After a DNA quantifica-

tion of the PCR products by fluorometry and qPCR, the

DNA fragments were sequenced using the GS-FLX plat-

form by the Australian Genome Research Facility (AGRF).

Data Analysis

The raw data files obtained from pyrosequencing were

uploaded into the MG-RAST (Metagenome Rapid Anno-

tation using Subsystem Technology) [2, 17], and the

microbial diversity and their abundances were analysed

using the Ribosomal Data Project II (RDP II) annotation

source. To minimise the mistakes through analysis on the

microbial diversity using 16SrRNA, the data were filtered

by minimum percentage identity cutoff (97 %), E-valueFig. 1 The soil columns after contamination with crude oil
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cutoff (1e-5) and minimum alignment length cutoff (50 bp)

[3].

The microbial diversity and their abundances were anal-

ysed further using excel software to analyse the Shannon’s

index and to investigate the ecological changes as a result of

crude oil treatment. The Shannon index (a minus sum of the

proportion (n/N) of the number of one particular species in a

community divided by the total number of individuals in that

community multiplied by the natural logarithm of this pro-

portion) reflects the number of species in a dataset and their

distribution in a community [22]. To increase the accuracy of

our analysis, the metabolic (chemoheterotrophic, photoau-

totrophic, photoheterotrophic and chemolithotrophic)

activity of all microbial strains identified were extracted

from authorised references [6, 19, 39, 44], and the strains

with a same metabolic activity and same phylogenetic order

were grouped together.

Nucleotide Sequence Accession Numbers

These metagenomic data are publicly available in the MG-

RAST system as F44 (control), F45 (treated with 2.5 %

crude oil), F47 (treated with 5 % crude oil), F48 (treated

with 0.5 % crude oil) and F49 (treated with 10 % crude oil)

under project identifiers 4576644.3., 4576645.3.,

4576646.3., 4576647.3. and 4576648.3., respectively.

Results

The numbers of reads after quality control, mean length

and the numbers of reads fitted in an operational taxonomic

unit (OTU) for all samples are listed in Table 1. A full list

of the microbial orders found in these columns is shown in

Fig. 2. According to the saturated plateaus in the rarefac-

tion curves obtained from the analysis of the control soil

sample and the samples treated with different concentra-

tions of crude oil, the abundances of microbial population

in these sampling are representative of those present in the

columns (data are not shown). Moreover, according to the

principal coordinate analysis (PCoA) (data are not shown),

these treatments considerably altered the biodiversity pre-

sent in the treated columns in comparison to the control

sample. In total, the abundances of microorganisms in the

sediments treated with 0.5 and 2.5 % crude oil were

increased in comparison to the control. Although this value

reached its peak in the soil sample treated by 0.5 % crude

oil, there were gradual decreases in the total abundances of

microorganisms in higher concentrations (2.5 and 5 %) to a

level slightly more than the control. However, there was a

small rise again in the abundance of microorganisms when

the soil sample was treated with 10 % crude oil. In addition

to total abundances of microorganisms, the treatments

decreased the numbers of microbial orders in these samples

from 59 in the control (0 %) to 46 in the soil contaminated

with 10 % crude oil. Furthermore, there were changes in

the ratios of microbial orders in the samples when com-

pared with the total abundances of microorganisms in the

corresponding sample. These changes in the abundances of

microbial orders were significant after analysis with

Shannon index (Table 2).

Among these microorganisms, Actinomycetales (20 %)

were the dominant microorganism in the control soil, fol-

lowed by Cytophagales (7.4 %), Solibacterales (3.6 %),

Glomerellales (3.5 %), Planctomycetales (3.4 %), Verru-

comicrobiales (3.2 %), Clostridiales (3 %), Bacillales

(2.5 %) and many other orders with less than 2.5 %

abundance (Fig. 3). However, the ratios of microorganism

changed in the samples treated with different concentra-

tions of crude oil. In the soil sample treated with 0.5 %

crude oil (Fig. 3), there were Actinomycetales (25 %),

Flavobacteriales (6.1 %), Glomerellales (2.9 %), Plancto-

mycetales (2.8 %), Verrucomicrobiales (2.7 %), Rhizo-

biales (2.6 %), Rhodospirillales (2.5 %), Cytophagales

(2.5 %), Bacillales (2.1 %) and many other orders with less

than 2 % of the population (Fig. 3).

The ratio of Actinomycetales (37.21 %) reached the

highest amount in the soil spiked with 2.5 % crude oil,

followed by Rhizobiales (3.4 %), Rhodospirillales (3 %),

Flavobacteriales (2.9 %), Planctomycetales (2.9 %),

Cytophagales (2.5 %), Clostridiales (2.3), Bacillales (2 %)

and many other orders that were less than 2 % of the

Table 1 The statistical data obtained from the pyrosequencing analysis of the control soil and the soils treated with different concentrations (0.1,

0.5, 2.5, 5 and 10 %) of crude oil

Sample Number of reads

after quality control

Mean length Number of reads fitted in an

operational taxonomic unit (OTU)

F44 (4576644.3.) 2166 428 ± 144 bp 842

F45 (4576645.3.) 3871 450 ± 119 bp 1513

F47 (4576646.3.) 3331 449 ± 115 bp 1342

F48 (4576647.3) 2276 457 ± 128 bp 929

F49 (4576648.3) 3070 448 ± 118 bp 979
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population (Fig. 3). These values changed in the soils

contaminated with higher levels of crude oil, as well.

Although the ratio of Actinomycetales decreased in the soil

sample treated with 5 % crude oil, still it was the dominant

microorganism in this soil, followed by Sphingomonadales

(5.1 %), Rhizobiales (4.6 %), Burkholderiales (3.4 %),

Rhodospirillales (3.0 %), Flavobacteriales (2.9 %),

Fig. 2 The microbial diversity (at the order level) in the control column (4576644.3) and the columns treated by different concentrations (0.5,

2.5, 5 and 10 %) of crude oil (4576645.3, 4576646.3, 4576647.3, 4576648.3, respectively)

Table 2 Shannon index (H) and effective numbers (D) of orders in

the control soil and the soils treated with different concentrations (0.1,

0.5, 2.5, 5 and 10 %) of crude oil

0.0 % 0.5 % 2.5 % 5.0 % 10.0 %

H 2.71 2.83 2.70 2.34 2.45

D 14.98 17.00 14.90 10.37 11.56
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Clostridiales (2.3 %), Rhodocyclales (2.2 %), Bacillales

(2.1 %) and many other orders less than 2 % abundance.

Furthermore, these changes in the diversity and ratios of

microorganisms in the soil sample treated by 10 % crude

oil were much severe than other samples. In this sample,

Sphingomonadales (16 %) was nominated as the dominant

microorganism and Actinomycetales (10.2 %) was placed

in the second step, followed by Rhodospirillales (6.3 %),

Rhizobiales (2.8 %), Burkholderia (2.4 %), Planctomyc-

etales (2 %) and many other orders with less than 2 %

abundances.

Based on the literature and microbial classification

handbooks [6, 19, 39, 44], all microbial strains identified in

this study were classified into four physiological categories

(chemoheterotrophs, photoautotrophs, photoheterotrophs

and chemolithotrophs) to analyse the ecological relation-

ships between microorganisms in the soil samples. There-

after, these strains were re-classified into their orders to

facilitate the statistical analysis. Since the members of

microbial orders show sometimes very diverse physiology,

this procedure of microbial classification from strains to

orders reduces the errors in calculations. Based on this study,

the majority of microorganisms in the control and all soils

treated with different concentrations of crude oil belonged to

chemoheterotrophic bacteria (Fig. 4). However, the soil

treated with 10 % crude oil showed a significant decrease in

the ratio of chemoheterotrophic bacteria (83 %), replaced by

photoheterotrophic bacteria (17 %).
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Fig. 3 Ratios of microbial

orders in the soils contaminated

with different concentrations (0,

0.5, 2.5, 5.0 and 10 %) of crude

oil
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Discussion

In this study, a pyrosequencing study was employed to

investigate changes in the microbial diversity and the ratios

of their populations in soils contaminated with crude oil.

Based on the results, crude oil contamination showed

severe effects on the total microbial population and their

biodiversity in soils, and these effects depended heavily on

the concentration of the crude oil. Although the total

abundance of microorganisms in the sample treated with

0.5 % crude oil increased in comparison to the control

sample, further increases in the levels of crude oil con-

tamination led to decreases in the total abundances of

microorganism. Furthermore, these treatments affect neg-

atively the numbers of microbial orders identified in these

soil subjects. Therefore, crude oil contamination in soil

created a more homogenous environment in terms of

microbial diversity, and many of the microorganisms sus-

ceptible to constituents of crude oil were lost from these

environment. Several microbial orders, such as Fibrobac-

terales, Thermoanaerobacterales, Nautiliales, Enterobacte-

riales, Thermotogales, Ustilaginales and Plocamiales,

showed a high susceptibility to this treatment and vanished

from the soils spiked with low concentrations of crude oil

(0.5 and 2.5 %). This list was extended to Aquificales,

Thermomicrobiales, Chroococcales (a Cyanobacteria),

Deinococcales, Candidatus Brocadiales, Acholeplas-

matales and Entomoplasmatales (in the soil samples treated

with 5 % crude oil) and to Bacteroidales, Oscillatoriales

(an algae), Selenomonadales, Gemmatimonadales, Nitro-

spirales and Glomerellales (in the soil samples treated with

10 % crude oil).

Furthermore, except for some orders, the ratios of the

majority of microorganisms decreased in the soil spiked with

crude oil in comparison to the control samples. These changes

in microbial diversity led to transformations in the abundant

microorganisms in these soils. Members of Actinomycetales,

mostly Mycobacterium sp.,Nocardia sp. and Pseudonocardia

sp., were the dominant microorganisms in the control soil and

its ratio even increased in the soils treated with 0.5 and 2.5 %

crude oil. Although the ratio of Actinomycetales decreased in

higher levels of treatment, the members of this order were still

one of the most dominant microorganisms in the soils treated

with crude oil. A high level of resistance to crude oil is very

common among members of this order, and many genera in

this order are commonly used for the degradation of different

types of hydrocarbons [23, 25, 46]. Members of Clostridiales

(Clostridium sp., Symbiobacterium sp. andOxobacter sp.) and

Bacillales (Bacillus sp. and Brevibacillus sp.) were two other

Gram-positive orders with the ability to resist high levels of

crude oil contamination, while their ratios decreased signifi-

cantly in the soils treated with the 10 % treatment. While

members of Clostridiales are involved in the degradation of

alkanes in anaerobic conditions [16, 30, 40], genera of Bacil-

lales degrade these compounds in aerobic conditions [8, 15,

28].

Several groups of Gram-negative bacteria, including

Flavobacteriales, Pseudomonadales, Burkholderiales, Rhi-

zobiales and Sphingomonadales, were identified as domi-

nant microorganisms in these soil samples as well. The

highest ratio of Flavobacteriales (mainly Flavobacterium

sp.), Pseudomonadales (mainly Pseudomonas sp.),

Burkholderiales (mainly Variovorax sp. and Brachymonas

petroleovorans) and Rhizobiales (mainly Bradyrhizobium

sp.) were observed in the soils treated by 0.5 % crude oil,

but higher levels of treatment decreased their values.

Among these groups of aerobic bacteria, members of

Pseudomonadales [29, 36], Burkholderiales [10] and

Flavobacteriales [4, 14, 21, 42] have been commonly used

for the bioremediation of crude oil contaminated subjects.

Inversely, increases in the levels of crude oil treatment

raised the ratio of Sphingomonadales (mainly Sphin-

gomonas sp.) in the soils, and members of this order

became the most dominant microorganisms in the soil

treated with 10 % crude oil. This increase in the ratio of

Sphingomonas sp. indicates its ability to resist high crude

oil pollution and its ability to degrade different types of

hydrocarbons as reported in previous studies [7, 9, 24, 26,

9%
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Fig. 4 Ratios of

chemoheterotrophic and

phototrophic microorganisms

present in the soils

contaminated with different

concentrations shown as a

percentage of the total

population (0, 0.5, 2.5, 5.0 and

10 %) of crude oil
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43]. Rhodospirillales showed a similar distribution, and

members of this order became the second most dominant

microorganisms in the soils treated with 10 % crude oil.

Rhodospirillales show a photoheterotrophic metabolism in

which electrons and hydrogen required for CO2 fixation are

originate from some organic molecules [13]. Two orders of

Rhodospirillales (Azospirillum sp. and Phaeospirillum sp.)

were found in these samples, and their involvement in the

degradation of crude oil has been shown in previous studies

[27, 33].

These changes in the diversity and ratios of microor-

ganisms affect the total microbial physiology of the soil

samples. Although chemoheterotrophic bacteria were

dominant in both control soil and soils spiked with crude

oil, this value decreased with higher concentrations of

crude oil contamination, where they were replaced by

photoheterotrophic bacteria, mainly Rhodospirillales. Fur-

thermore, these treatments did not show significant effects

on the ratios of both oxygenic and non-oxygenic pho-

totrophic microorganisms. Overall, this study indicated that

several types of soil microorganisms are highly susceptible

to crude oil contamination. However, there were several

other microbial orders, especially Sphingomonadales,

which are known as crude oil hydrocarbon degrading

organisms that are able to resist these conditions. In addi-

tion to adaptations for resistance to the toxic effects of

different classes of hydrocarbons and their resistance to

heavy metals, which are naturally found in crude oil, these

microorganisms are able to produce the enzymes required

for the degradation of aliphatic and aromatic hydrocarbons.

Such microorganisms can be used as potential candidates

for remediation of crude oil in contaminated sites. Fur-

thermore, investigation on the genetic capacity of these

microorganisms can provide significant information

regarding the genes involved in hydrocarbon bioremedia-

tion as well as the production of bio-surfactants.
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