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Implications for Practice
•	 This study has clear implications in developing strategies 

to enhance the efficiency of bioremediation of oil-con-
taminated soil in the arid regions using a climate-adapted 
bacterial consortium.

•	 The identified microbial taxa represent a bacterial popu-
lation which is tolerant to highly toxic PAHs and resil-
ient to an environment prevailing in the weathered crude 
oil in an extremely arid environment.

•	 This knowledge can be further utilized for applying 
microbial-based remediation strategy for the restoration 
of landscapes characterized by the presence of aged oil-
contaminated soil in the Arabian Gulf region.

Introduction
Petroleum pollution causes serious threats to the ecological 
environment. Long-term soil pollution by hydrocarbons led to 
environmental deterioration through damaging the soil struc-
ture, altering plant growth and food chains, putting at risk ani-
mal, and human health.1 Arabian Gulf region represents one of 
the biggest area engaged in oil production and refining. This 
region produces more than 50% of the marine transported oil 
in the world.2 As a result, hydrocarbons are widespread in soil 
due to the accidental spills during the petroleum processing, 
transport, storage, and leakage of oil pipelines posing constant 
threat of contamination. This massive scale of crude oil con-
tamination is responsible for causing imbalance in the fragile 

ecosystem and it is of great public concerns.3 The desert areas 
of Kuwait contain high level of oil contamination up to 20% or 
more4 resulting in reduced diversity of organisms in this 
ecosystem.

The crude oil mainly consists of aliphatic, alicyclic, as well as 
aromatic hydrocarbons (ie, polycyclic aromatic hydrocarbons 
(PAHs)). These hydrocarbon molecules exhibit great variabil-
ity in terms of volatility, degradability, bioavailability, and toxic-
ity to other organisms.5,6 PAHs are among the common 
petrochemical compounds containing 2 or more fused phenyl 
and/or pentacyclic rings.7 Some of these PAHs are considered 
as possible cancer-inducing agents for human, and their distri-
butions at low concentration in the environment causes hazard 
to human beings.8 Apart from their toxicity and mutagenic 
properties, the PAHs are persistent in soils and sediments, and 
also bioaccumulative, and hence considered as priority pollut-
ants by the US-EPA.9–11

Restoration of the oil-contaminated soil remains a chal-
lenge, as all the factors contributing to the degradation of the 
hydrocarbons need to be understood. The degradation of pet-
rochemical compounds is affected by both biotic and abiotic 
processes, such as chemical oxidation, photolysis, adsorption, 
and volatilization. Although physical and chemical approaches 
are used for remediation, they lead to air pollution or ground 
water toxification.12 Thus, bioremediation by indigenous 
microorganisms is considered the primary pathway for removal 
of hydrocarbons and PAHs from soils.13,14 Among such 
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microorganisms, several bacterial strains colonizing polluted 
sites play a major role in hydrocarbon degradation. The analysis 
of this microbial community during biostimulation offers a 
good strategy for addressing the challenge and effectively 
improve the degradation efficiency. Compared to physico-
chemical methods, bioremediation techniques are cost-effec-
tive, versatile, environmentally sustainable, and can be highly 
effective to detoxify the environmental pollutants.15 This eco-
friendly technique enhances the biodegradation rates through 
settling its limiting factors.

Although, several bacteria seem to have developed efficient 
metabolic system for the natural attenuation of these toxic com-
ponents, the process of degradation is slow.16–21 Therefore, appro-
priate remediation techniques need to be applied to enhance the 
rate of degradation of crude oil to clean up the contaminated 
sites. High temperature and the availability of essential nutrients 
and water are the main limiting factors for the bioremediation of 
soils contaminated by hydrocarbons and PAHs in the gulf 
region.22 Nevertheless, previous studies conducted in this region 
have shown that biostimulation of indigenous hydrocarbon-
degrading microorganisms is an adequate technique in this arid 
environment to improve the degradability of TPHs and 
PAHs.23,24 Even if further enhancement of bioremediation tech-
niques can be made with further research, the limiting factor has 
been the identification of the microorganisms present in the pol-
luted site.24 The knowledge of the bacterial community dynamics 
during bioremediation is essential for designing an adequate 
bioremediation strategy effective for removal of TPHs and PAHs 
from contaminated soils. Since recently bioaugmentation has 
become a promising approach,25 the development of bioaugmen-
tation technology consisting of the isolation and inoculation of 
the identified consortia of bacteria with inherent biodegradation 
potential could be efficient to tackle soil pollution by hydrocar-
bons in extreme environment such as deserts. Furthermore, the 
identification of the bacterial community associated with natural 
degradation of these pollutants could provide valuable informa-
tion for monitoring biotreatment.26 These bacteria could be used 
as oil contamination indicators.27,28

Although cultivation of these bacteria is the classic method-
ology for assessing microbial community changes during the 
bioremediation process, less than 1% of environmental bacteria 
are cultivable. Recently, culture-independent techniques have 
been successfully applied as new approach to investigate the 
diversity of soil microbial communities.1,29 These techniques 
enable the capture of a molecular image of the existing micro-
organisms at a given time.

For successful application of bioremediation strategies for 
restoration of oil-contaminated soil, the screening for hydro-
carbon degrading bacteria using high-throughput methods are 
extremely needed. Thus, the main goal of the present study is 
to monitor the degradation of TPHs and PAHs in parallel with 
soil bacterial community analysis during 9 months pilot scale 
biostimulation process for biopiles contaminated with 

hydrocarbons. This can reveal the microorganisms linked to 
the high hydrocarbons and PAHs degradation rates observed 
in this soil undergoing treatment. An unbiased, culture-inde-
pendent method that could provide an overview of the bacte-
rial community present during bioremediation has been used. 
The microbiome of Kuwait soil biopiles was sequenced using 
16S rRNA during the bioremediation process and compared 
results with clean soil and oil-contaminated soil.

Material and Methods
Soil bioremediation and sampling

Based on detailed soil investigation at petroleum-contaminated 
locations around a petroleum refinery at southern Kuwait, a site 
having a history of petroleum contamination, moderately con-
taminated soil by TPHs was excavated and transported to stock 
pile area after segregating to different categories depending on soil 
nature and TPHs concentrations. Soil samples were collected 
from a moderately contaminated stock pile (50 000 mg/kg) sub-
jected to bioremediation experiment. This pile was aerated by 
mixing and fertilized with a combination of inorganic nutrients 
(urea; triple phosphate) and compost (50 kg/m3) corresponding to 
a total amount of C:N:P = 50:1:1 to enhance the growth of the 
indigenous microorganisms.30 The average of the environmental 
temperature was 30°C. A control clean soil was taken from an area 
directly adjacent to the excavated contaminated soil at a depth of 
20 to 30 cm. The compost was added to the clean soil at the same 
ratio as the contaminated soil. Three samples were collected from 
the contaminated stock pile immediately after treatment (T0: zero 
day after treatment); T3: 3 months after treatment; T6: 6 months 
after treatment and T9: 9 months after treatment. T0 was consid-
ered as baseline (starting point) to compare the effect of treatment 
in all experiments. Each solid sample was prepared by pooling and 
homogenizing 5 samples corresponding to 5 locations randomly 
chosen along the pile. The soil samples were sieved through a 
2 mm pore size sieve and stored at 4°C for further physicochemical 
characterization and total DNA extraction.

Soil physicochemical characteristics

The physicochemical characteristics and concentration of 
TPHs and PAHs in the oil-contaminated soil measured in 
triplicates are summarized in Table S1. Moisture was deter-
mined by placing pre-weighed soil samples in an oven at 105°C 
for 24 h. pH of the soil was determined according to USEPA 
method 9045D. Organic matter content was calculated by 
combustion at 440°C. Total organic carbon (TOC) was deter-
mined according to Walkley and Black.31 Total phosphorus 
(TP) was analyzed by Inductively-coupled-plasma spectrome-
try (ICP) and total nitrogen (TN) was determined by the 
Kjeldahl method (ISO 1126132).

TPHs analysis was performed using method based on a 
modified version of EPA method 418.1. The concentration of 
the light and heavy (C8-C40) fractions of TPHs was 
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determined using the preparation method EPA 3546 and the 
analysis method FL-PRO at the ALS Environmental facility 
in Jacksonville laboratory, Florida.

PAHs extraction and analysis were performed according to 
Song et  al,33 in triplicates. A 5 g air-dried soil sample was 
extracted using 20 ml of dichloromethane after spiking with 
deuterated internal standard (1 µg/ml) listed in Table S2. 
Samples were concentrated to 1 ml using rotary evaporator and 
loaded into a clean-up column with silica gel and anhydrous 
sodium sulfate. Extracts were dissolved in 1 ml hexane after 
condensation by evaporation of the dichloromethane under a 
stream of nitrogen. The concentration of PAHs and their iden-
tification was determined by GC-MS. The GC oven tempera-
ture program for PAH analysis: initial temperature: 45°C, 
initial time: 2.00 min, rate of temperature increase (10°C/min), 
final temperature (290°C: final hold time 8 min), total run 
time: 33.70 min. The mean recovery of the PAHs was 80% to 
110% depending upon individual PAHs. The biodegradation 
rates of PAHs were calculated using this formula:

Degradation Rate
i

= − 





×100
0

100
C

C

Where, Ci is the concentration of 16 PAHs during the treat-
ment and C0 is the initial concentration of 16 PAHs at T0

DNA extraction, library preparation and 16S 
rRNA sequencing

Total microbial DNA was extracted from 5 g soil sample at dif-
ferent stages of bioremediation (T0, T3, T6, and T9) and from 
control clean soil using the MoBio Power Max Soil DNA 
Isolation Kit (MoBio Laboratories, Carlsbad, CA). The ampli-
fication and sequencing of 16S rRNA was performed accord-
ing to Dowd et  al,34 Briefly, the 16s universal Eubacterial 
primers 530F (5ʹ-GTGCCAGCMGCNGCGG) and 1100R 
(5ʹ-GGGTTNCGNTCGTTG) were used for amplifying the 
600 bp region of 16S rRNA genes. A single step 30 cycle PCR 
using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, 
CA) was used under the following conditions: 94°C for 3 min, 
followed by 28 cycles of 94°C for 30 seconds, 53°C for 40 sec-
onds and 72°C for 1 minute and a final elongation step at 72°C 
for 5 minute. A secondary PCR was performed to incorporate 
tags and linkers into the primary amplicon. All amplicon prod-
ucts from different samples were mixed in equal concentrations 
and purified using Agencourt Ampure beads (Agencourt 
Bioscience Corporation, MA, USA). The samples were 
sequenced using the Roche 454 FLX titanium instruments and 
reagents following the manufacturer’s guidelines.

Analysis of 16S rRNA sequencing data and 
taxonomic assignment

The sequenced data was checked for quality before and after 
trimming, using FastQC v0.10.1.35 The raw data was trimmed 

for barcodes and primer sequences, any ambiguous bases. 
Sequences containing homopolymers of >6 bp were also 
removed. Further, the reads with length of <150 bp and Phred 
quality score of <20 for at least 90% of bases, were filtered. All 
the trimming and filtering steps were performed using 
Quantitative Insights Into Microbial Ecology (QIIME) ver-
sion 1.9.036 and FASTX toolkit.35

The trimmed sequences were checked for chimeras against 
RDP Gold database v9 reference sequences, and chimeric 
sequences were removed using UCHIME v7.0.37 Chimera fil-
tered sequences were used for identification of Operational 
Taxonomic Units (OTU) clusters with a minimum similarity 
of 97% using UCLUST,38 and representative sequences were 
selected. The representative sequences were filtered further to 
remove any singletons. The filtered representative sequences 
were aligned pair-wise using PyNAST.39 The alignment file 
was further filtered for positions with gaps, and outliers 
(sequences dissimilar to the alignment consensus). The filtered 
representative sequences were mapped against green genes 
database40 with a similarity of 80% using Ribosomal Database 
Project (RDP) classifier.41 All the data analysis steps were per-
formed using the QIIME pipeline.36

Statistical analysis and visualizations

Filtered alignments were considered for various statistical anal-
ysis and phylogenetic tree construction. Alpha diversity repre-
senting the diversity and richness for each sample was 
performed by rarifying a small percentage of sequences ran-
domly picked, and considering 10 iterations each time. The 
lowest sample count was considered as rarefaction depth. The 
Shannon index indicating the diversity and Chao1 index indi-
cating the richness of microbial population were calculated 
using the taxonomic classifications and phylogenetic tree. Beta 
diversity indicating the diversity across samples was calculated 
using weighted and unweighted UniFrac.42 Principal 
Coordinate Analysis (PCoA) was also performed using the 
UniFrac results. All the statistical analyses were performed 
using QIIME.36 Significant differential abundances of taxo-
nomic assignments across samples were identified using 
Metastats.43 Phylum or genus having a q-value < 0.05 were 
considered as significant. A phylum or genus was considered 
enriched in a group if it had the least P-value in that group 
compared to the samples from all other groups combined. 
Unweighted Pair Group Method with Arithmetic mean 
(UPGMA) clustering was performed using biom table in 
MEGAN version 5.44

Results
TPHs biodegradation

The concentrations of TPHs and the light and heavy (C8-
C40) fractions of TPHs in aged oil-contaminated soil are pre-
sented in Figure 1. Data shown are average values of 3 replicate 
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measurements. The initial concentration of TPHs in this soil 
(T0) was 54 223 mg/kg. After treatment, there was a rapid 67% 
reduction in TPHs in the first 3 months, then followed by a 
slower decrease of 15% and 20% of the remaining concentra-
tions after 6 and 9 months respectively (Figure 1A). The con-
centration of TPHs in the control clean soil was under the 
detection limit.

The initial concentration of the light and heavy (C8-C40) 
fractions of TPHs in this soil (T0) was 38 100 mg/kg. After 
treatment, the degradation rate was 84% in the first 3 months, 
then 25% and 31% of the remaining concentrations were 
degraded after 6 and 9 months respectively (Figure 1B). The 
concentration of the light and heavy (C8-C40) fractions of 
TPHs in the control clean soil was under the detection limit.

PAHs biodegradation

Changes in the concentration of 16 PAHs during the bioreme-
diation process are presented in Figure 2. Data shown are 

average values of 3 replicate measurements. The initial PAHs 
concentration at T0 was 3.1 mg/kg. The concentration of 
6 PAHs (naphthalene, benzo[a]anthracene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, indeno[1,2,3-c,d]pyrene, and 
dibenz[a,h]anthracene) was under the detection limit. After 
3 months of bioremediation, the percentage reduction in total 
PAHs was 58%. The rate of degradation of pyrene was signifi-
cantly rapid compared to other PAH counterparts. Moreover, a 
significant reduction of chrysene was observed after 6 and 
9 months of bioremediation while no significant degradation 
was observed for the other PAHs. The concentration of PAHs 
in the control clean soil was under the detection limit.

Analyses of bacterial community using 16S rRNA 
sequence data

The 16S rRNA gene sequencing of 15 samples (5 groups with 
3 replicates) provided a total of 3 025 440 sequences. Around 
84% of data (2 533 751 sequences) was retained after stringent 
quality filtering (Tables 1 and 2). The quality score based filter-
ing removed 7% of the reads. A total of 141 726 chimeric 
sequences corresponding to 4.7% of the raw reads were detected 
and removed (Table 1). We identified 60 308 OTUs across all 
the samples, of which 19 870 were retained after filtering sin-
gletons (OTUs containing only one sequence). The filtered 
OTUs represent 2 493 313 sequences, corresponding to an 
average number of 166 220 reads per sample. The representa-
tive set of sequences obtained from filtered OTUs produced 
alignment hits for all except for 47 sequences. After filtering 
the alignments with gaps, and removing outliers, 19 770 aligned 
sequences were obtained.

Around 2.4 million sequences were assigned to various taxa 
with at least 80% similarity. Only 54 446 sequences were not 
assigned to any phylum. A total of 31 taxa at phylum level were 
identified across samples, of which 9 are represented by at least 

Figure 1. Concentration of TPHs (A), C8-C40 (B) during the bioremediation process of oil-contaminated soil. Error bars represent ± SD.

Figure 2. Concentration of PAHs during the bioremediation process of 

oil-contaminated soil. Error bars represent ± SD.
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0.5% of total assigned sequences. Phylum level distribution 
across samples for these 9 taxa is represented in Figure 3A and 
B. Major percentage of sequences were assigned to the phylum 
Proteobacteria (54.4%), followed by Bacteroidetes (19.4%) and 
Actinobacteria (9.1%).

The results showed that the predominant phyla were 
Proteobacteria, Bacteroidetes, and Actinobacteria in clean soil and 
oil-contaminated soil at the beginning of the treatment (T0). 
The phylum Actinobacteria was present in the clean soil (8%) 
but more distinctly represented in T0 (25%) whereas the phy-
lum Bacteroidetes was found more abundant in the clean soil 

(28%) versus 23% in T0. The abundance of phylum Proteobacteria 
was 35% in the clean soil and 31% in T0 (Figure 3).

During the bioremediation treatment, bacteria of a few 
phyla were found to be varying significantly. An average of 
~30% of phylum Proteobacteria identified in the clean soil and 
oil-contaminated soil (T0) groups drastically increased to an 
average of 65% after treatment (T3, T6, and T9) (Figure 3). 
The high abundance of phylum Proteobacteria in the treated 
group was mainly due to class Gammaproteobacteria. Moreover, 
an average of 2% Chloroflexi and 0.06% Chlorobi phyla in the 
clean soil and oil-contaminated soil (T0) groups increased to 

Table 1. Summary of read data after various quality filtering steps.

FILTERINg CRITERIA NuMBER OF READS PERCENTAgE OF RAw READS

RETAINED REMOVED RETAINED REMOVED

Quality scores (90% of bases with >=Q20) 2 812 452 212 988 93.0 7.0

Ambiguous bases (number of Ns: 0) 2 810 581 1871 92.9 0.1

Read length (minimum 150 bp) 2 667 873 982 88.2 0.0

Homopolymer sequences (>6 bp) 2 645 678 22 195 87.4 0.7

Mismatches allowed in primer (0) 2 533 751 111 927 83.7 3.7

Chimeric sequences 2 668 855 141 726 88.2 4.7

Total 2 533 751 491 689 83.7 16.3

Table 2. Summary of raw and filtered reads per sample.

SAMPLE NAME # RAw READS # RETAINED READS PERCENTAgE RETAINED

Control. 1 235 531 197 694 83.9

Control. 2 173 539 147 710 85.1

Control. 3 165 903 138 832 83.7

T0.1 163 615 138 585 84.7

T0.2 166 576 139 509 83.8

T0.3 190 794 160 046 83.9

T3.1 213 822 176 288 82.4

T3.2 229 324 191 679 83.6

T3.3 216 109 175 799 81.3

T6.1 206 939 173 265 83.7

T6.2 198 573 166 821 84.0

T6.3 247 833 208 593 84.2

T9.1 188 119 156 501 83.2

T9.2 203 655 171 122 84.0

T9.3 225 108 191 307 85.0

Total 3 025 440 2 533 751 83.7

Control: clean soil with compost; T0: zero day after treatment; T3: 3 months after treatment; T6: 6 months after treatment; T9: 9 months after treatment.
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10% and 1%, respectively in treatment groups. On the contrary, 
an average of approximately 28% of phyla Bacteroidetes, 10% of 
Firmicutes and 5% of Thermi bacteria in the clean soil and oil-
contaminated soil (T0) groups reduced to 13%, 1% and 0.1%, 
respectively in treated groups. BRC1 phylum, which had a low 
abundance found to be increased by 40 fold in treatment 

compared to clean soil and oil-contaminated soil (T0) groups. 
Some bacteria from phyla Gemmatimonadetes and TM7, 
though having less abundance (<0.5%), decreased with a 
minor fold differences (<1.2) in treatment compared to clean 
soil and oil-contaminated soil (T0) groups. A complete list of 
assigned taxa at phylum level is presented in Table 3.

Figure 3. Phylum level distribution of microbial population across samples. Phyla with at least 0.5% abundance (9 of total 31 phyla) are represented using 

(A) bar plot and (B) heat map.



Rahmeh et al 7

Microbial population corresponding to 15 genera indicated 
at least 10 fold differences between clean soil and oil-contami-
nated soil (T0) groups and the treated groups. The genus 
Alcanivorax was the most abundant in the treated group. 

Similarly, microbial species of genera Pseudidiomarina, HTCC, 
Luteibacter, Parvibaculum, and Zhouia showed an increase in 
the treatment groups with a fold ranging from 20 to 25 com-
pared to the clean soil and oil-contaminated soil (T0) groups. 

Table 3. Summary of abundance at phylum level in control and treatment groups.

PHyLuM AVg. COuNT IN 
CONTROL

AVg. RELATIVE ABuNDANCE IN 
CONTROL (%)

AVg. COuNT IN 
TREATMENT

AVg. RELATIVE ABuNDANCE 
IN TREATMENT (%)

Proteobacteria 50 013.50 33.52 114 234.78 66.60

Bacteroidetes 43 579.67 29.21 23 629.11 13.78

Actinobacteria 24 548.50 16.45 8555.22 4.99

Chloroflexi 3603.17 2.42 17 105.00 9.97

Firmicutes 14 941.67 10.01 2260.11 1.32

Thermi 8740.83 5.86 200.11 0.12

Chlorobi 100.17 0.07 2159.67 1.26

Planctomycetes 894.17 0.60 1090.22 0.64

gemmatimonadetes 2212.17 1.48 175.89 0.10

BRC1 29.83 0.02 1287.56 0.75

SBR1093 13.83 0.01 310.11 0.18

Acidobacteria 10.83 0.01 230.56 0.13

TM7 120.00 0.08 127.33 0.07

Verrucomicrobia 242.67 0.16 31.11 0.02

Chlamydiae 5.50 0.004 89.56 0.052

Deferribacteres 61.83 0.041 5.56 0.003

Euryarchaeota 48.83 0.033 0.44 0.000

TM6 2.50 0.002 26.00 0.015

NKB19 10.00 0.007 0.67 0.0004

Synergistetes 2.17 0.001 1.11 0.0006

OP1 3.00 0.002 0.00 0

Cyanobacteria 2.50 0.002 0.11 0.0001

Thermotogae 2.17 0.001 0.11 0.0001

Nitrospirae 1.67 0.001 0.00 0

OP9 1.50 0.001 0.00 0

OD1 1.33 0.001 0.00 0

Caldiserica 0.83 0.001 0.11 0.0001

OP8 1.00 0.001 0.00 0

wwE1 0.67 0.0004 0.00 0

OP11 0.33 0.0002 0.00 0

Tenericutes 0.33 0.0002 0.00 0

A complete list of assigned taxa at phylum level and summary of their abundance in control (clean soil and T0) and treated groups (T3, T6 and T9).
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However, the genera B-42, KSA1, Jiangella, Lentibacillus and 
Actinomadura showed a 30-50 fold higher abundance in clean 
soil and oil-contaminated soil (T0) compared to treated groups. 
Species from other genera, such as Lutibacterium and Dietzia, 
though having less abundance across all samples showed minor 
differences of <3 fold. Species from genera Sphingomonas, 
Geotgenia, and Balneola also having less abundance across sam-
ples showed >10 fold increase in the treated groups compared 
to clean soil and oil-contaminated soil (T0). In the treated 
groups, Salinimicrobium, Zhouia, and Pseudidiomarina genera 
showed a significant increase at the end of the treatment (T9) 
simultaneously with reduced concentrations of TPHs and 
PAHs. Genus level distribution across samples with >1% and 
at least 0.5% abundance is represented in Figure 4 and 
Supplementary Figure 1, respectively.

Significance enrichment analysis indicated Bacteroidetes and 
Actinobacteria to be as the most significant phyla in control 
clean soil and T0 groups respectively compared to all the other 
groups, with a P-value of < .001 (Table 4). BRC1, and 
Acidobacteria were found to be the most significant enriched 
phyla in T3 and T9 treatment groups, respectively. With the 
considered threshold, no phylum was found to be significant in 
T6 treatment group. At the genus level, KSA1, and 
Desulfotomaculum were found to be the most significant 
enriched genera in control and T0 groups, respectively. 
Whereas, Denitrobacter, Parvibaculum and Salinimicrobium 
genera showed significant enrichment in T3, T6, and T9 treat-
ment groups respectively.

The species richness and diversity was calculated using Chao1 
and Shannon diversity indices. Chao1 index indicated a slight 
increase in the richness of species in treatment compared to 
clean soil and oil-contaminated soil (T0) groups (Figure 5 and 
Table 5). Shannon index representing the sample diversity 

indicated enough sampling depth at 30 000 sequences (Figure 6). 
Beta diversity PCoA plot using weighted and unweighted 
UniFrac analysis indicated that the samples from same group 
clustered together. PCoA plot from unweighted UniFrac analy-
sis is shown in Figure 7. This result was further corroborated by 
the UPGMA clustering (Figure 8). A phylogenetic tree was con-
structed using Mega 7 showing the closely related species impli-
cated in oil degradation (Supplementary Figure 2).

Discussion
Soil contamination by hydrocarbons due to oil spills has become 
a major global concern and it has more implications in the oil 
producing regions. A complete degradation of hydrocarbons 
could be achieved by bioremediation treatment, a cost-effective 
approach compared to physicochemical treatments. The micro-
bial dynamics in a given ecosystem is highly influenced by the 
type of contamination, the surrounding environment, and the 
remediation method used for clean-up. Thus, it is hard to obtain 
general conclusions about the microbial population responsible 
for oil-degradation applicable to all regions. The present study 
adds valuable information about hydrocarbon degraders in the 
hot desert gulf region. A culture-independent method, 16S 
rRNA amplicon sequencing, was used to identify these degrad-
ers in parallel with analytical analysis of TPHs and 16 priority 
PAHs degradation during a biostimulation treatment.

A number of studies recently have been focused on applica-
tion of next generation sequencing to discover microbial popu-
lations in environmental samples.45-51 The work presented here 
focused on understanding the bacterial community structure 
associated with TPHs and PAHs degradation in desert soil at 
various stages of bioremediation process.

Oil-contaminated soil in this arid environment seems to be 
an appropriate lodging for hydrocarbon degrading bacteria  

Figure 4. genus level distribution of microbial population across samples. genera with >1% abundance (11 of total 216 genera) are represented.
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as Proteobacteria, Actinobacteria, Chloroflexi, Chlorobi and 
Acidobacteria phyla. Proteobacteria which was the predominant 
phylum in the clean soil and the oil-contaminated soil (T0), was 
greatly stimulated during the treatment. This phylum is preva-
lent in soil libraries52,53 and it is known as an essential element in 
the carbon, nitrogen and sulfur cycles.54 This finding is in 
accordance with several previous studies describing Proteobacteria 
as the most dominant phylum in oil-contaminated soil.1,29 In 
addition, a study in Nigeria revealed a correlation between the 
increase in the abundance of the phylum Proteobacteria and 
hydrocarbon removal from oil-contaminated site.55 The phylum 

Actinobacteria was more abundant in the oil-contaminated soil 
compared to the clean soil in agreement with a recent study on 
the microbiome of crude petroleum oil-contaminated soil from 
agricultural biome of Gujarat, India showing Proteobacteria as 
the most abundant phylum followed by Actinobacteria.1 
Proteobacteria and Actinobacteria are known as main biocatalyst 
for hydrocarbon bioremediation harboring key enzymes involved 
in alkane degradation pathway (i.e. several families of alkane 
monooxygenases, ring-hydroxylation dioxygenase, and 
cytochromes P450).56,57 Recently, Jiang et  al,58 reported the 
phyla Proteobacteria and Acidobacteria to be directly involved in 
the uptake and degradation of phenanthrene. Our results are in 
accordance with this study since a significant reduction of phen-
anthrene was observed after 3 months of biostimulation. This 
reduction could be associated with the stimulation of the phyla 
Proteobacteria and Acidobacteria by the treatment.

The phyla Chloroflexi and Chlorobi which are less dominant 
in oil-contaminated soil, were stimulated by the biotreatment 
process. The increase in the Chloroflexi phylum was observed in 
a recent study conducted on crude and refined petroleum oil-
contaminated soil in India showing that Chloroflexi was among 
the phyla majorly contributing to aromatic and aliphatic hydro-
carbon degradation. Further, Peng et al,59 found that Chloroflexi 
was among the dominant phyla in crude oil-contaminated soils 
in China exposed to different periods of oil pollution.

The phylum Bacteroidetes was reduced after treatment, 
which is in agreement with a study conducted by Yergeau 

Table 4. Significantly enriched phyla in control and treated sample groups.

gROuP ENRICHED PHyLuM ENRICHMENT P-VALuE ENRICHMENT s-VALuE

Control Bacteroidetes 0.000417 0.012229

Firmicutes 0.00625 0.012229

Thermi 0.0018 0.024458

gemmatimonadetes 0.0037 0.036279

T0 Actinobacteria 0 0.008485

Deferribacteres 0.00003 0.008485

Proteobacteria 0.000533 0.008485

SBR1093 0.0039 0.008485

wwE1 0.015 0.008485

Tenericutes 0.030 0.008485

T3 BRC1 0.0010 0.019922

Chloroflexi 0.0013 0.019922

T9 Acidobacteria 0.000083 0.001558

Chlorobi 0.0025 0.021033

TM7 0.0033 0.021033

A phylum was considered enriched in a group if it had the least P-value in that group compared to the samples from all other groups combined. Control: clean soil with 
compost; T0: zero day after treatment; T3: 3 months after treatment; T6: 6 months after treatment; T9: 9 months after treatment.

Figure 5. Species richness indicated by Chao1 rarefaction measure. 

Control: clean soil with compost; T0: zero day after treatment; T3: 

3 months after treatment; T6: 6 months after treatment and T9: 9 months 

after treatment.
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et  al,60 showing a decrease in the abundance of this phylum 
during the bioremediation of diesel-contaminated Canadian 
high arctic soils. However, Balneola and Salinimocrobium gen-
era increased after treatment. Balneola was among the domi-
nant genus groups in aged soil that enhanced remediation of 
petroleum-contaminated soil collected from a crude oil spill 
site in Shengli Oilfield in China.61

The high abundance of Proteobacteria phylum was mainly 
due to the class Gammaproteobacteria. Previous studies con-
ducted on estuarine sediments contaminated with PAHs 

showed the predominance of this class and its association with 
pyrene degradation.62 In the present study, the rate of degrada-
tion of pyrene is significantly rapid compared to other PAH 
counterparts. Pyrene reduction could be associated with the 
stimulation of the class Gammaproteobacteria by the treatment. 
These results show that the microbes show selective degrada-
tion of certain type of PAH under given conditions.63 Most 
bacterial species under defined controlled conditions often 
degrade only a narrow range of PAHs and they show preferen-
tial degradation of selected PAHs.64 The nature of the PAHs 
mixture in the environment, as well as the metabolic competi-
tion among degraders, influence the degradation of specific 
PAHs while inhibiting the degradation of other PAHs. 
Additionally, the catabolic genes from fluorene-utilizing 
Sphingomonas were unlike the genes involved in the degrada-
tion of other PAHs components.65,66

The detected class Gammaproteobacteria were mostly com-
pound by Alcanivorax genus. Our results are in accordance with 
a metagenomic analysis of crude oil contaminated soil from 
Nigeria showing that the dominant Gammaproteobacteria were 
the genera Alcanivorax and Marinobacter.67 Alcanivorax genus 
is known for its hydrocarbon degrading capability as well as 
glycolipid production. Currently, Alcanivorax species were 
reported as important oil and PAHs-degrader in marine envi-
ronment.68 They have been indicated as major degraders of 
petroleum-aliphatic-hydrocarbon in tropical marine environ-
ments.69 Moreover, this genus was identified among the hydro-
carbonoclastic bacteria isolated from Jakarta Bay and Seribu 
Islands that are known as the most polluted marine environ-
ment in Indonesia.70 In addition, a recent study showed the 
increase of Alcanivorax genus during the remediation of crude 
oil-polluted soil by bacterial rhizosphere community.71 

Table 5. Shannon and Chao1 index for the control and treated 
samples.

SAMPLE NAME SHANNON INDEx CHAO1 INDEx

Control.1 6.0 8581.5

Control.2 6.0 7221.0

Control.3 5.9 7631.3

T0.1 6.5 8084.3

T0.2 6.4 8682.9

T0.3 6.4 8479.9

T3.1 5.9 9246.9

T3.2 6.1 9734.3

T3.3 5.9 9615.1

T6.1 5.9 10 208.0

T6.2 6.1 9987.5

T6.3 6.0 10 241.4

T9.1 6.5 9325.7

T9.2 6.7 9957.7

T9.3 6.6 10 094.5

Control: clean soil with compost; T0: zero day after treatment; T3: 3 months after 
treatment; T6: 6 months after treatment; T9: 9 months after treatment.

Figure 6. Species diversity estimated by Shannon index. Control: clean 

soil with compost; T0: zero day after treatment; T3: 3 months after 

treatment; T6: 6 months after treatment and T9: 9 months after treatment.

Figure 7. PCoA plot of samples using unweighted uniFrac analysis. 

Control: clean soil with compost; T0: zero day after treatment; T3: 

3 months after treatment; T6: 6 months after treatment and T9: 9 months 

after treatment.
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Moreover, Alcanivorax borkumensis which is a marine alkane-
degrading bacterium harbors enzymes involved in alkane oxi-
dation (cytochromes CYP153 and AlkB homologs which are 
well-characterized particulate membrane-bound hydroxy-
lase).57 Further, this strain which was isolated from eastern 
Mediterranean sea in presence of crude oil as carbon source 
produced biosurfactant,72 an extracellular polymeric substance 
that contributes to enhancing the solubility of PAHs and 
thereby facilitates improved degradation.73,74

Among Gammaproteobacteria class, the genera Luteibacter, 
and Pseudidiomarina were stimulated by the bioremediation 
treatment with a fold ranging from 20 to 25. Cui et  al,75 
reported Luteibacter genus as main contributor to petroleum 
hydrocarbons degradation in an activated sludge from Oilfield 
Sewage Treatment Plant in China. Pseudidiomarina species 
were reported as potential petroleum-hydrocarbon degraders 
in tropical seas in Singapore.69 Furthermore, this genus was 
isolated from oil polluted marine sediments in Indonesia.70 
Moreover, indigenous Pseudidiomarina from mangrove surface 
sediments of Nay band Bay in Iran showed high potential to 
degrade fluorene and phenanthrene.76 In our study, 
Pseudidiomarina genus showed abundance at T9 simultane-
ously with an enduring high level of phenanthrene.

The class Alphaproteobacteria were mostly Parvibaculum and 
Sphingomonas genera. The genus Parvibaculum was detected in 
several hydrocarbon-contaminated environments.27,77 This 
genus was enriched in microcosms from Louisiana salt marsh 
sediment treated with crude oil.78 It was also identified among 
a PAHs-degrading consortium isolated from deep-sea water 
and marine sediments of the Indian Ocean.79 Members of the 
Sphingomonas genus are often isolated from petroleum-con-
taminated soils.66 They possess a unique group of genes for 
aromatic compound degradation.80 A study isolating 
Sphingomonas strains from petroleum-contaminated soils in 
the China’s biggest petroleum wastewater irrigation zone 
revealed that this genus plays a key role in the degradation of 

the PAHs fraction.66 Since Sphingomonas were associated to 
pyrene degradation,60 this genus might be a key element in the 
degradation of this compound in the investigated soil.

Salinimicrobium and Zhoui genera were abundant at the end 
of the biostimulation treatment meanwhile the TPHs concen-
tration reached 1%. This could be due to the fact that genus 
Salinimicrobium could barely survive in the highly contaminated 
soil because of its sensitivity to petroleum hydrocarbons. As a 
result, this genus can be used to predict the end of contamina-
tion in the oil-contaminated soils in the hot desert gulf 
region.27,28 A recent study described Zhoui species isolated from 
mangrove sediment from East Asia as underexplored bacteria 
with lignocellulose degrading abilities.81 Thus, the abundance 
of Zhoui at the end of treatment could be associated to the deri-
vate with less complex ring structures resulting from the degra-
dation of aromatic compounds with complex structure.

Conclusion
In this study, a diversity analysis of microbial communities in 
crude oil- contaminated soil suggests that biostimulation in 
hot arid environment favored the growth of Proteobacteria, 
Chloroflexi, Chlorobi, and Acidobacteria phyla. These groups 
have adapted catabolic machinery for hydrocarbons degrada-
tion. These findings can provide a platform for further utili-
zation of a microbial consortia belonging to Alcanivorax, 
parvibaculum, and Sphingomonas genera for restoration of 
petroleum contaminated areas with hot arid conditions. 
Future work may focus on the isolation of these bacteria and 
the development of bioaugmentation strategy tailored to arid 
environment.
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