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It is not possible to improve the biodegradability of an existing balanced ecosystem simply by
introducing the proper inoculants. During the bioaugmentation process, several elements must
be considered. Oil contamination has high selective effects on soil microbial communities.
ARTICLE INFO ABSTRACT
Editor: Baoliang Chen Kuwaiti hypersaline soil samples were contaminated with 5 % (w/w) weathered Kuwaiti light crude oil and
bioaugmented with autochthonous halophilic hydrocarbonoclastic archaeal and bacterial strains, two each,
Keywords: individually and as consortia. Residual oil contents were determined, and microbial communities were analyzed
Bioremediation by culture-dependent and culture-independent approaches initially and seasonally for one year. After one year of
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the bioremediation process, the mean oil degradation rate was similar across all treated soils including the
controlled unbioaugmented one. Oil hydrocarbons were drastically reduced in all soil samples with values
ranging from 82.7 % to 93 %. During the bioremediation process, the number of culturable oil-degrading bac-
teria increased to a range of 142 to 344 CFUx10* g~! after 12 months of bioaugmentation. Although culture-
independent analysis showed a high proportion of inoculants initially, none could be cultured throughout the
bioremediation procedure. Within a year, microbial communities changed continually, and 33 species of hal-
otolerant/halophilic hydrocarbonoclastic bacteria were isolated and identified belonged mainly to the three
major bacterial phyla Actinobacteria, Proteobacteria, and Firmicutes. The archaeal phylum Halobacterota rep-
resented <1 % of the microbial community’s relative abundance, which explains why none of its members were
cultured. Improving the biodegradability of an already balanced environment by autochthonous bio-
augmentation is more involved than just adding the proper oil degraders. This study emphasizes the possibility of
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a relatively large resistant population, a greater diversity of oil-degrading microorganisms, and the highly se-
lective impacts of oil contamination on hypersaline soil bacterial communities.

1. Introduction

Oil pollution has become a significant global issue with negative
implications, particularly in oil-producing countries such as Kuwait
(Asif et al., 2022; Al-Dahanii et al., 2015). Industrial practices such as
extraction, drilling, fracking, storing, and exporting cause pollution in
such countries. During the Gulf War of 1991, Kuwait undoubtedly
experienced the greatest oil slick in history, which exacerbated the
pollution. Hydrocarbon pollution harmed terrestrial, aquatic, and at-
mospheric habitats, as well as hypersaline environments. This intensi-
fied the need to develop more effective remediation methods for
cleaning contaminated areas.

Many physicochemical techniques, such as skimmers, dispersants, oil
booms, sorbents, incineration, and landfilling, have been globally
employed to remediate contaminated environments. However, these
approaches have many drawbacks, including their high cost and ability
to produce new pollution (Cordes et al., 2016; Ugwoha and Omenogor,
2017; Zamparas et al., 2020; Asif et al., 2022). In contrast, bioremedi-
ation is widely regarded as a more cost-effective, environmentally safe,
and sustainable approach for removing spilled oil by utilizing naturally
occurring hydrocarbonoclastic microorganisms in decomposing oil and
hydrocarbon contaminants (Koshlaf and Ball, 2017; Zhang et al., 2019;
Nwankwegu et al., 2022). Introducing exogenous hydrocarbonoclastic
microorganisms into the polluted site in a process called bio-
augmentation is considered a method of bioremediation, in which the
newly introduced microorganisms must endure the stress of competition
with the native microorganisms (Radwan, 1990; Nwankwegu et al.,
2022). Thus, autochthonous bioaugmentation (ABA), in which only
species native to the polluted location are used as inoculants, is an
effective bioremediation strategy (Nikopoulou et al., 2013; DiGregorio
et al., 2015). Autochthonous microorganisms are those who are ideally
acclimated to their surroundings and hence contribute significantly to
biochemical activity there.

In addition to being a country prone to oil pollution, Kuwait is
geographically located in the semiarid region and has harsh climates. As
a result, hypersaline areas with NaCl concentrations more than those of
seawater are formed when coastal seawaters are trapped during tide
movement and excessively evaporated throughout the long dry summer.
When such areas are subjected to oil spills, like elsewhere (Dastgheib
et al., 2012), only halophilic/halotolerant microorganisms that are
adapted to extreme conditions will be effective in the bioremediating
process (Madueno et al., 2014). Many studies on hydrocarbon biodeg-
radation in high-salinity environments have been published over the last
two decades and many indigenous hydrocarbonoclastic halophilic bac-
teria and archaea have been isolated (Zhao et al., 2009; Bonfa et al.,
2011; Fathepure, 2014; Edbeib et al., 2016; Abou et al., 2021). During
the past ten years, our research group has investigated the use of such
microorganisms for bioremediation purposes. We brought experimental
evidence that the addition of monovalent, divalent, and trivalent cations
as osmoregulators (Al-Mailem et al., 2013, 2017), vitamins (Al-Mailem
et al., 2014), ferric sulfate and proline (Al-Mailem et al., 2018) bio-
stimulated oil removal in hypersaline soil and water samples. Within
this context, our group reported on combined physical and microbio-
logical approaches for removing oil by gelatinizing it in seawater
(Radwan et al., 2017). Those latter studies were exclusively on bio-
stimulation but not bioaugmentation. So far, no investigations on bio-
augmentation as a technique for oil bioremediation in hypersaline
environments have been conducted on a global or local scale, except the
study of our group about cross-bioaugmentation among two Kuwaiti
hypersaline soils, which was published recently (Kansour and Al-
Mailem, 2023). Therefore, the goal of the current study was to help

fill this information gap. Autochthonous hydrocarbonoclastic halophilic
bacteria and archaea, which had been isolated from local hypersaline
soil in our laboratory, were used for autochthonous bioaugmentation of
oil-contaminated hypersaline soil samples. These microorganisms were
studied individually and as consortia for their oil-degradation potential
and their ability to colonize and propagate in the host soils during the
bioremediation process.

2. Materials and methods
2.1. Soil sampling

Hypersaline soil samples were collected from the southern Kuwait
coast of the Arabian Gulf in autumn in sterile plastic bags and trans-
ported to the laboratory to be processed on the same day. Some envi-
ronmental parameters were measured in the field: pH using a pH meter
(HANNA, USA), moisture, and temperature using a soil moisture kit
(ML3 ThetaProbe, UK). Other chemical parameters were determined in
the laboratory using an ion chromatograph model 850 Professional IC
(Metrohm, Switzerland) for anions determination, and a CHNS-
elemental analyzer (Elementar Unicube, Germany) for other elements.

2.2. Microbial cultures and experimental setup

Two hydrocarbonoclastic halophilic archaeal strains, Halobacterium
salinarum, and Haloferax elongans; and two hydrocarbonoclastic halo-
philic bacterial strains Halomonas axialensis and Marinobacter algicola
were used for the autochthonous bioaugmentation process. The strains
were isolated earlier from the same hypersaline soil, identified by
sequencing their 16S rRNA-coding genes, and deposited in our private
culture collection.

The four microbial strains were chosen as inoculants according to
their satisfactory oil-degradation capacity. Quantitative measurements
of oil-degradation potential for the pure cultures revealed that the
halophilic archaeal strains, Halobacterium salinarum, and Haloferax
elongans could biodegrade crude oil up to 35 and 39 %, respectively and
the halophilic bacterial strains Halomonas axialensis and Marinobacter
algicola could biodegrade crude oil up to 43 and 44 %, respectively (Al-
Mailem et al., 2010, 2017).

The pristine hypersaline soil samples were freshly collected and
artificially polluted with 5 % (w/w) weathered Kuwaiti light crude oil
(from the National Kuwait Company). The oil was thoroughly and
evenly mixed with the soil before they were dispensed into 6 wooden
boxes, 40 x 40 cm, to give 20 cm deep beds. One bed was not subjected
to any further treatment to serve as a control. Four beds of the hyper-
saline soil were bioaugmented with the four individually halophilic
microorganisms and the last bed was bioaugmented with a mixture of
the four halophilic microorganisms.

For inoculants, the halophilic archaeal and bacterial strains were
allowed first to propagate in Mevarech and Werzcberger (1985) liquid
medium and halophilic broth (HIMEDIA, India), respectively. Archaeal
and bacterial culture volumes containing 10° cells per Kg of soil
(counted microscopically) were thoroughly and evenly mixed into each
soil bed. The consortium soil core was receiving one-fourth of those
volumes from the four individual cultures. The soil beds were incubated
for a whole year in a protected area of the Botanical Garden, Faculty of
Science, exposed to the open environment. They were irrigated with
equal amounts of distilled water when needed depending on the season.
Expectedly more frequent irrigation was needed during the long, hot
summer. Residual oil contents were determined, and microbial com-
munities were analyzed at the beginning of the experiment and
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seasonally by harvesting three replicates from each bed.
2.3. Recovery and analysis of residual hydrocarbons

Triplicate amounts (5 g) of soil were harvested from each bed. The
residual oil was recovered by extraction with three successive portions
of 15 mL methylene chloride. Extracts were then combined, and the
volume was raised to 50 mL with methylene chloride. The extracts were
passed through a column of anhydrous sodium sulfate for dryness and
evaporated by nitrogen gas to approximately 2 mL, with care not to
evaporate to dryness. Subsequently, 1 pL was analyzed by Gas-Liquid
Chromatography (GLC) using an Agilent 7890 A GLC (USA) system
equipped with FID, a DB-5 capillary column (Agilent Technologies,
USA), and He as a carrier gas. The oven temperature started at 50 °C for
3 min, then rose at 3 °C/min to 80 °C, then rose at 8 °C/min to 256 °C,
then rose at 30 °C/min to 330 °C and held at this temperature for 11 min.
The percentage of hydrocarbon consumption was calculated from the
total peak-area reduction in the samples based on the peak areas of the
controls (initial time in each beds). As a conserved internal standard,
hopane was used to evaluate the consumption of hydrocarbons (Prince
et al., 1994).

2.4. Culture-dependent analysis of hydrocarbonoclastic microorganisms

The dilution-plating method was used to count and isolate hydro-
carbonoclastic microorganisms. For halophilic bacteria, mineral media
described by Sorkhoh et al. (1990) was used, and for halophilic archaea,
we used the medium suggested by Mevarech and Werzcberger (1985).
The NaCl concentrations in those media were adjusted to 1.5 and 2.0 M,
respectively. The sole carbon and energy source was oil vapor volatil-
izing from plate-lid-fixed filter papers infused with 2 mL of crude oil.
Initially and at 3-month intervals, three replicate soil samples were
taken from each soil bed to prepare a series of dilutions (10~1-107%).
Triplicate plates of both media were inoculated with 0.1 mL aliquots of
common sample dilutions. The plates were sealed and incubated at 30 °C
for bacteria, and 37 °C for archaea, for 12 d. The colony forming units
(CFU) were counted, and the numbers per g of soil were calculated.
Using the gram stain, colonies with identical appearance and cell
morphology were enumerated, and representative colonies for each type
were isolated and purified.

For isolate identification, their 16S rRNA genes were sequenced, and
the sequences were compared with those of type strains in GenBank. The
total genomic DNA of each isolate was extracted by homogenizing 300
mg of the fresh 48-h bacterial biomass in 100 pL of PrepMan Ultra
Sample Preparation Reagent (Applied Biosystems, USA) and 200 pL
molecular water (Sigma, UK). The mixture was then incubated in a
water bath for 10 min at 100 °C, cooled for 2 min, and then centrifuged
at 14,000 xg for 3 min to collect the DNA-containing supernatant. The
polymerase chain reaction (PCR) was used to amplify the 16S rRNA
genes. For halophilic bacteria, the reaction mixture contained puReTaq
Ready-To-Go PCR Beads (Amersham Biosciences, UK), 1 pL (25 ng) of
DNA template, and 1 pL each of the universal primer combinations of the
forward primer, GM5F (5-CCTACGGGAGGCAGCAG-3') and the reverse
primer, 907 R (5-CCGTCAATTCMTTTGAGTTT-3") (Santegoeds et al.,
1998). For halophilic archaea, archaeal primer combinations 0018F (5
ATTCCGGTTGAGCC TGCC-3) and 1518R (5-AGGAGGTGAGC
CAGCCGC-3") (Cui et al., 2009) were used. The reaction volume was
made up to 25 pL with molecular water. Amplification was done in a
Veriti Thermal Cycler (Applied Biosystems, USA) by touch-down PCR in
which the initial denaturation was at 95 °C for 5 min, and the annealing
temperature started at 65 °C and decreased by 1 °C every cycle to 55 °C;
15 additional cycles were carried out at this temperature. The PCR
products were purified using a QIA quick PCR purification kit (Qiagen,
USA) to remove the Taq polymerase, primers, and dNTPs. Partial
sequencing of the 16S rRNA-gene was done using a BigDye version
Terminator Kit (Applied Biosystems, USA); 20 ng of the DNA template
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was added to 2 pL of a Big Dye v 3.1 terminator, and 2 pL of Big Dye
Terminator v 1.1, v 3.1 5x sequencing buffer; 1 pL of either 907 R or
GMS5F was added to the mixture in case of halophilic bacteria and I pL of
either 0018F or 1518R in case of halophilic archaea, and the final vol-
ume was brought up to 10 pL with molecular water. Labeling was
completed in a Veriti Thermal Cycler (Applied Biosystems, USA) using
one cycle of 96 °C for | min, then 25 cycles of 1 min at 96 °C, 5s at 50 °C
and 4 min at 60 °C. The pure template DNA samples were processed in a
3130xl genetic analyzer (Applied Biosystems, USA). Sequencing analysis
(SeqA 7 software) was used to analyze the results. Sequences were
subjected to basic local alignment search tool analysis with the National
Center for Biotechnology Information (NCBI; Bethesda, MD, USA)
GenBank database (Altschul et al., 1997).

2.5. Culture-independent analysis of total microbial populations and
bioinformatics

Three replicate soil samples were taken from each soil bed initially
and every 3 months to molecularly study the bacterial and archaeal
communities inhabiting soil samples during one year of bio-
augmentation. Following the manufacturer’s instructions, FastDNA
SPIN Kit for Soil (MP, USA) was used to extract the total genomic DNA of
the soil samples. DNA extracts of each site were pooled, and the purity of
the DNA was checked using a NanoDrop Lite spectrophotometer
(Thermo Fisher Scientific) and for quantification, a Qubit 2.0 fluorom-
eter (Thermo Fisher Scientific) was used. DNA samples were analyzed by
Next-Generation Sequencing (NGS) using Illumina MiSeq chemistry,
following the manufacturer’s protocols at Mr. DNA (MRDNA, Molecular
Research LP, Shallowater TX, USA) and 16S primers and data processing
protocols as previously described (Archer et al., 2019, 2023). Briefly,
libraries were processed with cutadapt v2.7 (Martin, 2011), ASVs were
generated with dada2 v1.14 (Callahan et al., 2016), and taxonomic
classification was done with the SILVA v138 database (Quast et al.,
2013). ASV data statistics and visualization were conducted using the R
package phyloseq and ggplot2 respectively (McMurdie and Holmes,
2013; Wickham, 2016).

3. Results and discussion
3.1. Hydrocarbon consumption during bioremediation

The data shown in Table 1 imply that halophilic archaea and bacteria
have the capacity to bioremediate oil in situ given appropriate envi-
ronmental circumstances, including pH, salinity, moisture, and nitrogen
levels. During the bioremediation period, the oil hydrocarbons were
significantly attenuated in all soil samples (ANOVA, n = 3, P < 0.05),
including the unbioaugmented (control) sample (Fig. 1). After three
months of bioremediation, the proportions of the removed oil ranged
between 37.2 %, in the soil, which was bioaugmented with a mixture of
4 strains, and 48.7 % in the soil which was not bioaugmented (control).
A period of 3 months could be enough time for normal (not hypersaline)
soil to be bioremediated, but it is considered a short time to

Table 1

Environmental parameters of the soil samples.
pH 8.2
Temperature 34.7 °C
Moisture 0.4 %
C% 1.38 % +0.46
H% 0.14 % +0.010
N% 0.53 % +0.03
S% 0.06 % +0.005
Fluoride (mg/kg) 0.7 + 0.06
Chloride (mg/kg) 1328 +£1.3
Bromide (mg/kg) 4.5 +0.01
Nitrate (mg/kg) 5.1 £0.02
Sulphate (mg/kg) 70.5 + 0.06
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Fig. 1. Typical GLC profiles of residual oil in the bioremediated hypersaline soil. Smaller peaks indicate more oil consumption. Values on the individual profiles are
those of the oil-consumption values; they were means of 3 replicates, + standard deviation values.

bioremediate a contaminated hypersaline soil since high salinity slowed
hydrocarbon biodegradation by decreasing oxygen dissolution and hy-
drocarbon solubility (Ward and Brock, 1978). Chemically, crude oil is a
highly complex mixture of organic materials comprising thousands of
chemical compounds. Saturated hydrocarbons, including normal al-
kanes with chains of up to 44 and more carbon atoms, branched alkanes,
and cycloalkanes, are the major constituents of the crude, making up
between 40 and 60 % of the total weight (Leahy and Colwell, 1990). The
majority of hydrocarbonoclastic microorganisms are more capable of
degrading hydrocarbon fractions with low molecular weight such as n-
alkanes than higher molecular weight hydrocarbons (Agarwal and Liu,
2015; Nwankwegu et al., 2016), which explains the high rate of oil
degradation within the first three months of the bioremediation process.

Oil degradation persisted in the sixth and ninth months, albeit
slowly, due to the decline in bacterial numbers, as will be detailed later,
and lasted until the conclusion of the bioremediation period, at which
point the proportions of the consumed oil ranged between 82.7 % in the
control. soil and 93 % in the soil which was bioaugmented with Hal-
obacterium salinarum. Statistically, from the ANOVA test, after one year
of the bioremediation process, the mean oil degradation rate was similar
across the six different treatments (P = 0.9963) (StatalC 16), indicating
that there is no statistically significant difference in oil-degradation rates
between unbioaugmented and bioaugmented soils (StatalC 16),
although the bacterial strains used as inoculants were isolated from the
same tested soil previously. It seems that autochthonous halotolerant/
halophilic bacteria that already exist in the soil, rather than inoculants,
are playing an important role in the oil degradation process, although
the latter have satisfactory oil-degradation capacity, and the already
balanced ecosystem is not able to be improved via further additions.
These results support the importance of natural attenuation, a biological

mechanism that reduces the hazardous percentage of contaminants as
quickly as feasible after a fresh hydrocarbon spill (Nwankwegu et al.,
2022).

There is still much debate over the usefulness of bioaugmentation in
addressing environmental oil spills. Some authors reported that inocu-
lating proper microorganisms into a site is not a guarantee of successful
pollutant removal (El Fantroussi and Agathos, 2005), or is associated
with the inconsistency of the bioremediation results (Al-Mailem et al.,
2019; Kansour and Al-Mailem, 2023). On the other hand, it was reported
that bioaugmentation over the years has been proven effective, fast, and
affordable greener cleanup option (Chen et al., 2015; Zabbey et al.,
2017). Several aspects must be considered during the bioaugmentation
process, some of which are biotic, such as competition between in-
oculates and indigenous microorganisms, and others that are abiotic,
such as pH and temperature.

3.2. Culture dependent analysis

3.2.1. Numbers of culturable hydrocarbonoclastic bacteria during
bioremediation

The number of culturable oil-degrading bacteria increased during
the bioremediation process (Fig. 2). As the hydrocarbon degradation
mechanism is complex, allochthonous diversity often requires a long
period of adaptation before utilizing the contaminants as the sole source
of energy and carbon when a pristine ecosystem is freshly contaminated
with oil (Nwankwegu et al., 2022). This explains the low number of
halotolerant/halophilic hydrocarbonoclastic bacteria in all treated soil
samples at initial, which ranged between 21 and 43 CFUx10* g~1. The
number of bacteria continued to rise in the third and sixth months of
bioremediation to reach a range of 52 to 610 CFUx10* g~! before
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M Soil bioaugmented with Halobacterium salinarum
Soil bioaugmented with Halomonas axialensis

M Soil bioaugmented with a mixture of 4 strains
344 343

6 9

Time (months)

Fig. 2. Numbers of cultivable oil-utilizing bacteria in the unbioaugmented and bioaugmented hypersaline soil samples during one year of the bioremedia-

tion process.

dropping dramatically in the ninth month. As was previously noted, the
experiment began in the autumn early October, therefore the ninth
month of the study was in the summer (July), when the temperature in
Kuwait may exceed 55 °C. At high temperatures (over 40 °C), oxygen
solubility declines, as does aerobic bacteria’s metabolic activity; the
membrane becomes more sensitive to hydrocarbon toxicity (Sihag et al.,
2014; Ferreira et al., 2012) and consequently reduces bacterial numbers.
When the temperature began to drop near the end of the bioremediation
process in October, bacterial counts increased again, ranging from 142
to 344 CFUx10% g~ 1.
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3.2.2. Dynamics of culturable bacterial communities during bioremediation

Although it is known that the culture-dependent strategy using oil
vapor as the sole carbon source captures just a small portion of the total
microbial community, it has the valuable advantage of capturing
exclusively hydrocarbonoclastic microorganisms. As a result, the iso-
lates described in this experiment should be regarded as the most
prominent representatives of the culturable hydrocarbonoclastic bacte-
rial communities in the treated soils. Even though the bacterial and
archaeal strains employed as inoculants were autochthonous and iso-
lated from the same soil previously, none of them could be cultivated
from the bioaugmented soil during the whole year of the bioremediation
process (Fig. 3). This was related to these microorganisms’ inability to
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Fig. 3. Dynamics of hydrocarbonoclastic bacterial communities in the treated hypersaline soil samples during 1 year of bioremediation.
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compete with already existing ones consequently, their limited number,
which makes them undetectable by culture-dependent methods. The
bacterial communities are continuously changing, as this text will
describe later, which explains why autochthonous inoculants compete
to survive with new members who did not previously exist. In addition,
many other factors could affect the growth and propagation of the
introduced microorganisms e.g., hydrocarbon and soil characteristics,
nutrient availability, temperature, moisture availability, pH, and
salinity (Kebede et al., 2021).

In total, 33 species of halotolerant/halophilic hydrocarbonoclastic
bacteria were isolated from the unbioaugmented and bioaugmented soil
samples. They belonged mainly to the following genera arranged in
decreasing order of species numbers: five Dietzia, four each of Nocar-
dioides and Rhodococcus, three Pseudomonas, two each of Bacillus, Hal-
omonas, and Nocardiopsis spp. Other genera were presented by one
species, each (Table 2). Different ratios of the three major bacterial
phyla Actinobacteria, Proteobacteria, and Firmicutes represented the
cultured soil communities.

Scanning the pie charts in Fig. 3 shows several interesting observa-
tions. At the beginning of the bioremediation process (T0), Firmicutes
members Bacillus oceanisediminis and Halobacillus marinus were pre-
dominant in most of the treated soil samples. Proteobacteria first
appeared in bacterial communities between the third and sixth months.
Acinetobacter radioresistens, Pseudomonas aeruginosa, and Pseudomonas
zhaodongensis which belonged to Gammaproteobacteria were isolated
after three months of bioremediation. More members of Gammapro-
teobacteria were cultured in the sixth month e.g., Halomonas lutea and
Halomonas xianhensis in addition to Paracoccus marcusii which belongs to
Alphaproteobacteria.

Another important point to be addressed is that Actinobacteria
members were predominant in the second half of the bioremediation
process. In the ninth month, only Actinobacteria, primarily Dietzia cin-
namea and Nocardioides spp., could be cultured. Actinobacteria

Table 2
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predominancy continued till the end of the bioremediation period with a
sweep of Nocardioides spp. and a modest presence of Tistrella mobilis
which is one of Alphaproteobacteria members. It has been reported that
various genes encoding many aromatic compound degradations have
been identified in the genera, Nocardioides (Lu et al., 2011). This ex-
plains why this group of bacteria predominated at the end of the
bioremediation process where, as well known, high molecular weight
hydrocarbons usually remain.

The data in Fig. 3 show continuous changes in the microbial com-
munities over time. According to research, when hydrocarbon pollutants
are introduced into the soil environment, bacterial communities fluc-
tuate and certain bacterial species experience immediate and significant
declines, while others become more abundant (Omrani et al., 2018).
Thus, the diversity, richness, and evenness of the microbial community
change, which affects the metabolic activity of hydrocarbon-degrading
bacteria (Wu et al., 2017). These changes are continuous and strongly
tied to the types and nature of hydrocarbon pollutants, as well as
environmental conditions (Xu et al., 2018). The presence of hydrocar-
bon contaminants in the soil will result in the formation of appropriate
consortia composed of several bacterial strains capable of metabolizing
a wide spectrum of pollutants. This is due to the fact that bacterial
consortiums have broad degradative enzymes, degrade different hy-
drocarbon components, have a higher tolerance to physicochemical
parameters (temperature, pH, and salinity), and have a higher rate of
biosurfactants synthesis (Hamzah et al., 2017; Moliterni et al., 2012).

During the whole year of bioremediation, no archaeal strains,
including those used as inoculants, could be cultivated. The reason for
this could be that, as previously indicated, the culture-dependent tech-
nique can only identify a tiny fraction of the microbial community, and
there is a paucity of these extreme microorganisms.

The 33 halotolerant/halophilic hydrocarbonoclastic bacterial strains
that had been isolated in this study are listed in Table 2 which includes
data related to the sequencing of their 16S rDNA and their accession

Information related to 16S rRNA gene sequencing of the halotolerant/halophilic bacterial isolates from treated hypersaline soil samples.

Isolate no. Total bases Phyla Nearest GenBank match Similarity % Bases compared GenBank accession no.
1 546 Gammaproteobacteria Acinetobacter radioresistens 100 546/546 OR674004
2 532 Actinobacteria Amycolatopsis marina 99 534/535 OR674005
3 536 Actinobacteria Arthrobacter ginkgonis 100 536/536 OR674006
4 551 Bacilli Bacillus malikii 100 551/551 OR674007
5 548 Bacilli Bacillus oceanisediminis 100 548/548 OR674008
6 534 Actinobacteria Dietzia cinnamea 100 534/534 OR674009
7 529 Actinobacteria Dietzia lutea 100 529/529 OR674010
8 534 Actinobacteria Dietzia maris 100 534/534 OR674011
9 535 Actinobacteria Dietzia papillomatosis 100 535/535 OR674012
10 532 Actinobacteria Dietzia schimae 100 532/532 OR674013
11 545 Actinobacteria Georgenia satyanarayanai 100 545/545 OR674014
12 546 Bacilli Halobacillus marinus 100 546/546 OR674015
13 552 Gammaproteobacteria Halomonas lutea 100 552/552 OR674016
14 547 Gammaproteobacteria Halomonas xianhensis 100 547/547 OR674017
15 528 Actinobacteria Kocuria salina 100 528/528 OR674018
16 537 Actinobacteria Nocardia shimofusensis 100 537/537 OR674019
17 535 Actinobacteria Nocardioides kandeliae 100 535/535 OR674020
18 523 Actinobacteria Nocardioides luteus 100 523/523 OR674021
19 532 Actinobacteria Nocardioides marinus 100 532/532 OR674022
20 516 Actinobacteria Nocardioides zeicaulis 99 528/534 OR674023
21 537 Actinobacteria Nocardiopsis aegyptia 100 537/537 OR674024
22 537 Actinobacteria Nocardiopsis arvandica 100 537/537 OR674025
23 522 Alphaproteobacteria Paracoccus marcusii 100 522/522 OR674026
24 533 Actinobacteria Prauserella oleivorans 100 533/533 OR674027
25 547 Gammaproteobacteria Pseudomonas aeruginosa 100 547/547 OR674028
26 545 Gammaproteobacteria Pseudomonas stutzeri 100 545/545 OR674029
27 559 Gammaproteobacteria Pseudomonas zhaodongensis 100 559/559 OR674030
28 532 Actinobacteria Rhodococcus gordoniae 100 532/532 OR674031
29 529 Actinobacteria Rhodococcus olei 99 531/532 OR674032
30 537 Actinobacteria Rhodococcus pyridinivorans 100 537/537 OR674033
31 534 Actinobacteria Rhodococcus rhodochrous 100 534/534 OR674034
32 535 Actinobacteria Streptomyces chryseus 100 535/535 OR674035
33 449 Alphaproteobacteria Tistrella mobilis 929 451/452 OR674036
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numbers in GenBank. The table also shows that the sequence similarities
of all strains to those of the type strains were between 99 and 100 %.

3.3. Culture-independent analysis

The relative abundance of inoculant strains represented a high pro-
portion of the corresponding experimental soils at TO, however,
decreased to very low relative abundances by the 12-month mark
(Fig. 4). Given that no culturable inoculants were identified throughout
the experiment (Fig. 3), this would indicate that the inoculants quickly
perished and were degraded by resident microorganisms in the soil.
Despite the selection of autochthonous isolates for this purpose, the
challenges of applying lab-grown inoculants to environmental condi-
tions are well-known (El Fantroussi and Agathos, 2005).

Interestingly, the amplicon-based Chaol estimates generally
decreased with time, contrasting the increasing CFU identified (Fig. 5).
This would indicate that a small number of hydrocarbonoclastic taxa
increased on the substrate, outcompeting much of the resident microbial
diversity and an ongoing negative effect of oil toxicity. However,
Shannon index values of the communities showed that the diversities at
6 and 12 months were roughly the same (or even increased at 12
months). The difference between richness and diversity trends suggests
while the number of ASVs present decreased throughout the experiment
period (0 > 6 > 12 months), the communities at 12 months are more
even perhaps reaching an equilibrium and thus influencing the diversity
values (0 > 6 | 12 months).

Further investigation of the major phylum identified in the amplicon
results shows a dominance of Proteobacteria (Fig. 6). This varies from
the cultivation effort which selected for hydrocarbonoclastic taxa, while
the amplicon results represent the total resident community indicating
that numerous Proteobacteria taxa are at least oil resilient in the com-
munity, even if they do not survive directly off the substrate. Some
Pseudomonas taxa, genera of Proteobacteria, were identified in culti-
vation efforts as proportionately minor, however, due to their known
polycyclic aromatic hydrocarbon-degrading capacity they may have
represented a larger proportion than previously thought. This aligns
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with previous work that has shown a dominance of Proteobacteria in oil-
contaminated and controlled desert soils. The presence of the Archaeal
phylum Halobacterota in bioaugmented soils where this was included
but lacking in other samples indicates they naturally represent <1 %
relative abundance of the microbial community. The sudden increase in
Chloroflexi at 12 months may be a result of the community’s recovery as
the oil concentration has dropped below toxic levels. Taken together, the
culture-independent results confirm the highly selective effects of oil
contamination on soil bacterial communities and highlight the potential
for a relatively extensive resistant population or a larger diversity of oil-
degrading microorganisms than first thought.

4. Conclusions

Autochthonous bioaugmentation does not significantly affect oil
bioremediation of contaminated hypersaline soils. It has been experi-
mentally proven by both culture-dependent and culture-independent
approaches that autochthonous inoculants could not survive and prop-
agate in the inoculated soil samples. It is not possible to improve the
biodegradability of an already balanced environment by simply intro-
ducing the appropriate microorganisms. Several biotic and abiotic fac-
tors must be considered during the bioaugmentation process.
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Data availability isolates accession numbers - OR674004 to OR674036 - under which
their sequences have been deposited) are available in the [GenBank]
The datasets generated or analyzed during the current study (the repository, [https://blast.ncbi.nlm.nih.gov/Blast]. Sequence data for all
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samples and controls are accessible in the European Nucleotide Archive
at EMBL-EBI under project accession number PRJEB72245
(https://www.ebi.ac.uk/ena/browser/view/ PRJEB72245).

Acknowledgments

This work was supported by Kuwait University, Research Grant SL
03/18. Thanks are due to the National Unit for Environmental Research
and Services (NUERS), Project No. SRUL01/13 for providing facilities
for GC analysis and to the General Facility-Science Project GS01/02 for
genetic-analysis facilities, GS01/05 for CHNS- Elem Entar Unicube, and
GS 02/01 for IC-MS.

References

Abou, Khalil C., Fortin, N., Prince, R.C., Greer, C.W., Lee, K., Boufadel, M.C., 2021. Crude
oil biodegradation in upper and supratidal seashores. J. Hazard. Mater. 416, 125919
https://doi.org/10.1016/j.jhazmat.2021.125919.

Agarwal, A., Liu, Y., 2015. Remediation technologies for oil-contaminated sediments.
Mar. Pollut. Bull. 101, 483-490.

Al-Dahanii, H., Paul, W., David, G., 2015. A Geotechnical and Geochemical
Characterization of Oil Fire Contaminated Soils in Kuwait. Engineering Geology for
Society and Territory-Volume 6: Applied Geology for Major Engineering Projects.
Springer International Publishing.

Al-Mailem, D.M., Sorkhoh, N.A., Al-Awadhi, H., Eliyas, M., Radwan, S.S., 2010.
Biodegradation of crude oil and pure hydrocarbons by extreme halophilic archaea
from hypersaline coasts of the Arabian gulf. Extremophiles 14, 321-328.

Al-Mailem, D.M., Eliyas, M., Radwan, S.S., 2013. Bioremediation of oily hypersaline soil
and water via potassium and magnesium amendment. Can. J. Microbiol. 59,
837-844.

Al-Mailem, D.M., Eliyas, M., Radwan, S.S., 2014. Enhanced bioremediation of oil-
polluted, hypersaline, coastal areas in Kuwait via vitamin-fertilization. Environ. Sci.
Pollut. Res. 21, 3386-3394.

Al-Mailem, D.M., Al-Deieg, M., Eliyas, M., Radwan, S.S., 2017. Biostimulation of
indigenous microorganisms for bioremediation of oily hypersaline microcosms from
the Arabian gulf Kuwaiti coasts. J. Environ. Manage. 193, 576-583.

Al-Mailem, D.M., Eliyas, M., Radwan, S.S., 2018. Ferric sulphate and proline enhance
heavy-metal tolerance of halophilic/halotolerant soil microorganisms and their
bioremediation potential for spilled oil under multiple stresses. Front. Microbiol.
https://doi.org/10.3389/fmicb.2018.00394.

Al-Mailem, D.M., Kansour, M.K., Radwan, S.S., 2019. Cross-bioaugmentation among four
remote soil samples contaminated with oil exerted just inconsistent effects on oil
bioremediation. Front. Microbiol. 10, 2827. https://doi.org/10.3389/
fmicb.2019.02827.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucl. Acids Res. 25, 3389-3402.

Archer, S.D.J., Lee, K.C., Caruso, T., et al., 2019. Airborne microbial transport limitation
to isolated Antarctic soil habitats. Nat. Microbiol. 4, 925-932. https://doi.org/
10.1038/541564-019-0370-4.

Archer, S.D.J., Lee, K.C., Caruso, T., et al., 2023. Contribution of soil bacteria to the
atmosphere across biomes. Sci. Total Environ. 871, 162137 https://doi.org/
10.1016/j.scitotenv.2023.162137 (ISSN 0048-9697).

Asif, Z., Chen, Z., An, C., Dong, J., 2022. Environmental impacts and challenges
associated with oil spills on shorelines. J. Mar. Sci. Eng. 10, 762. https://doi.org/
10.3390/jmse10060762.

Bonfa, M.R.L., Grossman, M.J., Mellado, E., Durrant, L.R., 2011. Biodegradation of
aromatic hydrocarbons by haloarchaea and their use for the reduction of the
chemical oxygen demand of hypersaline petroleum-produced water. Chemosphere
84, 1671-1676. https://doi.org/10.1016/j.chemosphere.2011.05.005.

Callahan, B., McMurdie, P., Rosen, M., et al., 2016. DADA2: high-resolution sample
inference from Illumina amplicon data. Nat. Methods 13, 581-583. https://doi.org/
10.1038/nmeth.3869.

Chen, W.C., Juang, R., Wei, Y., 2015. Applications of a lipopeptide biosurfactant,
surfactin, produced by microorganisms. Biochem. Eng. J. 103, 158-169.

Cordes, E.E., Jones, D., Schlacher, T.A., Amon, D.J., Bernardino, A.F., Brooke, S., 2016.
Environmental impacts of the deep-water oil and gas industry: a review to guide
management strategies. Front. Environ. Sci. 4, 58. https://doi.org/10.3389/
fenvs.2016.00058.

Cui, H.L., Zhou, P.J., Oren, A., Liu, S.J., 2009. Intraspecific polymorphism of 16S rRNA
genes in two halophilic archaeal genera. Haloarcula and Halomicrobium
Extremophiles 13, 31-37.

Dastgheib, S.M., Amoozegar, M.A., Khajeh, K., Shavandi, M., Ventosa, A., 2012.
Biodegradation of polycyclic aromatic hydrocarbons by a halophilic microbial
consortium. Appl. Microbiol. Biotechnol. 95, 789-798.

DiGregorio, S., Castglione, M.R., Gentini, A., Lorenzi, R., 2015. Biostimulation of the
autochthonous bacterial community and bioaugmentation of selected bacterial
strains for the depletion of polycyclic aromatic hydrocarbons in a historically
contaminated soil. Geophys. Res. Abstracts. 17, 14690.

Edbeib, M.F., Wahab, R.A., Huyop, F., 2016. Halophiles: biology, adaptation, and their
role in decontamination of hypersaline environments. World J. Microbiol.
Biotechnol. 32, 135. https://doi.org/10.1007/511274-016-2081-9.

Science of the Total Environment 922 (2024) 171279

El Fantroussi, S., Agathos, S.N., 2005. Is bioaugmentation a feasible strategy for pollutant
removal and site remediation? Current. Opin. Microbiol. 8, 268-275.

Fathepure, B.Z., 2014. Recent studies in microbial degradation of petroleum
hydrocarbons in hypersaline environments. Front. Microbiol. 5, 173. https://doi.
org/10.3389/fmicb.2014.00173.

Ferreira, T.F., Coelho, M.A.Z., Rocha-Leao, M.H.M.D., 2012. Factors influencing crude oil
biodegradation by Yarrowia Lipolytica. Braz. Arch. Biol. Technol. 55 (5), 785-791.

Hamzah A., Manikan V., and Abd Aziz N.A.F. 2017. Biodegradation of tapis crude oil
using consortium of bacteria and fungi: optimization of crude oil concentration and
duration of incubation by response surface methodology,” Sains Malaysiana, vol. 46,
no. 1, pp. 43-50.

Kansour, M.K., Al-Mailem, D.M., 2023. Bioremediation of two oil-contaminated Kuwaiti
hyper-saline soils by cross bioaugmentation and the role of indigenous halophilic/
halotolerant hydrocarbonoclastic bacteria. Environmental Technology & Innovation.
32, 103259 (ISSN 2352-1864). https://doi.org/10.1016/j.eti.2023.103259.

Kebede, G., Tafese, T., Abda, E., Kamaraj, M., 2021. Assefa F. Factors influencing the
bacterial bioremediation of hydrocarbon contaminants in the soil: mechanisms and
impacts. J. Chem. https://doi.org/10.1155/2021/9823362.

Koshlaf, E., Ball, A.S., 2017. Soil bioremediation approaches for petroleum hydrocarbon
polluted environments. AIMS Microbiol. 3 (1), 25-49. https://doi.org/10.3934/
microbiol.2017.1.25.

Leahy, J.G., Colwell, R.R., 1990. Microbial degradation of hydrocarbon in the
environment. Microbiol. Rev. 54, 305-315.

Lu, X.Y., Zhang, T., Fang, H.H.P., 2011. Bacteria-mediated PAH degradation in soil and
sediment. Appl. Microbiol. Biotechnol. 89 (5), 1357-1371.

Madueno, L., Alvarez, H.M., Morelli, L.S., 2014. Autochthonous bioaugmentation to
enhance phenanthrene degradation in soil microcosms under arid conditions. Int. J.
Environ. Sci. Technol. https://doi.org/10.1007/513762-014-0637-5.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. journal 17 (1), 10-12. https://doi.org/10.14806/
€j.17.1.200.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: An R package for reproducible interactive
analysis and graphics of microbiome census data. PloS One 8 (4), e61217. https://
doi.org/10.1371/journal.pone.0061217.

Mevarech, M., Werzcberger, R., 1985. Genetic transfer in Halobacterium volcanii.

J. Bacteriol. 162, 461-462.

Moliterni, E., Jim’enez-Tusset, R.G., Villar Rayo, M., Rodriguez, L., Fern’andez, F.J.,
Villasenor, J., 2012. Kinetics of biodegradation of diesel fuel by enriched microbial
consortia from polluted soils. Int. J. Environ. Sci. Technol. 9 (4), 749-758.

Nikopoulou, M., Pasadakis, N., Kalogerakis, N., 2013. Evaluation of autochthonous
bioaugmentation and biostimulation during microcosm simulated oil spills. Mar.
Pollut. Bull. 72, 165-173. https://doi.org/10.1016/j.marpolbul.2013.04.007.

Nwankwegu, A.S., Orji, M.U., Onwosi, C.O., 2016. Studies on organic and inorganic
biostimulants in bioremediation of diesel-contaminated arable soil. Chemosphere
162, 148-156.

Nwankwegu, A.S., Zhang, L., Xie, D., Onwosi, C.O., 2022. Muhammad, W.I., Odoh, C.K.,
Sam K. & Idenyi, J.N. Bioaugmentation as a green technology for hydrocarbon
pollution remediation. Problems and prospects. J. Environ. Manag. 304, 114313.

Omrani, R., Spini, G., Puglisi, E., Saidane, D., 2018. Modulation of microbial consortia
enriched from different polluted environments during petroleum biodegradation.
Biodegradation 29 (2), 187-209.

Prince, R.C., Elmendorf, D.L., Lute, J.R., Hsu, C.S., Haith, C.E., Senius, J.D., Dechert, G.J.,
Douglas, G.S., Butler, E.L., 1994. 17a(H),21p(H)-hopane as a conserved internal
marker for estimating the biodegradation of crude oil environ. Sci. Technol. 28,
142-145.

Quast C., Pruesse E., Yilmaz P., Gerken J., Schweer T., Yarza P., Peplies J., Glockner FO.
2013. The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. (Database issue): D590-D596. doi: https://
doi.org/10.1093/nar/gks1219. Epub 2012 Nov 28. PMID: 23193283; PMCID:
PMC3531112.

Radwan, S.S., 1990. Gulf oil spill. Nature 350, 456.

Radwan, S.S., Al-Mailem, D.M., Kansour, M.K., 2017. Gelatinizing oil in water and its
removal via bacteria inhabiting the gels. Sci. Rep. 7, 13975. https://doi.org/
10.1038/541598-017-14296-x.

Santegoeds, C.M., Ferdelman, T.G., Muyzer, G., Beer, D., 1998. Structural and functional
dynamics of sulfate-reduction populations in bacterial biofilms. Appl. Enviro.
Micorbiol. 64, 3731-3739.

Sihag S., Pathak H., Jaroli D.P. 2014. Factors affecting the rate of biodegradation of
polyaromatic hydrocarbons,” International Journal of Pure and Applied Bioscience,
vol. 2, no. 3, pp. 185-202.

Sorkhoh, N.A., Ghannoum, M.A., Ibrahim, A.S., Stretton, R.J., Radwan, S.S., 1990. Crude
oil and hydrocarbon-degrading strains of Rhodococcus rhodochrous isolated from soil
and marine environments in Kuwait. Environ. Pollut. 65, 1-17. https://doi.org/
10.1016/0269-7491(90)90162-6.

Ugwoha, E., Omenogor, B.E., 2017. Effect of oil spillage on groundwater quality.

J. Environ. Stud. 3, 3.

Ward, D.M., Brock, T., 1978. Hydrocarbon biodegradation in hypersaline environments.
Appl. Environ. Microbiol. 35, 353-359.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York. ISBN 978-3-319-24277-4. https://ggplot2.tidyverse.org.

Wu, M., Ye, X., Chen, K., Li, W., Yuan, J., Jiang, X., 2017. Bacterial community shift and
hydrocarbon transformation during bioremediation of short-term petroleum-
contaminated soil. Environ. Pollut. 223, 657-664.

Xu, X., Liu, W., Tian, S., et al., 2018. Petroleum hydrocarbon-degrading bacteria for the
remediation of oil pollution under aerobic conditions: a perspective analysis. Front.
Microbiol. 9, Article ID, 2885.


https://www.ebi.ac.uk/ena/browser/view/
https://doi.org/10.1016/j.jhazmat.2021.125919
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0010
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0010
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0015
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0015
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0015
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0015
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0020
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0020
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0020
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0025
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0025
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0025
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0030
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0030
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0030
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0035
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0035
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0035
https://doi.org/10.3389/fmicb.2018.00394
https://doi.org/10.3389/fmicb.2019.02827
https://doi.org/10.3389/fmicb.2019.02827
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0050
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0050
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0050
https://doi.org/10.1038/s41564-019-0370-4
https://doi.org/10.1038/s41564-019-0370-4
https://doi.org/10.1016/j.scitotenv.2023.162137
https://doi.org/10.1016/j.scitotenv.2023.162137
https://doi.org/10.3390/jmse10060762
https://doi.org/10.3390/jmse10060762
https://doi.org/10.1016/j.chemosphere.2011.05.005
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0080
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0080
https://doi.org/10.3389/fenvs.2016.00058
https://doi.org/10.3389/fenvs.2016.00058
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0090
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0090
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0090
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0095
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0095
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0095
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0100
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0100
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0100
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0100
https://doi.org/10.1007/s11274-016-2081-9
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0110
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0110
https://doi.org/10.3389/fmicb.2014.00173
https://doi.org/10.3389/fmicb.2014.00173
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0120
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0120
https://doi.org/10.1016/j.eti.2023.103259
https://doi.org/10.1155/2021/9823362
https://doi.org/10.3934/microbiol.2017.1.25
https://doi.org/10.3934/microbiol.2017.1.25
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0140
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0140
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0145
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0145
https://doi.org/10.1007/s13762-014-0637-5
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0165
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0165
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0170
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0170
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0170
https://doi.org/10.1016/j.marpolbul.2013.04.007
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0180
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0180
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0180
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0185
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0185
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0185
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0190
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0190
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0190
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0195
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0195
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0195
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0195
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0200
https://doi.org/10.1038/s41598-017-14296-x
https://doi.org/10.1038/s41598-017-14296-x
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0210
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0210
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0210
https://doi.org/10.1016/0269-7491(90)90162-6
https://doi.org/10.1016/0269-7491(90)90162-6
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0220
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0220
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0225
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0225
https://ggplot2.tidyverse.org
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0230
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0230
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0230
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0235
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0235
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0235

K.C. Lee et al.

Zabbey, N., Sam, K., Onyebuchi, A.T., 2017. Remediation of contaminated lands in the
Niger Delta, Nigeria: prospects and challenges. Sci. Total Environ. 586, 952-965.

Zamparas, M., Tzivras, D., Dracopoulos, V., Ioannides, T., 2020. Application of sorbents
for oil spill cleanup focusing on natural-based modified materials: a review.
Molecules 25, 4522. https://doi.org/10.3390/molecules25194522.

10

Science of the Total Environment 922 (2024) 171279

Zhang, K., Shi, Y., Cui, X., Yue, P., Li, K., Liu, X., Tripathi, B.M., Chu, H., 2019. Salinity is
a key determinant for soil microbial communities in a desert ecosystem. MSystems 4,
e00225-18. https://doi.org/10.1128/mSystems.00225-18.

Zhao, B., Wang, H., Mao, X., Li, R., 2009. Biodegradation of phenanthrene by a halophilic
bacterial consortium under aerobic conditions. Curr. Microbiol. 58, 205-210.
https://doi.org/10.1007/500284-008-9309-3.


http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0240
http://refhub.elsevier.com/S0048-9697(24)01418-9/rf0240
https://doi.org/10.3390/molecules25194522
https://doi.org/10.1128/mSystems.00225-18
https://doi.org/10.1007/s00284-008-9309-3

	Bioremediation of oily hypersaline soil via autochthonous bioaugmentation with halophilic bacteria and archaea
	1 Introduction
	2 Materials and methods
	2.1 Soil sampling
	2.2 Microbial cultures and experimental setup
	2.3 Recovery and analysis of residual hydrocarbons
	2.4 Culture-dependent analysis of hydrocarbonoclastic microorganisms
	2.5 Culture-independent analysis of total microbial populations and bioinformatics

	3 Results and discussion
	3.1 Hydrocarbon consumption during bioremediation
	3.2 Culture dependent analysis
	3.2.1 Numbers of culturable hydrocarbonoclastic bacteria during bioremediation
	3.2.2 Dynamics of culturable bacterial communities during bioremediation

	3.3 Culture-independent analysis

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


