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Introduction

The petroleum industry generates huge amounts of highly 
toxic waste oily sludge, which is produced during both 
upstream and downstream operations (Kondaveeti et al. 
2023; Murungi and Sulaimon 2022; Wang et al. 2021; Yin 
et al. 2023). It is estimated that about 0.3–0.5% of waste 
oily sludge is produced from 1 ton of crude oil processed 
in petroleum refineries (Jerez et al. 2021; Muneeswari et 
al. 2023). Waste oily sludge is characterized by complex 
composition including water, hydrocarbons, heavy met-
als, sediments, and other chemicals, and its accumulation 
leads to devastating damage to natural habitats (Hu et al. 
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Abstract
Biotreatment of oily sludge and the involved microbial communities, particularly in saline environments, have been rarely 
investigated. We enriched a halophilic bacterial consortium (OS-100) from petroleum refining oily sludge, which degraded 
almost 86% of the aliphatic hydrocarbon (C10-C30) fraction of the oily sludge within 7 days in the presence of 100 g/L 
NaCl. Two halophilic hydrocarbon-degrading bacteria related to the genera Chromohalobacter and Halomonas were iso-
lated from the OS-100 consortium. Hydrocarbon degradation by the OS-100 consortium was relatively higher compared 
to the isolated bacteria, indicating potential synergistic interactions among the OS-100 community members. Exclusion 
of FeCl2, MgCl2, CaCl2, trace elements, and vitamins from the culture medium did not significantly affect the hydrocar-
bon degradation efficiency of the OS-100 consortium. To the contrary, hydrocarbon biodegradation dropped from 94.1 to 
54.4% and 5% when the OS-100 consortium was deprived from phosphate and nitrogen sources in the culture medium, 
respectively. Quantitative PCR revealed that alkB gene expression increased up to the 3rd day of incubation with 11.277-
fold, consistent with the observed increments in hydrocarbon degradation. Illumina-MiSeq sequencing of 16 S rRNA gene 
fragments revealed that the OS-100 consortium was mainly composed of the genera Halomonas, Idiomarina, Alcanivorax 
and Chromohalobacter. This community structure changed depending on the culturing conditions. However, remarkable 
changes in the community structure were not always associated with remarkable shifts in the hydrocarbonoclastic activity 
and vice versa. The results show that probably synergistic interactions between community members and different sub-
populations of the OS-100 consortium contributed to salinity tolerance and hydrocarbon degradation.

Key points
• A halophilic bacterial consortium efficiently degrades oily sludge hydrocarbons.
• Nitrogen starvation and high salinity have the greatest impact on hydrocarbon loss.
• Change in the consortium structure is not a prerequisite to shift biodegradation.
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2013; Kondaveeti et al. 2023; Murungi and Sulaimon 2022; 
Sarkar et al. 2020; Wang et al. 2021; Chand et al. 2022). 
As a consequence of its serious ecological and health con-
cerns, the oily sludge was listed as a priority hazardous pol-
lutant by many organizations including the United States 
Environmental Protection Agency (USEPA) (Kondaveeti 
et al. 2023; US EPA 2016). Microbial biodegradation has 
been largely recognized as the most appropriate approach 
toward remediation of hydrocarbon- and oil-polluted envi-
ronments (Ławniczak et al. 2020). However, despite signifi-
cant advances in the understanding of the process, several 
misconceptions on hydrocarbon microbiology still prevail, 
which should be rectified through further investigations of 
the fundamental aspects (Ławniczak et al. 2020). Although 
biological treatment or bioremediation can be potentially 
applied on oily sludge-polluted environments (Ławniczak et 
al. 2020; Murungi and Sulaimon 2022; Sarkar et al. 2020), 
its success is often hampered by the characteristics of the 
impacted site, including high salinity (Akbari et al. 2021; 
Jimoh et al. 2022; Li et al. 2022; Murungi and Sulaimon 
2022; Peng et al. 2020).

Saline and hypersaline environments are particularly 
susceptible to petroleum hydrocarbon contamination 
including oily sludge due to their close association to the 
oil industry operations and facilities (Paniagua-Michel and 
Fathepure 2018). Among these, natural gas and oil produc-
tion sites worldwide, including hundreds of kilometers of 
coastlines in the arid regions of the Arabian Gulf countries, 
are of serious concern because of the extent and magnitude 
of contamination (Fathepure 2014; Jimoh et al. 2022). The 
pollution problem in those locations is much more pro-
nounced due to the high salinity, which makes the removal 
of petroleum toxic components more challenging (Jimoh 
et al. 2022). In fact, the shallowness of the Arabian Gulf 
water together with the arid climate lead to a strong evapo-
ration that significantly exceeds freshwater input from river 
runoff and precipitation, making the waters at this region to 
be hypersaline (Ibrahim et al. 2020; Paparella et al. 2022). 
The surface salinity in the Arabian Gulf is about 37–40‰ 
in the central part and can reach 60–70‰ in remote bays 
and lagoons (Simmonds and Lamboeuf 1981; Taher et al. 
2012). Moreover, several studies reported that the desalina-
tion of seawater in the Arabian Gulf region, which is crucial 
to provide freshwater supply, might strongly contribute to 
the increase of salinity (Ibrahim et al. 2020; Paparella et al. 
2022).

It is known that high salt levels impose a natural barrier 
for the degradation of hydrocarbon pollutants (Truskewycz 
et al. 2019). High salinity not only inhibits the metabolic 
functions of microorganisms, but also decrease oxygen 
levels and aqueous solubility of petroleum hydrocar-
bons (Fathepure 2014; Imron et al. 2020). Nonetheless, 

hydrocarbon-degrading halophilic microorganisms could be 
appropriate for the bioremediation of saline environments 
(Akbari et al. 2021; Jimoh et al. 2022; Saeedi et al. 2022). 
Halophilic and halotolerant microorganisms developed spe-
cific strategies to cope with the osmotic stress caused by the 
excessive salt concentrations (Atashgahi et al. 2018; Neifar 
et al. 2019; Srivastava et al. 2022). This could be achieved 
through the accumulation of a variety of small molecules in 
the cytoplasm known as compatible solutes (sugars, amino 
acids, sugars polyols and ectoine, etc.), or inorganic salt 
ions (K+ and Cl−), in order to maintain their intracellular 
and extracellular osmotic equilibrium (Akbari et al. 2021; 
Li et al. 2022; Neifar et al. 2019; Peng et al. 2020). There-
fore, application of halophilic microorganisms in bioreme-
diation has received intense attention in recent years (Jimoh 
et al. 2022; Li et al. 2022).

In general, genes and enzymes of hydrocarbon biodeg-
radation in the presence of high salt levels have not been 
sufficiently studied (Cao et al. 2020; Imron et al. 2020; Li 
et al. 2022). In addition, compared to hydrocarbon- and oil-
polluted environments, biotreatment of oily sludge has been 
rarely investigated (Ke et al. 2021), particularly in saline 
environments. A recent research described the efficiency of 
a salt-tolerant bacterium Pseudomonas aeruginosa SD to 
remediate oily sludge with salt tolerance up to 8% (Sun et 
al. 2023).

In this study, we isolated an autochthonous halophilic 
bacterial consortium from waste oil sludge and studied its 
hydrocarbon biodegradation capability under various bio-
process conditions of incubation time, salinity, temperature, 
and nutrient amendments. Furthermore, we characterized 
the consortium in terms of salinity tolerance, bacterial popu-
lation dynamics, and hydrocarbon degradation genes.

Materials and methods

Oily sludge source and characterization

Two types of waste oily sludge (aged and fresh) were 
collected from the weathering pit of a petroleum plant in 
Bahrain on march 2020. The aged sludge was used as an 
inoculum to isolate oil-degrading bacteria and the fresh 
sludge served as the carbon, sulfur, and energy source for all 
microbial cultures used in the biodegradation experiments. 
Physicochemical characteristics of the fresh oily sludge 
were previously described (Hentati et al. 2022).

Culture media

Luria-Bertani (LB) broth and agar media were prepared 
according to the supplier’s instructions. Chemically defined 
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medium (CDM) is composed of basal medium (phosphate 
buffer: KH2PO4 + K2HPO4, ammonium chloride: NH4Cl, 
and deionized water) and supplemented with FeCl2, MgCl2, 
CaCl2, trace elements and vitamins (these components are 
designated hereafter as the “complement”), as described in 
Table S1.

Enrichment of a halophilic bacterial consortium 
from of oily sludge

Five grams of aged oily sludge were inoculated into 100 mL 
of CDM containing 2% (w/v) of fresh oily sludge as the car-
bon and sulfur source in the presence of 100 g/L NaCl. The 
enrichment cultures were incubated at 30 °C under shak-
ing at 180 rpm for 14 days. Subsequently, 10% (v/v) from 
this original enrichment was transferred to a fresh medium 
with the same composition and further incubated under the 
same conditions for 14 days. After three times of subcul-
turing, a bacterial consortium (designated as OS-100) that 
maintained growth on 2% (w/v) oily sludge was obtained 
and served to isolate pure bacteria. The OS-100 bacterial 
consortium is available in the laboratory of the correspond-
ing author.

Isolation of halophilic bacteria from the OS-100 
consortium

Aliquots (100 µL) of 10− 1 to 10− 5 dilutions from the third 
enrichment culture of OS-100 were spread onto CDM agar 
plates supplemented with 2% oily sludge (w/v) in the pres-
ence of 100 g/L NaCl. The plates were incubated at 30 °C 
for 4 to 5 days. Two single colonies that were surrounded 
by a clear zone were picked and transferred into fresh CDM 
containing 2% (w/v) of oily sludge and incubated for 14 
days to confirm hydrocarbon degradation phenotype.

Preparation of precultures

Considering that the culture medium type could have an 
effect on the initial composition of the community struc-
ture, which may affect phenotype under investigation, the 
preculture of the OS-100 bacterial consortium was prepared 
in two different media, namely; LB broth and CDM + oily 
sludge. An aliquot of the OS-100 consortium (1 mL) was 
retrieved from a frozen stock preserved at -80 °C, inocu-
lated in 20 mL LB broth, and incubated for 24 h at 30 ºC 
and 180 rpm. Then, 10 mL from this preculture were trans-
ferred into a 1-L Erlenmeyer flask containing 400 mL of LB 
broth and incubated under the same conditions for 24 h. The 
cells were harvested by centrifugation (6000 rpm, 10 min, 
4 ºC) and washed twice with phosphate buffer (0.1 M, pH 
7). The washed cell pellet was resuspended in 50 mL of 

phosphate buffer and this cell suspension (9.61 ± 1.23 g dry 
cell mass/L, OD600 ≈ 5) was used as the inoculum. Alter-
natively, other precultures of the OS-100 consortium were 
prepared in 50 mL CDM containing 2% (w/v) oily sludge 
and incubated at 30 ºC under shaking (180 rpm) for 4 
days. The cells were harvested, washed twice, and resus-
pended in 25 mL of phosphate buffer (0.1 M, pH 7) to reach 
OD600 ≈ 2 (4.72 ± 0.83 g dry cell mass/L) to be used as the 
inoculum. The precultures of the two isolated bacteria (des-
ignated OS100-3 and OS100-4) were prepared in LB broth 
as described above for the OS-100 consortium where the 
final cell suspensions in phosphate buffer had OD600 ≈ 3 
(5.01 ± 0.6 g dry cell mass/L). All precultures contained 
NaCl at a concentration of 100 g/L.

Salt tolerance of the OS-100 bacterial consortium 
and the isolated bacteria

The salinity tolerance profile of the consortium OS-100 
and bacteria isolated therefrom was tested at different NaCl 
concentrations. To study the effect of the culture medium 
composition, salinity tolerance was tested in LB broth 
(rich medium) and CDM + oily sludge cultures inoculated 
with 5% from the respective precultures described above. 
Accordingly, LB cultures were inoculated with cell suspen-
sions prepared from LB cultures, and CDM cultures were 
inoculated with cell suspensions prepared from CDM + oily 
sludge cultures. The LB cultures (50 mL) contained differ-
ent NaCl concentrations (10, 30, 50, 100, 150, 200, 250, and 
300 g/L) in addition to a culture without addition of NaCl. 
The same was done in 50 mL of CDM containing 2% (w/v) 
of oily sludge as the sole carbon and sulfur source in the 
presence of 0, 50, 100, 150, and 200 g/L NaCl. All cultures 
(in biological triplicates) were incubated at 30 °C under 
shaking (180 rpm). In LB cultures, the growth was moni-
tored by measuring the optical density at 600 nm (OD600), 
while growth in CDM cultures was followed by measur-
ing the biomass dry weight. The latter was measured in 2 
mL of the cultures collected every day and centrifuged at 
14.000 rpm for 20 min to separate the cells from the culture 
broth. The cell pellets were washed twice by phosphate buf-
fer (0.1 M, pH 7), resuspended in 1 mL, and poured into an 
Eppendorf tube which was incubated in an oven at 100 ºC 
until a constant weight is attained. Then, the cell dry mass 
was calculated gravimetrically as g/L.

The specific growth rate of each culture was calculated 
by determining the slope of lnX vs. t in the exponential 
phase of growth using the following equation:

µ = (lnXt − lnX0)/t
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Biotreatment of the oily sludge under different 
bioprocess conditions

All the subsequent experiments were conducted using pre-
cultures of the OS-100 consortium prepared in LB medium. 
The effect of culturing conditions on oily sludge hydrocar-
bon biodegradability by the OS-100 consortium was inves-
tigated in batch cultures following a one variable-at-a time 
approach. In each experiment one condition was individu-
ally manipulated, while all other conditions were fixed. The 
studied factors included incubation time (0, 1, 2, 3, 4, 5, 6, 
7, 8, 9, and 10 days), temperature (30, 35, 40, and 45 °C), 
and culture medium composition [(complete CDM, CDM 
without complement (FeCl2, MgCl2, CaCl2, trace elements 
and vitamins), CDM without phosphate buffer, and CDM 
without NH4Cl)]. All experiments were conducted in bio-
logical triplicates, and the cultures were extracted and ana-
lyzed after 7 days of incubation as described earlier.

Analysis of bacterial community structure under 
different bioprocess conditions

Bacterial genomic DNA was extracted from the OS-100 
cultures using QIAamp DNA Mini kit, (Qiagen, Germany). 
Quantification of DNA was carried out using a Qubit Fluo-
rometer (Invitrogen, Thermo Fisher Scientific, Singapore), 
and the DNA purity was checked with a DS-11 FX+ Spec-
trophotometer/Fluorometer (DeNovix Inc, USA). Puri-
fied DNA extracts were submitted to Genomics BioSci & 
Tech Co., Ltd. (New Taipei City, Taiwan) for paired-end 
Illumina- MiSeq sequencing of the V3-V4 hypervariable 
region of the bacterial 16 S rRNA gene using the forward 
primer: CCTACGGGNGGCWGCAG and reverse primer: 
GACTACNVGGGTATCTAATCC (Klindworth et al. 2013) 
as described before (Hentati et al. 2022) (see Supplementary 
Material for details).

The sequences were generated on two separate MiSeq 
runs using a single indexing strategy. Samples were demulti-
plexed and sequencing adapters, barcodes, and primers were 
removed using the fastqprocessor developed by MRDNA 
(Shallowater, TX, USA), which further ensured the correct 
orientation of all reads as forward (R1) and reverse (R2). 
After demultiplexing, intact read pairs were extracted using 
pairfq_lite (https://github.com/sestaton/Pairfq). Further 
processing was conducted in R v3.5.2 (R Core Team 2018) 
using the R package dada2 v1.10.1 (Callahan et al. 2016) 
with default parameters if not otherwise indicated. Qual-
ity filtering was conducted at a maximum expected error 
rate of 3 for both forward and reverse reads after truncation 
to 230 bp. Error learning (based on at least 108 bases) and 
denoising (pooling all sequences per run) were executed 
separately for each MiSeq run. Then, forward and reverse 

where, µ = specific growth rate (h− 1); Xt = biomass con-
centration (OD600) at time t; X0 = biomass concentration 
(OD600) at time 0, and t = operational time (Zahari et al. 
2022).

Biotreatment of the oily sludge with the OS100-3 
and OS100-4 isolates

Precultures of the isolates OS100-3 and OS100-4 were pre-
pared as described above and used to inoculate 50 mL of 
CDM containing 2% (w/v) of oily sludge as the sole car-
bon and sulfur source in the presence of 0, 50, 100, 150 and 
200 g/L NaCl. Uninoculated medium was prepared under 
the same conditions and used as an abiotic control. After 7 
days of incubation (30 °C and 180 rpm), all cultures and abi-
otic controls were extracted by an equal volume of dichloro-
methane (50 mL). Then, the organic phase was evaporated 
and the residual oil was analyzed by Gas Chromatography-
Mass Spectrometry (GC-MS) according to Hentati et al. 
(2022). All cultures were in biological triplicates.

Biotreatment of the oily sludge with the consortium 
OS-100

The biodegradation experiments were carried out in 50 mL 
of CDM batch cultures (in 250 mL Erlenmeyer flasks) con-
taining 2% (w/v) of oily sludge as the sole carbon and sul-
fur source, in the presence of 0, 50, 100, 150, and 200 g/L 
NaCl. Two different inocula (5%) were used; one inoculum 
prepared in LB broth and the other in CDM + oily sludge 
as described above. All cultures were incubated at 30 °C 
and 180 rpm for 7 days. Uninoculated flasks were incubated 
under the same conditions and used as abiotic controls. All 
experiments were performed in biological triplicates. At the 
end of the incubation period, all cultures and abiotic con-
trols were extracted by an equal volume of dichloromethane. 
Then, the organic phase was evaporated and the residual oil 
was analyzed by Gas Chromatography-Mass Spectrometry 
(GC-MS) according to Hentati et al. (2022).

Growth profile of the OS-100 consortium

To assess growth of the bacterial consortium OS-100 during 
treatment of oily sludge, the biomass dry weight was moni-
tored every day during 10 days of incubation. The OS-100 
consortium was inoculated (5%) into 2-L Erlenmeyer flasks 
(triplicates) containing 400 mL of CDM in the presence of 
2% (w/v) of oily sludge and 100 g/L of NaCl. The cultures 
were incubated in an orbital shaker at 30 ºC and 180 rpm. 
Ten mL of the cultures were collected every day and cen-
trifuged at 14.000 rpm for 20 min to harvest the cells and 
measure the biomass dry weight.
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Quantification of the alkB gene using real-time 
qPCR (RT-qPCR)

The alkB gene encodes a membrane-bound non-heme di-
iron monooxygenase which catalyzes n-alkane terminal 
hydroxylation, the first step of the most common alkane 
degradation pathway (Moreno and Rojo 2017). It is usually 
used as a proxy or functional marker for alkane degradation. 
Therefore, it was selected to monitor alkane degradation 
by the consortium OS-100 during biotreatment of the oily 
sludge. Two-L flasks (5 replicates) containing 400 mL of 
CDM, 2% (w/v) of oily sludge and 100 g/L NaCl were inoc-
ulated with the OS-100 consortium (5%, v/v) and incubated 
at 30 °C for 7 days. Ten mL of the cultures were collected 
every 24 h and centrifuged at 4800 x g for 20 min. The cell 
pellets were washed twice with phosphate buffer (0.1 M, 
pH 7) and used to isolate total RNA using RNeasy Protect 
kit (Qiagen, Germany). To remove the residual genomic 
DNA, the isolated RNA was treated with DNase I (Ampli-
fication Grade, Invitrogen, ThermoFisher Scientific, USA). 
The integrity of the RNA samples was checked on agarose 
gel electrophoresis (1%), while the purity and concentration 
were estimated with a DS-11 FXC Spectrophotometer/Fluo-
rometer (DeNovix Inc., USA) (Table S3). The cDNA was 
synthesized from RNA using High Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, ThermoFisher Sci-
entific, USA) following the manufacturer’s instructions, 
after which the cDNA samples were checked for concentra-
tion and purity and stored at -20 °C to be used as a template 
in RT-qPCR (Table S4).

RT-qPCR was conducted according to the MIQE guide-
lines (Bustin et al. 2009) (Table S5) in 96-well plates on 
an Applied Biosystems 7500 Fast Real-Time PCR System 
using PowerUp™ SYBR™ Green Master Mix (Applied 
Biosystems, ThermoFisher Scientific, USA). Two primer 
sets were used for qPCR (Table S2). Primers alkB-1 F and 
alkB-1R amplified the alkane-hydroxylating monooxygen-
ase gene, and the other primer set, 16 S-F/16S-R (selected 
as an internal standard), was used to amplify bacterial 16 S 
rRNA gene fragments. Amplification was performed in a 
total volume of 15 µL containing 7.5 µL of SYBR Green 
PCR Master Mix, 1 µL of each primer (10 µM), 2 µL of 
normalized cDNA (250 ng/µL) and the rest was completed 
with nuclease-free water. For each cDNA replicate, two 
RT-qPCR assays were carried out. To ensure the absence of 
nonspecific primer dimers, control reactions with no cDNA 
template were conducted. PCR cycling conditions were as 
follows: 10 min incubation at 95 °C followed by 40 cycles 
of 15 s at 95 °C, 30 s at 62 °C, and 45 s at 72 °C. Finally, 
melt curve was obtained from 60 to 95 °C at an increment of 
0.2 °C/cycle. The relative changes in alkB gene expression 

reads of each sample were merged with a minimum over-
lap of 10 bp, and chimera detection was performed with the 
method ‘consensus’ on the whole dataset. Furthermore, only 
sequences between 400 and 430 bp as well as those occur-
ring at least twice in the data set were retained. Taxonomic 
classification was conducted using the SILVA NGS web-
service with the SILVA ribosomal database (version 132) 
(Quast et al. 2012). Only bacterial sequences classified on 
phylum level with a sequence similarity of at least 93% to 
the reference database and not affiliated with chloroplasts 
and mitochondria were used for further analysis. Opera-
tional taxonomic units (OTUs) were defined as unique 
amplicon sequence variants. Ordination of the Bray-Curtis 
dissimilarities between the different culturing conditions 
was performed using nonmetric MDS, with 100 random 
restarts and the results were plotted in two dimensions. The 
Illumina-MiSeq data set was submitted to the Sequence 
Read Archives under the accession number PRJNA921925.

Molecular identification of the isolated strains

Genomic DNA of pure strains OS3-100 and OS4-100 iso-
lated from the mixed culture OS-100 was extracted using 
BioVision kit (Biovision Inc, CA, USA). Amplification of 
the 16 S rRNA gene was carried out in Applied Biosys-
tems™ Veriti™ 96-well fast Themal Cycler (Singapore) 
using the universal primers 27 F and 1492R (Table S2). The 
16 S rRNA gene sequencing and phylogenetic analysis were 
performed as described (Hentati et al. 2016).

Detection of functional genes involved in 
hydrocarbon biodegradation and in the synthesis of 
osmoprotectants

Primers listed in Table S2 were adopted for the detection 
of genes involved in hydrocarbon degradation including 
alkanes hydroxylating monooxygenases (alkB), PAH (poly-
cyclic aromatic hydrocarbon)-ring hydroxylating dioxygen-
ases (PAH-RHDα), and naphthalene dioxygenase (nahAc), 
as well as the biosynthesis of the osmoprotectants betaine 
and ectoine. Genomic DNA was isolated from the OS-100 
bacterial cultures grown on oily sludge (at 100 g/L NaCl, 
30 °C and 180 rpm) using QIAamp DNA Mini kit, (Qia-
gen, Germany) and was used as a template. The 50 µL PCR 
assays contained 1 µL of template DNA (148 ng), 5 µL of 
each primer (2 pmol/µL), 25 µL Qiagen Taq PCR master 
mix, and 14 µL nuclease-free water. The PCR conditions 
were set according to the protocols provided in the respec-
tive reference (Table S2).
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Isolation of two bacterial strains from the 
consortium OS-100

The detection of several morphologically distinct colonies 
on CDM-oily sludge agar plates indicated that OS-100 
is a bacterial consortium. Two pure strains, designated 
OS100-3 and OS100-4, were isolated. Molecular analysis 
revealed that strain OS100-3 was closely related to Chro-
mohalobacter salexigens (Type strain AJ295146) (Arahal et 
al. 2001), with 99.5% 16 S rRNA gene sequence identity, 
whereas strain OS100-4 shared 98.17% sequence identity 
with Halomonas halophila (Type strain FN257740) (Dob-
son and Mcmeekin 1993) and Halomonas salina (Type 
strain AJ295145) (Arahal et al. 2001) (Fig. S1). The 16 S 
rRNA gene sequences of strains OS100-3 (composed of 
1440 nucleotides) and OS100-4 (composed of 1437 nucleo-
tides) were deposited in the GenBank under accession num-
bers OQ283852 and OQ283853, respectively.

Salinity tolerance profile of the two bacteria 
isolated from the consortium OS-100

The salinity tolerance of both isolates was tested in two dif-
ferent media, LB broth and CDM + oily sludge (Figs. S2 
and S3). The growth profile of the two isolates was different 
depending on the type of the culture medium and salt con-
centration. In LB broth, both isolates grew in the presence 
of 50 up to 250 g/L NaCl. Absence of NaCl or 300 g/L NaCl 
did not allow growth. Strain OS100-3 attained the high-
est OD600 at a NaCl concentration 100 and 150 g/L, while 

were determined using the 2−∆∆CT method (Akbari et al. 
2021).

Statistical analysis

All values represent the mean ± standard deviation. Data 
were statistically analyzed by one-way ANOVA using 
Tukey’s multiple comparisons test and applying a sig-
nificance level of p < 0.05 using GraphPad Prism 6 (Trial 
version).

Results

Enrichment of a halophilic bacterial consortium 
from aged oily sludge

The aerobic enrichment procedures using aged oily sludge 
as an inoculum produced a mixed culture (OS-100) which 
sustained growth on 2% (w/v) oily sludge as the sole carbon, 
sulfur, and energy source in the presence of 100 g/L NaCl 
after repeated subculturing. Utilization of the oily sludge 
hydrocarbons by the OS-100 bacterial consortium was con-
firmed by GC-MS analysis which revealed 85.75 ± 7.5% 
loss of hydrocarbons (C10-C30 alkanes) in the dichlorometh-
ane-extractable fraction within 7 days of incubation (Fig. 1).

Fig. 1 Total ion chromatograms showing degradation of oily sludge 
hydrocarbons with the OS-100 consortium after 7 days of incubation at 
30 °C. The oily sludge was added to chemically defined medium (2%, 

w/v) as the sole carbon and sulfur source in the presence of 100 g/L 
NaCl. The oily sludge hydrocarbons were extracted from whole cul-
tures in dichloromethane
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OS100-4 (Figs. S4 and S5). In both cultures, hydrocarbon 
degradation was the lowest when NaCl was excluded. In 
the OS100-3 culture, as the NaCl concentration increased to 
100 g/L, hydrocarbon degradation increased then declined 
at 150 and 200 g/L. In the OS100-4 culture, the highest 
degradation was at NaCl concentration of 50 g/L, followed 
by a drop as the salt concentration increased. In general, 
hydrocarbon removal by the OS100-4 culture (75.2 ± 24% 
at 100 g/L NaCl) was higher compared to the OS100-3 cul-
ture (41.8 ± 1.1% at 50 g/L NaCl) (p < 0.05).

Salinity tolerance profile of the consortium OS-100

The salinity tolerance of the consortium OS-100 was tested 
in two different media: LB broth and CDM + oily sludge 
cultures inoculated with a preculture grown in the respec-
tive medium. As shown in Fig. 2, the OS-100 consortium 
grew over a NaCl range between 10 and 250 g/L, with an 
optimum growth at 50 and 100 g/L. However, it was unable 
to grow in medium without NaCl, indicating that OS-100 is 
an obligatory halophilic bacterial consortium that requires 
salt to grow. The salinity tolerance profile of the OS-100 
consortium revealed some commonalities, as well as varia-
tions, with the cultures of the isolates. In LB cultures, the 

strain OS100-4 reached the highest OD600 at 50 and 100 g/L 
NaCl. In both cultures, the lowest OD600 was reached in the 
presence of 250 g/L NaCl. However, the OD600 values in 
the OS100-4 cultures were always higher compared to the 
OS100-3 cultures. This was also the case for the maximum 
specific growth rates. In the OS100-3 culture, the maxi-
mum specific growth rate was about 0.2 ± 0.01 h− 1 at 50 
and 100 g/L NaCl. On the contrary, the OS100-4 culture 
exhibited the highest specific growth rate (0.47 ± 0.02 h− 1) 
at 50 g/L NaCl. Generally, in CDM + oily sludge cultures, 
specific growth rates of both isolates were lower than those 
of the corresponding LB cultures. Moreover, and similar to 
the LB cultures, the biomass yield of the OS100-4 cultures 
in CDM + oily sludge was relatively higher than the corre-
sponding values attained in the OS100-3 cultures. Growth 
of the OS100-3 isolate was higher in the presence of 100 
and 150 g/L NaCl, while the OS100-4 isolate grew better 
within the range 50–150 g/L NaCl.

Biotreatment of the oily sludge with the two 
bacteria isolated from the consortium OS-100

GC-MS analysis revealed biodegradation of oily sludge 
hydrocarbons by the two isolated bacteria OS100-3 and 

Fig. 2 Salinity tolerance profile of the consortium OS-100 grown in 
CDM supplemented with oily sludge (2%, w/v) (A and B) and in LB 
broth (C and D). The results are represented as growth profiles (A and 

C) and maximum specific growth rates (A and D). In the CDM cul-
tures, growth was monitored by measuring the biomass dry weight, 
while in the LB cultures the OD600 was measured
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hydrocarbon degradation was the highest at 30 and 35 °C 
(p > 0.05) with rates of 80.7 ± 4.1 and 86.2 ± 8%, respec-
tively. Then, the degradation activity dropped to 63.6 ± 3.7 
and 23.1 ± 1.1% at 40 and 45 °C, respectively (Fig. 3B).

Evaluation of the effect of the medium composition 
revealed that OS-100 maintained high capacity to degrade 
hydrocarbons in the oily sludge even in the absence of the 
complementary components (FeCl2, MgCl2, CaCl2, trace 
elements, and vitamins). Under this condition, the hydrocar-
bon removal of 93.2 ± 3.2% was comparable to that observed 
in complete CDM (94.1 ± 3.7%) (p > 0.05) (Fig. 3C). 
On the contrary, the OS-100 consortium lost almost half 
(54.4 ± 1.3%) of its hydrocarbonoclastic efficiency in the 
absence of phosphate buffer, and in the absence of the 
nitrogen source (NH4Cl) hydrocarbon removal dropped to 
5 ± 1% (Fig. 3C).

Temporal change in the degradation of oily sludge 
hydrocarbons by the OS-100 consortium

The ability of the bacterial consortium OS-100 to utilize 
oily sludge as the sole carbon, sulfur, and energy source 
was further evaluated by monitoring growth (biomass 
dry weight) during 10 days of incubation combined with 
GC-MS analysis (Fig. 4). During the first day of incuba-
tion, there was no noticeable change in the biomass. Starting 
from the 2nd day, the biomass dry weight increased until 
5th day, then remained relatively constant (stationary phase) 
until the 10th day (stationary phase). The most pronounced 
increase in biomass occurred after 3 days of incubation and 
the maximum specific growth rate was 1.15 d− 1. Hydro-
carbons removal efficiency increased with the incubation 
time, reaching 97.3% ± 0.2 after 10 days (Fig. 4). The high-
est hydrocarbon removal (approximately 70%) occurred 
between the 1st and 5th day. This was followed by a decline 
in hydrocarbon removal rate (only 27% within the remain-
ing 5 days). Although the overall hydrocarbon degradation 
trend is consistent with the growth profile, hydrocarbon 
degradation continued to increase after 5 days despite lack 
of apparent increments in growth of the OS-100 consortium. 
Moreover, there appears to be periodical halts in hydrocar-
bon degradation at days 3–4, 5–6, and 7–9.

Compositional shifts (population dynamics) in 
the OS-100 community structure under different 
culturing conditions

More than 99.8% of the sequences obtained from the bacte-
rial culture OS-100 belonged to Gammaproteobacteria, most 
of which were affiliated to the genera Halomonas and Idi-
omarina at the average proportions of 83 ± 2 and 16 ± 2%, 
respectively (Fig. 5). NMDS ordination of the OTUs based 

growth profiles and OD600 values of the OS-100 consortium 
were more similar to those of the OS100-4 isolate. Although 
the maximum specific growth rate in both cultures occurred 
in the presence of 50 g/L NaCl, the value (0.2 ± 0.01 h− 1) 
was similar to that of the OS100-3 culture, and much lower 
than that of the OS100-4 culture (0.47 ± 0.02 h− 1). In 
CDM + oily sludge cultures, also the overall growth profiles 
of the OS-100 consortium were more similar to those of the 
OS100-4 culture. However, the maximum biomass yield in 
the OS-100 cultures (0.43 ± 0.03 g/L) was higher than that 
attained in the cultures of the isolates. The maximum specific 
growth rate of the OS-100 consortium was about 0.8 ± 0.05 
d− 1 in the presence of 50 g/L NaCl. This value is similar to 
that of the corresponding culture of OS100-3 (0.89 ± 0.05 
d− 1) which occurred at 100 g/L NaCl, and higher than that 
of the corresponding culture of OS100-4 (0.64 ± 0.04 d− 1) 
which was attained at 50 g/L NaCl.

Effect of salt concentration on the degradation of 
oily sludge hydrocarbons by the consortium OS-100

When the oily sludge biotreatment was performed with a 
preculture prepared in LB broth, the hydrocarbon deg-
radation efficiency of the OS-100 consortium increased 
as the salt concentration in the culture medium increased 
up to 100 g/L (Fig. 3A). The highest biodegradation of 
78.7 ± 3.7% and 73.5 ± 1.4% was attained in the presence 
of 50 and 100 g/L NaCl, respectively (p > 0.05), whereas in 
the presence of 150 and 200 g/L NaCl, hydrocarbon biodeg-
radation dropped significantly to 29.8 ± 5.4 and 12 ± 11.6% 
(p < 0.05), respectively. The results showed that hydrocar-
bon removal % by a preculture prepared in CDM + oily 
sludge was generally higher than that attained with a LB-
grown preculture (Fig. S6). Nonetheless, statistical analyses 
revealed that there was no significant difference (p > 0.05), 
except in the cultures lacking NaCl (p < 0.05). Moreover, 
there was no statistically significant difference in hydrocar-
bon degradation by the LB-grown preculture of the con-
sortium OS-100 and the OS100-4 isolate (p > 0.05). When 
compared to cultures of the isolate OS100-3, we noticed a 
significantly higher hydrocarbon degradation by the OS-100 
consortium only in the presence of 50 g/L NaCl (p < 0.05). 
In addition, hydrocarbon degradation by a CDM-grown pre-
culture of the OS-100 consortium was significantly higher 
than that of isolate OS100-3 at 50 and 100 g/L NaCl and the 
isolate OS100-4 at 100 g/L NaCl (p < 0.05).

Effect of temperature and medium composition on 
hydrocarbon removal from the oily sludge

Temperature also had a remarkable effect on oily sludge 
hydrocarbon removal by the OS-100 consortium. In fact, 
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compositions (Fig. 6A). When the culture was incubated for 
10 days, a significant decline in the relative abundance of 
Halomonas with time was observed (R2 = 0.73, p < 0.001, 

on Bray-Curtis dissimilarities showed shifts in the compo-
sition of the OS-100 bacterial community when incubated 
at different times, salinities, temperatures and medium 

Fig. 3 Total ion chromatograms 
showing the impact of salinity 
(A), temperature (B) and medium 
composition (C) on oily sludge 
hydrocarbons biodegradation 
by the OS-100 consortium. *: 
Hydrocarbons removal percent-
age. Complete medium con-
tained all components (NH4Cl, 
phosphate buffer, vitamins, 
trace elements, FeCl2.4H2O, 
MgCl2.6H2O, CaCl2.2H2O). The 
preculture of the OS-100 consor-
tium was prepared in LB broth
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dominated the culture, while the remaining species made up 
each < 10% of total sequences (Fig. 5C).

When the OS-100 culture was incubated in a complete 
CDM (containing all components), Halomonas sp., Idioma-
rina sp., and Alcanivorax sp. 1 were the dominant species 
(Fig. 5D). Their relative abundance remained more or less 
unchanged in the medium lacking phosphate, however, with 
a remarkable increase in the proportion of Alcanivorax sp. 2 
to reach 25 ± 2% of total sequences. When the culture was 
incubated in the N-deprived medium, sequences belonging 
to Halomonas sp. and Idiomarina sp., over-dominated all 
others making up together 76 ± 1% of the total sequences 
(Fig. 5D).

Detection of functional genes in the OS-100 
consortium

It was possible to amplify alkB gene fragments by PCR 
using two different primer sets (Fig. S7). However, no PCR 
products corresponding to genes of PAH-RHDα, naphtha-
lene dioxygenase, or synthesis of osmoprotectants (betaine 
and ectoine) could be detected.

RT-qPCR was applied to assess changes in the expres-
sion of the alkB gene in OS-100 cultures grown on oily 

Fig. 6B). New sequences belonging to two OTUs of Alca-
nivorax were detectable in the cultures from 5 days of 
incubation onwards, of which one (i.e. Alcanivorax sp. 1) 
showed a significant increasing trend in proportion with 
time (p < 0.001) (Figs. 5A and 6B).

When incubated at different salinities, clear changes in 
the relative abundance of each member of the OS-100 bac-
terial culture were observed (Figs. 5B and 6A). While the 
relative abundance of Halomonas, and Chromohalobacter 
significantly increased with increasing salinity (p ≤ 0.001), 
the relative abundance of Idiomarina and Alcanivorax sp. 1 
significantly decreased (p ≤ 0.001, Fig. 5B). At NaCl con-
centration of 50 g/L, the OS-100 culture was mostly dom-
inated by Alcanivorax sp. 1, but this dominance changed 
in favor of Halomonas sp. and a newly detected species 
belonging to Chromohalobacter at 150 g/L NaCl (Fig. 5B).

The OS-100 consortium also exhibited significant compo-
sitional shifts at different temperatures. As the temperature 
increased, there was a significant increase in the proportions 
of Halomonas sp. and Alcanivorax sp. 1 (Fig. 6B). On the 
contrary, the proportion of Idiomarina sp. and Alcanivo-
rax sp. 2 decreased followed the opposite trend (Fig. 5B). 
At > 40 °C, only Halomonas sp. and Alcanivorax sp. 1 

Fig. 4 Growth profile of the OS-100 consortium on oily sludge (2%, 
w/v) represented as change in biomass dry weight and change in 
hydrocarbon degradation percentage with time. Values given represent 
the mean of three biological replicates ± standard deviation. vs.: ver-
sus. ap < 0.05 at day 0 vs. other incubation times; bp < 0.05 at day 1 vs. 

other incubation times; cp < 0.05 at day 2 vs. other incubation times; 
dp < 0.05 at day 3 vs. other incubation times; ep < 0.05 at day 4 vs. 
other incubation times; fp < 0.05 at day 5 vs. other incubation times *: 
Hydrocarbon removal percentage. The preculture of the OS-100 con-
sortium was prepared in LB broth
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of unspecific PCR products (Fig. S8). The transcript level 
of alkB showed an upward trend from the 1st to the 3rd 

sludge in the presence of 100 g/L NaCl over time (7 days 
of incubation). Melt curve analysis confirmed the absence 

Fig. 5 Shifts in the relative abundance (% of the number of total 
sequences) of the major bacterial constituents of the OS-100 con-
sortium (n = 3) in response to different incubation times, salinities, 
temperatures, and medium compositions. Complete medium con-

tained all components (NH4Cl, phosphate buffer, vitamins, trace ele-
ments, FeCl2.4H2O, MgCl2.6H2O, CaCl2.2H2O). The preculture of the 
OS-100 consortium was prepared in LB broth

 

Fig. 6 NMDS ordination plot of bacterial community composition of 
the OS-100 consortium at different incubation times, salinities, tem-
peratures, and medium compositions (A). Linear regression of the 
relative abundance of different species and the biotreatment condi-

tions (B). Complete medium contained all components (NH4Cl, phos-
phate buffer, vitamins, trace elements, FeCl2.4H2O, MgCl2.6H2O, and 
CaCl2.2H2O). The preculture of the OS-100 consortium was prepared 
in LB broth
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OS100-4, which is in line with the proposed contribution to 
the functioning of the OS-100 consortium. Based on these 
findings, we propose that the type of the culture medium 
used to prepare the precultures did not remarkably alter the 
composition of the OS-100 consortium. However, valida-
tion of this hypothesis needs further culture-dependent and 
culture-independent studies, including community structure 
analysis of the OS-100 inoculum originating from the LB- 
and CDM-grown precultures, as well as CDM + oily sludge 
cultures inoculated with a CDM-grown preculture. This 
is particularly important since differences in biomass load 
(inoculum size), which was higher in case of the LB-grown 
preculture, could contribute to these findings.

The hydrocarbon degradation profile of the OS-100 
consortium is similar to what we reported recently for 
another bacterial consortium where the highest degrada-
tion occurred within the initial days of incubation before a 
relative decrease which could be due to shortage of essen-
tial nutrients or depletion of readily biodegradable fraction 
(Hentati et al. 2022). The observed incremental upshift in 
hydrocarbon degradation after 5 days may be contradictory 
to the apparent growth arrest observed from day 5 to day 10. 
This apparent discrepancy may reflect attachment of bio-
mass to oil droplets which leads to underestimation of the 
actual biomass. Adhesion to hydrocarbons/oils is common 
among hydrocarbon-degrading bacteria where it represents 
one strategy to facilitate access to hydrophobic substrates 
(Ismail et al. 2017; Obuekwe et al. 2009).

Temporal change in alkB expression indicates its key role 
in the biodegradation of the alkane fraction of the oily sludge 
by the OS-100 consortium. Alkanes represent a major fam-
ily of petroleum hydrocarbons and constitute about 40–52% 
of oily sludge (Hu et al. 2013). Among alkane hydroxylases, 
AlkB is the most common and is used as a universal marker 
to assess bacterial alkane degradation (Koutinas et al. 2021; 
Akbari et al. 2021). However, there could be other alkane 
degradation genes (like cytochrome P450 enzymes, alkane 
monooxygenases AlmA or LadA) (Liu et al. 2011; Shuai 
et al. 2019) within the OS-100 genomic repertoire. This 
is because alkB expression increased up to day 3, which 
coincides with the increase in growth and hydrocarbon 
degradation during that period, but it significantly declined 
afterwards, despite continuous increase in hydrocarbon 
loss. Since we could not detect genes of PAH-RHDα, 
naphthalene dioxygenase, or synthesis of the osmoprotec-
tants (betaine and ectoine), we postulate that these genes 
could be lacking in the genomes of the OS-100 members. 
Alternatively, homologues of those genes could be present, 
albeit the used primers or PCR conditions were not specific 
enough to detect them.

Detection of Halomonas, Idiomarina, Alcanivorax, 
and Chromohalobacter spp. as the dominant members of 

day of incubation (Fig. 7A). Maximum expression of alkB 
occurred after 3 days with 11.277-fold, then dropped to 
1397-fold on the 4th day and slightly changed on the fol-
lowing days. The alkB expression profile was consistent 
with the observed increments in hydrocarbon degradation 
up to day 3 (Fig. 7B).

Discussion

The ability of the consortium OS-100 to treat waste oily 
sludge under hyperosmotic conditions (up to 150 g/L) is 
particularly interesting since 15% NaCl is far greater than 
the classification criteria of “highly saline” which is 3.5% 
inorganic salt content (Peng et al. 2020). Isolation of two 
halophilic and hydrocarbon-degrading bacteria from the 
OS-100 consortium belonging to the genera Halomonas 
and Chromohalobacter is consistent with the halophilic and 
hydrocarbon degradation phenotypes of this consortium 
(Fathepure 2014; Gomes et al. 2018). It also indicates that 
the two isolated bacteria constitute a dominant culturable 
fraction of the OS-100 community and highlights a key 
role of these two isolates in the observed phenotypes of the 
OS-100 consortium. However, they might be contributing to 
different extents according to the prevailing culturing condi-
tions. This postulation is based on the observed differences 
in salt tolerance and hydrocarbon removal capacity between 
the two isolates. This is further corroborated by the rela-
tively closer similarity of salt tolerance, growth profile, and 
hydrocarbon degradation capacity of the OS-100 consor-
tium to the corresponding phenotypes of the OS100-4 iso-
late. The compositional shifts that took place in the OS-100 
consortium under different bioprocess conditions add fur-
ther certainty to the validity of our reasoning.

A relatively higher biomass yield and hydrocarbon deg-
radation by the OS-100 consortium compared to the isolates 
could be due to synergistic interactions between the differ-
ent community members. Moreover, the OS-100 consor-
tium appears to exhibit a degree of functional resilience. 
This reasoning is based on the finding that there was no 
significant difference in hydrocarbon degradation capac-
ity when the oily sludge was treated with either a LB- or 
CDM-grown precultures. The finding that the consortium 
OS-100 exhibited maximum specific growth rate at 50 and 
100 g/L NaCl both in LB and CDM + oily sludge cultures 
further suggests potential functional resilience of this con-
sortium. Interestingly, 50 and 100 g/L NaCl were the con-
centrations which enabled highest hydrocarbon degradation 
by the OS-100 consortium regardless of the origin of the 
preculture, further attesting resilience. Furthermore, these 
were the optimum NaCl concentrations for growth and 
hydrocarbon degradation by the two isolates OS100-3 and 
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high salt levels (Fathepure 2014; Flores-Fernández et al. 
2019; Gomes et al. 2018; Govarthanan et al. 2020; Pani-
agua-Michel and Fathepure 2018; Peng et al. 2020; Rizi et 
al. 2017; Rizzo et al. 2022; Srivastava et al. 2022; Zare et al. 

the OS-100 consortium is consistent with their frequently 
reported detection in saline petroleum-contaminated envi-
ronments and their ability to metabolize organic pollutants 
such as petroleum hydrocarbons even in the presence of 

Fig. 7 Temporal changes in the expression of the alkB gene (A) and 
total ion chromatograms (B) showing degradation of oily sludge 
hydrocarbons by the OS-100 bacterial consortium. Values given rep-
resent the mean of at least three biological replicates ± standard devia-
tion. vs.: versus. ap < 0.05 at day 0 vs. other incubation times; bp < 

0.05 at day 1 vs. other incubation times; cp < 0.05 at day 2 vs. other 
incubation times; dp < 0.05 at day 3 vs. other incubation times; ep < 
0.05 at day 4 vs. other incubation times. The preculture of the OS-100 
consortium was prepared in LB broth
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relative abundance was maximum at 100 g/L NaCl, where 
the hydrocarbon degradation was also at maximum.

Temperature-dependent changes in the structure of the 
OS-100 consortium indicates differences in heat tolerance 
among the OS-100 bacterial members, which affected the 
hydrocarbon removal efficiency. Our results are in line with 
those of Ke et al. (2021) who reported that biodegradation 
of oily sludge hydrocarbons using a bacterial consortium 
increased with increasing the temperature (from 10 up 
40 °C) and started to decrease at 50 °C, with an optimum 
between 30 and 40 °C, albeit changes in the community 
structure were not reported. We have recently found no 
remarkable change in the structure of a bacterial consortium 
growing on oily sludge when the temperature was shifted 
from 30 to 40 °C, despite significant increase in hydrocar-
bon degradation at 40 °C. At 50 °C, significant change in the 
community structure was accompanied by lower hydrocar-
bon removal (Hentati et al. 2022).

It was unexpected to see that the OS-100 consortium 
retained significant hydrocarbon removal efficiency in CDM 
lacking phosphate. Since significant changes in the commu-
nity structure were only obvious in the relative increase in 
Alcanivorax sp. 2, it suggests a major contribution to hydro-
carbon removal in the absence of phosphate. The decrease in 
hydrocarbon degradation in CDM lacking phosphate could 
be due to not only phosphate starvation (Imron et al. 2020), 
but also the lack of the buffering capacity. In either case, the 
OS-100 consortium probably retrieved phosphate from the 
oily sludge or internal polyphosphate reserves (Cappelletti 
et al. 2020; Presentato et al. 2018).

When the OS-100 consortium was challenged with nitro-
gen starvation, it lost 80% of its hydrocarbon degradation 
capacity, despite the higher abundance of Halomonas and 
Idiomarina spp. This underlies the importance of nitrogen 
for hydrocarbon biodegradation (Imron et al. 2020). It is, 
therefore, tempting to propose that loss of hydrocarbon 
degradation was mainly due to nitrogen deprivation not 
to a change in the bacterial community structure since the 
OS-100 community structure in CDM lacking nitrogen did 
not vary significantly from its composition in complete 
medium. In contrast to these results, we recently reported 
that another bacterial consortium retained almost half of its 
hydrocarbon removal efficiency during biotreatment of oily 
sludge in CDM lacking nitrogen source (Hentati et al. 2022). 
Moreover, lack of nitrogen was associated with remarkable 
shifts in the bacterial community structure.

A closer look at the population dynamics of the OS-100 
community reveals that remarkable changes are not always 
associated with shifts in the hydrocarbonoclastic activity and 
vice versa. For instance, although the community structure 
changed significantly by increasing the salt concentration 
from 50 to 100 g/L, the hydrocarbon loss remained almost 

2019) (Table S6). These findings are also consistent with the 
isolation of Halomonas and Chromohalobacter spp. from 
the OS-100 consortium.

The most remarkable shifts in the community profile of 
the OS-100 consortium occurred during the initial 5 days 
where hydrocarbon removal was the highest. This is con-
sistent with the growth profile and suggests that the OS-100 
community was most actively engaged in the degradation 
process during that time. It appears that different sub-
populations contributed to hydrocarbon removal from the 
oily sludge at the different incubation times. Up to day 2, 
Halomonas and Idiomaria spp. could be the main hydrocar-
bon degraders, while Alcanivorax spp. probably contributed 
more to alkane degradation during the subsequent days. 
This can be inferred from the temporal decrease in the rela-
tive abundance of Halomonas and Idiomarina spp. which 
was accompanied by increase in the relative abundance of 
Alcanivorax spp. The increased expression of alkB, which is 
common in Alcanivorax spp. (Jagtap et al. 2021), is consis-
tent with the changes in the community structure and further 
highlights the role of Alcanivorax spp. in the degradation of 
the oily sludge hydrocarbons.

Occurrence of the highest hydrocarbon degradation 
between 50 and 100 g/L NaCl reflects the salinity tolerance 
range of the OS-100 consortium. In addition, the downshift 
of hydrocarbon degradation at higher NaCl concentration is 
consistent with the known impact of high salinity on micro-
bial growth and metabolism (Akbari et al. 2021; Hentati et 
al. 2021a, b; Truskewycz et al. 2019). The effect of salin-
ity was well reflected in the compositional shifts that took 
place in the OS-100 consortium. It appears that at the lower 
end (50 g/L NaCl), Idiomarina and Alcanivorax sp. 1 were 
the main hydrocarbon degraders since they dominated the 
community of OS-100. However, toward the higher end 
(150 g/L NaCl), Halomonas and Chromohalobacter spp. 
were the main contributors to the salinity tolerance of the 
OS-100 consortium. This postulation is further corroborated 
by the ability of Chromohalobacter and Halomonas spp. 
(OS100-3 and OS100-4) isolated from the OS-100 consor-
tium to thrive at NaCl concentrations up to 150 g/L. Further-
more, salinity-dependent phenotypic (growth profile and 
hydrocarbon degradation) differences between these two 
isolates suggest variable contribution to performance of the 
OS-100 community. Members of the genera Halomonas and 
Chromohalobacter have been repeatedly detected in some 
of the most saline habitats and implicated in petroleum 
hydrocarbon biodegradation (Paniagua-Michel and Fathe-
pure 2018). The significant downshift in the abundance of 
Alcanivorax spp. at high salinity may explain the decrease 
in hydrocarbon degradation and further back our postula-
tion that they were the key hydrocarbon degraders, as their 
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at the same level. Moreover, significant drop in hydrocarbon 
degradation occurred by upshifting the temperature from 40 
to 45 °C despite the high similarity of the community struc-
ture at both temperatures. Similarly, removing the nitrogen 
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community composition, while the hydrocarbon degrada-
tion drastically declined.

It can be concluded that the bacterial consortium OS-100 
has a remarkable ability to break down oily sludge hydro-
carbons with a notable resistance to high-salinity stress. 
In addition, the OS-100 consortium was able to sustain 
its hydrocarbon degradation capacity regardless of the 
composition of culture medium used to prepare the inocu-
lum. Hence, aged oily sludge is a good source of resilient 
autochthonous bacterial consortia that are well adapted to 
the recalcitrance of the oily sludge. The OS-100 consor-
tium responded differentially to the tested culturing condi-
tions which affected the hydrocarbonoclastic activity and 
composition of the OS-100 consortium. However, the most 
remarkable responses were observed for nitrogen starvation 
and high salt concentration. Moreover, different subpopu-
lations of OS-100 potentially contributed to hydrocarbon 
degradation and salinity tolerance at different time intervals. 
Although our experimental approach provided insights into 
the structure and function of the OS-100 halophilic consor-
tium during biotreatment of oily sludge, it did not reveal the 
actual role of each community member or potential interac-
tions among the different members. Moreover, the GC-MS 
analysis targeted only one fraction of the oily sludge. There-
fore, prospective studies should consider metagenomics/
metaproteomics and deeper analysis using two-dimensional 
GC to better characterize the OS-100 consortium in terms 
of structure and function under various environmental 
conditions.
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