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It has been demonstrated that biostimulation is necessary to investigate the interactions between indigenous
bacteria and establish an approach for the bioremediation of soils contaminated with weathered oil. This was
achieved by adjusting the carbon (C)/nitrogen (N)/phosphorus (P) ratio to 100/10/1 combined with the
application of 0.8 mL/kg Tween-80. In addition, three indigenous bacteria isolated from the same soil were
introduced solely or combined concomitantly with stimulation. Removal of n-alkanes and the ratios of n-hep-
tadecane to pristane and n-octadecane to phytane were taken to indicate their biodegradation performance over
a period of 16 weeks. One strain of Pseudomonas aeruginosa D7S1 improved the efficiency of the process of
stimulation. However, another Pseudomonas aeruginosa, D5D1, inhibited the overall process when combined with
other bacteria. One strain of Bacillus licheniformis D1D2 did not affect the process significantly. The Fourier
transform infrared analysis of the residual hydrocarbons supported the conclusions pertaining to the biodegra-
dation processes when probing the modifications in densities and stretching. The indigenous bacteria cannot
mutually benefit from their metabolisms for bioremediation if augmented artificially. However, the strain

Pseudomonas. aeruginosa D7S1 was able to perform better alone than in a consortium of indigenous bacteria.

1. Introduction

Bacteria are the most commonly used microorganisms in bioreme-
diation. In numerous applications, either in situ or ex situ, single or mixed
cultures of bacteria are used. They naturally exist as mixtures in the
environment and can rapidly degrade pollutants when appropriate
conditions are available. In bioremediation processes, autochthonous
(indigenous) or allochthonous (introduced) microorganisms are used.
Indeed, there is the possibility that the indigenous bacteria are not
capable of degrading the existing pollutants because they lack appro-
priate metabolic pathways, their density is not sufficient, or the condi-
tions are not suitable for the treatment. This situation mostly occurs with
oil pollution in soils. In this scenario, bioaugmentation approaches using
indigenous bacteria can be convenient [1]. Overcoming the chemical
and physical barriers to degrade targeted pollutants using indigenous
microorganisms has been the focus of a wide variety of bioaugmentation
studies [2, 3, 4]. Autochthonous microorganisms should be better
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adapted to the environmental conditions of their habitat than
allochthonous microorganisms. They can exhibit a higher potential for
bioremediation and survivability [5]. Moreover, the highest biotrans-
formation activity of the existing pollutants is exhibited by the zymog-
enous population of autochthonous microorganisms [6]. As a result,
biotransformation or even complete mineralization of organics can
occur through the overall metabolism of all existing microorganisms.
The removal of oil hydrocarbons from the environment, especially from
soils, is one of the proven bioremediation processes [7]. Similar pro-
cesses have been applied for the biodegradation of polychlorinated bi-
phenyls [8], polycyclic aromatic hydrocarbons (PAHs) [9,10], pesticides
[11], some heavy metals [12] and even radionucleotides [13, 14].
Regarding the bioremediation of oil spills, the efficiency is determined
based on the available total petroleum hydrocarbons (TPHs) at the site.
Indeed, biostimulation, providing nutritional supplements or increasing
the availability of pollutants and their accessibility to bacteria, was
successful if appropriate microorganisms were available at the site.
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Nevertheless, bioaugmentation (seeding), which is described as the in-
jection of viable bacterial cells into the natural ecosystem, facilitates the
rate and/or extent of oil biodegradation [15]. However, coupling bio-
augmentation to biostimulation leads to an improvement of the micro-
environment [16]. This could be done by aeration in the case of aerobic
microorganisms, adding nutrients if not sufficient for microorganisms, a
higher density of microbial cells if needed and surfactants for hydro-
phobic pollutants, among others [17]. This combination is common
when attempting to remediate hydrocarbon-polluted soils, as shown in
temperate climates [18]. However, the climate of arid regions results in
severe stress on indigenous bacteria [19], and little is known about the
biodegradability of oil products [20, 21]. Such harsh conditions accel-
erate the weathering processes of oil components polluting the soils
[22]. Therefore, the complexity of the mixtures of compounds is
increased in the spilled petroleum hydrocarbons. The rate of degrada-
tion differs from one component to another depending on their chemical
structure and concentration. Four main fractions characterize petroleum
hydrocarbons, asphaltenes, aromatics, resins and saturates [23]. The
n-alkanes are the most willingly degraded and are average in length
(n-C10- n-C25). The longer chains of alkanes consisting of (n-C25-
n-C40) are more difficult to degrade due to their low solubility in water
and low bioavailability. They are considered hydrophobic solids [23].
The branched chains of cycloalkanes and alkanes take more time in the
degradation process than normal alkanes. Highly condensed cyclo-
paraffinic structures, condensed aromatics, bitumen, tars and asphaltic
materials are the hardest to biodegrade and have high boiling points.
After oil degradation, the residual product can be regarded as a humic
substance [23]. Oil TPHs include molecules of n-C2- n-C40). They can be
further separated into petroleum-range organics (n-C2- n-C5) and
diesel-range organics (DRO) (n-C6- n-C40) [24, 25]. During the
biodegradation of hydrocarbons, the main question that arises is how
microbial cells interact with pollutants. Indeed, bacteria that are bio-
degraders of oil components should also produce biosurfactants to in-
crease the bioavailability of hydrophobic oil organics [26, 27].
However, the microorganisms of the soil do not necessarily possess the
ability to metabolize pollutants if not exposed to contaminating com-
pounds. Nevertheless, once these microorganisms have been exposed to
pollutants, they are also able to adapt by acquiring metabolic capabil-
ities by vertical or horizontal recruitment of genes [28, 29]. Recruitment
of new metabolic pathways, present in the genome but not expressed,
may be done by events of mutation, genetic rearrangement or trans-
position referring to vertical recruitment [28, 30]. Microorganisms can
also acquire catabolic gene clusters via mobile elements transferred
from a donor to a receiving host, referring to horizontal transfer [31]. In
bacteria, transfer phenomena are best known through the combination
of plasmids, transformation or transduction [32]. These phenomena of
horizontal transfers improve the catabolic capabilities of bacteria in
many ways, including expansion of their substrate range, allowing their
adaptation with other members of the microbial populations to other
pollutants [33].

Processes of biodegradation of complex mixtures of hydrocarbons
could require cooperation between more than one species together [34].
This is true particularly in types of pollution that are made by various
compounds, such as petroleum or crude oil, and desired for complete
mineralization to HyO and CO; [35]. Individual species of microor-
ganisms may metabolize a limited range of hydrocarbons. Assembling
mixed microbial populations with a high range of enzymatic capacities
further increases the extent and rate of hydrocarbon biodegradation
[36]. Populations of microorganisms that consist of various strains
belonging to different genera have been observed and detected in water
or soils contaminated with petroleum [37, 38]. Each genus strain or a
different strain of a genus in a microbial community plays a significant
role in the biotransformation, and the presence of other species or
strains, when the energy source is limited, may limit their presence and
survival, especially with complex substrates [39]. As such, the metabolic
diversity of bacteria that degrade hydrocarbons facilitates the process of
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degradation but is also the source of failure of some bioaugmentation
applications [40]. This especially occurs with weathered oil. The gap in
the knowledge is about the behavior of reconstituted mixtures (con-
sortia) of indigenous bacteria in a weathered soil polluted with oil.
Indeed, intermediates of metabolic pathways can act as substrates or
inhibitors for other bacteria [41]. The weathered oily soil from the
Dukhan area in Qatar represents a model of soil in which such a question
may be answered at the microbial-behavior level, rather than at the
metabolic level. The objectives of the current work are to (i) assess
self-purification by biostimulation of the highly weathered oily soil of
the Dukhan dumping site, (ii) investigate the potential of preselected
isolated indigenous bacterial strains (one Bacillus licheniformis and two
Pseudomonas aeruginosa) individually bioaugmented or in mixtures of
two or three in the biostimulated biopiles, and (iii) evaluate the changes
in soil organic composition by Fourier transform infrared (FTIR) analysis
to make a decision about the appropriate mode of bio-
stimulation/bioaugmentation for the remediation of highly weathered
oily soils.

2. Material and methods
2.1. Soil sampling, homogenization, and characteristics

Soil samples were obtained by composite sampling from the Dukhan
oil waste dumping site. The samples were then sieved with 2 mm pore
size sieves and manually mixed to reach homogeneity. The average soil
moisture was 6.5 wt. %. This was determined by drying soils at 50 °C for
5 days (stable weight). The soil contained 23% carbon of the total dry
matter with amounts of nitrogen and phosphorus (below the detection
level) using a carbon, hydrogen, nitrogen, and oxygen (CHNO) analyzer
(FLASH 2000-Thermo Fisher Scientific). The Diesel Range Organics
(DRO) and PAHs in the soils were measured using GC-FID and gas
chromatography-mass spectrometry (GC-MS), and their contents in the
control biopile were 3067 ppm and 403 ppb, respectively. All analyses
were performed in triplicate for proper statistical representation. The
detailed procedures of the abovementioned methods are described by
Qualha et al. [42].

2.2. Bioremediation in biopiles

Each biopile contained 712 g of soil. All biopiles were carried out in
triplicate under the same conditions. Moisture in the soil samples was
adjusted from 6.5% initially to 10% by mixing 27 mL distilled water for
each 685 g of soil. The biopiles were incubated in an oven set at 30°C.
For the weekly analyses, 5 g was sampled from each biopile after
rigorous manual homogenization for 5 min. The methods and the related
analyses are described by Oualha et al. [42].

2.3. Biopiles for biostimulation

Biostimulation was performed as described by Oualha et al. [42]
with adjustment of the C/N/P ratios in the soils using ammonium nitrate
as a nitrogen source containing 46.7% nitrogen and potassium phos-
phate as a phosphorus source containing 22% phosphorus. The corre-
sponding C/N/P was 100/10/1 [43]. Twee-80 kg_1 (0.8 mL) was added
as a chemical surfactant.

2.4. Biopiles for bioaugmentation

Three indigenous bacterial strains, D1D2 (Bacillus licheniformis),
D5D1 (Pseudomonas aeruginosa) and D7S1 (Pseudomonas aeruginosa),
were previously isolated from the same dumping site in the Dukhan, and
classified as highly hydrocarbon-degrading strains [44]. In total, and
eight different biopiles were tested in triplicate using single or mixed
bacterial strains, as shown in Table 1.

Bioaugmentation was performed by inoculating the biopiles with the
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Table 1
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Single and mixed indigenous bacterial strains used in bioaugmentation/biostimulation remediation of soil from the Dukhan dumping site.

Indigenous bacterial strain

Biopile # D1D2 (Bacillus) licheniformis) D5D1 (Pseud. ) aerugi ) D7S1(Pseud ) aerugi )
T1 X -
T3 - -
TS5 - X
T7 X -
T9 X X
T11 X
T13 X X

T15 (control) -

bacterial strains at an initial cell count of 2 x 10* CFU g~! soil at the
beginning of the incubation. If only one strain was used, its initial count
was 2 x 10* CFU g~ 'soil at the time of inoculation. If a consortium of
three strains is used, the total cell count of all the strains was also 2 x
10* CFU g~! soil, which means that each strain was inoculated with a
respective cell count of the third of inoculum size (0.667 x 10* CFU g~*
soil). At such conditions, it would be possible to compare the perfor-
mance of an individual strain to the reconstituted consortium.

The inoculum was prepared from separate liquid cultures prepared
by inoculating 20 mL Minimum Salts Medium (MSM) as described by
[401), with a strain colony supplemented with 10% diesel and incubated
for one week in a shaker set at 200 rpm and 30°C. The cultures were then
centrifuged (5,000 rpm for 5 min), and the pellets were harvested,
washed twice with MSM, and suspended in 5 mL MSM as reported by
Oualha et al. [42]. Cell counts of the suspensions were determined as
CFU on LB solid medium. The necessary volume for bioaugmentation
was calculated accordingly. The control (T15) is performed with bio-
stimulation only. In addition, another control was also performed
without stimulation or augmentation (not shown). However, the
indigenous bacteria in this control were not able to grow and thus could
not remove hydrocarbons (results not shown).

2.5. Determination of the total bacterial cells (CFU determination)

The cell count in the inoculum was determined as colony forming
units (CFU) by spreading 100 pL of serial dilutions on Luria-Bertani solid
plates and incubating at 30°C. This rich medium was used because it
allowed fast growth and formation of colonies after overnight incuba-
tion at 30 aC, as reported by Oualha et al. [42]. One gram of soil was
sampled from each biopile following a 5 min manual homogenization
and suspended in 5 mL MSM. Then, CFUs in the soil were determined.

2.6. GC-FID and GC-MS analyses

The n-alkane range was analyzed by GC-FID as detailed by Al-Kaabi
et al. [23] and Oualha et al. [42]. Gas chromatography was periodically
performed for n-C17 to n-C36 hydrocarbon determination to evaluate
the efficiency of their removal by the bacterial isolates or the consortia.
Analysis of hydrocarbons by GC-MS was performed during the incu-
bation of the biopiles. Changes over time of n-alkanes from n-C17 to
n-C36 in the soil were monitored in each biopile.

2.7. Fourier transform infrared (FTIR) analysis

The soil samples from each biopile and potassium bromide (KBr)
were first dried in an oven set at 50 °C for 48 h and then manually
ground using a spatula. FTIR analysis was performed with a mixture of
20 mg of the soil and 200 mg KBr in a 13 mm disk at a pressure of 7 tons
for 2 min using an FTIR PERKINELMER (Spectrum BXII). Transmittance
spectra were generated with wavenumbers in the 400-4000 cm ™! range.

2.8. Statistical analysis

The results were obtained in triplicate and statistically analyzed by
analysis of variance (ANOVA) at a 95% confidence level.

3. Results

3.1. Bioremediation of weathered polluted soils by biostimulation in
biopiles

The removal of hydrocarbons from the oily soil of the Dukhan
dumping area was monitored in biopiles, performed with biostimulation
only (Biopiles#15 in Table 1). Fig. 1 shows the results of the removal of
n-alkanes over the incubation period of bioremediation by bio-
stimulation. Biodegradation started effectively after 4 weeks with mol-
ecules of lower molecular weights (from n-C-17 to n-C-29), and the
highest removal was marked with n-C20- n-C21. At week 8, most of the
alkanes were removed, and indigenous bacteria developed an almost
linear decrease in activity with the increase in the molecular weight of
hydrocarbons. The activity beyond the 8™ week was lower. At 16 weeks,
more than 60% of each alkane of less than n-C32 was registered. The
highest removal of up to 85% of n-alkanes obtained by biostimulation of
the indigenous bacteria was recorded in the 16™ week.

Regarding the bacterial growth in the biopiles, the CFU of the biopile
soil was determined during the incubation, knowing that the initial CFUs
were approximately 3 x 10?2 CFU g~! in the noninoculated soil. The
determined CFUs corresponded to the colonies formed by all the strains
on LB solid medium. It was not possible to determine the CFU of each
separate strain. The CFUs were 4 x 10* CFU g™}, 9 x 10* CFU g ! and 2
x 10° CFU g~ ! at weeks 4, 8 and 16, respectively. This result shows that
the stimulation of growth of the indigenous bacteria can be achieved by
adjusting the C/N/P ratio to 100/10/1 with the addition of 0.8 mL
Tween-80 kg~ '. The bacteria showed a high adaptation to degrade the
residual hydrocarbons in the weathered soil.

3.2. Efficiency of bioaugmentation using a single indigenous bacterial
strain in oily soil of the Dukhan dumping site

To study the efficiency of bioaugmentation coupled to biostimulation
on the removal of n-alkanes, the isolates D1D2, D5D1, and D7S1 initially
isolated from the same polluted soil were introduced individually into
the biopiles (T1, T3 and T5, respectively). The results are shown in
Fig. 2. Using B. licheniformis D1D2 or P. aeruginosa D7S1, degradation of
n-C17 to n-C21 hydrocarbons started effectively on week 2, whereas
using the strain P. aeruginosa D5D1, it started on week 4, as was done for
biostimulation alone. It seems that D1D2 and D7S1 could reduce the lag
phase of the bioremediation on the fraction of n-C17 to n-C21 hydro-
carbons, while D5D1 did not change the dynamics of removal compared
to biostimulation alone. The highest removal rate of n-alkanes was
observed with n-C21 after week 16, reaching up to 95%, 92%, and 85%
with D1D2, D5D1, and D7S1, respectively. Alkanes with lower molec-
ular weights underwent a higher degradation compared to those with
higher molecular weights. After 16 weeks of incubation, the removal
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Fig. 1. Hydrocarbon removal from oily soil of the Dukhan dumping area using biostimulation, with adjustment of C/N/P to 100/10/1 and adding 0.8 ml Twee-80/

kg. The corresponding biopile code is T15 in Table 1.

efficiency of n-C36 was 39% with D7S1, while it was much lower with
D5D1 (25%) and D1D2 (24%).

The efficiency of the strains was also translated into growth by
increasing their respective CFUs in the soil. The determined CFUs cor-
responded to the colonies formed on LB solid medium by the strains
existing in the soil. It was not possible to determine the CFU of each
separate strain. Regarding the bacterial growth in the biopiles, the CFU
in the biopile soils was determined during the incubation, knowing that
the initial CFUs were approximately 2 x 10* CFU g~!. The CFUs re-
ported in Table 2 show that the growth of bacteria in the augmented/
stimulated biopiles is much higher during the incubation than that ob-
tained with stimulated growth only.

3.3. Performance of biostimulation/bioaugmentation using reconstituted
consortia in oily soils of the Dukhan dumping site

The efficiency of reconstituted bacterial consortia using the indige-
nous bacterial strains isolated from Dukhan soil was investigated in
stimulated biopiles. Combinations of two strains or all three strains
together were evaluated (Fig. 3).

The results in Fig. 3 show the removal of each n-alkane using the
consortia in biopiles. It is clear that the removal of n-alkanes was pro-
nounced on week 4 with hydrocarbons having low molecular weights
(less than n-C25). However, with the combinations D1D2/D5D1 and
D1D2/D5D1/D7S1, the removal was low during the first two weeks on
n-C17 to n-C19 and was generally lower on all n-alkanes compared to the
single strains (Fig. 2). The combination of D5D1 to D1D2 or to D7S1 or
to D1D2/D7S1 reduced the performance of the individually used strains.
The highest removal efficiencies of n-alkanes were observed in week 16,
with up to 74%, 74%, 76%, and 70% of n-C21 using the combinations
D1D2/D7S1, D5D1/D7S1, D1D2/D5D1, and D1D2/D5D1/D7S1,
respectively. These performances are almost 20% lower than those with
individual strains, as shown in Fig. 2. The same conclusion is clear with
the removal efficiencies of n-C36, which were 25%, 25%, 24%, and 16%,
respectively.

The CFUs determined in the biopiles performed with the combined
strains after 4, 8 and 16 weeks of incubation (Table 3) show that the
combination of the 3 strains led to the highest CFU during all the periods
of incubation. However, the CFUs obtained with single strains (Table 2)
were higher. It seems that the interaction between the strains inhibited
their growth to a certain extent and that the competition in the substrate
uptake between the strains to induce growth was unfavored in the
combination.

3.4. Performance and rate of biostimulation/bioaugmentation for the
bioremediation of weathered oily soil

To compare the effect of biostimulation/bioaugmentation using
single indigenous isolates or their mixtures (consortia) on the rate and
efficiency of degradation of hydrocarbons, their corresponding removal
profiles were compared after 16 weeks of treatment (Fig. 4).

The best removal profile was obtained with bioaugmentation using
isolate D7S1 (biopile#T5). The isolate D1D2 (Biopile#T1) performed
slightly worse than the isolate D7S1 (biopile#T5). Biostimulated bio-
pile#T15, used as a control for bioaugmentation, showed similar results
to that of the biostimulated/bioaugmented biopile#T3 performed using
the strain D5D1. This means that bioaugmentation with the strain
P. aeruginosa D5D1 did not improve the overall performance of the
existing bacteria in the soil. Surprisingly, bioaugmentation using the
mixed bacterial isolates (biopile#T13) was less efficient than bio-
stimulation without bioaugmentation (biopile#T15). Indeed, augmen-
tation using a combination of D1D2 to D5D1 or to D7S1 was less efficient
than just biostimulation and much less efficient than bioaugmentation
using D1D2 alone. Similar conclusions can be drawn regarding isolate
D7S1 (biopile#T5), which was much more efficient than all the other
combinations. The combination of D5D1 to D7S1 or the reconstituted
consortium with the three isolates together significantly decreased the
performance of the removal of hydrocarbons. These results clearly show
that mixing the isolated indigenous bacteria in bioaugmentation ap-
proaches was not beneficial for the treatment of the weathered oily soils
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Fig. 2. Removal of n-alkanes by biostimulation/bioaugmentation using the indigenous bacteria a) B. licheniformis D1D2, b) P. aeruginosa D5D1 and c)
P. aeruginosa D7S1.
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Table 2
Growth evaluation of the inoculated strains through CFU determination

Biopile # Inoculated strain CFU (10° CFU g~ ') after:

4 weeks 8 weeks 16 weeks
T1 B. licheniformis (D1D2) 29+1 35+2 37+1
T3 P. aeruginosa (D5D1) 33+1 36 +2 39+ 1
T5 P. aeruginosa (D7S1) 42+1 56 + 2 57 +1

at the Dukhan site. However, the strain P. aeruginosa D7S1 was able to
perform better results alone than when mixed with the other indigenous
bacteria.

3.5. Evaluation of the performance of biostimulation/bioaugmentation on
n-alkanes (n-C17-n-C19) and their branched homologs

Since the ratios of n-heptadecane (n-C17) to pristane (Pr) and n-
octadecane (n-C18) to phytane (Ph) are indicative of biodegradation
performance and their removal at different rates is a result of the specific
mechanism of biodegradation, the removal of n-alkanes in the range n-
C17 to n-C19 and their branched homologs were evaluated during the
treatment in all performed biopiles (Fig. 5). The bioaugmentation by a
single bacterial strain reduced the hydrocarbon concentration to less
than 15% at week 16. The depletion of n-C17 to n-C19 as well as
branched homologs could be attributed to biodegradation. With all
combinations of biostimulation/bioaugmentation, the removal of C21,
phytane, and pristane never exceeded 10% (residual contents were al-
ways near 90%). For the branched alkanes in all biopiles, removal effi-
ciencies were below 10% at week 8, while they further improved after
16 weeks of incubation to 13% for D1D2, 18% for D5D1, and 15% for
D781, while they remained at 11% for the control (biostimulation only).
For all combinations of bacterial strains, the branched alkane reduction
was below 10%. As seen for n-C17-n-C36, both n-alkanes and branched
alkanes were generally degraded at a higher rate with shorter chain
length.

3.6. Investigation of changes in hydrocarbon composition using FTIR
analyses

The FTIR analyses are shown in Fig. 6 The FTIR spectrum (Fig. 6a) of
the Dukhan soil before any treatment (stimulation without augmenta-
tion) shows aromatic C—H stretching vibrations at approximately 3050
cm ™! (Minejima et al., 2002) and peaks of aliphatic hydrocarbons (-CHy
and -CHj3) stretching at 2987 cm ! [45]. The O-H stretching vibrations
are responsible for the broad peaks estimated at 3200-35450 cm~ ! [46].
The changes in the structural properties of the Dukhan soil after the
addition of the nonionic surfactant Tween-80 resulted in the formation
of the major peak located between 1000-1100 cm ™, associated with
S=0 or C-O stretching vibrations, as shown in Fig. 6b. These findings are
in agreement with the results of Feng et al. (2006), who showed that the
addition of Tween 80 to diesel oil enhances biodesulfurization. The
absorptions in the 680-730 em™? range represent the C-H aromatic
groups undergoing out-of-plane deformation stretching [47]. The band
at 1630 cm ™! is associated with carbonyl C=0 [47].

The peaks located at 2834 cm ™" 2914 cm™! and 2987 cm™1, rep-
resenting -CHy and -CHjg stretching, disappeared during the incubation.
However, their removal was performed at different rates; starting week
4 in the biostimulation treatment and the decrease in the band at 704
em! (alkene =C-H), this means that bacteria start breaking down the
alkenes to transform them to alkanes, resulting in the elimination of the
2987 cm™! peak. In addition, with the reduction of the band at 730
cm™}, the alkane concentration starts to decrease due to degradation, as
shown by Kumar et al. [48]. The FTIR spectra also showed a decrease in
the intensity of the aromatic C-H stretching bands ranging between 3000
and 3100 cm™! at weeks 2, 4, 8, and 16. Stretching vibrations at
approximately 3200-3550 cm ™! were increased in O-H at weeks 2, 4, 8,
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and 16, generated by the microbial oxidation process. The alkene signal
at 731 cm™! starts to decrease in intensity until week 16, which is an
indication of biodegradation. In addition, an increase in the intensity of
the stretching vibrations of C-O was illustrated in the FTIR spectra at
1034 cm ™.

4. Discussion

The soil samples were collected from a three-year abandoned site of
solid and liquid petroleum wastes. The average soil moisture of the
samples was 6.5 wt.%. This was not surprising for soils sampled from an
arid region. However, this moisture is not adequate for microbial
growth. Previous work on the same soil [23, 49] showed that heavily
weathered oil solidified and enclosed relatively unweathered oil inside
the tars. This situation thus prevented further degradation of the interior
oil, although three hydrocarbon-degrading bacteria were isolated from
such soils after grinding and sieving the soils using 2 mm sieves. This
demonstrates that degradation of oil is a very slow process and that
physical and chemical weathering processes are more pronounced in
this soil than in biological soil. In this study, moisture was adjusted to
10% by adding water as previously reported for the same soil [42]. Our
focus was on the evaluation of hydrocarbon removal under several
conditions, mainly by biological processes. Hydrocarbons existing in the
soil were shown to be highly weathered when exposed to harsh condi-
tions for more than three years [40, 23]. These results also showed that
most of the hydrocarbons were highly adsorbed and stabilized in the soil
particles. Under harsh weather conditions, their adsorption might in-
crease in tar balls, which may affect the hydrocarbon structures [50].
Consequently, analysis of n-C17 to n-C36 hydrocarbons was performed
periodically for 16 weeks to evaluate the efficiency of their removal by
the bacterial isolates or consortia. In fact, the period of 16 weeks for the
treatment may be considered acceptable for an innovative bioremedia-
tion approach at the status of the soil. In the literature, longer periods of
treatment were reported to have a moderate impact on weathered oil
components. Moreover, the results were highly similar in the triplicates
of the performed biopiles as analyzed by ANOVA at the 95% confidence
level (p values > 0.05). This statistical analysis is a necessary tool to
confirm the significance of the differences in the alkane profiles under
diverse bioaugmentation-biostimulation conditions, considering that
many experimental artifacts in the biopiling technique may occur at a
small scale. Changes over time of n-alkanes from n-C17 to n-C36 in the
soil were monitored in each biopile, conducted using single or mixed
bacteria. The objective was to elucidate the interaction between the
indigenous bacteria in the case of highly weathered hydrocarbons. Many
cases of bioaugmentation failure in similar regions characterized by high
weathering have been reported. Adequate indigenous or exogenous
bacteria should be highly adapted to soil composition but also able to
cooperate with the rest of the indigenous microorganisms.

Under biostimulation conditions, a long lag phase was necessary for
the indigenous bacterial communities to adapt and remove up to 85% of
n-alkanes in the 16™ week, starting with the easiest to the least biode-
gradable substrates. Indigenous bacteria already in the soil were
responsible for such removal since the nonstimulated soil did not show
any changes in n-alkanes at 10% moisture for periods exceeding 12
months (results not shown). Under such conditions, the abiotic factors of
the soil should similarly influence the rate of biodegradation in all
biopiles. They include soil salinity, pH, moisture, oxygen, redox poten-
tial, and nutrient availability. The resistance of hydrocarbons to degra-
dation is also due to their composition, solubility, and interaction
between all the soil components. However, the effectiveness of biore-
mediation is additionally dependent on the potential of the existing
bacteria to make hydrocarbons more available and susceptible to
degradation.

The combination of biostimulation and bioaugmentation using the
most highly adapted indigenous bacterial strains previously isolated
showed that B. licheniformis D1D2 and P. aeruginosa D7S1 reduced the
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Table 3
Growth evaluation of the inoculated strains through CFU determination

Biopile # Inoculated strain CFU (10° CFU g~ ') after:

4 weeks 8 weeks 16 weeks
T7 D1D2 + D5D1 21 +£1 29 +£2 30+2
T9 D1D2 + D781 28+ 2 31+ 2 33+ 2
T11 D5D1+ D7S1 24 +1 28+ 2 31+ 2
T13 D1D2 + D5D1 +D7S1 32+2 36 +2 37 £2

lag phase of bioremediation, while P. aeruginosa D5D1 did not change
the dynamics of removal compared to biostimulation alone. Although
the removal of n-C21 after 16 weeks ranged from 85% to 95% and hy-
drocarbons with lower molecular weights underwent a higher removal
rate, the removal efficiency at higher molecular weights for n-C36 was
39% with P. aeruginosa D7S1, which was higher than that with
P. aeruginosa D5D1 and B. licheniformis D1D2. As an overall observation,
P. aeruginosa D7S1 can be considered the most active on n-alkanes in the
period over 16 weeks. The isolate B. licheniformis D1D2 was slightly less
performant than the isolate P. aeruginosa D7S1, while P. aeruginosa D5D1
seems not to be effective for bioaugmentation using a single strain.
Indeed, the biostimulated biopile used as a control for bioaugmentation
showed similar results to that of the biostimulated/bioaugmented bio-
pile performed using the strain P. aeruginosa D5D1. It is worth to note
that the three strains were selected based on their performance in the
removal (%) of TPHs in liquid cultures as reported in our previous
studies. Indeed, the strain B. licheniformis (D1D2) exhibited the highest
TPH removal of 48.1 + 0.9 %, followed by the strain P. aeruginosa
(D5D1) with TPH removal %of 42 + 1 % and P. aeruginosa (D7S1) with
TPH removal of 27.0 £+ 0.8 % [44].

To elucidate the consequence of the interactions between the three
indigenous bacterial strains, reconstituted consortia were inoculated
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into the biopiles. Surprisingly, bioaugmentation using the three bacte-
rial strains mixed in the same biopile was less efficient than bio-
stimulation without bioaugmentation. However, the combination of
B. licheniformis D1D2 with P. aeruginosa D5D1 or with P. aeruginosa D7S1
was less efficient than biostimulation alone and much less efficient than
bioaugmentation using B. licheniformis D1D2 alone. Similar conclusions
can be drawn regarding isolate D7S1, which was much more efficient
than all the other combinations. The combination of P. aeruginosa D5D1
with P. aeruginosa D7S1 or the reconstituted consortium with the three
isolates together greatly decreased the performance of the removal of
hydrocarbons. These results clearly show that mixing the isolated
indigenous bacteria in bioaugmentation approaches was not beneficial
for the treatment of the weathered oily soils at the Dukhan site. It seems
that bacteria were inhibited through their respective activities.
Compared to their respective performance in removing hydrocarbons
obtained in separate cultures, the profile of removal was maintained, but
the removal rates and efficiencies were much reduced. Thus, it can be
concluded that the indigenous bacteria cannot mutually benefit from
their metabolism for growth if augmented artificially but are also
inhibited to some extent. However, the strain P. aeruginosa D7S1 was
able to perform better alone than when mixed with the other indigenous
bacteria.

It is expected that the most susceptible oil components to biodegra-
dation are n-alkanes and isoprenoid aliphatic alkanes [51, 52]. The ra-
tios of n-heptadecane (n-C17) to pristane (Pr) and n-octadecane (n-C18)
to phytane (Ph) indicate biodegradation performance, assuming that the
isoprenoid hydrocarbon pristane (n-C19) and phytane (n-C20) volatility
is similar to n-C17 and n-C18 and that their disappearance at different
rates is a result of a mechanism of biodegradation rather than through
simple evaporation [53]. Isoprenoid susceptibility to microbial degra-
dation is lower than that to n-alkanes of similar molecular weight. In
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Fig. 4. Efficiency of bioaugmentation using single or reconstituted consortia of the indigenous bacteria compared to biostimulation of the indigenous bacteria in oily

soil of the Dukhan dumping site after 16 weeks of incubation.
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addition, their rate of evaporation and degradation tends to decrease,
depending on their degree of alkylation [54]. Bioaugmentation by a
single strain (D1D2, D5D1, and D7S1) reduced their concentration to
less than 15% at week 16. The depletion of n-C17 to n-C19 as well as
branched homologs could be attributed to their biodegradation. With all
combinations of biostimulation/bioaugmentation, the removal of iC21,
phytane, and pristane never exceeded 10% (residual contents were al-
ways near 90%). For all combinations of bacterial strains, the branched

alkane reduction was below 10%. As seen for n-C17-n-C36, both n-al-
kanes and branched alkanes were generally degraded at a higher rate
with shorter chain length. These results are analogous to those of other
studies [54].

The FTIR spectra obtained in soils treated with bioaugmentation
using a single strain or combined one showed similar absorption bands
to those in the untreated soil or biostimulation treatment over the same
periods of incubation. However, the spectra have varying relative
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densities. The microbial process induced an extensive response on the
carbonyl C=0 located at 1630 cm™! through hydrocarbon oxidation
continuously during the period of 16 weeks, but with variable rates
among the treatments. As such, bacteria caused an oxidative alteration
in the macromolecular structure resulting in the formation of oxygen-
ated functional groups after biodegradation. The -CH; and -CHj
stretching disappear during the incubation. In addition, an increase in
the intensity of the stretching vibrations of C-O indicated some kinds of
biodegradation, as shown by Kumar et al. [48]. Sequentially, there was
the disappearance of some aromatic nuclei peaks because of
degradation.

The study also confirmed that the susceptibility to microbial
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degradation is lower in high-molecular-weight n-alkanes than in lower-
molecular-weight n-alkanes, which illustrates the high susceptibility
previously reported by Brzeszcz & Kaszycki [29] for unweathered
hydrocarbons.

Future studies on soil microbial communities can be performed using
metagenomics. This would include taxonomic and functional gene
composition as well as for potential new biocatalysts and enzymes [55].
Genome-resolved metagenomic techniques can be utilized to charac-
terize the changes in microbial communities during the bioremediation
(biostimulation/bioaugmentation) processes [56]. Moreover, the 16S
rRNA sequences of bacterial communities can be used to predict the
functional composition of the metagenome of the soils subjected to
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bioaugmentation [57].

5. Conclusion

Modern approaches to bioremediation should consider the func-
tional biodiversity of microorganisms, which is useful for implementing
them in applications. In our approach, hydrocarbon-degrading bacteria
would work as a factory with high interaction with the microenviron-
ment. This is the basic concept of a cell factory. Our strategy of isolation
was highly effective in providing evidence on the microbial and meta-

bolic variabilities. Local microbial strains exhibited interesting
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biological activity due to their adaptation to prolonged extreme tem-
peratures and desiccation. The most valuable observation of the current
study is that it should be expected that each site polluted with oil
components should be bioremediated by intrinsic hydrocarbon-
degrading bacteria to overcome long adaptation periods and provide
the appropriate metabolic activities to interact specifically with the
existing pollutants.

The role of soil physicochemical characteristics, the conditions and
their interactions between soil pollutants and bacteria were investigated
to implement the best bioremediation strategies regarding required
nutrients to support bioaugmentation-biostimulation approaches in
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Qatar. Our results showed that a mixture of isolated indigenous bacteria
caused a decrease in the removal efficiency of hydrocarbons and thus
was not beneficial for the biostimulation/bioaugmentation approaches
in the weathered oily soils. It seemed that bacteria were inhibited
through their respective activities. Thus, we can conclude that bacteria
may not be able to mutually benefit from the metabolism of each other
for growth but rather inhibit growth. In this study, we showed that
bioremediation by bioaugmentation/stimulation of weathered oil-
contaminated soils under harsh conditions is possible, but if suitably
selected indigenous bacteria are used with an appropriate screening
program. Bioaugmentation must use native bacteria as they are, or at
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least can become, highly adapted particularly if the oil hydrocarbons are
weathered. These results can explain the failure of some bio-
augmentation applications, especially with weathered oil. The gap in the
knowledge is about the behavior of reconstituted mixtures (consortia) of
indigenous bacteria in a weathered oily soil. Indeed, intermediates of
metabolic pathways could play the role of substrates or inhibitors for
other bacteria. In Dukhan soils, a single bacterium augmented with the
stimulation was shown to be efficient.



N. Al-Kaabi et al.

Biotechnology Reports 36 (2022) e00767

g ----Day 0 —Week 2 Week 4 Week 8 —Week 16 - Tween 80
Fanmn o 100
80
e
60 o
o
2
©
a0 &
20
: (]
3900

3400 2900 2400

1900 1400 900 400

Wavemumber (cm-)

—Week 2

----Week 4

Week 8 —Week 16

Realtive %T

20
0
3900 3400 2900 2400 1900 1400 900 400
Wavemumber (cm-1)
Fig. 6. (continued).
Declaration of Competing Interest Acknowledgment

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

13

The authors thank the great support of the Environmental Science
Center of Qatar University with all the staff who helped and supported in
the analysis of oil hydrocarbons. The authors also thank the Central
Laboratory Unit, Qatar University for the support and help in the anal-
ysis of CHNO. The authors tank Prof. Jan H. Christensen and Dr. Mette
Kristensen (Department of Plant and Environmental Sciences, University
of Copenhagen) for the help in interpretation of the results and the

critical reading of the manuscript. Open access provided by Qatar Na-
tional Library.



N. Al-Kaabi et al.

References

[1]

[2]

[3]

[4

=

[5

fad}

[6

[}

[7

—

[8

[}

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

D. Asha, V. Vasudevan, M.E.G. Krishnan, Demonstration of bioprocess factors
optimization for enhanced mono-rhamnolipid production by a marine Pseudomonas
guguanensis, Int. J. Biol. Macromolecules 108 (2018) 531-540.

C. Azubuike, C.B. Chikere, G.C. Okpokwasili, Bioremediation techniques-
classification based on site of application: principles, advantages, limitations and
prospects, World J. Microbiol. Biotechnol. 32 (2016) 180.

M.C. Medaura, M. Guivernau, X. Moreno-Ventas, F.X. Prenafeta-Boldd, M. Vinas,
Bioaugmentation of native fungi, an efficient strategy for the bioremediation of an
aged industrially polluted soil with heavy hydrocarbons, Front. Microbiol. 12
(2021).

A. Nzila, S.A. Razzak, J. Zhu, Bioaugmentation: an emerging strategy of industrial
wastewater treatment for reuse and discharge, Int. J. Environ. Res. and Public
Health 13 (9) (2016), https://doi.org/10.3390/ijerph13090846.

P. Beskoski Vladimir, S. Mili¢ Jelena, V. Ili¢ Mila, B. Mileti¢ Srdan , S. Jovan¢icevi¢
Branimir, M. Vrvi¢-Miroslav. Bioremediation of soil polluted with crude oil and its
derivatives: Microorganisms, degradation pathways, technologies. Hemijska
industrija, 66, (2012) 275-289, 10.2298/HEMIND110824084B.

M.S. Smitha, S. Singh, R. Singh, Microbial bio transformation: a process for
chemical alterations, J. Bacteriol. Mycol. 4 (2) (2017) 47-51.

Z. Huang, Z. Xu, Y. Quan, H. Jia, J. Li, Q. Li, Z. Chen, K. Pu, A review of treatment
methods for oil-based drill cuttings, in: IOP Conference Series: Earth and
Environmental Science 170, IOP Publishing, 2018, 022074.

X. Hu, T. Cheng, J. Liu, A Novel Serratia Sp. ZS6 Isolate Derived From Petroleum
Sludge Secretes Biosurfactant And Lipase In Medium With Olive Oil As Sole Carbon
Source, 8, AMB Express, 2018, p. 165.

Pathak, H., Kantharia, D., Malpani, A., Madamwar, D., 2009. Naphthalene
degradation by Pseudomonas sp. HOB1: in vitro studies and assessment of
naphthalene degrading efficiency in stimulated microcosms.

A. Masih, A. Taneja, Polycyclic aromatic hydrocarbons (PAHs) concentrations and
related carcinogenic potencies in soil at a semiarid region of India, Chemosphere
65 (2006) (2006) 449-456.

L.A. Saleh, N. Zouari, M.A. Al-Ghouti, Removal of pesticides from water and
wastewater: Chemical, physical and biological treatment approaches, Environ.
Technol. Innovation (2020).

Zulfa Al Disi, M.A. Al-Ghouti, N Zouari, Investigating the simultaneous removal of
hydrocarbons and heavy metals by highly adapted Bacillus and Pseudomonas
strains, Environ. Technol. Innovation 27 (2022), 102513.

R.M. Aleksakhin, Radioactive contamination as a type of soil degradation, Eurasian
Soil Sci. (42) (2009).

Chirwa, M.N., 2012. Microbial Biotechnology: Energy and Environment (Ed.: R.
Arora), CABI, Oxfordshire, p. 310.

1. Sharma, Bioremediation techniques for polluted environment: concept,
advantages, limitations, and prospects, in: M.A. Murillo-Tovar, H. Saldarriaga-
Norenia, A. Saeid (Eds.), Trace Metals in the Environment, IntechOpen, 2021.
E.E. Raimondo, J.M. Saez, J.D. Aparicio, M.S. Fuentes, C.S. Benimeli, Coupling of
bioaugmentation and biostimulation to improve lindane removal from different
soil types, Chemosphere 238 (2020), 124512.

A. Kapley, B.V Kjellerup, G. Saxena, Y. Teng, C. Desai, D. Madamwar, A.B. Patel,
S. Shaikh, K.R. Jain, Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and
Remediation Approaches, 2020.

S. Chandra, R. Sharma, K. Singh, et al., Application of bioremediation technology
in the environment contaminated with petroleum hydrocarbon, Ann Microbiol 63
(2013) 417-431, https://doi.org/10.1007/513213-012-0543-3.

S. Bibi, M. Oualha, Y. Ashfaq, T. Suleiman, N. Zouari, Isolation, differentiation and
biodiversity of ureolytic bacteria of Qatari soil and their potential in microbially
induced calcite precipitation (MICP) for soil stabilization, RSC Adv. 8 (2018)
5854-5863, 2018.

Z. Bayat, M. Hassanshahian, S. Cappello, Immobilization of microbes for
bioremediation of crude oil polluted environments: a mini review, Open Microbiol.
J. 9 (2015) 48-54.

M.A. El-Liethy, M M El-Noubi, A L K Abia, M G El-Malky, An I Hashem, G E El-
Taweel, Eco-friendly bioremediation approach for crude oil-polluted soils using a
novel and biostimulated Enterobacter hormaechei ODB H32 strain, Int. J. Environ.
Sci. Technol. (2022).

E. Koshlaf, A.S. Ball, Soil bioremediation approaches for petroleum hydrocarbon
polluted environments, AIMS Microbiol. 3 (1) (2017) 25-49.

N.S. Al-Kaabi, M. Kristensen, N. Zouari, T.I. Solling, S.S. Bach, M. Al-Ghouti, J.
H. Christensen, Source identification of beached oil at Al Zubarah, Northwestern
Qatar, J. Petroleum Sci. Eng. (2017) 107-113.

R.H. Al-Hasan, D.A. Al-Bader, N.A. Sorkhoh, S.S. Radwan, Evidence for n-alkane
consumption and oxidation by filamentous cyanobacteria form oil-contaminated
coasts of the Arabian Gulf, Mar. Biol. 130 (1998) 521-527.

S.S. Radwan, R.H. Al-Hasan, Oil pollution and cyanobacteria, in: B.A. Potts (Ed.),
The Ecology of Cyanobacteria, Springer, Netherlands, 2000, pp. 307-319.

M. Balseiro-Romero, P. Gkorezis, P.S. Kidd, J. Van Hamme, N. Weyens,

C. Monterroso, J. Vangronsveld, Characterization and degradation potential of
diesel-degrading bacterial strains for application in bioremediation, Int. J. Phy. 19
(2017) 955-963.

C. Chen, N. Sun, D. Li, S. Long, X. Tang, G. Xiao, L. Wang, Optimization and
characterization of biosurfactant production from kitchen waste oil using
Pseudomonas aeruginosa, Environ. Sci. Pollut. Res. 25 (2018) 14934-14943,
https://doi.org/10.1007/511356-018-1691-1.

14

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Biotechnology Reports 36 (2022) e00767

D.B. Adimpong, K.I Sgrensen, D.S. Line Thorsen, T.B. Rasmussen, P.M.F. Derkx,
L. Jespersen, Draft whole-genome sequence of Bacillus sonorensis strain L12, a
source of Nonribosomal Lipopeptides, Genome Announc. 1 (2) (2013) 2001-2002.
J. Brzeszcz, P. Kaszycki, Aerobic bacteria degrading both n-alkanes and aromatic
hydrocarbons: an undervalued strategy for metabolic diversity and flexibility,
Biodegradation 29 (2018) 359-407.

S. Benler, E.V. Koonin, Recruitment of mobile genetic elements for diverse cellular
functions in prokaryotes, Front. Mol. Biosci. 9 (2022).

C.M. Johnson, A.D. Grossman, Integrative and conjugative elements (ICEs): what
they do and how they work, Ann. Rev. Genetics 49 (2015) 577-601, https://doi.
org/10.1146/annurev-genet-112414-055018.

D. Sun, N.J.A. Campo, R. Redfield, S. Maeda, H. Hasegawa, E. Suzuki, Horizontal
plasmid transfer by transformation in escherichia coli: environmental factors and
possible mechanisms, Front. Microbiol. 9 (2018) 2365.

B.A.J. Poursat, R.J.M. van Spanning, P. de Voogt, J.R. Parsons, Implications of
microbial adaptation for the assessment of environmental persistence of chemicals,
Critical Rev. Environ. Sci. Technol. 49 (23) (2019) 2220-2255.

L. Lawniczak, M. Wozniakwozniak-Karczewska, A.P. Loibner, H.J. Heipieper,

L. Chrzanowski, Microbial degradation of hydrocarbons-basic principles for
bioremediation: a review, Molecules 25 (4) (2020) 856.

N. Das, P. Chandran, Microbial degradation of petroleum hydrocarbon
contaminants: an overview, Res. Biotechnol. Res. Int. 2011 (2011), 941810,
https://doi.org/10.4061/2011/941810.

Phale, P. S., Malhotra, H., & Shah, B. A. (2020). Chapter One - Degradation
Strategies And Associated Regulatory Mechanisms/Features For Aromatic
Compound Metabolism In Bacteria (G. M. Gadd & S. Sariaslani (eds.); Vol. 112, pp.
1-65). Academic Press.

P. Abbasi Maedeh, T. Nasrabadi, W. Wu, M. Al Dianty, Evaluation of oil pollution
dispersion in an unsaturated sandy soil environment, Pollution 3 (4) (2017)
701-711.

E. D’ugo, M. Bruno, A. Mukherjee, D. Chattopadhyay, R. Giuseppetti, R. De Pace,
F. Magurano, Characterization of microbial response to petroleum hydrocarbon
contamination in a lacustrine ecosystem, Nvironmental Sci. Pollut. Res. 28 (2021)
26187-26196, https://doi.org/10.1007/s11356-021-13885-13888.

F. Canon, T. Nidelet, E. Guédon, A. Thierry, V. Gagnaire, Understanding the
mechanisms of positive microbial interactions that benefit lactic acid bacteria
cocultures, Front. Microbiol. 11 (2020).

Z. Al Disi, S. Jaoua, D. Al-Thani, S. Al-Meer, N Zouari, Considering the specific
impact of harsh conditions and oil weathering on diversity, adaptation, and
activity of hydrocarbon-degrading bacteria in strategies of bioremediation of harsh
oily polluted soils, BioMed. Res. Int. 2017 (2017), https://doi.org/10.1155/2017/
8649350.

S.Y. Alsayegh, M.A. Al-Ghouti, N. Zouari, Study of bacterial interactions in
reconstituted hydrocarbon-degrading bacterial consortia from a local collection,
for the bioremediation of weathered oily soils, Biotechnol. Reports 29 (2021)
e00598.

M. Oualha, N. Al-Kaabi, M. Al-Ghouti, N. Zouari, Identification and overcome of
limitations of weathered oil hydrocarbons bioremediation by an adapted Bacillus
sorensis strain, J. Environ. Manag. 250 (2019) (2019), 109455, https://doi.org/
10.1016/j.jenvman.2019.109455.

N. Al-Kaabi, M.A. Al-Ghouti, M. Oualha, M.Y. Ashfaq, A. Al-Naemi, T.I Sglling,
N. AlShamari, N. Zouari, A MALDI-TOF study of bioremediation in highly
weathered oil contaminated soils, J. Petrol Sci. Eng. 168 (2018) 569-576.

N. AlKaabi, M.A. Al-Ghouti, S. Jaoua, N. Zouari, Potential for native hydrocarbon-
degrading bacteria to remediate highly weathered oil-polluted soils in Qatar
through self-purification and bioaugmentation in biopiles, Biotechnol. Rep. (Amst)
28 (2020) e00543, https://doi.org/10.1016/j.btre.2020.e00543.

K.H. Dostert, C.P. O’Brien, F. Mirabella, F. Ivars-Barceld, S. Schauermann,
Adsorption of acrolein, propanal, and allyl alcohol on Pd(111): A combined
infrared reflection-absorption spectroscopy and temperature programmed
desorption study, Phys. Chem. Chem. Phys. 18 (20) (2016) 13960-13973.

L.F. Isernia, FTIR study of the relation, between extraframework aluminum species
and the adsorbed molecular water, and its effect on the acidity in ZSM-5 steamed
zeolite, Mater. Res. 16 (4) (2013) 792-802.

J. Clayden, N. Greeves, S. Warren, Organic Chemistry Organic Chemistry, Organic
Chem. Front. 58 (6) (2012) 1261.

A.G. Kumar, L. Vijayakumar, G. Joshi, D.M. Peter, G. Dharani, R. Kirubagaran,
Biodegradation of complex hydrocarbons in spent engine oil by novel bacterial
consortium isolated from deep-sea sediment, Bioresource Technol. 170 (2014)
556-564.

A.Z. Attar, S. Jaoua, T.A. Ahmed, Z.A. Disi, N. Zouari, Evidencing the diversity and
needs of adjustment of the nutritional requirements for hydrocarbon- degrading
activity of Pseudomonas aeruginosa adapted to harsh conditions using 2" full
factorial design, RSC Adv. 7 (2017) 45920-45931.

S. Veerasingam, J.A. Al-Khayat, K.P. Haseeba, V.M. Aboobacker, S. Hamza,

P. Vethamony, Spatial distribution, structural characterization and weathering of
tarmats along the west coast of Qatar, Marine Pollut. Bull. 159 (2020), 111486.
A. Karnwal, N. Chandel, Bioremediation of Heavy Metals: Role of Microorganisms
in: Bioremediation of Heavy Metal Pollution, LAP Lambert Academic Publishing,
Saarbriicken, 2012.

T. Solevi¢, K. Stojanovi¢, J. Bojesen-Koefoed, H.P. Nytoft, B. Jovancicevi¢,

D. Vitorovi¢, Origin of oils in the velebit oil-gas field, SE pannonian basin, Serbia -
source rocks characterization based on biological marker distributions, Organic
Geochem. 39 (1) (2008) 118-134.

A. Horel, B. Mortazavi, P.A. Sobecky, Input of organicmatter enhances degradation
of weathered diesel fuel in subtropical sediments, Sci. Total Environ. (2015) 82-90.


http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0013
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0013
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0013
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0044
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0044
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0044
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0044
https://doi.org/10.3390/ijerph13090846
https://doi.org/10.2298/HEMIND110824084B
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0058
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0058
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0043
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0043
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0043
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0054
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0054
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0054
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0004
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0004
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0004
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0056
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0056
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0056
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0053
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0053
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0053
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0037
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0037
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0037
https://doi.org/10.1007/s13213-012-0543-3
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0039
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0039
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0052
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0052
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0014
https://doi.org/10.1007/s11356-018-1691-1
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0016
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0016
https://doi.org/10.1146/annurev-genet-112414&ndash;055018
https://doi.org/10.1146/annurev-genet-112414&ndash;055018
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0061
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0061
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0061
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0051
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0051
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0051
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0042
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0042
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0042
https://doi.org/10.4061/2011/941810
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0001
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0001
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0001
https://doi.org/10.1007/s11356-021-13885-13888
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0019
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0019
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0019
https://doi.org/10.1155/2017/8649350
https://doi.org/10.1155/2017/8649350
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0010
https://doi.org/10.1016/j.jenvman.2019.109455
https://doi.org/10.1016/j.jenvman.2019.109455
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0006
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0006
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0006
https://doi.org/10.1016/j.btre.2020.e00543
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0036
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0036
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0036
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0024
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0024
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0041
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0041
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0041
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0041
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0062
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0062
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0062
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0038
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0038
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0038
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0059
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0059
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0059
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0059
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0034
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0034

N. Al-Kaabi et al.

[54]

[55]

[56]

Z. Wang, C. Yang, B. Hollebone, M. Fingas, Forensic fingerprinting of diamondoids
for correlation and differentiation of spilled oil and petroleum products, Environ.
Sci. Technol. 40 (18) (2006) 5636-5646.

R. Dou, J. Sun, J. Lu, F. Deng, C. Yang, G. Lu, Z. Dang, Bacterial communities and
functional genes stimulated during phenanthrene degradation in soil by bio-
microcapsules, Ecotoxicol. Environ. Saf. 212 (2021), 111970, https://doi.org/
10.1016/j.ecoenv.2021.111970.

E. Hauptfeld, J. Pelkmans, T.T. Huisman, A. Anocic, B.L. Snoek, F.A.B. von
Meijenfeldt, J. Gerritse, J. van Leeuwen, G. Leurink, A. van Lit, R. van Uffelen, M.

15

[57]

Biotechnology Reports 36 (2022) e00767

C. Koster, B.E. Dutilh, A metagenomic portrait of the microbial community
responsible for two decades of bioremediation of poly-contaminated groundwater,
Water Res. 221 (2022), 118767, https://doi.org/10.1016/j.watres.2022.118767.
M. Pacwa-Plociniczak, P. Biniecka, K. Bondarczuk, Z. Piotrowska-Seget,
Metagenomic functional profiling reveals differences in bacterial composition and
function during bioaugmentation of aged petroleum-contaminated soil, Front.
Microbiol. 11 (2020) 2106, https://doi.org/10.3389/fmicb.2020.02106.


http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0063
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0063
http://refhub.elsevier.com/S2215-017X(22)00065-0/sbref0063
https://doi.org/10.1016/j.ecoenv.2021.111970
https://doi.org/10.1016/j.ecoenv.2021.111970
https://doi.org/10.1016/j.watres.2022.118767
https://doi.org/10.3389/fmicb.2020.02106

	Interaction between indigenous hydrocarbon-degrading bacteria in reconstituted mixtures for remediation of weathered oil in ...
	1 Introduction
	2 Material and methods
	2.1 Soil sampling, homogenization, and characteristics
	2.2 Bioremediation in biopiles
	2.3 Biopiles for biostimulation
	2.4 Biopiles for bioaugmentation
	2.5 Determination of the total bacterial cells (CFU determination)
	2.6 GC-FID and GC‒MS analyses
	2.7 Fourier transform infrared (FTIR) analysis
	2.8 Statistical analysis

	3 Results
	3.1 Bioremediation of weathered polluted soils by biostimulation in biopiles
	3.2 Efficiency of bioaugmentation using a single indigenous bacterial strain in oily soil of the Dukhan dumping site
	3.3 Performance of biostimulation/bioaugmentation using reconstituted consortia in oily soils of the Dukhan dumping site
	3.4 Performance and rate of biostimulation/bioaugmentation for the bioremediation of weathered oily soil
	3.5 Evaluation of the performance of biostimulation/bioaugmentation on n-alkanes (n-C17-n-C19) and their branched homologs
	3.6 Investigation of changes in hydrocarbon composition using FTIR analyses

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


