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Abstract

Oil-based drill cuttings are hazardous wastes containing complex hydrocarbons, heavy metals, and brine. Their remediation
is a crucial step before release to the environment. In this work, we enriched a halophilic consortium, from oil-polluted saline
soil, which is capable of degrading diesel as the main pollutant of oil-based drill cuttings. The degradation ability of the
consortium was evaluated in microcosms using two different diluting agents (fine sand and biologically active soil). During
the bioremediation process, the bacterial community dynamics of the microcosms was surveyed using PCR amplification
of a fragment of 16S rRNA gene followed by denaturing gradient gel electrophoresis (DGGE). The diesel degradation rates
were monitored by total petroleum hydrocarbon (TPH) measurement and the total count of heterotrophic and diesel-degrading
bacteria. After 3 months, the microcosm containing fine sand and drill cuttings with the ratio of 1:1 (initial TPH of 36,000 mg/
kg) showed the highest TPH removal (40%) and its dominant bacterial isolates belonged to the genera Dietzia, Arthrobacter,
and Halomonas. DGGE results also confirmed the role of these genera in drill cuttings remediation. DGGE analysis of the
bacterial diversity showed that Propionibacterium, Salinimicrobium, Marinobacter, and Dietzia are dominant in active soil
microcosm; whereas Bacillus, Salinibacillus, and Marinobacter are abundant in sand microcosm. Our results suggest that the
bioaugmentation strategy would be more successful if the diluting agent does not contain a complex microbial community.
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Introduction

Petroleum is the most important fossil energy resource in the
industrial world. Accessing to the oil containing reservoirs
requires exploration and drilling, followed by geological
and geophysical surveys which are essential operations to
approve the oil existence and prepare for extraction (Abdel-
Aal et al. 2003; Speight 2014). To facilitate the drilling pro-
cess, drilling fluids are utilized to transfer the resulted cut-
tings to the surface, control the pressure within the reservoir,
and reduce the friction of the drill bit (Agwu et al. 2013).
Oil-based muds (OBMs) that contain diesel, generally,
are the preferred drilling fluids owing to their low price,

< Mohammad Ali Amoozegar
amoozegar@ut.ac.ir

Extremophiles Laboratory, Department of Microbiology,
School of Biology, College of Science, University of Tehran,
P. O. Box 14155-6455, Tehran, Iran

Biotechnology Research Center, Research Institute
of Petroleum Industry, Tehran, Iran

satisfactory lubricity, and applicability for drilling wells
with certain conditions such as high temperature or depth
(Adekunle et al. 2013; Paladino et al. 2016).

After mixing with drill cuttings, OBMs constitute one of
the most hazardous wastes of the petroleum industry that
contain complex hydrocarbons, heavy metals, and brine,
released to the surrounding terrestrial and aquatic environ-
ment causing deleterious effects on them (Al-Ansary and
Al-Tabbaa 2007).

Bioremediation is a promising alternative for the phys-
icochemical methods to clean the drilling wastes up, due
to its environmental-friendly nature and cost-effectiveness
(Varjani and Upasani 2017). Bioaugmentation (addition of
enriched microorganisms capable of pollutant degradation)
is one of the bioremediation strategies that can be applied
if ample degradation rate is not observed by the indigenous
degrading microorganisms (Gojgic-Cvijovic et al. 2012). In
the case of bioaugmentation, the microbial consortium is
preferred to the pure culture due to the possible synergistic
relations between members of the consortium and different
types of enzymes produced by various members that can
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catalyze different steps of the removal (Cerqueira et al. 2011;
Mukherjee and Bordoloi 2011).

However, the addition of high levels of petroleum hydro-
carbons causes an imbalance between carbon, nitrogen, and
phosphorus ratio in soil which should be restored to origi-
nal ratio and optimized by addition of organic or inorganic
compounds before bioaugmentation process (Sarkar et al.
2005). Since the drill cuttings are often associated with high
salt concentrations, microorganisms that are used for bio-
augmentation should be able to withstand and grow in high
salinities (Le Borgne et al. 2008). Halophilic microorgan-
isms are a group of extremophiles which are able to grow in
the presence of high concentrations of NaCl ranging from
0.2 to 5.5 M (Zhuang et al. 2010). So far, pure or mixed cul-
tures of halophilic microorganisms have been exploited by
many researches for bioremediation of petroleum- or diesel-
contaminated soils in various ranges of NaCl concentration
(1-18%) (Cerqueira et al. 2011; Dastgheib et al. 2012). Rep-
resentatives of the phyla Actinobacteria and Proteobacteria
are among the most frequently reported genera from saline
soil bioremediation, e.g., Alcaligenes (naphthalene and
phenanthrene degradation) (Ashok et al. 1995), Alcanivo-
rax (crude oil and diesel fuel), Bacillus (diesel oil) (Kebria
et al. 2009), Halomonas (Phenol and p-cresol) (Haddadi and
Shavandi 2013), Marinobacter (crude oil, aromatic, and ali-
phatic compounds) (Al-Mailem et al. 2013), Planococcus
(BTEX) (Li et al. 2006), and Pseudomonas (crude oil, fuels,
alkanes, and PAHs) (Kumar et al. 2008).

There are very limited reports on the bacterial remedia-
tion of drill cuttings overall. Two non-halophilic bacterial
species (Bacillus subtilis and Pseudomonas aeruginosa)
were used for bioremediation of aromatic compounds in
oil-based drill cuttings and Pseudomonas aeruginosa shows
more efficiency in degradation of aromatic compounds with
more rings (Okparanma et al. 2009). However, in an isola-
tion effort, Bacillus Thuringiensls, Bacillus oleronius, and
some other halophilic bacteria (growing at 3% NaCl) have
been isolated from oil-based drill cuttings (Turner 2002),
but the potential of halophilic bacteria in bioremediation and
bioaugmentation of drill cuttings is still untapped.

Here, we represent the isolation and characterization of
a halophilic bacterial consortium able to degrade diesel oil
components in the oil-based drill cuttings, and evaluate its
application for bioremediation in microcosm scale.

Materials and methods
Sampling

Soil sample was collected from hydrocarbon-polluted area
near an abandoned oil production facility located in Qom,
Iran (N: 34°44'43.5", E: 50°53'43.6") (Table 1). Samples
were taken using a sterile spatula and large particles and
plant debris were removed by sieving. Fresh oil-based drill
cuttings were collected from Lavan district of Iranian Oft-
shore Oil Company, Lavan Island, Iran.

Enrichment of diesel-degrading consortium

Diesel oil degrading consortium was enriched from oil-
polluted saline soil samples. Bushnell Haas (BH) broth
containing KH2PO4 1, K,HPO, 1, NH,NO; 1, MgSO, 0.2,
CaCl, 0.2, FeCl; 0.05, and NaCl 70 (gram per liter), sup-
plemented with 0.5% (v/v) autoclaved diesel oil (provided
by Tehran refinery incorporation) as sole carbon source,
was used as an enrichment media; and the pH was adjusted
to 7-7.2 by 1 M Tris—HCI solution.

One gram of the soil samples was transferred to a
250 mL flask containing 100 mL BH broth and incubated
at 32 °C and 120 rpm for 1 week. Microbial growth was
followed by the measurement of optical density at 620 nm
and microscopic observations (Gram staining). The enrich-
ment process was repeated seven times to obtain a stable
consortium. At the final stage of the enrichment process,
the total protein content of the culture was assayed by
Bradford’s method using bovine serum albumin (BSA)
as standard (Bradford 1976). The consortium ability to
degraded diesel components was evaluated by gas chro-
matography analysis (7890A, Agilent, equipped with FID
detector). Hydrocarbons of the enrichment media (with
and without consortium) were extracted by hexane. The
extract was injected into the CP-Sil8CB capillary col-
umn with the length of 30 m and an internal diameter of
0.32 mm. Helium with a purity of 99.999% was used as
the carrier gas in this analysis. GC temperature program
started at 70 °C and reached to 300 °C by a rate of 10 °C/
min and the temperature of FID detector was also set at
300 °C.

Table 1 Location and characteristics of the soil sample used for enrichment

Sampling area Location EC (uS/cm) pH TPH (mg/g) Salinity (ppt)
Oil-contaminated soil (Beheshte Masumeh Wetland, in Qom) N: 34°44'43.5" 65,250 8.05 46 45
E: 50°53'43.6"
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Isolation and identification of dominant members
of the consortium

The enriched consortium was serially diluted to 107'2 dilu-
tion in the modified R2A broth (Kleinsteuber et al. 2006)
supplemented with 70 g/LL NaCl. 100 pL of each dilution was
spread on modified R2A agar plates (Buck and Cleverdon
1960). Colonies grown on the highest dilutions were con-
sidered as dominant strains of the consortium and pure cul-
tures were obtained by repeated streaking on modified R2A
agar. The genomic DNA of isolates were extracted (Marmur
1961) and 16S rRNA sequence was amplified using 27F (5'-
AGAGTTTGATCMTGGGTCAG-3') and 1492R (5'-GGT
TACCTTGTTACGACTT-3') universal primers (Jiang et al.
2006).

Diesel degradation by dominant members

The same cell count of each strain (1 mL of the bacterial
suspensions with 1.5 x 10% cfu/mL) was transferred to the
100 mL flasks containing 30 mL of BH broth supplemented
with 0.5% (w/v) sterile diesel and incubated at 32 °C,
120 rpm for 72 h, and thereafter; optical density at 620 nm
and total protein content were measured as described earlier.

Microcosm preparation

Drill cutting samples were collected from an offshore drill-
ing rig near Lavan Island, Persian Gulf (see Table 2 for sam-
ple characteristics). The petroleum hydrocarbon content of
the drill cuttings was extracted and the carbon distribution
of the extract was determined using Simulated Distillation
(GC-SimDis) method based on ASTM D7169 and ASTM
D2887 standards (Boczkaj et al. 2011; Riazi 2005; Vendeu-
vre et al. 2005).

For microcosm preparation, drill cutting samples were
mixed by 1:1 w/w ratio with fine sands (S) or biologically
active soil (B) as diluting agents. In this research, a soil sample
without oil pollution, which has not been treated with chemi-
cal fertilizers in the last 10 years and had adequate moisture
to support the microbial activity, has been considered as the

Table 2 Characteristics of

Lavan drill cuttings Parameter Value
Salinity (PPT) 6.4
Total petroleum hydro- 60,000
carbon (mg/kg)

Nickel (ug/g) 47
Cadmium (ug/g) 35
Chromium (ug/g) 92.5
Lead (ug/g) 36.5
Barium (ug/L) 12

biologically active soil. Diluting agents were used to adjust
the diesel concentration of drill cuttings to proper levels and
facilitate the aeration and nutrients diffusion. The ratio was
selected based on the previous study that shows the ratio of
1:1 w/w has the highest degradation rate of hydrocarbons
(Rastegarzadeh et al. 2006). There were three treatments for
each diluting agent, including: abiotic control (containing
0.5% sodium azide as bactericide agent) named S1 and B1
for fine sand and biologically active soil, respectively, control
microcosm without consortium inoculation (S2 and B2), and
bioaugmentation microcosm with consortium inoculation (S3
and B3, respectively). The final weight of cuttings amended
with diluting agents in each microcosm was 400 g. NH,NO;
and K,HPO, salts were used as nitrogen and phosphorous
sources, at the ratio of 100:10:1 for C:N:P. The suspension of
consortium (containing approximately 10°~107 cfu/mL initial
cell density) was added to the B3 and S3 microcosms with the
ratio of 1 mL/kg.

Microcosms were prepared in uniform plastic containers
(30x21x 14 cm) and equal numbers of holes (0.5 cm in
diameter) were created on their lids to facilitate the air flow,
and were kept at room temperature for 3 months. During this
period, the humidity of each microcosm was kept constant
at 20% W/W by weekly controlling weight loss and addition
of deionized sterile water for compensation.

Microcosm sampling

The content of each microcosm was mixed thoroughly once
every 2 weeks (using separate steal spoons sterilized by
autoclaving) to homogenize the content and the required
amount of the soil was transferred to sterile vials for subse-
quent analysis.

TPH measurement by solvent extraction

Equal weight of dried Na,SO, (to absorb the residual mois-
ture) and 10 mL n-hexane as an organic solvent were added
to the microcosm soil samples to extract diesel. After vigor-
ous mixing, samples were centrifuged at 4500 rpm, 15 °C
for 10 mins. The supernatant was transferred to a dry pre-
weighted glass plate and placed under the chemical fume
hood for hexane evaporation. This procedure was repeated
three times to ensure that diesel has been completely
extracted from soil. Eventually, the difference between ini-
tial and final weights of the plate was used to calculate the
residual TPH (Schwab et al. 1999).

Enumeration of heterotrophic and diesel-degrading
bacteria

Cell density of heterotrophic and diesel-degrading bacteria
of each microcosm was estimated by the spread plate method
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(as mentioned earlier) every 2 weeks. R2A agar medium
supplemented with 7% NaCl was used for heterotrophic bac-
teria and BH agar medium containing 7% NaCl and coated
with a thin layer of sprayed diesel (which has been sterilized
by autoclave at 121 °C for 15 min) was used for enumera-
tion of diesel-degrading bacteria. Plates were incubated for
7 days at 30 °C. The initial cell density of heterotrophic and
diesel-degrading bacteria of fine sand, drill cuttings, and
biologically active soil samples was also measured as well
using the same method.

PCR-DGGE analysis

Sampling for this analysis was performed at the beginning,
middle, and final stages of the investigation. The DNA of
each sample was extracted by FastDNA® kit for soil (MP
Biomedical). Genomic DNA of the consortium grown on
BH medium was extracted using modified Marmur method.
To increase the DNA extraction efficiency and for com-
plete cell lysis, lysozyme treatment step was raised to 2 h
rather than 30 min, and a freeze—thaw step was added after
that. GC clamp-357F (5'-GC-clamp CCTACGGGAGGC
AGCAG-3") and 907R (5-CCGTCAATTCMTTTGAGTTT)
primers were used for the amplification of v3 to v5 region of
16S rRNA gene (Sanchez et al. 2007).

The polymerase chain reaction was conducted in iCycler
Bio-Rad Hercules using the following reaction conditions:
initial denaturation at 94 °C for 4 min, 30 replication cycles
which include denaturation at 94 °C, annealing at 50 °C and
extension step at 72 °C all for 60 s, and final extension at
72 °C for 7 min. Polyacrylamide gel (7.5%) with the 40-60%
continuous gradient of DNA denaturants (100% denaturant
gel composed of 7 M urea and 40% v/v deionized forma-
mide) was prepared and placed inside the DGGE tank con-
taining 7 liters of 1X TAE buffer. Approximately 350 ng of
PCR product was loaded in each well and electrophoresis
was done at 60 °C in DCode™ system (Bio-Rad, Hercules,
CA) for 16 h at constant voltage of 80 V. After staining

with ethidium bromide (15 min) and destaining, the gel was
inspected under UV illumination. Desired DNA bands were
excised from the gel under UV trans-illuminator, transferred
to separate tubes containing 20 uL of sterile distilled water
and kept at 4 °C overnight. Two milliliters of the eluted
DNA were used as template for re-amplification of DGGE
band by 357F (without GC clamp) and 907R primers. Single
bands without smears were selected for sequencing (Chong
et al. 2009; Kurola et al. 2005).

16S rRNA gene sequence analysis was conducted using
the BLAST (Altschul et al. 1997) and EzTaxon online data-
base (http://www.ezbiocloud.net/eztaxon). Isolated strains
were deposited in the microbial bank of Iranian Biological
Resource Center (IBRC) under assigned reference numbers
(IBRC-M 10561, IBRC-M 10562, and IBRC-M 10965). The
partial 16S rRNA gene sequences of selected DGGE bands
and isolates have been submitted to the GenBank and acces-
sion numbers are provided in the phylogenetic trees.

A workflow of the main steps of the study is summarized
and depicted in Fig. 1.

Results
Consortium preparation and characterization

After seven rounds of enrichment on diesel oil in saline
media, a consortium with ODg,, equal to 3.1 and total pro-
tein concentration of 0.192 mg/mL was obtained. According
to GC analysis results, the consortium was able to reduce
diesel hydrocarbon content of the medium significantly
(Fig. 2). Three dominant cultivable members of the consor-
tium with different morphological properties were isolated
and identified by 16S rRNA gene sequence analysis. Accord-
ing to the results, the three strains isolated from saline soil
sample were identified as Dietzia sp. Q1 (IBRC-M 10965)
with 100% similarity to Dietzia maris (Rainey et al. 1995),
Halomonas sp. Q2 (IBRC-M 10961) with 97.1% similarity

. . Enrichment of diesel-
Sampling oil-

degrading bacterial

contaminated saline soils .
consortium

Isolation and Evaluation of diesel
identification of dominant 5 biodegradation by
members of the isolated members of the
consortium consortium

v

Examining the effect of

Construction of drill consortium augmentation

Survey of TPH removal

on the remediation of oil
based drill cuttings

cuttings microcosms

and bacterial community
dynamics in microcosms

Fig. 1 Summarized workflow of the main steps of this study
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Fig.2 GC analysis graphs Norm. {
of the diesel oil utilized by
enriched consortium. Blue
and red graphs represent the
culture media before and after
the growth of the consortium
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to Halomonas nitrilicus (Chmura et al. 2008), and Arthro-
bacter sp. Q3 (IBRC-M10562) with 98.4% similarity to
Arthrobacter crystallopoietes (Ensign and Rittenberg 1963).
The phylogenetic relationship of dominant strains of the con-
sortium is shown in Fig. 3.

Among isolated strains, only strain Dietzia sp. Q1 was
able to utilize diesel as the sole source of carbon without
the presence of the other members of the microbial consor-
tium and reach the ODg,, of 0.7 and protein concentration
of 0.05 mg/mL.

Characteristics of drill cuttings and other
components of microcosms

GC-SimDis analysis of carbon distribution of the hydro-
carbon extracted from Lavan drill cutting suggests that the
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hydrocarbon phase is mainly composed of hydrocarbons
ranging from C,, to C,, (Fig. 4) which is very close to
diesel fuel composition.

The initial abundance of heterotrophic and die-
sel-degrading bacteria was 1.42x 107 cfu/g soil and
2.2 % 10% cfu/g soil for biologically active soil treatment
and 10* CFU/gram and 5 x 10* CFU/g sand for fine sand
treatment. Drill cuttings did not show any growth on R2A
and BH agar media after 14 days of incubation, indicating
that no bacterial activity exists neither for heterotrophic
nor diesel-degrading bacteria. The salinity of B and S
microcosms was about 0.26 and 0.29% respectively.
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Fig.3 Phylogenetic relationship of the dominant strains of enriched
consortium based on 16S rRNA gene sequences (culture-based and
DGGE method) using neighbor-joining algorithm. The accession
number of each strain is shown in parentheses. The numbers noted

Halobacterium salinarum DSM 3754"(AJ496185)

in the branches represent Bootstrap values (%) based on 1000 repli-
cates. The scale bar indicates 0.05 substitutions per nucleotide posi-
tion. Halobacterium salinarum DSM 3754 (T) was considered as the
out-group
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Fig. 4 Carbon distribution of petroleum compounds extracted from the drill cutting waste by GC-SimDis method
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Microcosm studies

During the 3-month study, total counts of heterotrophic and
diesel-degrading bacteria were surveyed for each micro-
cosm in 2-week intervals (Fig. 5). The initial cell density
of either heterotrophic or diesel-degrading bacteria of B2
and S2 microcosms increased after a short lag phase (prob-
ably due to the adaptation of native bacterial communities
to diesel as the sole source of carbon). While in the bioaug-
mented microcosms, increasing of bacterial cell density was
observed after a very short lag phase in S3 and almost with
no lag phase in B3 microcosm, which could be expected
due to inoculation of adapted consortium with the ability to
degrade diesel.

Both bioaugmented microcosms showed higher degrada-
tion rates in comparison with corresponding non-augmented
microcosms based on analysis of the amount of residual
TPH (g/kg soil) (Fig. 6). The highest degradation rate was
measured for the S3 microcosm with approximately 40%
TPH removal (reducing from the initial value of 36-22 g/
kg) during the study period.

The DGGE profiles of each microcosm during first (first
day of microcosm preparation), middle (day 45), and end
stages (day 90) shows that the number and intensity of the
bands in B2 and B3 microcosms is not significantly differ-
ent from the beginning to the end point, while, in S2 and S3

Fig.5 Number of heterotrophic
and diesel-degrading bacteria of
each microcosm (except abiotic
controls) during the 3 months.

Results represent the means of 10
Q 1 Q¢ o

three. separate experlments., a.nd Heterotrophic & 8

bars indicate standard deviation. bacteria 2 LA~

The absence of bars indicates é 6
that errors were smaller than 2

diesel S 4
symbols °
degrading %

bacteria 3 2
o

0

0

Time (days)

fine sand without consortium

biologically active soil without
consortium (B2)

treatments, the patterns of DGGE bands obviously change
after addition of the consortium (Fig. 7). The phylogenetic
relationships of re-amplified and sequenced DGGE bands
of S and B microcosms are presented in Figs. 8 and 9
respectively.

Discussion
Consortium characteristics

In the bioremediation process, exploiting bacterial consortia
for degradation of petroleum hydrocarbons is more prefer-
able to pure cultures and its efficiency has been reported in
different studies (Bento et al. 2005); however, the application
of halophilic consortia for biodegradation of oil-polluted
drill cuttings is not well studied.

In this study, the diesel degradation ability of the enriched
consortium was confirmed by gas chromatograph. Subse-
quently, the bacterial community composition of the con-
sortium was assessed using cultivation method and PCR-
DGGE analysis of 16S rRNA gene sequences. The obtained
results revealed that dominant members of the consortium
belonged to the phyla Actinobacteria and Proteobacteria.
Figure 3 indicates that abundant bacterial members of the
microbial consortium belonged to the genera Dietzia and

biologically active soil containing
consortium (B3)
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Fig.6 TPH concentration of each microcosm during the 3 months.
Results represent the means of three separate experiments and bars
indicate standard deviation. The absence of bars indicates that errors
were smaller than symbols

Halomonas which are well-known halophilic/halotolerant
bacteria whose hydrocarbon biodegradation ability, espe-
cially under extreme conditions, has been reported in several
studies (Duran and Cravo-Laureau 2016; Gharibzahedi et al.
2014; Koshlaf and Ball 2016). Another dominant member
of the consortium belongs to the genus Arthrobacter whose
ability to degrade aliphatic (Al-Awadhi et al. 2012) and
aromatic hydrocarbons (Al Disi et al. 2017; Lacatusu et al.
2017) and biosurfactant production (Wijesekara et al. 2017)
has been reported in the previous studies.

Among culture-dependent isolated strains, only Dietzia
sp. Q1 show the ability to utilize diesel as the sole source of
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carbon without the presence of other members of the micro-
bial consortium. It appears that the presence of all members
of the consortium even though not able to utilize hydrocar-
bon as sole carbon source is necessary for efficient diesel
degradation and removal and each member may have its own
role in the degradation pathway of diesel.

Microcosm preparation

To study the applicability of the consortium in diesel degra-
dation of drill cuttings, lab scale microcosms were designed.
Drill cutting waste has very low permeability and poros-
ity, which makes them unfitting for microbial growth and
bioremediation. In the previous studies, researchers had
blended drill cuttings with different bulking and diluting
agents including soil, compost, sawdust, or wood chips as
a source of degrading microorganisms or to improve the
microbial activity (Ayotamuno et al. 2007; Rebekka 2002).
Okparanma et al. evaluated the ability of a mixed culture of
non-halophilic bacteria in degradation of aromatic hydro-
carbons present in oil-based drill cuttings. They applied soil
as diluting agent with the ratio of 6-1 (Okparanma et al.
2009). In another study conducted by Rastegarzadeh et al.,
synthetic drill cuttings blended with different ratios of soil as
a source of microorganisms and the highest degradation have
occurred at the ratio 1:1 (Rastegarzadeh et al. 2006). The
drill cutting used in this study was a highly viscous sludge-
like waste material with relatively high TPH (Table 2). Two
different bulking agents (soil and fine sand) by the ratio of
1:1 [according to the previous studies (Rastegarzadeh et al.
2006)] were used to adjust the TPH content and increase the
efficiency of bioremediation in microcosm studies. Because
of the geographical location of Lavan Island, where drill cut-
ting samples provided from, and its proximity to the coastal
region, fine sand was considered as a readily available and
less expensive diluting agent.

TPH measurement of microcosms

The highest degradation rate of diesel was seen in the micro-
cosm containing fine sand amended by halophilic diesel-
degrading consortium, which showed about 40% diesel
removal (Fig. 6). Fine sand increases oxygen transfer to the
various parts of the microcosm by improving the porosity
and aeration of the medium and also enhancing nutrient
availability, and, thus, provides more suitable conditions
for growth and activity of microbial communities (Zazoua
et al. 2012). Similarly, in a survey conducted by inoculating
a mixed culture with high cell density of 1.5 x 10> CFU/
mL, the TPH content of the microcosm decreased from
223.52 mg/kg to below the detection limit after 6 weeks
(Okparanma et al. 2009).
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B2C B2B B2A

B-6
B-1
B-2
B-3
B4
B-7-
B-8
B-9

Fig.7 DGGE profiles of B2, B3, S2, and S3 treatments of lab scale
microcosms. A, B, and C Letters after the name of each treatment,
respectively, refer to the first, day 45, and day 60 of sampling of each

Reduced amount of initial TPH observed in the B1 and
S1 microcosms during the study was probably due to physi-
cal removal mechanisms such as evaporation of volatile
compounds.

Comparison of B2 and S2 microcosms (Fig. 6) indicated
that the degradation extent in B2 (19.3%) was more than
S2 (14.3%) which may be in consequence of higher initial
cell density of B2 microcosm compared to S2 due to the
presence of different micro-environments in the soil tex-
ture, which could harbor different microorganisms. Hydro-
carbon-degrading bacteria are important part of microbial
community even in clean soils. Prior to contamination with
petroleum pollutants, natural processes in water and soil can
produce trace amount of hydrocarbons. Hence, diesel degra-
dation by bacterial communities of B2 trial containing soil
sample without pollution history is not surprising (Marchal
et al. 2003; Prince et al. 2010).

Heterotrophic and diesel-degrading Bacteria of microcosms

In the soil-amended microcosms (Fig. 5), by inoculating
diesel-degrading consortium (in B3 microcosm), no signifi-
cant changes occurred in the population of heterotrophic
and diesel-degrading bacteria in comparison with control
microcosm (B2). However, the addition of consortium to S3

S2C  S2B S2A

$-10
s-11

$12—»

§-13

s-14

treatment. Q is referred to the inoculated consortium in B3 and S3
treatments. In each lane, bands pointed to arrows were re-amplified
by non GC clamp primer and sequenced

microcosm resulted in a significant increase in the number of
both heterotrophic and diesel-degrading bacteria that were
approximately 100 times more than S2 microcosm.

The variation pattern in the number of heterotrophic and
diesel-degrading bacteria was almost identical in all micro-
cosms’ treatments especially in B3 and S2. This observa-
tion suggests that, over the time, the initial heterotrophic
microorganisms, which are present in microcosms, will be
replaced by diesel-degrading types and will constitute the
dominant population. Moreover, in support of this state-
ment, sequence analysis revealed that at the beginning, B2
microcosm showed relatively high diversity at the genus
level (e.g., containing Propionibacterium, Salinimicro-
bium, Marinobacter, and Dietzia sp.) However, with the
addition of consortium, especially to the B3 microcosm,
few genera with hydrocarbon-degrading capability at mod-
erate salinities [0.5-2.5 M concentrations of NaCl (Zhuang
et al. 2010)] originated from the inoculated consortium,
such as Dietzia, became dominant. As it is shown in Fig. 5,
the final bacterial density of all four microcosms is almost
the same after 3 months. Each environment has a certain
and definite capacity for bacteria (Ueno et al. 2007) that
might be the same in the mentioned microcosms. In this
study, the initial microbial load and diversity of active soil,
which has been added to drill cuttings, was higher than fine
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Fig.8 Phylogenetic relationships of sequenced bands of S2 and S3 microcosm treatments based on neighbor-joining algorithm. The accession
number is shown in parentheses. Halobacterium salinarum DSM 3754 (T) is used as out-group
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sand. In situations where most niches of an environment are
occupied by indigenous bacteria, augmented microorgan-
isms are unable to successfully reside and propagate; and,
consequently, the degradation rate does not increase as much
as expected.

DGGE analysis

The pattern of DGGE bands did not show considerable
difference between B2 and B3 microcosms. However, by
the addition of consortium, remarkable difference between
DGGE profile of S2 and S3 microcosms occurred. In DGGE
pattern of S3 microcosm, the number and diversity of bands
increased from the beginning to the end of the experiment
(S3B-S3C lane).

Sequencing of DGGE bands revealed that the bacterial
diversity in sand/sand containing microcosm was similar at
the end of investigation, so that most of dominant bacterial
population belonged to the genera Dietzia and Halomonas.
These findings suggest that, despite the initial differences
in the composition of microbial community in the soil and
fine sand microcosms, they finally end up with similar bacte-
rial diversity. It was also reported previously that long-term
exposure to diesel, especially at elevated salinities, resulted
in population shift to halophilic genera, including Halo-
monas, Dietzia, and Alcanivorax (Kleinsteuber et al. 2006).

The presence of S-9 (belonging to Dietzia genus), S-11,
and S12 bands (affiliated to Halomonas genus) in the DGGE
profile of S3 microcosm (from the beginning of consortium
addition to the end of treatment) confirmed the role of con-
sortium members in the degradation process. The role of
consortium addition also confirmed in the B3 DGGE picture
by the presence of B-15, 16, and B-12 bands that belong to
Dietzia and Halomonas genera, respectively. As it is evident
from DGGE results, entrance of pollutants to a new envi-
ronment will reduce the diversity by selecting the adapted
bacteria to survive in harsh conditions (LaMontagne et al.
2004). Soil and fine sand have their own indigenous bacterial
populations, which expose to high concentration of hydro-
carbons after combining with drill cuttings. By the addition
of consortium, in a competition between indigenous and
exogenous bacteria, species with better degradation capabili-
ties become dominant, in both fine sand and soil containing
microcosms.

Conclusions

From the results of the microcosms study, it could be con-
cluded that each environment has a specified capacity for
harboring microorganisms. Therefore, applying bioaug-
mentation is effective if only the polluted soil has poor
initial microbial flora in which augmentation of bacterial
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population improves degradation rate. Therefore, inoculating
halophilic consortium to sand-amended drill waste was an
effective strategy of bioremediation in the current study, due
to low initial microbial density of the fine sand.
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