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ABSTRACT: Drilling operations of petroleum generate oily wastes. The disposal of a significant
amount of oil-based drill muds has caused soil contamination and critical environmental impacts
in the last decades. The current study aimed to investigate the potential of microbial remediation
for an aged oil-based drilling waste and to monitor the fluctuation in microbial population
throughout a 60-day microcosm experiment. A representative aged oil-based drilling waste sample was
obtained randomly from a contaminated mud pit in the Khangiran district, Iran. Respiration
measurement was performed according to the method described by standard ISO 17155. Total Petroleum
Hydrocarbon (TPH) was measured by the gravimetric method. Microbial counts were measured
at 10-day intervals during 60 days of incubation. Total heterotrophic bacteria were enumerated
by standard plate count using RA agar. Dominant heterotrophic and hydrocarbon-utilizing bacteria
were selected for phylogenetic analysis. Statistical analyses of the experimental data, using one-way
ANOVA were performed using Minitab 16. Following the biostimulation of the contaminated soil,
both heterotrophic and hydrocarbon-utilizing bacterial counts increased to above three orders
of magnitude in less than 20 days. The highest respiration level and hydrocarbon degradation
efficiency were correlated and measured between the 10th and 20th days of the experiment to be 70.7
ug/g.soilh and 23.13% respectively. Phylogenetic analyses indicated that the members of
Actinobacteria (Georgenia, Brevibacterium, Micromonospora, and Streptomyces) were the major
hydrocarbon-utilizing bacteria in the microcosm, among which the species of genus Georgenia
were dominant throughout the experiments. Furthermore, the population of Alcanivorax species
increased promptly and thrived in the microcosm during the active bioremediation phase which
indicated their vital role for remediation of diesel range hydrocarbons in saline environments. In an
overall view, elegant diversity of hydrocarbon utilizing bacteria along with the accomplished TPH
removal efficiency of 45.4% (w/w) in the microcosms, confirmed the potential of indigenous
microorganisms for bioremediation of the aged oil-based drilling waste.
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INTRODUCTION

During oil and gas production activities, the seepage
of hydrocarbons occurs occasionally due to accidents or
process failures [1]. For example, large amounts of
oil-based wastes are generated during drilling in the early
stages of oil and gas production [2]. The inappropriate
disposal of this high amount of hazardous wastes has led
to serious contamination of natural ecosystems [3, 4].
Therefore, the management of drilling wastes has been
focused in the industry by applying physical, chemical,
and biological methods and various technologies have
been exploited including solidification and stabilization,
thermal and microwave technologies, extraction,
phytoremediation, and biodegradation [4, 5].

Among various methods, bioremediation is
a cost-effective and environmentally approved cleanup
technology for the treatment of organic pollutants
especially petroleum hydrocarbons [6]. In previous
studies on drilling waste bioremediation, the effects of
nutrient, surfactant, and H,O [7], agroindustrial wastes
[8], bulking agent [9, 10], water content [8, 11], nitrogen
fertilizer [12], biostimulation and bioaugmentation [10,
13-15], Kitchen Effluent [16], C:N:P ratio [11, 17-19]
and combined plant-microbe System [20] have been
investigated.  Also, various strategies including
composting, biopiling, and slurry bioreactors were appraised
for drilling waste bioremediation [17].

The use of respirometry provides valuable information
about microbial activity in the bioremediation process [5].
This method has been used in the monitoring of crude oil
contaminated soil [21, 22] and also diesel, bitumen, and
petroleum-contaminated slurries [23]. To the knowledge of
the authors, there is no report on the use of the soil
respirometry technique in  monitoring bioremediation
of oil-based drilling waste.

Nevertheless, scarce information is available
concerning the microbiology of drilling wastes
bioremediation which plays the main role in the process.
Nnubia and Okpokwasili [24] isolated bacillus and
Staphylococcus from mud cuttings as drilling-fluid-
utilizing bacteria. Similarly Benka-Coker and Olumagin [25]
isolated Serratia, Staphylococcus, Acinetobacter, and
Alcaligenes from drilling wastes. Chaineau et al. [26]
isolated and identified several hydrocarbons utilizing
bacteria  including  Pseudomonas,  Micrococcus,
Xanthomonas, Acinetobacter,  Flavobacterium,
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Agrobacterium, Rhodococcus, and Arthrobacter in oil-
based drilling waste bioremediation experiment. The
study of Steliga et al. [13] also indicated that aged
drilling waste (about 70 years old) contains diverse
genera of hydrocarbon utilizing bacteria including
Acinetobacter, Agrobacterium, Bacillus, Gordonia,
Micrococcus, Klebsiella, Mycobacterium, Nocardia,
Rhizobium, Rhodococcus, Pseudomonas, Flavobacterium
and Streptomyces.

In a similar work, a hydrocarbon-utilizing microbial
consortium including Bacillus, Klebsiella, Microccoccus,
Mycobacterium, Nocardia, Rhizobium, Rhodococcus, and
Pseudomonas was enriched from a drilling waste pit [27].
It has been shown that Bacillus species isolated from
drilling waste have a promising capacity in
bioremediation of drilling oily waste [28]. In a recent study,
Napp et al. [29] showed that diverse hydrocarbon-utilizing
bacteria were prominent in an enriched oil-drilling waste.
The most abundant genera were Pseudomonas, Bacillus,
Bordetella, Achromobacter, Stenotrophomonas, Pantoea,
Brevundimonas, and Xanthomonas.

Although there are many researches on the bacterial
community succession associated with bioremediation of
hydrocarbon-contaminated environments [30-32], little
is known about microbiology and bacterial succession
in oil-based drilling waste bioremediation. In this study,
the potential of biological remediation of an aged
oil-based drilling waste was investigated and the succession
of dominant culturable hydrocarbon-utilizing bacteria
was monitored in microcosms. The applicability of
respirometry in the monitoring of drilling wastes
bioremediation was investigated and new strains
with high capacity in the process were introduced.

EXPERIMENTAL SECTION
Sample characterization

A representative aged oil-based drilling waste sample
was obtained by random sampling from a contaminated
mud pit in the Khangiran district, Northeast of Iran.
The sample was sieved to remove large particles and well
mixed before physical and chemical analysis.
The contaminated sample had a sandy texture with pH 7.6.
Based on primary investigations, 250 ppm industrial
nitrogen source (in the form of urea) was added
to the sample to improve the sample texture and
microbial activity.
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Soil respirometry

Respiration measurement was performed according to
the method described by standard 1ISO 17155. The method
was based on the measurement of the evolved carbon
dioxide (COz) by the microorganisms. The respiration
analysis system is shown in Fig. 1. To carry out this test,
approximately 500 g of homogenized soil samples
were placed in the reactor vessels. Aeration by a CO»-free
stream was performed from the bottom of the reactor
at a flow rate of 0.1 L/min. Carbon dioxide content
in the outlet of the reactor was measured by a carbon dioxide
analyzer (TES 1370 NDIR CO; Meter). The analysis
was performed in ambient temperature (25t5° C) for 60 days
and sample moisture content was kept around 15% during
the test. The average results of carbon dioxide evolution
in vessels were represented as the mass (pg) of CO- per gram
of dry soil per hour.

Hydrocarbon analysis

Representative soil samples were obtained from
microcosm at 10-day intervals. Soil was extracted
by n-hexane in the soxhlet apparatus as described
by standard method 5520F. Following polar compounds clean-up
through the Florisil filter, Total Petroleum Hydrocarbon
(TPH) was measured by the gravimetric Method [33].

To determine the carbon distribution of extracted
hydrocarbons, simulated-distillation GC was used. Based
on ASTM D2887 [34], a portion of the extracted
hydrocarbons was injected into a CPC sil8/CB capillary
column (length, 25 m) in an Agilent gas chromatograph
equipped with FID detector. GC temperature program
started at -70°C and reached 425 °C by a ramp rate of
15 °C/min and kept there for 1 minute.

Monitoring microbial population

Microbial counts were measured at 10-day intervals
during 60 days of incubation. Total heterotrophic bacteria
were enumerated by standard plate count using R2A agar.
The inoculated plates were incubated at 30° C for 7 days.
The bacterial population was enumerated and presented
as CFU/g of sample. Bushnell-Haas broth amended with
0.5% NaCl (w/v) and 2 mL/L Gasoil was used for
enumeration and isolation of hydrocarbon-utilizing
bacteria. Hydrocarbon-utilizing bacteria were enumerated
by the three-tube Most-Probable Number (MPN) method [35].
The inoculated tubes were incubated at 30 °C for
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Fig. 1: Schematic illustration of the respiration analysis system.

1 month and bacterial growth was monitored by turbidity
survey in comparison with un-inoculated controls.
The MPN index was determined from statistical tables
published by the U.S. Food and Drug Administration [36].
For isolating dominant hydrocarbon-utilizing bacteria,
the highest positive dilutions were streaked on R2A agar
plates and distinct colonies were purified by successive
cultivations. To verify the hydrocarbon utilization
the ability of the isolates, pure cultures were grown
in minimal media amended with 2 mL/L Gasoil as the
sole carbon source.

Phylogenetic analysis

Dominant heterotrophic and hydrocarbon-utilizing
bacteria at days 0, 20, and 60, were selected for
phylogenetic analysis. Genomic DNA’s of the selected
bacteria were extracted according to Wilson [37].
16s rRNA genes were amplified using 9F (5' -
AAGAGTTTGATCATGGCTCAG-3 ') and 1541R
(5" -AGGAGGTGATCCAACCGCA-3 ') universal
primers. The 16S rRNA gene sequences of hydrocarbon-
utilizing bacteria were obtained and used for phylogenetic
analysis. The identification of phylogenetic neighbors
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and calculation of pairwise 16S rRNA gene sequence
similarity were achieved using the EzTaxon-e server
(http://eztaxon-e.ezbiocloud.net/; [38]). MEGAS software
was used for phylogenetic analyses [39] and the ClustalW
algorithm of this software was used for sequence
alignments. The neighbor-joining method in the MEGA5
software was used to construct a phylogenetic tree.

Nucleotide sequence accession numbers

The partial 16S rRNA gene sequences of isolates
have been deposited in the GenBank database under
accession no. KP337604 through KP337611.

Statistical analysis

Statistical analyses of the experimental data, using
one-way ANOVA (analysis of variance) were performed
using Minitab 16. This parametric test compares the means of
two or more independent groups to determine whether
there is statistical evidence that the associated population
means are significantly different. Statistical significance
between samples was determined at P<0.05.

RESULTS AND DISCUSSION
Bioremediation efficacy and microbial activity of the
consortium

As shown in Fig. 2, after starting the bioremediation
process, both heterotrophic and hydrocarbon-utilizing
bacterial counts increased significantly (p<0.05).
Both groups reached maximum counts on day 20 and
their count increased 3 orders of magnitude between day
0 and day 20. In this period, culturable heterotrophic
bacterial count raised from 3.1 x 10° to 4 x 10° CFU/g.
The population of culturable hydrocarbon-utilizing
bacteria increased rapidly from 1.5 x 10° to 7.8 x 10° CFU/g
during the first 20 days of treatment, and simultaneously,
the highest rate of hydrocarbon degradation(p<0.05)
occurred during this period (Fig. 2).

The contaminated soil contained 26.5 g/kg of total
petroleum hydrocarbon. Based on simulated distillation,
the carbon distribution analysis showed that at the
beginning of the process the hydrocarbons in the soil
ranged from Cio to Cszp with Cy, constituting the highest
peak (Fig. 3). After 60 days remained hydrocarbons
in the soil ranged from Ci5 to Csp with C2, constituting
the highest peak (Fig. 3). As shown in Fig. 2 the partial
TPH removal efficiency was 45.4% after 60 days.
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Fig. 2: Heterotrophic (closed circle) and hydrocarbon-
utilizing bacterial count (open circle) (A); TPH removal
efficiency (B) and respiration curve of the microcosm (C)
during 60 days of the experiment.
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Fig. 3: Simulated distillation of hydrocarbons in the beginning (A) and after 60 days (B) of process.

CO production of microcosms was expressed as
pa/g.soil.h (Fig. 2). In the initial 4 days of the process,
respiration rate was low and hardly detectable however
the respiration rate increased henceforth and maximal
respiration rate occurred between days 10 to 20 which
correlated well with bacterial count and TPH degradation
(p<0.05). Following this period, the respiration rate
decreased, by total bacterial count.

Phylogenetic analysis of hydrocarbon-utilizing bacteria

Hydrocarbon-utilizing bacteria were isolated from
microcosms and phylogenetically analyzed at three
stages; beginning (day 0), active bioremediation phase
(day 20), and the end of the process (day 60). As shown
in Table 1, 11 dominant hydrocarbon-utilizing bacteria
were isolated (5 in day 0, 4 in day 20, and 2 in day 60).
At the beginning of the process, Actinobacteria (genera
Georgenia, Brevibacterium and Streptomyces) and
Alphaproteobacteria (genus Mesorhizobium) were the
dominant hydrocarbon-utilizing bacteria. On day 20,
Gammaproteobacteria (genus Alcanivorax) became
dominant. Similar to day O, at this time Actinobacteria
(genera Georgenia and Brevibacterium) were also
prevalent. At the final stages of the remediation
process, only Actinobacteria (genera Georgenia
and Micromonospora) were dominant. In Fig. 4,
the phylogenetic tree based on 16S rRNA gene sequences
shows the position of dominant hydrocarbon utilizing
bacteria and closely related species of the
related genera.
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Discussion

The prepared microcosms were composed of drilling
waste and sandy soil and encompassed a trivial quantity
of hydrocarbon-utilizing bacteria. However following
the startup of the bioremediation process, the population
of both heterotrophic and hydrocarbon-utilizing bacteria
increased remarkably by 3 orders of magnitude and
reached the highest amount in 20 days.

Noticeably the maximal respiration rate (70.7 pg/g.h)
and TPH degradation occurred between days 10 to 20
(p<0.05) accounting for 23.13% of TPH removal. By
consumption of readily available hydrocarbon during
In the active phase, both respiration and hydrocarbon
utilizing microbial counts decreased to finally reach a
state comparable to the primary conditions of the
microcosms. The correlation between respiration rate,
bacterial count and TPH analyses, showed the usefulness
of respirometry in the monitoring of bioremediation of
oil-based drilling wastes which has been shown in other
situations such as crude oil contaminated soil [21, 22];
diesel, bitumen, and petroleum-contaminated soil slurries [23].

The results indicated that the existing microorganisms
had the adequate potential for bioremediation of aged
oil-based drilling waste resulting in a TPH removal
efficiency of 45.4% during 60 days. In the study of
Steliga et al. [13] about 25% of TPH in drilling waste
was removed after 8 weeks of bioremediation but this
efficacy could be enhanced up to 90% after 20 weeks
by bioaugmentation with a bacterial consortium.
The investigation of Alavi et al. [16] showed that TPH
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Table 1: Dominant culturable hydrocarbon utilizing bacteria.

Strain !solatmn Ge_nBank Most Related Strain ngBank Similarity Taxonomical position of isolate
Time (Day) | accession number accession number (%)
Georgenia sediminis Actinobacteria, Actinobacteria,
A 0 KP337604 SCSIO 15020 IX555983 97.98 Micrococcales, Bogoriellaceae
Q 0 KP337605 Georgenia muralis X94155 100 Ac_tlnobacterla, Actlno_bacterla,
1A-C Micrococcales, Bogoriellaceae
Mesorhizobium Proteobacteria,
D 0 KP337606 albiziae NR043549 99.42 Alphaproteobacteria, Rhizobiales,
CCBAU 61158 Phyllobacteriaceae
Brevibacterium . . . .
p 0 KP337607 epidermidis NCDO X76565 99.86 Actinobacteria, Actinobacteria,
2986 Micrococcales, Brevibacteriaceae
Streptomyces Actinobacteria, Actinobacteria,
H 0 KP337608 griseoplanus AB184138 98.96 ssttr?ﬂmfeetgaclzze
NBRC 12779 ptomy
. Proteobacteria, Gammaproteobacte
B 20 KP337609 Alcanivorax NRO74734 99.43 ria, Oceanospirillales,
dieselolei B5 .
Alcanivoracaceae
Alcanivorax Proteobacteria, Gammaproteobacte
K 20 KP337610 marinus R8-12 KC415169 99.60 ria, Oceanospirillales,
Alcanivoracaceae
Georgenia muralis Actinobacteria, Actinobacteria,
! 20 KP337605 1A-C X94155 100 Micrococcales, Bogoriellaceae
Brevibacterium . . . .
F 20 KP337607 epidermidis NCDO X76565 99.86 Actinobacteria, Actinobacteria,
2986 Micrococcales, Brevibacteriaceae
Georgenia sediminis Actinobacteria, Actinobacteria,
E 60 KP337604 SCSIO 15020 IX555983 97.98 Micrococcales, Bogoriellaceae
Micromonospora Actinobacteria, Actinobacteria,
M 60 KP337611 aurantiaca ATCC CP002162 100 Micromonosporales,
\ 27029 Micromonosporaceae

removal efficiency in drilling waste bioremediation could
be as high as 90% in 21 days by using a slurry bioreactor.
However, the slurry bioreactor could not be economically
feasible, in cases encountering a high volume of
contaminated soil. The study of Ma et al. [10] showed
that TPH removal in bioremediation of oil-field drilling
waste was between 30 to 80% in biopiles with different
treatments after 60 days.

A vivid succession of bacteria occurred throughout
the process in the microcosm. As expected,
Actinobacteria  which are well described for the
decomposition of organic matter in the soil media [40]
played a central role in the studied microcosm. Similarly,
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studies of Steliga [27] and Stelgia et al. [11] showed
the importance of Actinobacteria in drilling waste
bioremediation. Phylogenetic analyses indicated that
members of this group especially genus Georgenia
were thriving as dominant hydrocarbon-utilizing bacteria
in the microcosms throughout the experiment.
The Actinobacteria comprise a morphologically
and physiologically diverse class of microorganisms
and approximately 220 genera of Actinobacteria
have been reported so far to degrade hydrocarbons [40],
however, few studies have demonstrated the capability of
Georgenia in hydrocarbon degradation. Georgenia spp.
had been found among halophilic hydrocarbon-utilizing

Research Article


http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Bogoriellaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Bogoriellaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Proteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Alphaproteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Rhizobiales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Phyllobacteriaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Brevibacteriaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Streptomycetales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Streptomycetaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Proteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Gammaproteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Gammaproteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Oceanospirillales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Alcanivoracaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Proteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Gammaproteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Gammaproteobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Oceanospirillales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Alcanivoracaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Bogoriellaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Brevibacteriaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micrococcales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Bogoriellaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria_c&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micromonosporales&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Micromonosporaceae&d=2
http://eztaxon-e.ezbiocloud.net/ezt_hierarchy?m=browse&k=Actinobacteria&d=2

Iran. J. Chem. Chem. Eng.  Succession of Dominant Culturable Hydrocarbon-Utilizing Bacteria ... Vol. 38, No. 5, 2019

f Georgenia muralis 1A-C \

Georgenia sp. strain I and Q
Georgenia soli CC-NMPT-T3T
Georgenia daeguensis 2C6-43
Georgenia thermotolerans TT02-04
Georgenia ruanii YIM 004

— Georgenia sediminis SCSIO 15020

L Georgenia sp. strain A and E
|— Brevibacterium oceani BBH7

Brevibacterium siliguriense MB18T

Brevibacterium sp. strain F and P
Brevibacterium epidermidis NCDO 2286

Brevibacterium permense VKM Ac-2280
Brevibacterium iodinum NCDO 613
Micromonospora sediminicola SH2-13

Micromonospora marina JSM1-1

Micromonospora maritima D10-9-5

Micromonospora coxensis 2-30-b/28

Micromonospora sp. strain M

Micromonospora aurantiaca ATCC 27029
Streptomyces griseoplanus NBRC 12779

Streptomyces sp. strain H

Kitasatospora paranensis HKI 0190
Streptomyces yeochonensis CN 732
Streptomyces cocklensis BK168
Streptomyces paucisporeus 1413
Mesorhizobium tianshanense A-1BS
Mesorhizobium tarimense CCBAU 83306
Mesorhizobium temperatum SDW 018
Mesorhizobium tamadayense Ala-3

L[Mesorhizobium sp. strain D
Mesorhizobium albiziae CCBAU 61158

Alcanivorax balearicus MACL04

Alcanivorax dieselolei B-5

Alcanivorax sp. strain B

Alcanivorax hongdengensis A-11-3

Alcanivorax venustensis 1SO4
Alcanivorax marinus R8-12
Alcanivorax sp. strain K

0.02

\_ )

Fig. 4: Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences, showing the position of dominant hydrocarbon
utilizing bacteria and closely related species of the related genera. Bar, 0.02 substitutions per nucleotide position.
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bacteria from Kuwaiti coasts of the Persian Gulf [41]
and had been demonstrated by Pizarro-Tobias et al. [42]
to be involved in petroleum-hydrocarbon removal
in a field study. On the other hand, two other genera of
actinobacteria namely Streptomyces and Brevibacterium
were also prevailing in the prepared microcosm, whose
capability to degrade different types of hydrocarbon
have been copiously reported [40].

Considering the bloom of the hydrocarbon degraders’
population, the prevalence of Brevibacterium and
Georgenia strains in the active bioremediation phase
confirmed that they were capable of adapting and playing
a vital role during bioremediation.

Genus Mesorhizobium, a member of Alphaproteobacteria,
was another prevailing hydrocarbon-utilizing bacterium
in the beginning of the process. Although Hydrocarbon
degradation  capability of Genus Mesorhizobium
was indicated in previous studies [43, 44], it was not
detected in the subsequent stages of bioremediation in the
microcosms.

Prominently, through activation by aeration and
nutrient amendment, the microbial population shifted to
Gammaproteobacteria, especially genus Alcanivorax,
in the active bioremediation phase. Alcanivorax is a
well-known marine bacterium cable of growing efficiently
on a restricted spectrum of substrates, predominantly
linear and branched alkanes [40]. In the studied
microcosms, both diesel range of hydrocarbons and
moderate salinity were appropriate for the growth and
activity of Alcanivorax species, and consequently, they
became dominant in the active phase of the bioremediation
process. Although the pivotal role of Alcanivorax genus
has been fully established in hydrocarbon biodegradation
in marine environments and coastal areas [40, 45-49],
a few reports have focused on its presence and activity
in terrestrial environments.

Previously, Dastgheib et al. [50] showed the potential
of a halotolerant Alcanivorax dieselolei for augmentation
of a saline soil contaminated by drilling fluid. The current
study revealed that even though Alcanivorax species were
not prevalent at the beginning of the remediation process,
they could rise to an important constituent of the
microbial community during the active degradation phase
and their population would diminish at the final stage of
bioremediation. Another notable phenomenon observed
in the succession of hydrocarbon degraders after the
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active phase was that Georgenia sp. strain A restored
its dominant state in the microbial community
accompanying with another actinobacterium named
Micromonospora sp. strain M. This could highlight
the role of actinobacteria specially Georgenia species
in attenuating hydrocarbon contamination and soil recycling
in natural conditions. It should be noted that different
drilling wastes may have different chemical composition
leading into various groups of dominant hydrocarbon-
utilizing bacteria. As an indication for this, in our study
similar to the reports of Steliga [27] and Stelgia et al. [11],
the genera belonging to Actinobacteria were dominant
in microcosms, which was in contrast with the results of
Napp et al. [29] in which Proteobacteria were prevailing.

All  dominant isolates including Alcanivorax,
Georgenia, Brevibacterium, Streptomyces [40]
Micromonospora [51, 52], and Mesorhizobium [43, 44]
were known hydrocarbon degraders. Since fresh oil-based
drilling waste does not seem to have adequate active
microbial flora, these hydrocarbon utilizing bacteria
could be originated from the soil. Since bioaugmentation
could be a promising approach for drilling fluid
bioremediation [14], isolated strains in the present study
are good candidates for augmentation in fresh oil-based
drilling wastes bioremediation.

CONCLUSIONS

Although there are much research works on the bacterial
community succession associated with bioremediation
of hydrocarbon contaminated environments [30-32], little
is known about bacterial succession in oil-based drilling
waste bioremediation. In this study, the succession of
dominant culturable hydrocarbon-utilizing  bacteria
in oil-based drilling waste bioremediation process
investigated in microcosm experiments. The result
showed that the soil sample encompassed potent
microbial flora and biological treatment was promising
for the cleanup of the oil-based mud contamination.

Following biostimulation, a rapid uprising in the
population of hydrocarbon degraders occurred during
the first twenty days of the bioremediation process which
resulted in a sharp peak in the respiration level, along
with a pronounced biodegradation rate of hydrocarbon.
In the course of this critical period, Gammaproteobacteria
especially genus Alcanivorax were dominant in the
microcosm. We assume that Alcanivorax is one of
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the key hydrocarbon-utilizing bacteria in active phase of
hydrocarbon bioremediation in salt-containing terrestrial
environments which could be greatly promising for
cleanup of oil-based drilling waste.

The obtained results also emphasized the role of
Actinobacteria in hydrocarbon degradation throughout
the remediation process following previous studies,
however, on the other hand, suggested that the importance
of the genus Georgenia in the bioremediation was
greater than previously established. Further studies by
molecular techniques are on the way to elucidate the
source and fate of the determined key bacterial species
during bioremediation of a drilling waste contaminated
soil.
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