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ABSTRACT: Petroleum-polluted soil samples from Ahvaz oilfield were enriched, using
three methods to detect microorganisms with different dibenzothiophene degradation
capabilities. Strain NISOC-03, a nitrate-reducing, oxidase negative, catalase, citrate, and
urease positive, gram negative rod, showed interesting dibenzothiophene desulfurization
behavior, designated as Entreobacter sp. strain NISOC-03 based on phenotype and
genotype analyses. Gas chromatography, biomass measurement, and Gibb’s assay
showed that in the presence of benzoate as the carbon source, strain NISOC-03 utilized
64% of 0.8 mM dibenzothiophene, producing 0.27 mM phenyl phenol during the
exponential growth phase, though the produced phenyl phenol was degraded in the
stationary growth phase. In the presence of glucose as the carbon source, however, strain
NISOC-03 metabolized only 19.6% of 0.8 mM dibenzothiophene. Furthermore, replacing
glucose with ethanol or glycerol led to the same reduction of the dibenzothiophene
utilization. It is thus concluded that the chemistry of the potential carbon source(s) in the
culture medium has a significant influence on the quality and the rate of
dibenzothiophene metablization, and the enrichment designation has a very vital effect on
the biodegradation efficiency of the isolated microorganisms.

Keywords: biodegradation, biodesulfurization, dibenzothiophene, enterobacter, phenyl
phenol.

INTRODUCTION

Typically sulfur level in crude oils is
between 1000 and 30000 ppm. Diesel oil
sulfur content can be around 5000 ppm
even though in recent years it has been
reduced to less than 15 ppm (Boniek et al.,
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2015; Del Olmo et al., 2005). According to
the reports from United Nations
Environmental Program (UNEP), countries
such as Iran, Egypt, and Iraq are using
diesel fuels with sulfur levels higher than
5000 ppm. In addition to low sulfur,
mature crude oil is going to be exhausted
in the reservoirs and refineries have to
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handle the highly immature, sulfur- and
nitrogen-rich, heavy crude oils (containing
high concentrations of sulfur, nitrogen, and
several metals, particularly nickel and
vanadium) soon (Jiang et al., 2014).

Further, SO, emission through fossil
fuel combustion is a major source to
generate acid rains and air pollution.
Regulatory standards against the sulfur
content of petroleum products such as
gasoline and diesel oil are becoming
stricter due to the need for environmental
protection. The current desulfurization
technology, hydrodesulfurization (HDS), is
utilized with chemical catalysts under
severe  conditions  (extremely  high
temperature and pressure) (Caro et al.,
2007; Guerinik and Al-Mutawah, 2003; Li
et al., 2005a). There are also many other
options: selective adsorption, catalytic
oxidative desulfurization and
biodesulfurization (BDS), to desulfurize
gasoline and/or crude oil, yet none has
been scaled up for commercial use yet
(Maass et al., 2015; Nuhu, 2013).

Up to 70% of the sulfur in fossil fuels is
found as refractory polynuclear aromatic
sulfur  heterocyclics (dibenzothiophene
(DBT) and substituted DBTS), which are
particularly recalcitrant to HDS (Constanti
et al., 1994); therefore, biocatalytic
desulfurization (BDS) may offer an
attractive alternative or may be used
complementary to HDS due to its mild
operating conditions, low costs, and greater
reaction specificity afforded by the nature
of biocatalysis (Breysse et al., 2003;
Constanti et al., 1994; Li et al., 2005b).
Two major pathways of DBT metabolism
are Kodama and 4S pathways, even though
various alternatives may be present and
different groups of microorganisms use
various enzymatic reactions to utilize DBT
as carbon, sulfur, or carbon and sulfur
sources (Konishi and Aruhashi, 2003;
Mohebali et al., 2006; Papizadeh et al.,
2010; 2011; Young et al., 2006).

Dibenzothiophene, a tricyclic
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organosulfur heterocycle compound, exists
as a colorless solid powder when purified.
Because of high density (1.252 g/cm®) and
water-insolubility, it precipitates in aquatic
media. There are also other polycyclic
aromatic hydrocarbons, like as
Phenanthrene, Pyrene, Anthracene, and
Benzothiophene, with the above-mentioned
features. Water-insolubility and high density
are two main characteristics of these
hydrocarbons, reducing their bioavailability,
making them recalcitrant to biological
degradation. Hence, they may be
biodegraded more easily when solved in
organic solvents (Papizadeh et al., 2010;
2011). Also, the biodegradation and
biodesulfurization of such hydrocarbons in
aquatic media can be catalyzed by many
microorganisms, unable to resist the toxic
effects of gasoline and/or other fuels.
Furthermore, the biodegradation and
biodesulfurization rate of a given microbial
strain is very different in mono-phase aquatic
and oil-water biphasic systems, thus it is
recommended to consider the reaction of a
given biodegrading strain in model oils,
gasoline, or other fuels.

A small number of bacterial strains,
belonging to the genera of Paenibacillus
(Konishi and Aruhashi, 2003),
Corynebacterium (Luo et al., 2003),
Rhodococcus (Castorena et al., 2002; De
Carvalho et al., 2007; Del Olmo et al.,
2005; Konishi et al., 2005), Pseudomonas
(Alcon et al., 2005; Hou et al., 2005; Liu et
al., 2015), Gordonia (formerly Gordona)
(Jia et al., 2006; Kim et al., 2004;
Maghsoudi et al., 2000), Microbacterium
(Li et al.,, 2005a; Mezcua et al., 2007;
Papizadeh et al., 2010), Mycobacterium (Li
et al, 2005b; Li et al, 2007), and
Arthrobacter (Seo et al., 2006), are known
to be able to remove sulfur from DBT via a
sulfur-specific pathway or the extended
“4SM” pathway. Until now, most of the
discovered DBT desulfurizing
microorganisms have been gram-positive
bacteria, though Stenotrophomonas
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NISOC-04 (Papizadeh et al., 2011),
Pseudomonas delafieldii R-8 (Luo et al.,
2003), Pseudomonas putida (Alcon et al.,
2005), Pseudomonas stutzeri (Hou et al.,
2005), Klebsiella sp. LSSE-H2 (Li et al.,
2008) and Enterobacter sp. (Liu et al.,
2015) have been reported as gram negative
strains, able to biodegrade C-S or C-C
bonds of DBT (Jiang et al., 2014).

Enterobacter sp. strain NISOC-03 as a
member of Enterobacteriaceae is resistant
to the toxic effects of gasoline and its DBT
utilization behavior is to some extent
unique. This study has dealt with DBT
metabolism of Enterobacter sp. strain
NISOC-03; another gram negative DBT
desulfurizing bacterium, discovering some
critical features of the medium culture that
influence the desulfurization rate.

MATERIALS AND METHODS

Culture medium, Enrichment, and DBT
metabolism
Mineral Salt Medium (MSM) was prepared
from 3.2 g KH,PO4 5.1 g K;HPO,, 2 g
NH,CI, 0.6 g MgCl,, 0.001 g FeCls, and
0.001 g CacCl, dissolved in a litter of double
distilled deionized water (DDW). Final
pH=6.8 was adjusted by 20% NaOH titration
(Papizadeh et al., 2010). Desirable carbon
and sulfur sources were also added as is
mentioned in the enrichment procedure.
Biphasic system (liquid paraffin-
aquatic). 0.2 g of soil sample, collected from
Ahvaz oil fields, was inoculated into 98 ml
MSM in a 250 ml Erlenmeyer flask. Two
o/L of sodium benzoate was added as carbon
source. Furthemore, 2 ml of liquid paraffin,
containing 100 mM of authentic DBT, was
added to enrich the microorganisms able to
uptake DBT from the liquid paraffin layer.
Flasks were incubated at 30°C to encourage
pellicle formation by the mostly aerobic
microorganisms, capable of uptaking DBT
from the hydrophobic phase. After 20 days
of incubation, a piece of the pellicle,
developed at the medium's interface
(between liquid paraffin and water), was
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inoculated into fresh medium. After 2 weeks
of incubation in the same conditions, a piece
of the pellicle was removed, serially diluted,
and plated on 1.5% agar-solidified MSM,
containing 2 g/L benzoate and 0.5 mM
MgSO, as the carbon and sulfur sources,
respectively. Cultures were incubated at 30 C
until development of representative single
colony (14 days) (Papizadeh et al., 2010).

Bait enrichment. Glass slides, immersed
in crude oil containing 100 mM authentic
DBT were buried in soil samples to
encourage colonization of resistant crude oil
and DBT metabolizing microorganisms,
being incubated at 30°C. After 10 days of
incubation, the visible film that developed on
the slides was inoculated into a 250 ml
Erlenmeyer flask with 96 ml MSM
containing 2 g/L of benzoate as carbon
source. Also 2 ml of gasoline containing 100
mM authentic DBT was added to the
medium and incubated in an orbital shaker
(150 rpm, 30°C). After 10 days of
incubation, 0.5 ml of the culture medium was
inoculated into the same medium to be
incubated at the same conditions. Eighty pl
of the third transfer was streaked on
solidified MSM containing 2 g/L of sodium
benzoate and 0.5 mM MgSQ, as carbon and
sulfur sources, respectively. After 14 days of
incubation at 30°C, the representative single
colonies were obtained and purified
(Papizadeh et al., 2011).

Enrichment in aquatic medium. An
amount of 0.2 gram of the soil sample was
added to 100 ml of MSM medium,
enriched with 2 ml of filter sterilized 80
mM DBT stock in ethanol, and was
incubated (for 150 rpm at 30°C). After 10
days of incubation, 50 pl of culture was
subcultured into the same fresh medium,
and after 2 subcultures 50 pl of the
material was streaked on solidified MSM,
containing 2 g/L of sodium benzoate and
0.5 mM MgSO, as carbon and sulfur
sources, respectively. After 14 days of
incubation at 30°C, the visible single
colonies were purified (Liu et al., 2015).
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Purified colonies were inoculated into
separate flasks, containing 100 ml of MSM
with 1 mM DBT or 2-HBP as the sole
source of carbon to detect biodegradation
(starting cell concentration of 12 x 10°
cell/ml). DBT biodesulfurization ability of
the strains was studied in the presence of
glucose, glycerol, ethanol, and benzoate
(final concentration of 3 g/L) as carbon
sources and DBT as sulfur source in a
simple aquatic medium. DBT was added
from an acetone or ethanol solution. Also
the ability of the strains to metabolize DBT
was investigated in a liquid paraffin/water
biphasic medium.

Analytical procedures

Most of the examinations and analytical
assays were repeated three times
(Papizadeh et al., 2010; 2011). In case of
GC-SCD analysis, some samples were
analyzed repeatedly to reach logical data.

Metabolite extraction. Method A: An
amount of 0.5 ml of the culture medium was
acidified to pH < 2.0 by titration of 50%
HCI. 0.5 ml ethyl acetate was added and the
mixture was stirred for 5 min. Then, after a 5
min interval to separate the phases, ethyl
acetate was removed. Extraction with the
same method was repeated 3 times with all
of the ethyl acetate aliquots centrifuged
(5000 rpm, 10 min). Upper 2/3 volume of the
ethyl acetate was removed and dried at 50°C.
Finally, 0.5 ml of ethanol was added and
analyzed. Method B: One ml of the culture
medium was centrifuged (3000 rpm, 10 min)
and supernatant was acidified to pH < 2.0 by
50% HCL titration. The supernatant was
extracted three times by ethyl acetate as
mentioned above.

Gas chromatography. Gas
Chromatography (GC) was set up and
performed to detect DBT utilization. Ethyl
acetate extracted samples, which were
monitored to determine the concentration of
DBT and its sulfurous metabolites, using a
GC equipped with a sulfur
chemiluminescence detector (SCD). One pl

104

of the sample was injected into a column,
with an interior diameter of 0.32 mm, height
of 30 m, and 0.015 mm of film CP-SIL 5CB
for sulfur. The column operated at 1.7 ml/
min volume velocity of helium carrier gas.
The injector and detector temperatures were
maintained at 275 C and 800°C respectively,
while the column temperature remained at
200°C, according to different organic sulfur
compounds until the appearance of the
characteristic peak (Mezcua et al., 2007).

Identification

16S rDNA sequence-based Identification.
16S rDNA of the isolate was amplified in a
PCR amplification, as described in previous
works [9, 10]. Nearly complete fragment of
16S rDNA was amplified, using FD1 and
RD1 primers and the product was sequenced
with the same primers from both 5’ and 3’
ends by Genefanavaran Biotechnology
Corporation. Using CLC main workbench
and Geneious packages, the full 1500 bp 16S
rDNA was assembled and studied in order to
find its phylogenetic affiliation.

Phenotypic Identification. Identification
of the isolate was performed based on
phenotypic methods as follows: gram
staining and reaction, oxidase and catalase
reactions, urea hydrolysis, indole production,
methyl red, \oges-Proskauer, oxidative-
fermentative metabolism, motility, optimum
pH, temperature and salinity for growth,
nitrate reduction, citrate utilization, and
hydrogen sulfide production in TSI medium.

RESULTS AND DISCUSSION

Culture Medium, Enrichment, and DBT
Metabolism

It was shown that strain NISOC-03 did not
use up DBT as carbon source in culture
media, containing DBT and MgSO4 as
carbon and sulfur sources, respectively.
Also, it has been highlighted that the
carbon source is the most limiting factor in
most natural environment niches and the
introduction of hydrocarbons to the
environment encourages hydrocarbon-
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degrading microorganisms to produce
higher biomass via nutrients, available in
the soil. Other microorganisms, which are
probably unable to utilize hydrocarbons,
may lose nutrients to produce biomass,
even though these conditions occur just in
the vicinity of the glass slides, used as
baits. Adding the glass slides into the
liqguid medium introduced hydrocarbon-
resistant/degrading microorganisms. What
is more, unshaken incubation along with an
organic layer, present on the aquatic phase
encouraged the hydrocarbon-degrading
microorganisms to develop as a pellicle at
the interface of aquatic and hydrophobic
phases (Papizadeh et al., 2010; 2011).

Bi-phasic enrichment culture by a
hydrophobic carbon source and an aquatic
phase, enriched by macro and micro
nutrients, was shown to be suitable for
selecting microorganisms, resistant to toxic
hydrocarbons and solvents. Unshaken
incubation and the organic layer present on
the aquatic phase, can encourage the
hydrocarbon-degrading microorganisms to
develop as a pellicle at the interface of
aquatic and hydrophobic phases (Li et al.,
2008; Papizadeh et al., 2010; Papizadeh
and Roayaei Ardakani, 2010).

By means of the traditional enrichment
and extraction procedures described above,
we obtained many bacterial and fungal
colonies, almost unable to tolerate and
metabolize DBT in pure cultures. Actually,
the  water insoluble  Poly-Aromatic
Hydrocarbons (PAHSs), such as DBT,
phenanthrene, anthracene, and pyrene have
specific gravities higher than water and
precipitate in aquatic solutions. These
compounds can be biodegraded in simple
enrichment cultures but considering their
scarcity in aquatic solutions, microorganisms
should either attach physically to these
molecules or produce bio-molecules to solve
trace amounts of them in the vicinity of the
cell membrane. Obviously this kind of
metabolism  progresses  pretty  slowly
(Ollivier and Magot, 2005). Nonetheless, a
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very low concentration of DBT and other
PAHs may solve in aquatic solutions and can
be utilized, though it cannot afford the
growth demands. Besides, the toxicity of a
given hydrocarbon is quite limited as long as
it is not dissolved and it reduces the
selectivity of the designed medium (Ollivier
and Magot, 2005).

In the presence of DBT and glucose as
sulfur and carbon sources, Enterobacter sp.
strain NISOC-03 utilized 19.6% of DBT,
producing an insignificant amount of 2-HBP
as indicated by Gibb’s assay (at the 240"
hour of incubation; Figs. 1 and 2). About 1
UM of 2-HBP was detected after 96h of
incubation, which increased up to 4 puM as
analyzed at the 240" hour of the process.
Gibb’s assay showed that the produced 2-
HBP was diluted after this period and 2-HBP
started to disappear during the stationary
phase of growth (tason-t312n). In comparison,
in the presence of benzoate and DBT as the
carbon and sulfur sources, the rate of the
DBT biodesulfurization was 3.26 times
higher than that of glucose (Figs. 3 and 4). In
the presence of benzoate, Enterobacter sp.
strain NISOC-03 used up about 63.9% of
DBT, producing 1 uM of 2-HBP after 12h,
and along with DBT utilization and biomass
production, accumulating 2-HBP itself (27
UM after 96h). Five uM of sulfate was
detected only at this growth phase as barium
chloride photometry showed. Such a DBT
consumption pattern and 2-HBP production,
witnessed during the log phase of growth
was followed by an accelerated 2-HBP
dilution to disappear into the medium during
stationary phase of growth (tioon-tissn) (Fig.
3). Also, adding concentrations of carbon
and sulfur sources by two and three folds had
no impact on the 2-HBP dilution which
occurred always during the stationary growth
phase. Additionally, there were no significant
changes from adding glycerol as the carbon
source and the DBT metabolism was
comparable to the results, achieved from
glucose.
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It was shown that adding benzoate (2
g/l) as carbon source as well as DBT (final
concentration of 1mM) from an ethanol

VIV, led to the highest utilization level of
DBT. Moreover, replacing ethanol with

stock, in
concentration was

a way

acetone or diethyl ether, as the solvent for
DBT, to be added to the aqueous phase
decreased the rate of DBT utilization.

that the ethanol
limited within 2-3%
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Fig. 1. DBT utilization and 2-HBP production by Enterobacter sp. strain NISOC-03 in the presence of
Glucose and DBT (dissolved in Acetone) as carbon and sulfur sources
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Fig. 2. Utilization of 19.6% of 0.8 mM DBT after 240h incubation by Enterobacter sp. strain NISOC-03 in

the presence of glucose as the sole carbon source

1.8
- —%— ODG600 - > . = - - - - -
W Gibbs assay(ODG610) »
1.4
1.2 @
=
S
2 1
g 0.8 2
2 -
o 006 >
0.4 > - - -
" -
0.2 L d - -
> & - -
0 —m—m = W b |
0O 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180
Time (hour)

Fig. 3. DBT utilization and 2-HBP production by Enterobacter sp. strain NISOC-03 in the presence of
benzoate and DBT (dissolved in Ethanol) as carbon and sulfur sources

106



Pollution, 3(1): 101-111, Winter 2017

UV spectrophotometry studies showed
that the presence of DBT as the sole sulfur
source affected absorption at wavelengths
285 nm and 323 nm without detecting any
significant absorption change in the
presence of DBT as the sole carbon or
carbon and sulfur sources (Fig. 5). UV
spectrophotometery showed that during
stationary growth phase, absorption at
wavelengths specific for phenyl phenol,
declined. It was also concluded that the 2-
HBP, produced during the exponential
growth phase, was mineralized during the
stationary phase. Furthermore, biomass

measurement of MSM-sulfate, MSM-DBT,
and sulfur-free MSM flasks, containing
glucose as carbon source, showed that
DBT  affected biomass production
effectively, and that such an influence was
not detected in the presence of DBT as
carbon or carbon and sulfur sources (Fig.
6). Additionally, it was shown that
physico-chemical properties of the used
solvent (ethanol or acetone), especially its
boiling point value, can affect the DBT
utilization, 2-HBP production, and growth
pattern (Figs. 7 and 8).
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Fig. 4. Utilization of 64% of 0.8 mM DBT after 240 hours of incubation by Enterobacter sp. strain NISOC-
03 in the presence of benzoate as the sole carbon source
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Fig. 5. Growth pattern of Enterobacter sp. strain NISOC-03 in the presence of sulfate, DBT, and in sulfur-
free blank flask (glucose as carbon source)
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Using 64% of 0.8 mM DBT as sulfur
source must result in the production of
0.512 mM of 2-HBP, but by adopting
optimized extraction techniques, only
about 0.27 mM of 2-HBP was detected (at
the end of log phase), and this
concentration was diluted to disappear into
the medium, during the stationary growth
phase. By aging the culture and nutrient
exhaustion of culture medium, apparently
the strain started to utilize 2-HBP as carbon
source. Another reason behind this might
be higher water solubility of 2-HBP as well
as its lower specific gravity. Such
properties increase the vulnerability of 2-
HBP to the biodegradation.

Considering the intracellular metabolism
of DBT in the majority of reported strains, it
is assumed that the presence of benzoate,
and probably other phenol-like compounds,
can increase the uptake and/or
transformation rate of DBT via co-

metabolism or a metabolic pathway,
encouraged in the presence of phenol-like
chemicals. Such acceleration of DBT
biodesulfurization was detected even in the
concomitant presence of ethanol or
benzoate with glucose. Furthermore, ethanol
and acetone are solvents that increase DBT
solubility in aquatic medium, though in
terms of their boiling point values, ethanol
evaporates more slowly and is a more

favorable solvent. Thus, ethanol and
benzoate chemistry might cause the
differences in  biomass  production,

illustrated in Figures 1, 3, 7, and 8. In the
presence of benzoate, DBT utilization was
triggered after 24h of lag phase, followed by
a 48h long log phase, during which an
accelerated DBT utilization and 2-HBP
production was detected. Most of DBT
utilization and 2-HBP production were
detected from the middle to the end of log
phase (Figs. 1 and 3) (Kim et al., 2004).
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Fig. 6. Decline in absorption at 285 nm and 323 nm shows DBT utilization by Enterobacter sp. strain NISOC-03
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Fig. 7. DBT utilization and 2-HBP production by Enterobacter sp. strain NISOC-03 in the presence of
benzoate and DBT (Dissolved in acetone) as carbon and sulfur sources
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Fig. 8. DBT utilization and 2-HBP production by Enterobacter sp. strain NISOC-03 in the presence of
Ethanol and DBT (Dissolved in Ethanol) as carbon and sulfur sources

Identification
As a result of aligning the 16S rDNA
sequence  with 187  sequences  of

Enterobacteriaceae family (obtained from
Ribosomal Database Project (RDP) version
10) the isolate was identified as a member of
the genus Enterobacter. Strain NISOC-03 is
characterized as a motile, Citrate, Urease,
Methyl red, and Voges-Proskauer positive
facultative anaerobic gram negative nitrate
reducing coccobacili. The 16S rDNA gene
sequence of Enterobacter sp. strain NISOC-
03 was deposited in Gene bank under the
accession number: HQ419280.

CONCLUSION

The present study showed that there are
various alternative pathways by which
polyaromartic hydrocarbons, like DBT, can
be used up by microorganisms. Such a
diverse metabolic network, eukaryotic and
prokaryotic units included, enables the soil
microbiome to biodegrade and mineralize
varied recalcitrant chemicals. Besides, it
was demonstrated that the efficiency of a
given strain to biodegrade a given
compound could not be simply evaluated
and the efficiency was highly dependent on
the environmental parameters. Also, the
chemistry of the culture medium was
highly critical for the evaluation of
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biodegradation efficiency. Thus, many of
the strains that had been assumed unable to
metabolize a given compound, may be
highly biodegrading in the desirable
conditions and vice versa.
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