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Abstract
Purpose Biodesulfurization (BDS) has the potential to
desulfurize dibenzothiophene (DBT) and its alkylated deriv-
atives, the compounds that are otherwise refractory to
hydrodesulfurization (HDS). Thermophilic microorganisms
are more appropriate to be used for BDS applications fol-
lowing HDS. The aim of the present study was to isolate a
thermophilic microorganism and to explore its commercial
relevance for BDS process.
Methods The desulfurizing thermophilic strain was isolated
and enriched from various soil and water samples using
sulfur free medium (SFM) supplemented with DBT. Micro-
biological and genomic approach was used to characterize
the strain. Desulfurization reactions were carried out using
DBT and petroleum oils at 45°C followed by different
analytical procedures.
Results We report the isolation of a thermophilic bacterium
Klebsiella sp. 13T from contaminated soils collected from
petroleum refinery. HPLC analysis revealed that Klebsiella
sp. 13T could desulfurize DBT to 2-hydroxybiphenyl
(2-HBP) at 45°C through 4S pathway. In addition, adapted
cells of Klebsiella sp. 13Twere found to remove 22–53% of
sulfur from different petroleum oils with highest sulfur
removal from light crude oil.
Conclusion Klebsiella sp. 13T is a potential candidate for
BDS because of its thermophilic nature and capability to
desulfurize petroleum oils.
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Abbreviations
HDS Hydrodesulfurisation
BDS Biocatalytic desulfurization
DBT Dibenzothiophene
SFM Sulfur free medium
2-HBP 2-Hydroxybiphenyl

1 Introduction

Combustion of petroleum derived fuels lead to the release of
vast amount of sulfur dioxide (SO2) into the atmosphere,
which is a principal source of acid rain and air pollution.
Thus, most countries have imposed strict regulations to
control these releases mainly by enforcing stringent restric-
tions on the levels of sulfur in transportation fuels. Further
higher levels of sulfur in the present crude oil stocks have
been suggested, indicating an additional problem to be faced
by petroleum refineries worldwide (Bhatia and Sharma
2006).

Hydrodesulfurization (HDS) is the conventional process
that has been routinely practised in the refineries for remov-
ing sulfur from petroleum products before their use by
combustion. HDS is a high-pressure and high-temperature
catalytic process and is plagued by the catalytic poisoning
due to the presence of sulfur compounds in petroleum.
Thiophenic sulfur compounds such as dibenzothiophene
(DBT) and its alkylated derivatives are generally found to
be resistant to HDS (Chen et al. 2009; Monticello 2000). To
desulfurize these refractory compounds, HDS has to be
carried out under extreme conditions using sophisticated
and costly catalysts that make the process more energy
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intensive and expensive. Moreover, the used catalysts form
a hazardous waste and its disposal poses problems. The
recent years have seen the upcoming/development of bio-
desulfurization (BDS) technology that has potential to
desulfurize refractory compounds such as DBT in a cost
effective and environmentally benign manner. Furthermore,
development of deep desulfurization (reducing the sulfur
content from 500 to 50 ppm) using BDS process down-
stream to HDS, i.e., using BDS as a complementary tech-
nology to HDS, instead of deep HDS, seems to be the more
convincing approach (Bhatia and Sharma 2006).

Various DBT desulfurizing microorganisms have been iso-
lated to date, but most of them are mesophilic (reviewed by
Mohebali and Ball 2008). Since HDS of petroleum oils is being
carried out at elevated temperature, therefore thermophilic
microorganisms are more appropriate to use for biorefining
applications following HDS (Konishi et al. 1997, 2000). This
will enable BDS reaction to be carried out at higher temper-
atures, and therefore there is no need to cool the HDS treated oil
to ambient temperatures, which would be a more practical
approach for a large0scale industrial process and could result
in higher rates and low processing costs (Konishi et al. 1997;
Kayser et al. 2002). In addition, higher temperature decreases
oil viscosity and therefore contamination by undesirable bacte-
ria which affect the BDS process could also be avoided
(Kirimura et al. 2001; Gray et al. 2003; Soleimani et al.
2007). However, little research work has been conducted on
searching for thermophiles for the BDS of petroleum and its
products. It appears that only six thermophilic DBT desulfur-
izing microorganisms have been reported so far (Table 1).
These are Paenibacillus sp. strain A11-2 (Konishi et al.
1997), Bacillus subtilis WU-S2B (Kirimura et al. 2001),
Mycobacterium phlei GTIS10 (Kayser et al. 2002), Mycobac-
terium phlei WU-F1 (Furuya et al. 2001, 2003), Mycobacteri-
um sp. X7B (Li et al. 2003) and Mycobacterium phlei WU-
0103 (Ishii et al. 2005). Out of these, onlyMycobacteriumX7B
has been extensively studied (Li et al. 2003, 2005, 2007).

Despite so many reports of DBT desulfurizing micro-
organisms, BDS remains far from commercialization. Most
of the reports found in the literature are concerned with
desulfurization of model compounds (reviewed by Mohe-
bali and Ball 2008; Soleimani et al. 2007). To explore the
commercial relevance of BDS process, the isolated biocata-
lysts must have the ability to remove sulfur from petroleum
oils through “4S” pathway (Bhatia and Sharma 2010a).
BDS through “4S” pathway involves the cleavage of C–S
bond only in the petroleum oils and not the C–C bonds.
Thus, the petroleum hydrocarbons are not degraded through
this pathway. Therefore, this pathway is more efficient for
the BDS of petroleum oils as this helps in the conservation
of petroleum oil. In other pathways such as Kodama path-
way of BDS, the costly petroleum oil is also degraded. The
authors have recently reported the isolation of a mesophile

Pantoea agglomerans which follows the 4S pathway for the
BDS of petroleum oils (Bhatia and Sharma 2010b).

In this study, the isolation of a thermophilic microorgan-
ism, i.e., Klebsiella sp. 13T, that can degrade DBT in a
sulfur-specific manner — i.e., through “4S” pathway — is
described. Further, it is shown that Klebsiella sp. 13T can
remove sulfur from different petroleum oils.

2 Materials and methods

2.1 Enrichment and cultivation of DBT desulfurizing
microorganisms

The DBT desulfurizing thermophilic strain was isolated and
enriched from soil and water samples collected from petro-
leum refinery in India as described previously (Bhatia and
Sharma 2010b). Briefly, DBT (final concentration 100 ppm)
dissolved in n-hexane was added to the sterilized sulfur free
medium (SFM; 10 ml) and inoculated with different soil and
water suspensions. Cultures were incubated on a rotary
shaker at 180 rpm at 45°C for 5 days. Aliquotd (0.1 ml) of
turbid cultures were transferred into fresh 10 ml SFM
medium with DBT. Then, five such sub cultivations culture
was appropriately diluted, plated onto LB agar plates and
incubated at 45°C overnight. The individual colonies were
picked up and isolates were further screened for their ability
to grow and degrade DBT on DBT coated SFM agar plates,
i.e., appearance of the zone of clearance.

2.2 Identification and characterization

Preliminary characterization was made by colony character-
istics, microscopy and Gram’s staining. Genomic DNA of the
isolate was extracted using a commercial kit as per the man-
ufacturer’s instruction (Promega, USA). 16S rRNA gene was
amplified as described (Rawlings 1995) and amplicon
(~900 bp) was custom sequenced (Microsynth Pvt. Ltd.,
Switzerland). The 16S rDNA sequence was compared with
others in a non-redundant sequence database at the NCBI by
using the BLASTn program in order to find the genetic
makeup of the isolate (Altschul et al. 1990). The presence of
the genes responsible for the DBT degradation, i.e., dszB and
dszC, were screened using polymerase chain reaction (PCR)
as described (Duarte et al. 2001). The PCR reaction was
performed four times, and the representative figure is shown.

2.3 Desulfurization reactions

For desulfurization of DBT, fresh overnight grown culture
(late exponential phase) of the characterized isolate was
inoculated in 20 ml SFM in 100-ml Erlenmeyer flasks (start-
ing OD660 of 0.02) containing 100 ppm of DBT dissolved in
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n-hexane 10% (v/v) (Bhatia and Sharma 2010b). The flasks
were incubated at 45°C and 200 rpm for 24–120 h. After the
respective time point of cultivation, the culture supernatant
was harvested and analyzed. For desulfurization of different
petroleum oils, the isolate was first adapted on different
petroleum oils. Earlier, it was observed that 10% of oil in
desulfurizing reactions does not give a high level of toxicity
and is appropriate for investigating the desulfurizing capacity
of isolates (Bhatia and Sharma 2010a). SFM containing var-
ious petroleum oils (10% of oil) individually were inoculated
with the fresh culture of adapted cells (starting OD660 of 0.02)
and incubated at 45°C under shaking condition (200 rpm).
After 120 h of incubation, the treated oil was analysed for
sulfur content. Later, petroleum oils were used: light crude oil,
heavy crude oil, diesel and HDS diesel.

2.4 Analytical procedures

Gibb’s assay was used to screen the conversion of DBT to
2-HBP phenolic compounds by the isolates (Oldfield et al.

1997). For this culture supernatant, 1 ml was taken and incu-
bated with 50 μl of Gibb’s reagent (10mM in ethanol) at 30°C.
Positive reactions developed blue to purple color after 30 min
of incubation at room temperature and was also monitored at
OD610 against a blank containing no DBT. Gibb’s assay is
employed as a qualitative method to determine the presence of
2-HBP in the medium, but this analytical method presents
problems due to interferences; therefore, the HPLC technique
was employed to be sure of the presence of the final compound
of the 4S route (Bhatia and Sharma 2010b). After desulfuriza-
tion reaction the flask with reactionmixture was removed from
the shaking incubator and kept aside for 15 min. After that, the
reaction mixture was slowly transferred to a separating funnel.
The emulsion phase was centrifuged (15,000 rpm, 20 min) to
obtain the organic/oil phase. This organic phase was acidified
to pH 2.0 with 6N HCl and extracted with equal volume of
ethyl acetate. The extract was then filtered and quantitative and
qualitative estimation of the degradation of DBT was per-
formed by HPLC (Waters 1525 binary HPLC pump connected
with 2487 dual wavelength absorbance detector, Germany)

Table 1 List of Thermophilic microorganisms reported to desulfurization petroleum oils

Bacteria Type of oil Conditions Desulfurization Reference

Paenibacillus sp. strain A11-2* Konishi et al. 1997

Bacillus subtilis WU-S2B* Kirimura et al. 2001

Mycobacterium phlei GTIS10* Kayser et al. 2002

Mycobacterium phlei WU-F1 Hydrodesulfurized
light gas oils (LGO)

Growing cells Growing cells, 7 days Furuya et al. 2003

B-LGO (390 ppm) 7 days, 45°C B-LGO — 74%

F-LGO (120 ppm) F-LGO — 65%

X-LGO (34 ppm) X-LGO — 62%

Resting cells Resting Cells, 24 h

45°C B-LGO — 25.1% (1 day)

F-LGO — 28.3% (1 day)

X-LGO — 32.3% (1 day)

B-LGO — 74.3% (6 days)

F-LGO — 58.3% (10 days)

X-LGO — 55.9% (6 days)

Mycobacterium phlei WU-0103 Crude light gas oil
(12,000 ppm)

Growing cells 14% (3 days) Ishii et al. 2005
45°C

Diluted 12-fold with
n-tetradecane and HDS
treated light gas oil
(50 ppm). After this
crude light gas oil has
1,000 ppm of sulfur

52% (30 days)

Mycobacterium sp. X7B Hydrodesulfurized diesel
oil (535 ppm S)

Resting cell reaction 86% Li et al. 2003
24 h, 45°C

Mycobacterium sp. X7B Gasoline Immobilized cells DSRG227 (24 h), 69% Li et al. 2005
DSRG227 (227 ppm S) 40°C DSRG 275 (24 h), 56%

DSRG275 (275 ppm S) DSRG275 (2 days), 81%

Mycobacterium goodii X7B Crude oil (3,600 ppm S ) Resting cell reaction 59% Li et al. 2007
72 h, 40°C
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using reverse phase chromatography and C-18 column. Elu-
tion was performed with 80/20 (v/v) acetonitrile/water as
mobile phase at the flow rate of 1 ml/min and peaks of DBT
and its metabolites were detected at 280 nm. To measure sulfur
content in the bacteria treated with different petroleum oils,
XRF spectrophotometry was performed as described previous-
ly (Bhatia and Sharma 2010b). Briefly, the treated oil was
separated by centrifugation at 15,000×g for 10 min from the
culture reaction and was analyzed for total sulfur content using
twin-x XRF analyzer (Oxford instruments, UK) in accordance
with the ASTM standard method D-4294. All data shown in
this paper are the average values with standard deviation of the
experiment conducted in triplicates. Statistical analysis was
performed using one-way ANOVA and GraphPad Prism
version 4.

3 Results and discussion

3.1 Enrichment and isolation of DBT degrading
microorganisms

In order to isolate the thermophilic DBT desulfurizing micro-
organisms, 70 types of soil, water and sludge samples were
collected as sources of microorganisms. The enrichment and
cultivation was done in SFM supplemented with DBT at 45°
C. After five rounds of subcultivation, three pure isolates, i.e.,
13T, 17+18T and 23+24T, were selected based on their
ability to produce zone of clearance of DBT on DBT-coated
SFM agar plates. This was followed by induction experiments
as described previously (Bhatia and Sharma 2010b), where it
was observed that all three isolates have the intrinsic property
of degrading DBT. Next, we investigated for the presence of
sulfur specific “4S” pathway of DBT degradation in these
isolates. In this pathway, DBT gets oxidized to DBTO (DBT
sulfoxide), which is then transformed to DBT sulfone
(DBTO2) with the help of monooxygenase. DBTO2 is further
transformed to 2′-hydroxyphenyl benzene sulfinate (HBPSi)
by monooxygenase, leading to cleavage of the thiophene ring.
HBPSi is lastly desulfurized to 2-HBP by hydrolase enzyme
leading to the subsequent release of sulfite or sulfate
(Gallagher et al. 1993; Oldfield et al. 1997). The presence of
this 2-HBP (a phenolic compound) in the culture broth of the
three isolates was screened by Gibb’s assay as mentioned in
Materials andmethods. Out of three isolates, only 13Tshowed
the positive Gibb’s reaction and was therefore selected for
further characterization and BDS experiments.

3.2 Identification and characterization of DBT degrading
thermophile

Routine microbiological and molecular biological techni-
ques were performed for characterizing 13T isolate. Isolate

13T was found to be rod-shaped, Gram-negative bacteria.
16S rDNA sequencing was performed for identifying its
genus/species. The 16S rDNA sequence was compared with
others in a non-redundant sequence database at the NCBI by
using the BLASTn program (Altschul et al. 1990). The
highest score (99% homology) was obtained with the 16S
rDNA sequence of Klebsiella sp. JT42. Based on this result,
the isolate 13T was categorized as Klebsiella sp. 13T. The
16S rDNA sequence of Klebsiella sp. 13T has been submitted
in the gene bank (Accession No. GU139546). Kobayashi et al.
(2000) observed that amongst various Gibb’s assay positive
isolates identified in their study one was Klebsiella planticola.
However, the desulfurization activity of this microorganism
was found to be unstable during repeated subculturing. Dud-
ley and Frost (1994) reported that Klebsiella oxytoca KS3D
desulfurizes aryl sulfonates into the corresponding phenols.
The property of desulfurization found in Rhodococcus eryth-
ropolis IGTS8, and other microorganisms have been shown to
be due to the presence of the desulfurization genes present on
an operon, i.e., dszABC (Denis-Larose et al. 1997). This
operon consists of three genes: dszA, dszB and dszC. DszC,
DszA and DszB enzymes are sequentially required in 4S
pathway. Therefore, we carried out PCR to have molecular
evidence of the dszC (first enzyme) and dszB (last enzyme)
genes in the genome of the isolate 13T. DNA of R. erythrop-
olis IGTS8 and isolate D23W3, which was recently shown by
us to have these genes (Bhatia and Sharma 2010b), was used

1 2 3 4 5 6

422 bp

7 8 9 10 11 12 1 3

392 bp

Primer dimers

Wells

a

b

Fig. 1 PCR analysis of dszB and dszC genes in isolate 13T. PCR was
performed on the genomic DNA of different isolates using primers
specific for dszB (a) and dszC (b) genes. Amplified products were
electrophoresed on 2% agarose gel. Lanes 1 and 7, Rhodococcus sp.
IGTS8; lanes 2 and 13, isolate 13T; lanes 3 and 11, isolate D27S; lanes
4 and 9, 100 bp DNA marker; lanes 5 and 10, isolate D23W3; lanes 6
and 8, no genomic DNA control; lane 12, isolate 17+18T. The
expected size of amplicons for dszB and dszC genes are indicated
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as a positive control. DNA of isolate D27S that was shown by
our group to have dszB, but not dszC, gene was used as
additional control (Bhatia and Sharma 2010b). The presence
of amplified product of 422 and 592 bp specific to dszB and
dszC genes were observed in the genomic DNA of isolate 13T
(Fig. 1, lanes 2 and 13) and D23W3 (Fig. 1, lanes 5 and 10).
As expected the presence of dszB amplicon but not dszC
amplicon was observed for isolate D27S (Fig. 1, lanes 3 and
11). Moreover, no amplification for dszC specific band was
observed in the genomic DNA of isolate 17+18T, which was
earlier shown to have negative Gibb’s reaction. Noteworthy,
genes involved in DBT metabolism are present in almost all
DBT degrading bacteria and have been shown to have almost
70% of the sequence homology (Monticello 2000).

3.3 DBT degradation by isolate 13T

For identification of the DBT desulfurized metabolites, fresh
overnight grown culture of isolate 13T was inoculated in
SFM containing 100 ppm of DBT. The ethyl acetate extracts
of culture broth at two different time points (1 and 5 days)
was analyzed by HPLC. Chromatogram of the culture
extract of the 1-day-old culture showed the presence of
DBT-sulfone and unutilized DBT (Fig. 2a) whereas the peak

of both DBT-sulfone and 2-HBP were observed in the
5-day-old culture (Fig. 2b). This was accompanied by the
presence of very less DBT ~3% of the initial amount

a

b

3.1 (DBT sulfone) 7.7 (DBT)

3.1 (DBT Sulfone)

7.7 (DBT)

3.6 (2-HBP)

Fig. 2 DBT degradation by
isolate 13T. HPLC was
performed after DBT
desulfurization reaction. HPLC
spectrum of DBT
desulfurization products for
different time points by isolate
13T are shown: a after 24 h, b
after 120 h. Retention times for
DBT desulfurization products,
i.e., DBT-sulfone (3.1), 2-HBP
(3.6) and residual DBT (7.7) are
indicated

Fig. 3 Comparative desulfurization of different petroleum oils by 13T.
The percentage of desulfurization for different oil fractions was statis-
tically different (p<0.0001, Bonferroni’s multiple comparison test,
one-way ANOVA)
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(Fig. 2b). The DBT/DBT-sulfone/2-HBP peak in these
extracts were confirmed by spiking the extract with
100 ppm of DBT-sulfone/2-HBP and then performing
HPLC as previously described (Bhatia and Sharma
2010b). The 4S pathway is a specific desulfurization path-
way in which DBT is desulfurized and converted to 2-HBP.
Through this pathway, the carbon skeleton of DBT is
released intact and thus the calorific value of the fuel is
not lost. The observation of 2-HBP in the culture broth of
13T isolate indicated that DBT degradation by 13T took
place through 4S pathway with the selective cleavage of
carbon–sulfur (C–S) bonds without reducing the energy
content The presence of a high amount of DBT-sulfone
(DBTO2) after 120 h in the culture broth of isolate 13T
was unexpected since DBTO2 is a transition phase of the
“4S” pathway of conversion of DBT to 2-HBP and sup-
posed to be present for a very short time in the cultivation
broth (Gupta et al. 2005). Conversion of DBTO2 to 2-HBP
has been shown to be a rate-limiting step of the 4S pathway
and that accumulation of 2-HBP leads to the inhibition of
the activity of the microbe to degrade DBT (Chen et al.
2009). As the accumulation of 2-HBP was not observed
initially in cultivation broth of 13T (in day 1 culture), this
could eventually be beneficial for the degradation of DBT
by 13T. Identification of 2-HBP (Fig. 2b) and presence of
dszB and dszC genes (Fig. 1) confirmed that the degradation
of DBT by Klebsiella sp. 13T was due to the existence of
“4S” pathway.

3.4 Desulfurization of different petroleum oils by isolate 13T

Oil refineries usually separate crude oil into several fractions
and then desulfurize them separately. Refineries can make
substantial cost savings if most of the sulfur is removed
from the crude oil before it is fractionated. Also, it has been
suggested that due to the high content of water in crude oil,
BDS of crude oil is more practicable compared to that of
diesel oil and gasoline (Zhou and Zhang 2004). Therefore
isolate Klebsiella sp. 13T was assessed for its ability to
desulfurize light and heavy crude oil along with HDS diesel
and diesel oil. Sulfur in each of the oil samples was estimat-
ed before and after the treatment (120 h, 45°C) by adapted
cells of Klebsiella sp. 13T using XRF. The initial percentage
of sulfur in HDS diesel, diesel, light crude and heavy crude
oil was found to be 0.05%, 0.18%, 0.35% and 2.63% of
sulfur, respectively. Upon treatment by adapted cells of
Klebsiella sp. 13T, 22–53% of sulfur was found to be
removed from different petroleum oils (Fig. 3). Percentage
of sulfur removal from light crude oil, i.e., 53.21%, was
found to be the highest. Despite the fact that the ultimate
goal of desulfurizing microorganisms is to remove sulfur
from petroleum oils, there are very few microorganisms —
such as Gordona sp. (Chang et al. 2000), Rhodococcus sp.

P32C1 (Maghsoudi et al. 2001), R. erythropolis XP (Yu
et al. 2006), Mycobacterium phlei WU-0103 (Ishii et al.
2005),Mycobacterium sp. X7B (Li et al. 2007) and Pantoea
agglomerans D23W3 (Bhatia and Sharma 2010b) — that
have been shown to possess the capability of desulfurization
of different petroleum oils. Among three thermophilic
microorganisms that are shown to desulfurize different
petroleum oils to date, Mycobacterium sp X7B seems to
have the best ability to remove sulfur, at 86% and 59%, from
diesel and crude oil after 24 and 72 h of reaction, respec-
tively (Li et al. 2003, 2007). Further research work on the
development of the process of BDS and biorefining of light
and heavier crude oils and different petroleum products such
as gasoline, diesel, vacuum residues, etc., may be extended
to make this process more commercially attractive, as bio-
refining is a more environment-friendly technology.

4 Conclusion

To the best of our knowledge, this is the first report of the
identification of thermophilic Klebsiella sp. as a sulfur
removing bacteria. As the ultimate success of a biocatalyst
isolated for the BDS process depends upon its capability to
desulfurize petroleum oils through 4S pathway (i.e., by
conserving the petroleum oil), Klebsiella sp. 13T offers a
good potential for use in biocatalytic desulfurization of
petroleum oils.
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