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The carbazole dioxygenase genes were introduced into a dibenzothiophene degrader. The recombinant
Rhodococcus erythropolis SN8 was capable of efficiently degrading dibenzothiophene and carbazole simulta-
neously. SN8 could also degrade various alkylated derivatives of carbazole and dibenzothiophene in FS4800

crude oil by just a one-step bioprocess.

Acid precipitation resulting from fossil fuel combustion has
driven enormous efforts to remove contaminants from fossil
fuels. Heteroatoms such as nitrogen and sulfur in crude oil can
also poison the catalysts used in catalytic cracking and hydro-
treating processes (6). Microorganisms possess the capability
to metabolize sulfur- and nitrogen-containing compounds in
crude oil (18). Dibenzothiophene (DBT) has been used as a
model sulfur compound, and research has been focused on
strains that can selectively remove sulfur by a 4S pathway, in
which DBT is converted to 2-hydroxybiphenyl (2-HBP) (5, 8,
12, 14, 15). Carbazole (CA) is the most abundant nitrogen-
containing compound in many petroleum samples and was
therefore chosen as a model compound (7). A variety of CA-
degrading microorganisms have been reported (9, 10, 17, 21,
22). These different CA degraders follow similar degradation
pathways, and the first step is catalysis by CA dioxygenase,
which converts CA to 2'-aminobiphenyl-2,3-diol (18, 20).

Unlike biodesulfurization, where sulfur is selectively removed
from substrates, leaving the hydrocarbon portion of the molecule
intact, the pathway of CA degradation only liberates nitrogen in
the course of completely degrading the substrates (1). Mutants or
recombinants capable of carrying out only the first step(s) of the
CA degradation pathway could be used to avoid the loss of fuel
value. Since the nitrogen compounds in petroleum refinery feed
stocks are known to poison catalysts, the microbial products from
CA degradation might be expected to cause less catalyst inhibi-
tion than their parent compounds (18). Therefore, there is much
hope that the efficiency of conventional catalytic processing of
crude oil can be improved by microbial modification of nitroge-
nous catalyst poisons. Blocked mutants also have the ability to
preserve the carbon content of the fuel being treated, retaining
the fuel value. However, there have been no reports concerning
host engineering to investigate the partial transformation pathway
of CA in crude oil as a possible alternative to its total removal.

In this study, a CA dioxygenase gene was introduced into the
excellent DBT degrader Rhodococcus erythropolis XP (24), which

* Corresponding author. Mailing address: State Key Laboratory of
Microbial Technology, Shandong University, Jinan 250100, People’s
Republic of China. Phone: 86-531-88564003. Fax: 86-531-88567250.
E-mail: pingxu@sdu.edu.cn.

2235

could desulfurize DBT via a 4S pathway. The resultant recom-
binant was designated SN8. Based on the DNA sequence of
Pseudomonas sp. strain CA10 (20), the primers used were as
follows: Primerl, 5'-GCCGACTAGTAAGGAGATGGACGT
GGCG-3' (Spel restriction site underlined); Primer2, 5'-CAT
GCAAATTTCCTTCTAGTTCCTTCAGCCCGAAACGTGC
GCTT-3'; Primer3, 5'-AAGCGCACGTTTCGGGCTGAAGG
AACTAGAAGGAAATTTGCATG-3'; Primer4, 5-GACGAG
TACTGCAGCGCCGTCATACGTTGC-3' (Scal site underlined).
The underlined bases in Primer2 matched the 5’ end of the carAc
gene, while the rest matched the 3’ end of car4a. Primer2 and
Primer3 were fully matched. The genes encoding CA dioxygenase
(carA) containing carAacd were amplified from Pseudomonas sp.
strain XLDN4-9 (13) by the recombinant PCR method. The
carAa gene was amplified by Primerl and Primer2, and the car-
Acd genes were amplified by Primer3 and Primer4. car4a and
carAcd were then used as templates, while Primer1 and Primer4
were added to amplify the integrated gene cluster of car4. The
fragment obtained was digested with Spel and Scal and ligated to
Spel-SnaBlI-digested pRESQ (Fig. 1) (23). The resulting plasmid,
pRCA, was introduced into strain XP by electroporation. No
native promoter sequence of carA was amplified in this study. The
expression of the car4 gene cluster in R. erythropolis SN8 was
driven by the /ac promoter present in the vector pRESQ. South-
ern blot analysis was used to confirm that the car4 gene cluster
existed in SN8 but not in XP (Fig. 1C). The car4 gene was also
amplified by Primer]1 and Primer4 by using the total DNA of R.
erythropolis SN8 as a template. The gene cluster was sequenced,
and it was 99% similar to that of strain CA10.

Cells of strain SNS§ cultivated in basal salts medium (24)
supplemented with 100-mg liter ~! kanamycin sulfate were har-
vested and washed twice with 100 mM potassium phosphate
buffer (pH 7.0). A cell suspension of 8 g (dry cell weight)/liter
was incubated at 30°C with shaking at 250 rpm. After reaction
for 6 h, 98% of the 0.5 mM (92-mg liter ') DBT present and
100% of the 100-mg liter ! CA present were removed by the
resting cells of SN8 (Fig. 2A). A resting-cell reaction mixture
of host strain XP was also subjected to the same conditions as
a control. After 6 h, 92-mg liter ' DBT was degraded while
only a 5% decrease in the CA concentration was detected. The
rate of DBT degradation by SN8 was equivalent to that of host
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FIG. 1. Scheme for plasmid pRCA construction and Southern blot
analysis. (A) Map of recombinant plasmid pRCA. (B) Ethidium bro-
mide-stained agarose gel of the genetically manipulated products.
Lanes: M, HindIII-digested N DNA molecular size markers; 1 and 4,
PCR-amplified products of carA from strains XLDN4-9 and SNS,
respectively; 2, native plasmid pRESQ; 3, recombinant plasmid pRCA.
(C) Southern blot analysis of the total DNAs digested with HindIII
from the XP (lane 5) negative control and the recombinant SN8 (lane
6) probed with the carda gene.
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strain XP. Biotransformation of DBT and CA by SN8 was also
investigated in n-tetradecane. Nine hundred twenty milligrams
per liter of DBT and 500-mg liter ' CA in n-tetradecane were
transformed in 6 h (Fig. 2B). Riddle et al. introduced the car4
gene cluster into some Pseudomonas strains and investigated
the biotransformation of CA in a liquid two-phase system.
About 37% of the CA present (0.8% by weight) was re-
moved after treatment for 24 h (18). To the best of our
knowledge, no publication has yet been concerned with the
introduction of CA-degrading genes into a DBT-degrading
strain.

CA dioxygenase has been demonstrated to be able to attack
diverse aromatic compounds, including DBT and biphenyl
(16). To eliminate the effects of the native dsz enzymatic sys-
tem of XP, plasmid pRCA was introduced into Escherichia coli
DHS5a. The resting-cell reaction mixture was incubated for
48 h at 30°C in the dark to prevent photooxidation. Dibenzo-
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FIG. 2. Degradation of DBT and CA by resting cells of SN8 at 30°C. (A) Degradation of DBT and CA in aqueous phase. (B) Time course of
degradation of DBT and CA dissolved in n-tetradecane. Symbols: m, removal of CA; A, removal of DBT; @, 2-HBP production.
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thiophene-5-oxide was detected as the product of DBT degra-
dation in this study, which could be further converted to dibenzo-
thiophene sulfone and then to 2-HBP by the native DszABC
enzymes of XP (15). Although DBT might be converted to
dibenzothiophene dihydrodiol and monohydroxy-dibenzothio-
phene by the introduced dioxygenase, the amount of these two
compounds was too little to have a significant effect on DBT
degradation (16). Resting cells of strain SN8 were employed to
treat 0.5 mM DBT, but only 0.3 mM 2-HBP accumulated (Fig.
2A). By contrast, the relationship between the decrease in
DBT and the increase in 2-HBP caused by host strain XP was
stoichiometric. Further investigation showed that SN8 was also
able to transform 2-HBP, and 0.28 mM 2-HBP was converted
in 68 h while only 0.04 mM 2-HBP was assimilated by XP
under the same conditions. Similarly, as an analog of 2-HBP,
biphenyl could also be converted by CA dioxygenase to yield
cis-2,3-dihydroxy-2,3-dihydrobiphenyl (16). Therefore, it is ex-
pected that, catalyzed by CA dioxygenase, 2-HBP will be con-
verted to a more highly hydroxylated biphenyl, which also
retains the carbon skeleton of the fuels.

While strain SN8 was shown to transform DBT and CA in
model oil experiments, it was of interest to determine if similar
results could be obtained in experiments using crude oil, where
a complex mixture of chemicals is present and exposure to
petroleum could be potentially damaging to the biocatalysts.
FS4800 crude oil was obtained from the Fushun Research
Institute of Petroleum and Petrochemicals, SINOPEC, China.
The concentrations of CA and its derivatives were determined
by gas chromatography (GC)-mass spectrometry (3, 11). The
results in Table 1 show that SN8 was capable of degrading
various alkylated derivatives, including methyl-, dimethyl-, and
trimethyl-CA, in FS4800 crude oil. In general, the lower the
number of alkyl carbons on the CA ring, the more susceptible
the compound was to biodegradation. The distribution of sul-
fur-containing compounds in crude oil was determined by GC

TABLE 1. Degradation of CA and its derivatives in FS4800
crude oil by strain SN§

Concn (ng/g) in:

Compound®
Controlled crude oil Treated crude oil
CA 326.46 9.70
1-M-CA 7.55 5.10
3-M-CA 3.16 1.28
2-M-CA 3.32 1.42
4-M-CA 4.24 1.20
1,8-DM-CA 6.68 5.67
1,3-DM-CA 6.15 4.66
1,6-DM-CA 7.04 5.28
1,7-DM-CA 7.56 5.85
1,4-DM-CA 8.64 5.46
1,5-DM-CA 8.68 7.48
2,6-DM-CA 2.65 1.40
1,2-DM-CA 2.06 0.00
2,4-DM-CA 3.93 2.50
2,5-DM-CA 3.58 2.78
2,3-DM-CA 0.81 0.58
3,4-DM-CA 0.99 0.59
TM-CA (a) 17.58 13.84
TM-CA (b) 20.72 16.72
TM-CA (c) 9.05 7.10

“ M, methyl; DM, dimethyl; TM, trimethyl.
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FIG. 3. Analysis of the sulfur content of FS4800 crude oil, before
and after treatment, by GC with a pulsed-flame photometric detector.
The control sample was an oil sample without bacterial amendment
that was subjected to the same conditions as the treated sample.

with a pulsed-flame photometric detector (24). Sulfur com-
pounds with retention times longer than that of DBT were
desulfurized, and almost all of the highly alkylated sulfur com-
pounds present at a detectable level were also removed (Fig. 3).
In previous studies, mixed microbial populations were used to
degrade either sulfur or nitrogen heterocycles in crude oil and
the cultures were still able to degrade alkane (2, 3, 4). Sphingo-
monas sp. strain GTIN11, also a CA degrader, could not re-
move CA that was replaced by more than one methyl group
from shale oil (9). Here, we used a purely sulfur-specific de-
grading bacterium as a host, and the recombinant was capable
of degrading a wide range of alkyl CAs and dibenzothiophenes
in just a one-step bioprocess. Recently, a Gordonia sp. strain
was reported to be capable of DBT desulfurization and CA
utilization (19). However, its desulfurization activity was very
low and no data concerning selective CA degradation and oil
processing were given. The study described in this report is a
significant step toward the development of a bioprocess for
removing recalcitrant nitrogen and sulfur compounds from
petroleum. To the best of our knowledge, this is the first
recombinant strain capable of selectively biodegrading DBT
and CA simultaneously.

Nucleotide sequence accession number. The sequence de-
termined in this study was submitted to the GenBank database
and assigned accession number DQ060076.
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