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Abstract

A novel genotype for the initial steps of the oxidative degradation of dibenzothiophene (DBT) is described in
a Burkholderia sp. strain isolated from a drain receiving oil refinery wastewater. The strain is capable of trans-
forming DBT with significant efficiency when compared to other microorganisms. Its genotype was discovered
by investigating insertional mutants of genes involved in DBT degradation by the Kodama pathway. The cloned
dbt genes show a novel genomic organization when compared to previously described genes capable of DBT
catabolism in that they constitute two distinct operons and are not clustered in a single transcript. Sequence analysis
suggests the presence of a σ 54-dependent positive transcriptional regulator that may be involved in the control of
the transcription of the two operons, both activated by DBT. The achieved results suggest the possibility of novel
features of DBT biotransformation in nature.

Introduction

Crude oils contain between 0.04 and 5% (wt/wt) sulfur
(Speight 1980), which is mainly represented by or-
ganosulfurs including thiols, sulfides, and thiophenes.
Condensed thiophenes such as dibenzothiophenes are
among the most commonly found organosulfurs in
fossil fuels (Bence et al. 1996) and represent the pre-
dominant portion of the so-called heavy fraction of
crude oils. Moreover, they are more recalcitrant to bio-
degradation than the non-sulfur containing polycyc-
lic aromatic hydrocarbons (PAH). Dibenzothiophene
(DBT) serves as a model molecule for the description
of the microbial capacity to transform organosulfurs
(Kodama et al. 1970, 1973; Crawford & Gupta 1990;
Kropp & Fedorak 1998). One of the described mi-
crobial DBT oxidative pathways, the Kodama path-
way (Figure 1), transforms the molecule to the final

product 3-hydroxy-2-formylbenzothiophene (HFBT).
The intermediates of the Kodama pathway are colored
compounds whose occurrence in suspension culture is
an indication of the microbial activation of this spe-
cific oxidative process (Kodama et al. 1970, 1973).
Denome et al. (1993) cloned the genes responsible for
the Kodama pathway from Pseudomonas sp.. These
genes are organized in a single operon, encode en-
zymes of the upper naphthalene catabolic pathway,
and belong to a group of genes showing a high de-
gree of homology to the nah genes from Pseudomonas
putida G7 (Simon et al. 1993). The nah-like class
of genes, cloned from different microorganisms, are
highly conserved and are involved in the transform-
ation of molecules that constitute the low molecular
weight fraction of PAHs, including DBT (Denome et
al. 1993; Menn et al. 1993; Sanseverino et al. 1993;
Kiyohara et al. 1994; Geiselbrecht et al. 1998). They
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Figure 1. Kodama pathway showing the degradation of DBT to
HFBT. (I) dibenzothiophene (DBT); (II) cis-1,2-dihydroxy-1,2-di-
hydrodibenzothiophene; (III) 1,2-dihydroxy-dibenzothiophene;
(IV) cis-4[2-(3-hydroxy)-thionaphthenyl]-2-oxo-3-butenoate; (V)
trans-4[2-(3-hydroxy)-thionaphthenyl]-2-oxo-3-butenoate; (VI) 3-
hydroxy-2-formyl benzothiophene (HFBT).

are normally clustered in a single operon under the
control of a single promoter.

The scope of the present work was the isolation and
molecular characterization of microbial strains cap-
able of transforming DBT. By analysis of enrichment
cultures of an inoculum derived from a drain receiving
oil refinery wastewater and grown in presence of DBT,
we found a microbial candidate capable of transform-
ing the organosulfur via the Kodama pathway. The
microorganism belongs to the Burkholderia genus and
transforms DBT with significant efficiency compared
to other microorganisms. Detailed characterization of
the isolate showed the presence of a novel set of genes
responsible for the early part of the Kodama pathway.
The genes are organized in two operons instead of
one, and show only low similarity to the nah-like class

of genes. The unusual gene organisation suggests the
possibility of novel features of DBT transformation in
natural context.

Materials and methods

Nucleotide sequences accession numbers

The nucleotide sequences of the DBT oxidizing genes
(dbts) in Burkholderia sp. DBT1 are available in
GenBank with accession numbers AF380367 and
AF404408.

Chemicals

DBT and solvents were purchased from Sigma Ald-
rich. Bacteriological preparations were purchased
from Difco. Other chemicals and solvents were ana-
lytical grade.

Cultivation media

Enrichment cultures were set up in minimal defined
medium DM (Frassinetti et al. 1998) supplemented
with DBT that was added in excess to DM medium:
500 mg l−1 DBT as N-N-dimethylformamide (Amer-
sham Pharmacia Biotech) solutions. The solidified
medium (noble agar) was supplemented with DBT
spraying the surface of the plates with an ethanol free
diethyl ether solution (5%) (Kiyohara et al. 1982).

Yeast Mannitol Broth (YMB): 0.5 g l−1 K2HPO4;
0.2 g l−1 MgSO4·7H2O; 0.1 g l−1 NaCl; 1.0 g l−1

yeast extract; 10 g l−1 mannitol and Yeast Mannitol
Agar (YMA): YMB solidified with 15 g l−1 of noble
agar were utilized.

Molecular techniques

Standard procedures were used for plasmid DNA pre-
paration, manipulation and agarose gel electrophoresis
(Sambrook et al. 1989). Plasmid DNA was extrac-
ted using the Qiaprep Spin Plasmid Kit (Qiagen),
bacterial genomic DNA using the Nucleospin Tis-
sues Kit (Clontech), and total RNA using the TRIzol
Reagent (Invitrogen), following the manufacturer’s
instructions. Genomic DNA was manipulated using
enzymes purchased from Amersham Pharmacia Bi-
otech. Cloned DNA was sequenced using a PRISM
Ready Reaction DNA terminator cycle sequencing Kit
(Perkin-Elmer) and run on an Applied Biosystems
Inc. (ABI) 377 instrument. Nucleotide sequence data



113

were assembled using the ABI Fractura and Assem-
bler computer packages and analyzed using ClustalW
(Thompson et al. 1994) and Omiga (version 1.1)
(Oxford Molecular Group, Oxford, UK).

Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study
are described in Table 1. Escherichia coli DH5α

was the host strain for replicative units pH1A,
p46 and p51, derived from the insertional mutants,
and for pMB393Ac and pMB393C plasmids used
for the complementation of the insertional mutants.
E. coli S17-1 (λpir) was the host and mobilizing
strain for the suicide vector pSS240, which har-
bors a self-cloning promoter-probe minitransposon
mTn5SsgusAoriR (see below). E. coli harboring the
recombinant constructs were routinely grown and
maintained on either solidified or liquid Luria Bertani
(LB). The antibiotics used were either 100 µg ml−1

ampicillin or 50 µg ml−1 streptomycin-spectinomycin
(Sigma Aldrich). Burkholderia sp. DBT1 and its selec-
ted insertional mutants were routinely grown at 30 ◦C;
E. coli strains at 37 ◦C.

Isolation of DBT1

Enrichment cultures were set up as described in Frassi-
netti et al. (1998). The enrichment inoculum was col-
lected from a drain receiving oil refinery wastewater.
Twenty-one isolates were recovered and clustered in
different operational taxonomic units (OTUs) by AR-
DRA analysis using primers fD1 and rP2 (Weisburg et
al. 1991) to amplify the 16S rRNA genes and digesting
the amplification products with HaeIII and HhaI. All
the isolates were screened for their capacity to trans-
form DBT based on the capacity to develop an orange
color on agar plates supplemented with the molecule.
One isolate showed the orange color indicating that
the Kodama pathway was active. The corresponding
microorganism was sub-cultured for further analysis
and the 16S rRNA gene was amplified, sequenced on
both strands, and aligned to the database sequences
using BLAST (Altschul et al. 1997).

Testing of the isolate

The strain DBT1 was inoculated in tightly closed 125
ml flasks containing 25 ml of DM supplemented with
DBT. The growth of the isolate was evaluated by
means of CFU counts on YMA plates. The transform-
ation of DBT was monitored spectrophotometrically

at 325 nm analyzing the hexane extracts of microbial
cultures filtrates, (pore size 0.2 µm), as described by
Setti et al. (1995). The DBT concentration was meas-
ured using the content of the entire flask. The TLC
analyses was performed as described in Frassinetti
et al. (1998). The purification and the identification
of HFBT were performed by 1H-NMR and GC-MS
analysis as previously described by Frassinetti et al.
(1998).

Molecular characterization of DBT1

PCR reactions were set up in order to partially
clone the genes involved in DBT transformation. The
primers used were nahAcfor and nahAcrev, which
amplify a 992 bp region encompassing nucleotides 63
to 1055 of Pseudomonas putida G7, nahAc (GenBank
accession no. M83949) (Simon et al. 1993) and P8073,
P9047, which amplify a 993 bp region encompassing
nucleotides 82 to 1075 of Burkholderia sp. RP007,
phnAc (GenBank accession no. AF061751) (Laurie &
Lloyd-Jones 2000).

Transposon mutagenesis

Insertional mutants of the strain DBT1 were gen-
erated using the protocol by Ditta (1986). In
order to obtain a self-cloning promoter-probe
minitransposon, the origin of replication pMB1
(oriR), was amplified from plasmid pRL278
(GenBank accession no. L05083) with PCR
primers GTCGACCAAAATCCCTTAACGTGA and
GTCGACATACGCGTAAAACAGCCAGC. A 1.1
kb amplification product was obtained and cloned
into plasmid pCAM140 (Wilson et al. 1995) par-
tially digested with SmaI, to form plasmid pSS240.
The resulting minitranposon construct harboured the
pMB1 (oriR) origin of replication between the pro-
moterless β-glucoronidase (gusA) gene and the anti-
biotic spectinomycin-streptomycin resistance cassette
(Sm/sp). Putative insertional mutants (>10,000 total)
selected on 50 µg ml−1 spectinomycin-streptomycin
YMA plates, sprayed with DBT, were tested for the
loss of the capacity to form orange colonies. Genomic
DNA of putative transposon recipients was extrac-
ted and digested with the restriction endonuclease
PstI that does not cut inside the mTn5SsgusAoriR
minitransposon. The digested DNA was circularized
using T4 ligase and electroporated into competent
E. coli DH5α, successively streaked on solidified
LB with 50 µg ml−1 spectinomycin-streptomycin.
Different replicative units were obtained as plasmid



114

Table 1. Bacterial strains and plasmids

Strains and plasmids Description Sources

Strains

Burkholderia sp. DBT1 Transforms DBT Present study

E. coli DH5α F-, phi80d lacZ Delta M15, Delta (lacZYA-argF), U169, deoR, Invitrogen

recA1, hadR17 (rk−, mk+), gal-, phoA, supE44, Lambda-, thi-1,

gyrA96m relA1

E. coli S17-1 (λ-pir) λ-pir lysogen of S17-1 [thi pro hsdR− hsdM+ recA RP4 Victor de Lorenzo,

2-Tc::Mu-Km::Tn7(Tpr /Smr)] Centro de

Investigaciones Biologicas

Madrid, Spain

Plasmids

pMB393 Spectinomycin-resistant derivative of pBBR1MCS (Gage et al. 1996)

pMB393Ac Spectinomycin-resistant derivative of pMB393 complementing MH1A Present study

pMB393C Spectinomycin-resistant derivative of pMB393 complementing M51 Present study

pCAM140 Sm/sp, Ap, mTn5SsgusA40 in pUT/mini-Tn5 Sm/sp (Wilson et al. 1995)

pSS240 Spectinomycin-resistant derivative of pCAM140 harbouring a pMB1 Present study

origin of replication

preparations from several insertional mutants and suc-
cessively sequenced by inverse PCR on both strands
to gain information on the nucleotide sequence of
the transposon flanking regions. For this purpose,
the primers gus55-TTTGATTTCACGGGTTGG and
aadA1846-GCTGGCTTTTTCTTGTTATCG were
designed, which anneal to the end regions of the
mTn5SsgusAoriR minitransposon. Three replicative
units, pH1A, p46 and p51, were completely sequenced
by inverse PCR.

RT-PCR reactions

The strain DBT1 was grown to exponential phase in
DM in the presence of DBT or 250 mg l−1 citrate
(Sigma Aldrich). A total of 108 cells were pelleted
from which RNA was isolated and successively
treated with DNAse I. RNasin (Promega) was added
to maintain the integrity of the mRNA. RT-PCR was
carried out with M-MLV Reverse Transcriptase, RNA
H Minus, Point Mutant (Promega), using respectively,
primers p3-CGAATTTCCCGAAGTCCCAATT,
p5-GTCGGATCCCAATGCAGAAACTCC, p7-
CCGACAATGATAATATGGTCACCGC for the
genes cloned on the pH1A replicative unit
and p9-CTGATAATCGAGGCGCAAATAGA,
p11-TTGTTCCGGTTTACATCGTAGCTC, p13-
ATACTGCATGGGCGATATGTTTAAC for the genes
cloned on the p51 replicative unit (Figure 2).

The reaction conditions were as follows: annealing
at 42 ◦C for 10 min and extension at 50 ◦C for 1 h.
The PCR reactions were carried out using respectively
primers p1-GGGACGAGAAAACGTTATCAATT
GCG, p2-GGTCGGAAACATGGGGTAATGGA,
p4-GCTCCCATTTCAATGGCACCGTTCTT, p6-
GGAATGAAAACGGAGCTGTCCGGA for the
genes cloned on the pH1A replicative unit, (Fig-
ure 2) and p8-TAGGCTGGCCTATTCCACCTTCA,
p10-AGCGGCCAAGCGAATCAATCATTT, p12-
GTCTTCCCGGTTATGTGGACATTA or the genes
cloned on the p51 replicative unit (Figure 2).

Appropriate positive and negative PCR controls
were included. The cycling conditions for the RT-PCR
amplification were as follows: 94 ◦C for 1 min, at
64 ◦C for 1 min, 72 ◦C for 2 min, followed by 25
cycles, 72 ◦C for 5 min. The amplification products
were then sequenced.

Complementation of the characterized mutants

MH1A and M51 insertional mutants were com-
plemented. The complementing genomic fragment
was obtained by PCR reactions and cloning of the
amplified fragments in the broad host range cloning
vector pMB393 (Gage et al. 1996). The primers PAcF-
CGGCTCGAGGCCGTCTCCTCTCGGGAATTTTG-
C and PAcR-GGGGGGCCCTTATTTTCCGATGAG-
CTCGCGGTTCC were designed for DBT1 genomic
DNA (Figure 2) to complement the MH1A mutant.
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Figure 2. Map of the two DBT oxidizing operons in DBT1. (A) Map of the DBT1 PstI genomic fragment mutagenized in MH1A and M46
insertional mutants. (B) Map of the DBT1 PstI genomic fragment mutagenized in M51. The primers used for RT-PCR experiments (p1–p13)
and complementation tests (pAcF/pAcR, pCF/pCR) are reported.

They amplified product from nucleotide 643 to 3486
on the genomic fragment deposited with the accession
number AF380367. The cycling conditions were as
follows: 94◦C for 1 min, at 69 ◦C for 1 min, 72 ◦C for
2 min, followed by 25 cycles, 72 ◦C for 5 min. Both
primers had a clamp: XhoI clamp was present in pAcF
and SmaI clamp was present in the pAcR primer.

The primers pCF-CGGGGTACCCAATTGGAT
TCCCGGATATCTGTCC and pCR-GGGGGGCC
CTTATTCTTTCAATTTGACGTCAAGGCCG were
designed for DBT1 genomic DNA (Figure 2) to
complement the M51 mutant. They amplified from
nucleotides 2351 to 4162 on the genomic fragment
with the accession number AF404408. The cycling
conditions were as described above. The pCF primer
had a KpNI clamp and the pCR primer had a SmaI
clamp. The expected products were amplified us-
ing the Herculase DNA Polymerase (Stratagene).
The PCR products were sequenced and successively
cloned in pMB393 as XhoI SmaI and KpNI SmaI
fragments respectively, obtaining the pMB393Ac and
the pMB393C plasmids complementing MH1A and
M51 mutants. The two plasmids were transformed
into competent MH1A and M51 mutant cells by
electroporation (Dennis & Sokol 1995).

Fluorimetric GUS assay

The assay was performed growing Burkholderia sp.
DBT1, MH1A, M46 and M51 mutants in YMB and
YMB containing DBT. The bacterial cells were collec-
ted by centrifugation at different times, resuspended
in 50 mM sodium phosphate buffer (pH 7.0), 10 mM

β-mercaptoethanol, 10 mM disodium EDTA, 0.1% so-
dium lauryl sarcosine, 0.1% Triton X-100, sonicated,
and centrifuged at 16,000 g for 10 min at 4 ◦C. GUS
activity was assayed in the supernatant. Fluorimetric
GUS assays were performed as described by Jeffer-
son (1987). Protein concentration in bacterial extracts
was determined using the Bradford reagent (BioRad)
according to the manufacturer’s instructions.

Results

Isolation and biochemical characterization of DBT1

With the scope of isolating microorganisms capable
of transforming organosulfurs, 21 candidates were re-
covered by enrichment cultures of a inoculum derived
from a drain receiving oil refinery wastewater grown in
the presence of DBT. A single microorganism capable
of transforming DBT via the Kodama pathway was
selected. The gene encoding for 16S rRNA was amp-
lified, sequenced and analyzed, tentatively assigning
the microorganism to the Burkholderia genus (99%
homology to Burkholderia sp. isolate N2P5). The
strain was designated Burkholderia sp. DBT1 due to
its capacity to transform DBT.

The DBT transformation capacity of the strain, ini-
tially indicated by the release of colored compounds
in the growth medium, was confirmed by the removal
of DBT from the growth minimal medium when the
molecule was used as a sole carbon and energy source
(Figure 3). DBT removal was associated with corres-
ponding microbial growth. The DBT content of the
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Figure 3. Growth of Burkholderia sp. DBT1 in DM supplemented
with DBT. Growth of DBT1 cells is recorded only in presence of
DBT and is concomitant with a decrease of DBT content in the
growth medium. DBT1 does not growth in absence of DBT.

culture decrease by 93% after 72 h of incubation.
Separation of the reaction intermediates at the end
of the bacterial growth was performed by TLC and
six colored spots characterizing the Kodama pathway
were recovered (Kodama et al. 1973) (data not shown).
A pale yellow compound with an absorption peak at
394 nm (Rf = 0.85) was purified by a column chroma-
tography procedure (Frassinetti et al. 1998) and further
analyzed by 1H-NMR. The spectrum indicated four
non-equivalent aromatic protons at δ 7.45 (triplet, J
= 9 Hz, where J is the coupling constant value) that
collapse to doublet upon irradiation at δ 7.96, 7.60
(triplet, J = 9 Hz), 7.80 (doublet, J = 9 Hz), and 8.05
(doublet, J = 9 Hz). The collapsing is ascribable to an
aldehydic proton. The mass spectrum of the molecule
showed the molecular ion at m/z 178 (100% relative
intensity; C9H6O2S requires M+178) and important
fragment ions at m/z 177 (M+–H), 121, 77 that are
expected from an aldehyde. These data are consistent
with the final product HFBT reported by Kodama et
al. (1973) confirming that DBT1 transform DBT via
the Kodama pathway (Figure 1), as expected.

Cloning of dbt genes

To clone the genes involved in the DBT transforma-
tion pathway, primers designed to amplify the nah-like
class of genes were used. In the genus Burkhold-
eria, an isofunctional cluster of genes (phn operon)
has been cloned from a strain capable to transform
phenanthrene (Laurie & Lloyd-Jones 1999). Primers

designed from phn genotype were also used. However,
using both the combination of primers, no amplifica-
tion products were detected using the DBT1 genomic
DNA as template.

To characterize the DBT1 genes involved in the
transformation of DBT, insertional mutants of the isol-
ate were generated and screened for the loss of the
capacity to produce orange-colored intermediates on
solidified medium sprayed with DBT. Three stable
insertional mutants were obtained (Table 2). As expec-
ted, the selected insertional mutants lost the capacity
to remove DBT from liquid culture (data not shown).

A set of inverse PCR reactions was programmed
on the transposon flanking regions of the three inser-
tional mutants. The results indicated that in two of
these (MH1A, M46), the transposon was inserted in
the iron sulfur protein (ISP) large (α) subunit of the
initial dioxygenase with an opposite orientation. In the
third mutant (M51) the transposon was inserted in the
PAH extradiol dioxygenase (Table 2). Three replicat-
ive units, pH1A, p46 and p51 deriving, respectively,
from the three insertional mutants (Figure 4), were
completely sequenced.

Based on nucleotide and amino acid sequence sim-
ilarities, putative gene identifications were assigned
to the resulting sequences (Tables 3 and 4). The in-
formation obtained from sequence data indicated the
occurrence of different ORFs corresponding to (i)
genes encoding for enzymes catalysing the different
steps of the Kodama pathway and (ii) genes encod-
ing for protein not involved in the same pathway.
Thus, the former ORFs were named dbt and the lat-
ter were not given names. Eight putative ORFs were
recovered internal to the p46 and pH1A replicative
units (GeneBank accession no. AF380367) (Figure
4). Seven of these ORFs initiated with the expected
ATG start codon, while the truncated ORF R (dbtR)
started with a GTG start codon. A putative ribosomal
binding site preceded each start codon. ORF D, en-
coded for DbtD, a 2-hydroxychromene-2-carboxylate
isomerase. ORF α and β encoded DbtAc and DbtAd,
respectively the large (α) and small (β) subunit of
the initial dioxygenase (ISP). ORF B encoded DbtB,
a dihydrodiol dehydrogenase. Downstream the four
genes, ORF 5 encoded for a protein similar to a
NADH:FMN oxidoreductase, the first of these genes
that are not involved in the Kodama pathway. The
close arrangement of the described ORFs suggested
that the related genes constitute a transcriptional unit
(dbtD,Ac,Ad,B,ORF5). No ORF was detected 271
bp downstream ORF 5 and an inverted repeat was
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Table 2. Burkholderia sp. DBT1 replicative units derived from insertional mutants

Replicative units – Insertional mutants Sequencing results: primer gus55 Sequencing results: primer aada1846

pH1A–MH1A ISP α subunit IC ISP α subunit

dbtAc::mTn5SsgusAoriR

p46 - M46 ISP α subunit ISP α subunit IC

dbtAc::mTn5SsgusAoriR

p51–M51 PAH extradiol PAH extradiol

dbtC::mTn5SsgusAoriR diox IC diox

ISP, iron sulfur protein; IC, inverse complement; diox, dioxygenase.

Table 3. dbt genes cloned on pH1A replicative unit

ORF Gene Nucleotide Protein feature % homology

isofunctional genes

R dbtR 642-1 transcriptional phlR 60% (X91145)

activator phnR 65% (AF061751)

D dbtD 1443-2066 isomerase nahD 64% (U09057)

phnD 60% (AF061751)

α dbtAc 2119-3486 ISP α subunit ndoAc 68% (M23914)

phnAc 68% (AF061751)

β dbtAd 3516-4034 ISP β subunit pahAd 54% (AB004059)

phnAd 59% (AF061751)

B dbtB 4182-5000 dihydrodiol bphB 65% (D17319)

dehydrogenase phnB 76% (AF061751)

5 ORF5 5029-5562 putative ntaB 62% (I40751)

oxydoreductase

X ORFX 5833-6282 unknown protein nahX 69% (AF100302)

phnX 83% (AF112137)

F ORFF 6418-6643 salicylaldeyde bphA1C 83% (AF079317)

dehydrogenase

The cloned ORFs, where possible, were compared either to the highly conserved nah-like
class of genes or to the phn sequences (indicated in boldface). The GeneBank accession
numbers are reported.

detected 91 bp downstream the ORF 5 stop codon.
The inverted repeat is capable of forming a stem-
loop structure that may be a transcriptional terminator.
Downstream the above-mentioned 271 bp, two pu-
tative ORFs, ORF X and the truncated ORF F, were
detected. They encoded, respectively, for a protein ho-
mologous to PhnX cloned in Burkholderia sp. RP007
and for the N-terminal of a salicylaldehyde dehyd-
rogenase. Neither protein is involved in the Kodama
pathway.

Upstream all the described structural ORFs, sep-
arated by 800 bp, ORF R encoded for the N-terminal
of DbtR, a putative σ 54-dependent transcriptional reg-
ulator. The above-mentioned regulative ORF R was
divergently transcribed with respect to the structural
ORFs described. The putative partial coding region

showed 65% of homology to the amino acid sequences
of the positive transcriptional regulators of the NtrC
family (Buikema et al. 1995).

In summary, the described organization of the
different ORFs cloned from the p46 and pH1A rep-
licative units suggests that they contain two tran-
scriptional units, the dbtD,Ac,Ab,B,ORF5 and the
truncated ORFX,F both preceded by the regulative
truncated gene dbtR.

With regards to p46 and pH1A, the complete nuc-
leotide sequence of p51 replicative unit was determ-
ined, and seven putative ORFs were cloned (Figure 4)
(GeneBank accession AF404408). The cloned ORFs
initiated with a ATG start codon and a putative ri-
bosomal binding site preceded each of the ORFs. ORF
10 encoded the C-terminal of a protein homologous to
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Figure 4. Diagram of the p51 (A), p46 (B), pH1A (C) replicative unit structures. The dotted arrow represents the transposon and the orientation
of the reporter gene gusA with respect to the coding orientation of the mutagenized transcripts. The DBT1 genes responsible for oxidation of
DBT via the Kodama pathway are designated as R for dbtR, D for dbtD, α for dbtAc, β for dbtAd, B for dbtB, C for dbtC, b for dbtAb. The
other ORFs were indicated as follows: 5, ORF5; 6, ORF6; 7, ORF7; 8, ORF8, 9, ORF9, X, ORFX; F, ORFF. (D) Diagram of the cluster of dox
genes responsible for oxidation of DBT in Pseudomonas sp. (Denome et al. 1993). The genes are designated as A for doxA, B for doxB, C for
doxC, D for doxD, E for doxE, F for doxF, G for doxG, H for doxH, I for doxI, J for doxJ.

the large subunit of an aromatic oxygenase. ORF 8 en-
coded for a protein analogous to 2-hydroxychromene-
2-carboxylate isomerase from the PAH catabolic path-
way, showing 57% of homology to the isofunctional
DbtD cloned on p46 replicative unit. ORF 9 encoded
for a protein homologous to an oxidoreductase. No
ORFs were observed in the 974 bp region downstream
ORF 9. Downstream the untranscribed region, four
ORF were recovered. ORF C and ORF b encoded, re-
spectively, for DbtC, an extradiol dioxygenase, and for
DbtAb, a ferrodoxin subunit of the initial dioxygenase
(ISP). ORF 6 and ORF 7 encoded for proteins homo-
logous to an oxidoreductase and for the C-terminal
of an hydrolase, respectively, which are not involved
in the Kodama pathway. The described organization
of the different ORFs suggests that the p51 unit har-
boured two truncated transcriptional units, ORF10,9,8
and dbtC,Ab,ORF6,ORF7.

In summary, these results indicated that two in-
dependent insertional events in two genes encoding
for dioxygenases determines the loss of the capacity
of DBT1 to transform DBT via the Kodama pathway.
The results of sequence analysis indicated that knock-
ing out two genes putatively determines also the loss
of two distinct transcriptional units, resulting from the

close arrangement of the cloned genes on the flanking
regions. Thus, the co-transcription of the genes con-
stituting the putative transcriptional units involved in
DBT transformation was verified by RT-PCR. RNA
was extracted from DBT1 grown under inducing (DM,
DBT) and uninducing (DM, citrate) conditions and
used as target for RT-PCR amplification of partial gene
sequences (Figure 2). The cDNAs derived from in-
duced cells showed amplification products of the size
expected by co-transcription (data not shown). No
cDNAs were obtained from uninduced cells. All pos-
itive and negative PCR controls gave the expected
results. The identity of the RT-PCR products was
confirmed by sequencing the amplified fragments
and indicated that DBT induces the transcription
of the transcriptional units dbtD,Ac,Ad,B,ORF5 and
dbtC,Ab,ORF6,ORF7. No transcription was observed
upstream dbtD and dbtC and downstream ORF5.

The two transcriptional units might constitute two
separate operons, and, by examination of the ori-
entation of transcription, the expected transcription
initiation sites and the promoter regions should be
located upstream dbtD and dbtC. Thus, the untran-
scribed regions upstream the two clusters of oxidative
genes, respectively 800 bp on pH1A and 974 bp
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Table 4. dbt genes cloned on p51 replicative unit

ORF Gene Nucleotide Protein feature % homology

isofunctional genes

10 ORF10 1-435 aromatic oxygenase bphA1c 83% (AF079317)

8 ORF8 449-1039 isomerase pahD 60% (AB004059)

phnD 66% (AF061751)

9 ORF9 1275-2264 oxydoreductase mll7162 64% (AP003011)

C dbtC 3239-4162 PAH extradiol nahC 74% (AF039533)

dioxygenase phnC 21% (AF061751)

b dbtAb 4236-4547 ISP ferrodoxin doxA 53% (M60405)

subunit phnAb 72% (AF061751)

6 ORF6 4602-5822 oxydoreductase spr0246 44% (AE008406)

7 ORF7 5877-6707 hydrolase todF 47% (D90906)

The cloned ORFs, where possible, were compared either to the highly conserved nah-like class
of genes or to the phn sequences (indicated in boldface). The GeneBank accession numbers are
reported.

on p51 replicative unit, might have the consensus
sequences necessary to function as promoters. In or-
der to verify this hypothesis, the insertional mutants
were tentatively complemented by constructing two
expression vectors harboring the two untranscribed
regions as inducible promoters (Figure 2). The com-
plementing genomic fragments were obtained by PCR
reactions on DBT1 genomic DNA using primers pAcF
and pAcR to complement MH1A mutant, and pCF
and pCR to complement M51 mutant (Figure 2).
The two genomic regions amplified by PCR were
cloned into pMB393, obtaining the pMB393Ac and
the pMB393C plasmids complementing, respectively,
the MH1A and M51 insertional mutants. The com-
plemented insertional mutants recovered the capacity
to produce orange-colored colonies on solid medium
sprayed with DBT, indicating the occurrence of DBT
transformation. The results indicated the presence of
two distinct promoters upstream the two transcrip-
tional units induced by DBT, confirming the hypo-
thesis that these transcriptional units constitute two
distinct operons.

GUS assay

In order to further analyze the induction of the two
operons, a GUS activity fluorimetric assay was per-
formed on MH1A, M51, M46 insertional mutants and
on DBT1 as a control, in presence (inducing condi-
tions) and absence (non-inducing conditions) of DBT
(Figure 5). GUS activity was not detected in unin-
duced bacteria grown in YMB. Addition of DBT to
the growth medium rapidly induced GUS activity in

the MH1A and M51 mutants. GUS activity was not
induced in either the M46 mutant (internal control) or
in DBT1. The specific activity of GUS at the end of
the exponential growth phases of the two mutants is 8
to 10 times higher than that observed at the two initial
growth phases (Figure 5).

Discussion

The objective of the present study was the isola-
tion and characterization of microorganisms capable
of transforming DBT. By a culture-based approach,
Burkholderia sp. DBT1, capable of transforming DBT
via the Kodama pathway, was isolated from a drain
receiving oil refinery wastewater. The assumption that
DBT1 is able to transform DBT was initially based
on the observation of the microbial release of colored
intermediates in presence of DBT. This initial assump-
tion was confirmed by the recovery, in the microbial
growth medium, of the final product of the Kodama
pathway (HFBT). Moreover, amending DBT as the
sole carbon and energy source, DBT1 in liquid cul-
ture shows a clear growth, concomitantly to decreased
levels of the compound in growth medium. In fact,
after three days DBT is nearly completely removed.
The DBT transformation time course may also be
compared to that reported for other DBT transform-
ing microorganisms. A Rhizobium strain, under similar
growth conditions and following the same oxidative
pathway, has been reported to remove the same DBT
content in a significantly longer time (5 days) (Frassi-
netti et al. 1998). In our opinion, DBT1 may be
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Figure 5. GUS activity in MH1A and M51 mutants harboring the
reporter gene gusA with the same transcription orientation with re-
spect to the one of the mutagenized operons. As controls, the GUS
activity of DBT1 and M46 mutant (internal control because gusA
in the reverse orientation with respect to the mutagenized operon) is
reported.

considered an efficient bio-catalyst of DBT conversion
to HFBT. Recently, mixed cultures capable to miner-
alize HFBT to CO2 has been described (Bressler &
Fedorak 2001). Thus, the isolation of a microorgan-
ism that rapidly transforms DBT to molecules that are
easily mineralized, may prefigure new potentialities in
the exploitation of microbial DBT biodegradation.

The transforming capacity of DBT1 is attributable
to two novel sets of genes encoding for the initial steps
of the oxidative Kodama pathway that were cloned by
insertional mutagenesis.

The genes responsible for the Kodama pathway
were initially cloned from Pseudomonas sp. by De-
nome et al. (1993) and were clustered into a single
operon, responsible for the oxidation of naphthalene
to catechol. They belong to the nah-like class of genes
that, as previously mentioned, encode for enzymes
catalyzing the transformation of the low molecular
fraction of PAHs, and are usually involved in the
oxidation of DBT via the Kodama pathway. These
genes have been reported to be as highly conserved,
clustered in one operon, and under the control of a
single promoter (Zylstra et al. 1997).

The failure to recover an amplification product us-
ing primers designed to amplify the nah-like class of
genes was the first evidence that DBT1 genes involved
in DBT transformation were not highly similar to the
conserved isofunctional oxidative genes. At the same
time, the primers designed to amplify the isofunctional
phn genes cloned from Burkholderia sp. RP007, also
failed to yield a product, showing low similarity in
the nucleotide sequences of isofunctional genes, even
within the same microbial genus.

In order to clone the DBT1 genes involved in the
Kodama pathway an insertional mutagenesis approach
was adopted. The capacity of DBT1 to transform
DBT was lost by knocking out the genes encoding
for the initial dioxygenease (ISP) and the dihydrodiol
dioxygenase (1,2-dihydroxy-dibenzothiophene dioxy-
genase). Sequence analysis of the replicative units
derived from the insertional mutants suggested that in
DBT1, the DBT transforming genes are organized in
two separate transcriptional units. The results with RT-
PCR corroborated this hypothesis, as co-transcription
of the genes harbored by the two putative transcrip-
tional units was observed and co-transcription of the
latter with their upstream and downstream flanking
regions was not recovered. As predicted, the cloned
genes showed only 60% similarity to the highly con-
served nah-like class of genes, instead of 90% reported
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for the latter, as well as also 60% homology with the
isofunctional phn genes.

The complementation of the insertional mutants
indicated that the genomic regions cloned upstream
of the two functional transcriptional units functioned
as promoters, indicating that the knocking out of the
genes encoding for the two dioxygenases also knocked
out two separate operons. The two operons encode
for the enzymes involved in the initial steps of the
Kodama pathway (e.g. the large (α) and small (β) sub-
unit of the initial dioxygenase (ISP), the corresponding
ferrodoxin subunit, the dibenzothiophene-dihydrodiol
dehydrogenase, the 1,2-dihydroxy-dibenzothiophene
dioxygenase, and the isomerase). However, the en-
zyme catalyzing the last step of the HFBT form-
ation (the cis-4-[2-(3-hydroxy)-thionaphtenyl]-2-oxo-
3-butenoate hydratase-aldolase) (Figure1) has not
been recovered by insertional mutagenesis, suggesting
the presence of a third operon harboring the miss-
ing enzyme. In conclusion, even though as previously
mentioned, isofunctional genes have been described
as highly clustered, we conclude that DBT1 shows a
scattered genomic organization of the genes involved
in the catabolism of DBT.

An additional result of RT-PCR reaction consisted
in the evidence that the two cloned operons were both
transcribed in presence of DBT. Moreover, the GUS-
assays showed that DBT strongly induces the transla-
tion of the two operons, as indicated by the signific-
ant increment in β-glucoronidase activity observed in
presence of the molecule.

As a consequence, it can be suggested that the
strong activation of the two operons by DBT ob-
served may be responsible for the high efficiency of
DBT transformation by DBT1. The presence of a
gene (dbtR) encoding for a σ 54-dependent regulator
indicates a possible involvement of the dbtR in the
transcriptional activation of the two DBT1 operons.
The location and direction of transcription of dbtR
with respect to the structural genes harbored by one
of the two operons has been reported in different aro-
matic catabolic operons (Inouye et al. 1988; Shingler
et al. 1993; Ng et al. 1995). Therefore, despite the
novel structural gene organization, DBT1 appears to
have a conserved putative mechanism of transcription
activation of catabolic genes by DBT.

The scattered genetic organization described in
DBT1 resembles that one observed in Sphingomonas
genus, where the catabolic genes involved in the oxid-
ation of aromatic compounds to catechol intermediates
are distributed on multiple gene clusters (Armengaud

et al. 1998; Romine et al. 1999). It is also worth not-
ing that the oxidative genes cloned in DBT1 are not
organized in discrete pathway units. They are grouped
on the same operon with oxidizing genes not asso-
ciated with the Kodama pathway. Even though the
DBT accumulating metabolite identified in the growth
medium of DBT1 was HFBT, as expected, the involve-
ment of genes not associated with the Kodama path-
way in oxidative reactions on the DBT accumulating
metabolites could not be excluded and must be fur-
ther investigated. However, the involvement of these
genes in the oxidative pathways of different classes of
compounds may be also possible. This unusual organ-
ization of oxidizing genes in relation to pathway units
has been described also in Sphingomonas sp. (Zylstra
& Kim 1997), and, although speculative, it is possible
to suggest that the activation of operons that encode
for groups of genes of different oxidizing pathways
may increase the capabilities of a microorganism in
response to different environmental conditions.

Conclusions

A microbial strain, Burkholderia sp. DBT1, capable
of efficiently transforming DBT to intermediates that
can be mineralized has been isolated. The microor-
ganism joins a high efficiency in DBT transformation
to low similarity in nucleotide sequences and gen-
omic organisation of dbt genes with isofunctional one.
At present, the explanation of the relation between
the two evidences may be only speculative. How-
ever, the cloning of the dbt genes expands current
knowledge of the genetics of the microbial capacity
to transform DBT. The enlargement of the current in-
formation on the genes governing the process is, in
our opinion, an important step in understanding the
prevalence and distribution of new groups of genes in-
volved in the catabolism of organosulfur compounds.
In fact, probes developed for specific transforming
genes should eventually provide a useful tool for a de-
tailed characterization of the ecology of organosulfur
transforming microorganisms within a contaminated
site.
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