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The gram-positive bacterium Rhodococcus sp. strain IGTS8 is able to remove sulfur from certain aromatic
compounds without breaking carbon-carbon bonds. In particular, sulfur is removed from dibenzothiophene
(DBT) to give the final product, 2-hydroxybiphenyl. A genomic library of IGTS8 was constructed in the cosmid
vector pLAFR5, but no desulfurization phenotype was imparted to Escherichia coli. Therefore, IGTS8 was
mutagenized, and a new strain (UV1) was selected that had lost the ability to desulfurize DBT. The genomic
library was transferred into UVI, and several colonies that had regained the desulfurization phenotype were
isolated, though free plasmid could not be isolated. Instead, vector DNA had integrated into either the
chromosome or a large resident plasmid. DNA on either side of the inserted vector sequences was cloned and
used to probe the original genomic library in E. coli. This procedure identified individual cosmid clones that,
when electroporated into strain UV1, restored desulfurization. When the origin of replication from a
Rhodococcus plasmid was inserted, the efficiency with which these clones transformed UV1 increased 20- to
50-fold and they could be retrieved as free plasmids. Restriction mapping and subcloning indicated that the
desulfurization genes reside on a 4.0-kb DNA fragment. Finally, the phenotype was transferred to Rhodococcus
fascians D188-5, a species normally incapable of desulfurizing DBT. The mutant strain, UV1, and R. fascians
produced 2-hydroxybiphenyl from DBT when they contained appropriate clones, indicating that the genes for
the entire pathway have been isolated.

The presence of sulfur in coal and petroleum contributes
to corrosion of production and refining equipment, and
burning these high-sulfur products emits sulfur oxides to the
atmosphere (12). Inorganic sulfur in these fuels can be
removed by physical or microbiological treatments (2, 12,
27), but sulfur that is bound covalently to the organic
components of coal or petroleum cannot be removed easily.
Several attempts have been made to find microorganisms
that can enzymatically release organically bound sulfur from
these substrates or from dibenzothiophene (DBT), a com-
pound that models the bulk of organic sulfur in these
mixtures. Such a reaction could conceivably reduce the
sulfur content of high-sulfur fuels without depleting their
British thermal unit value.
Two major pathways for the microbial metabolism ofDBT

have been proposed. Kodama et al. (28, 29) identified
intermediates that led them to conclude that DBT is metab-
olized by a series of oxidations analogous to those by which
naphthalene is degraded. In this pathway, dioxygenation of
one of the aromatic rings of DBT leads to degradation of the
ring without releasing sulfur, to yield the final product,
3-hydroxy-2-formyl-benzothiophene (29). Several bacteria
that partially degrade DBT by this route have been isolated
(12, 38). The second pathway is one in which the sulfur is
oxidized first and then removed from DBT with or without
subsequent degradation of its two aromatic rings. Holland et
al. (16) identified the first oxidation steps of this pathway in
a group of fungi, and Crawford and Gupta (4) showed that
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Cunninghamella elegans also oxidizes the sulfur moiety to
give DBT-5-oxide (DBT-sulfoxide) and DBT-5-dioxide
(DBT-sulfone). In these two cases, no additional degradation
products were observed. On the other hand, van Afferden et
al. (36) isolated a Brevibacterium species that oxidizes the
sulfur in DBT but continues to degrade these intermediates
to sulfite and benzoate, which is itself degraded.
A very specific version of this second pathway has been

described by Kilbane et al. in the gram-positive soil isolate
Rhodococcus sp. strain IGTS8 (22, 23). In this case, sulfur is
extracted from DBT without further degradation of the
aromatic carbon structure to yield 2-hydroxybiphenyl (2-
HBP) as a final product (20, 22, 23, 32). This reaction is
potentially useful for removing the sulfur from compounds in
petroleum and/or coal without decreasing their calorific
value (2, 12). In fact, Kilbane and Jackowski have shown
that incubation of IGTS8 with water-soluble coal-derived
material for as little as 24 h removes 30 to 40% of the organic
sulfur from that complex substrate while retaining the British
thermal unit content (24). Kim et al. (25) have described an
anaerobe, Desulfovibrio desulfuricans M6, that may also
desulfurize DBT by this second type of pathway.
Some of the genes for the DBT degradative pathway have

been isolated and characterized (5, 11, 13). However, no
genes for the desulfurization pathway have been identified.
We now report the isolation from Rhodococcus sp. strain
IGTS8 of a set of genes that confer a specific desulfurization
phenotype to mutants of IGTS8 and to a related organism,
Rhodococcus fascians D188-5, that is normally unable to
desulfurize DBT.
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MATERIALS AND METHODS

Bacterial strains, media, and reagents. Rhodococcus sp.

strain IGTS8 has been patented and is deposited with the
American Type Culture Collection as ATCC 53968 (21); it
was provided to us by J. Kilbane. UV1 is a mutant of IGTS8
that is unable to desulfurize DBT (this work). R. fascians
D188-5 (from J. Desomer) (7) and R. rhodochrous ATCC
13808 (type strain from the American Type Culture Collec-
tion) do not metabolize DBT. Eschenchia coli XL1-Blue
(from Stratagene) is recAl lac thi endAl gyrA96 hsdR17
supE44 relAl [F' proAB lacIq lacZAM15 TnlO]. E. coli
CS109 (from C. Schnaitman) is W1485 thi supE F-. E. coli
S17-1 (from A. Puhler) is a derivative of E. coli 294 and is
recA thi pro hsdR res mod' [RP4-2-Tc::Mu-Km::Tn7] (33).
Pseudomonas minimal salts medium (PMS) was prepared

by the method of Giurard and Snell (15) and contained 0.2%
glycerol, 40 mM phosphate buffer (pH 6.8), 2% Hutner's
mineral base, and 0.1% (NH4)2SO4. PMS medium lacking
sulfate was prepared with chloride salts in place of sulfate
salts. Luria broth (LB) was 1% tryptone (Difco Laborato-
ries), 0.5% yeast extract, and 1% NaCl. All liquid medium
incubations were performed with shaking in water baths
(New Brunswick Scientific). Ampicillin (100 pug/ml) and
tetracycline (12.5 ,ug/ml) were included as selective agents
when required. DBT was purchased from Fluka, DBT-
sulfoxide was from ICN Pharmaceuticals, and DBT-sulfone
was from Aldrich Chemical. Agarose was from Bethesda
Research Laboratories.
Plasmid vectors. pLAFR5 was obtained from N. T. Keen

(18). pRF29 (from J. Desomer) (8) served as a source of the
Rhodococcus plasmid origin of replication.

Cosmid library construction. High-molecular-weight DNA
was isolated from IGTS8 by the method of Consevage et al.
(3), except that cell lysis was accomplished in TE buffer (10
mM Tris-HCl, 1 mM EDTA [pH 8.0]) containing lysozyme (5
mg/ml) and sodium dodecyl sulfate (2%). The DNA was

partially digested with Sau3AI, and fragments of approxi-
mately 20 kb were isolated after centrifugation through a

sodium chloride gradient (14). These fragments were ligated
into the BamHI site of pLAFR5. In vitro packaging was

performed with Gigapack Plus (Stratagene). Packaged
cosmids were transduced into E. coli S17-1.
DBT spray plate assay. A spray plate assay for the identi-

fication of bacteria capable of modifying DBT was originally
described by Kiyohara et al. (26) and modified by S. Krawiec
(30). We further modified the assay for use with Rhodococ-
cus sp. strain IGTS8 as follows. Cells from individual IGTS8
colonies were transferred to LB plates as small (0.5-cm)
patches and were incubated at 30°C for 24 to 36 h. Large
amounts of cells from these patches were transferred onto
PMS-1% agarose plates that had been sprayed previously
with a 0.1% DBT solution in ethyl ether to provide the sole
source of sulfur. The PMS-DBT plates were incubated at
30°C for 6 to 18 h, and fluorescent products around the
patches were detected by viewing under short-wave (254-
nm) UV illumination.

Sulfur bioavailability assay. IGTS8 was incubated in PMS
medium at 30°C for 24 to 48 h, and the cells were pelleted by
centrifugation, followed by two washes with sulfur-free
PMS. Washed cells were inoculated into PMS that contained
as a sole source of sulfur a 0.2% concentration of one of the
following: DBT, DBT-sulfoxide, or DBT-sulfone. The inoc-
ulum was adjusted so that the beginning A600 was 0.02. The
culture was incubated at 30°C, and growth was monitored at
A600. For cultures incubated with DBT, the supernatant was

viewed at various intervals under short-wave UV light to
check for the production of fluorescent products.

Plasmid isolation and hybridizations. Cosmid DNA
(pLAFR5) was isolated from E. coli as described by Ish-
Horowicz and Burke (17) and from Rhodococcus species as
described by Singer and Finnerty (34). Large-scale cosmid
preparations were carried out by the method of Birnboim
and Doly (1). DNA hybridization experiments were per-
formed by the method of Southern (35). DNA was labelled
with 32P-dCTP (Amersham Corp.), using the random primer
method of Feinberg and Vogelstein (10).
UV mutagenesis of IGTS8. IGTS8 was incubated overnight

in LB at 30°C, and approximately 3,000 CFU were spread
onto fresh LB plates. These plates were immediately ex-
posed to short-wave (254-nm) UV light for 5 to 20 s at a
distance of 3.5 cm. Plates were incubated at 30°C for 48 h or
until colonies developed. Colonies from plates exhibiting
>50% cell death were assayed with the spray plate proce-
dure for the ability to metabolize or desulfurize DBT.

Electrotransformation ofRhodococcus sp. Rhodococcus sp.
strain IGTS8 and the UV1 mutant were transformed with
plasmid DNA via electroporation (Gene Pulser; Bio-Rad
Laboratories). The bacteria were grown in LB for 24 to 48 h
at 30°C, diluted to an A600 of 0.15 with fresh LB, and
incubated at 30°C for an additional 4 h. Cells were collected
by centrifugation, washed four to five times with 0.3 M
sucrose, and finally resuspended to -5 x 109 cells per ml in
0.5 M sucrose. To an ice-cold 0.2-cm electroporation cuvette
(Bio-Rad) was added 40 ,u of this bacterial solution. The
cells were pulsed at 25 ,uF and 2.5 kV with the Pulse
Controller at 800 fl and were immediately diluted with 1 ml
of LB containing 0.5 M sucrose. The cells were incubated at
30°C for 1 h, plated on LB agar plates plus appropriate
antibiotics, and incubated at 30°C until colonies developed.
When the plasmid carried the pRF29 Rhodococcus plasmid
origin of replication, colonies were visible after 48 h. In the
absence of the pRF29 origin, colonies appeared after 4 to 5
days.
R. fascians D188-5 was transformed by electroporation in

a similar manner, but due to its slower growth rate, it was
incubated in LB overnight until it reached an A6w of -2.0.
The cells were washed and resuspended in distilled water
instead of sucrose. The Pulse Controller was set at 400 Q,
and the recovery period after electroporation was in LB for
4 h before plating onto selective media. Successful transfor-
mation of R. fascians D188-5 with E. coli plasmids required
that the DNA be methylated in vitro beforehand, using the
CpG methylase SssI (New England BioLabs).
Gas chromatography (GC) and mass spectroscopy (MS).

Cells were incubated overnight in LB medium at 30°C, and
100 ,u1 was used to inoculate 50 ml of PMS minimal medium.
The culture was incubated at 30°C for 4 days and washed
twice with sulfur-free PMS, and the pelleted cells were
inoculated into 50 ml of PMS that contained 0.1% DBT as
the sole source of sulfur. These cells were incubated at 30°C
for 24 h, and the entire culture was stored frozen at -20°C.
For assays involving R. fascians D188-5, incubation times
were increased two- to threefold.
Sample preparation and chemical analyses were per-

formed as described before (32). Briefly, each sample super-
natant (-50 ml) was thawed, and residual insoluble material
was removed by centrifugation. The cleared supernatant was
acidified with HCl to pH 1.0 and then extracted three times
with 50 ml of ethyl acetate. Insoluble material from the
centrifugation step was also extracted with ethyl acetate.
The ethyl acetate extracts were combined, dried over anhy-
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drous calcium chloride, and filtered, and ethyl acetate was
removed by rotary evaporation. A known amount of internal
standard (octadecane in chloroform solution) was added to
the sample, which was then analyzed by GC-flame ionization
detection and GC-Fourier transform infrared-MS. In some
samples, the acidic components in the ethyl acetate extract
or in the postextraction aqueous layer were methylated by
treatment with an ether solution of diazomethane.
The analyses were performed on a serially interfaced

GC-Fourier transform infrared-MS system as described pre-
viously (9, 31). This system consisted of the Finnegan ion
trap (ITD 800) operated with the automatic gain control on
and the Nicolet 20SXB Fourier transform infrared spectrom-
eter. GC was conducted with a DB5 column (30 m by 0.32
mm; 1.0-,um phase thickness) with a 2.0-mllmin helium
carrier flow rate measured at 330°C. On-column injections
were utilized for sample introduction because the sulfoxides
and sulfones are thermally unstable and they decompose in
split or splitless injectors (37). The oven temperature pro-
gram was as follows: 40°C injection, followed by increases in
temperature at rates of 20°C/min to 80°C, 5°C/min to 200°C,
and 10°C/min to 330°C and hold for 5 min. GC-flame ioniza-
tion detection analyses were performed with an HP 5880A
gas chromatograph with a similar column and program for
flow rate and oven temperature.

RESULTS AND DISCUSSION

Isolation of a desulfurization-negative mutant of R. rhodo-
chrous IGTS8. When cloning from a foreign bacterial genus
into E. coli, not all genes are expressed, nor are all protein
products active. To assure that cloned desulfurization genes
would be expressed in the host cell, we isolated a mutant of
Rhodococcus sp. strain IGTS8 that could no longer desulfu-
rize DBT. Using this mutant as a cloning recipient ensured
that the cellular environment was appropriate for gene
expression and protein function and allowed us to screen for
cloned desulfurization genes by complementation.
Rhodococcus sp. strain IGTS8 was mutagenized by expo-

sure to UV light, and 1,000 survivors were screened for the
ability to produce a UV-fluorescent product in the DBT
spray plate assay. Three potential desulfurization-negative
mutants were identified and then reevaluated in the sulfur
bioavailability assay. Two mutants (designated UV1 and
UV23) could not use DBT or DBT-sulfone as a sole source of
sulfur. When grown in the presence of DBT, mutant UV1
could not metabolize DBT to 2-HBP or to any other potential
intermediate, as measured by GC-MS analysis. Therefore,
strain UV1 was used as the host for complementation studies
to identify clones that carried desulfurization genes.
Cosmid cloning of desulfurization genes. DNA from Rhodo-

coccus sp. strain IGTS8 was used to construct a library in
the cosmid vector pLAFR5. This library was transduced into
E. coli S17-1, and plasmids were isolated from approxi-
mately 25,000 colonies. These cosmids were electroporated
into Rhodococcus sp. strain UV1, a desulfurization-negative
mutant of IGTS8, with an efficiency of -300 transformants
per ,ug of DNA. Various numbers of UV1 transformants
were pooled and incubated for 18 h at 30°C, after which the
cells were washed twice and resuspended in sulfate-free
PMS. Approximately 7 x 108 pooled cells were inoculated
into 100 ml of PMS with DBT as the sole source of sulfur. A
predicted product of the DBT desulfurization reaction is
2-HBP, which is fluorescent when exposed to UV light.
Therefore, batch cultures were grown at 30°C, and the
supernatants were observed for fluorescence. Approxi-

mately 3,300 UV1 transformants were screened in four
separate batches. In one batch (representing -600 transfor-
mants), a UV-fluorescent product appeared in the superna-
tant after 5 days of incubation. Individual colonies were
isolated, and 12 of these continued to produce a fluorescent
product when exposed to DBT.
Attempts to recover cosmid DNA from these isolates

failed, so Southern hybridizations were performed to deter-
mine whether the cosmids had become integrated into the
chromosome of strain UV1. Total DNA was isolated from
seven transformants and digested with EcoRI. After agarose
electrophoresis and blotting, the fragments were hybridized
with 32P-labelled probes derived from pLAFR5. In all trans-
formants tested, pLAFR5 probes hybridized to a DNA
fragment of -20 kb in size. Vector-derived probes did not
hybridize to the control IGTS8 genome (data not shown).
Therefore, the desulfurization-positive cosmid clones had
apparently integrated into the chromosome of strain UV1.
Desomer et al. have reported previously that nonreplicative
vectors can be inserted into the chromosome of R. fascians
by illegitimate recombination (6). Our observations with
Rhodococcus sp. strains IGTS8 and UV1 support such an
insertion mechanism for the cosmid vector pLAFR5. Thus,
even if specific cloning vectors are not available for a species
ofRhodococcus, this integration phenomenon allows the use
of classical gram-negative bacterial vectors, though the
frequency of integration is very low.

Since the plasmids had integrated into the chromosome,
the genomic DNA connected to either side of the plasmid
cloning site must represent Rhodococcus sp. strain IGTS8
sequences that were able to complement the desulfurization-
negative mutation in strain UV1. (This would be true regard-
less of whether the mode of integration was by homologous
or illegitimate recombination.) We recovered sequences that
flanked the inserted plasmid from three desulfurization-
positive transformants by digesting genomic preparations
with EcoRI or BamHI. These enzymes cut pLAFR5 once in
the polylinker region so that an intact sequence of pLAFR5
could be recovered, linked to a neighboring chromosomal
fragment from IGTS8. The digested DNA was ligated to
itself (at a concentration of -20 ng/,ll) and was transformed
into E. coli S17-1. Sixteen tetracycline-resistant colonies
were obtained, seven from the BamHI digestion and nine
from the EcoRI digestion. Restriction enzyme analysis re-
vealed that all EcoRI-rescued clones contained a 2.1-kb
fragment of IGTS8 DNA. The BamHI-rescued clones con-
tained a 1.65-kb fragment from IGTS8.
The 2.1-kb IGTS8 DNA from the EcoRI rescue experi-

ment was used as a template to make a labelled DNA probe,
which was hybridized to colony lifts of the original cosmid
library in E. coli. Of 5,000 colonies screened, 17 hybridized
with the IGTS8 probe. Cosmid DNA was isolated from each
clone and transformed into strain UV1. Three of the 17 DNA
preparations complemented the desulfurization-negative
phenotype.
A restriction map for this region was constructed, using

EcoRI and HindIII (Fig. 1). Probes from the 2.1-kb IGTS8
DNA hybridized to the 4.5-kb EcoRI fragment. All cosmid
clones that conferred the desulfurization-positive phenotype
contained the entire 4.5-kb EcoRI fragment and portions of
the 4.5-kb EcoRI-HindIII and 18-kb EcoRI fragments. These
results indicated that the desulfurization genes lay within a
15-kb region defined by the overlapping areas of cosmids
GE1-C, GE1-H, and GEl-K (Fig. 1).

Subcloning the desulfurization genes. The 4.5-kb EcoRI
and the 4.5-kb EcoRI-HindIII fragments were subcloned into
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FIG. 1. Restriction map of desulfurization clones derived from Rhodococcus sp. strain IGTS8. The upper line represents part of a

composite restriction map assembled from 17 cosmid clones. Numbers on that line are the lengths between adjacent restriction enzyme sites.
The IGTS8 DNA from three of these cosmids (GE1-C, GE1-H, and GE1-K) is denoted by lines underneath the composite map. When
transformed into the desulfurization-negative mutant Rhodococcus sp. strain UV1, each of these cosmids restored the desulfurization
phenotype. Five subclones generated from these three cosmids are also shown schematically. The shaded box above the composite map
denotes the location of the 4.0-kb BsiWI-BstBI DNA fragment that is the smallest fragment which complements the desulfurization-negative
phenotype of strain UV1. Parentheses indicate the location of restriction sites that are derived from vector sequences: E, EcoRI; H, HindlIl;
R. origin, Rhodococcus origin of replication from plasmid pRF29.

pLAFR5, but neither fragment complemented the desulfur-
ization mutation of strain UV1. The 9.0-kb EcoRI fragment
from GE1-H, the 15.0-kb EcoRI-HindIII fragment from
GE1-C, and the 18-kb EcoRI fragment from GEl-K were
subcloned into pLAFR5 to yield plasmids pSAD60-28,
pSAD48-12, and pSAD56-6, respectively. When trans-
formed into UV1, all three produced UV-fluorescent prod-
ucts from DBT in the spray plate assay, consistent with the
localization of the desulfurization phenotype as determined
by restriction mapping. Construction of additional subclones
from this region narrowed the location of the relevant genes
to a 4.0-kb BsiWI-BstBI fragment (shaded section in Fig. 1).

Nature of the mutation in strain UV1. Genomic blots of
EcoRI-digested IGTS8 and UV1 DNA were hybridized with
probes produced from the 2.1-kb EcoRI-rescued fragment of
IGTS8. No hybridization to UV1 DNA was detected, indi-
cating that the UV1 mutation is a large deletion and not a

simple point mutation. Southern blotting of DNA separated
by pulsed-field gel electrophoresis indicates that the desulfu-
rization genes of IGTS8 reside on a plasmid and that this
plasmid is absent from strain UV1 (Sa).
A Rhodococcus plasmid origin of replication increases trans-

formation of UV1. Electroporation of UV1 with pSAD48-12
typically resulted in a low transformation efficiency (-550

per ,ug of DNA), and only about 50% of the transformants
exhibited the desulfurization-positive phenotype (presum-
ably because DNA had been lost or rearranged during
recombination with the chromosome). To improve the trans-
formation efficiency, we cloned a 4.5-kb HindIlI fragment
from pRF29 into the HindIII site of pSAD48-12, resulting in
pSAD74-12. This 4.5-kb fragment contains a Rhodococcus
plasmid origin of replication, which allowed pSAD74-12 to
replicate as a plasmid in strain UV1. This clone transformed
UV1 with an efficiency of greater than 104 transformants per
,ug of DNA. Nearly 100% of these transformants exhibited
the desulfurization phenotype. Even so, very often such
small amounts of plasmid were recovered from DNA prep-
arations of these transformants that no plasmid was visible
on agarose gels. There was, however, enough plasmid in
these preparations to transform E. coli S17-1, from which
large amounts of the plasmid could be prepared. These
results emphasize the need for improved techniques of
plasmid isolation from rhodococci.
The desulfurization phenotype is not expressed in E. coli. E.

coli S17-1 was transformed with pSAD48-12, and desulfur-
ization activity was measured with the spray plate assay. No
positive colonies were identified. It was possible that the E.
coli polymerase could not recognize the IGTS8 promoter(s)
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TABLE 1. Metabolites produced from DBT by bacteria transformed with subclones derived from Rhodococcus sp. strain IGTS8

Amt" in given Rhodococcus species (plasmid)
Metabolitea R. fascians D188-

R. rhodochrous IGTS8 UV1(pSAD104-10)' 5(pSADE74-12)
DBTO + 0 0
DBT02 0 0 0
Sulfinic acid + ++ ++
Sulfonic acid 0 or tr 0 +
2-HBP ++++++++

a Products were identified by GC-MS, as outlined in Materials and Methods. DBT-O, DBT-5-oxide; DBT-02, DBT-5,5-dioxide; sulfinic acid, 2'-HBP-2-suffinic
acid (detected as the sultine: dibenz[c,el[1,2loxathiin 6-oxide); sulfonic acid, 2'-HBP-2-sulfonic acid (detected as the sultone: dibenz[c,e][1,2joxathiin
6,6-dioxide).

b The presence of metabolites is reported in relative amounts from very large (+ + + + +) to very small (+) or trace amounts. The actual values measured per
experimental culture were as follows: ++++, 6 to 7 p.g; ++, 1 p.g; +, 0.1 p.g; tr, 0.05 p.g.C 9.0-kb EcoRI DNA fragment from IGTS8 subcloned into pLAFR5, plus the origin of replication from pRF29.

d 15.0-kb EcoRI-HindIII DNA fragment from IGTS8 subcloned into pLAFR5, plus the origin of replication from pRF29.

in pSAD48-12, so we placed the IGTS8 DNA under control

of the E. coli lac promoter. The 15-kb EcoRI-HindIII IGTS8

fragment from pSAD48-12 was subcloned into the pBlue-

script vectors SK- and KS -so that the IGTS8 fragment was

cloned in both orientations with respect to the lac promoter.

Neither clone expressed the desulfurization phenotype in E.

coli XL1-Blue. We do not yet know whether this stems from

poor transcription or translation of the cloned genes or

whether the overproduced proteins are inactive in E. coli.

The desulfurization genes are expressed in R. fascians.

Since the cloned genes were either not expressed or pro-

duced inactive proteins in E. coli, we attempted to express

the genes in other Rhodococcus species. R. fascians D188-5

exhibited no desulfurization in the DBT spray plate assay or

in the sulfur bioavailability assay. At first, we were unable to

transform R. fascians with the desulfurization-positive plas-
mid pSAD74-12. Other Rhodococcus species are known to

have endogenous restriction systems that cleave DNA at

SalT-like restriction sites. Since pSAD74-12 contained mul-

tiple Sall recognition sequences, we used a CpG methylase,

SssI, to methylate pSAD74-12 in vitro. With methylated

pSAD74-12 DNA we obtained transformants of R. fascians
D188-5 with an efficiency of about 7 x 103 transformants per

ptg of DNA. These transformants displayed the desulfuriza-

tion phenotype in the spray plate assay, and GC analysis of

liquid medium supernatant revealed the formation of 2-HBP

from DBT. Thus, the cloned genes encoded enzymes of the

desulfurization pathway.
We were unable to transform pSAD74-12 into a second

species, R. rhodochrous ATCC 13808, despite the use of an

unmethylated or a CpG-methylated plasmid. It is possible
that the electroporation conditions for ATCC 13808 were not

optimal, though a wide range of conditions was tested. It

seems more likely that ATCC 13808 has a restriction system

that is not inhibited by CpG methylation.
2-HBP is the major desulfurization product. The predomi-

nant metabolite produced from DBT by Rhodococcus sp.

IGTS8 is 2-HBP, with small amounts of 2-HBP-sulfinic acid

and 2-HBP-sulfonic acid (identified as the sultine and sul-

tone, respectively, by GC-MS analysis) (32). These products
were also produced by IGTS8 in this work (Table 1). Neither

R. fascians D188-5 nor the IGTS8-derived mutant, UV1,
produced these products from DBT. However, when R.

fascians D188-5 was transformed with plasmid pSAD74-12
and when the UVi strain was transformed with plasmid

pSAD104-10, these bacteria produced products from DBT

that were identical to those identified for Rhodococcus sp.

strain IGTS8 (Table 1). In particular, 2-HBP was produced
in large quantities, indicating that specific desulfurization of

DBT was mediated by products of genes cloned from IGTS8.

IGTS8 cannot use DBT-sulfoxide as a sulfuir source. Rhodo-

coccus sp. strain IGTS8 was incubated in minimal medium

with one of the following as the sole source of sulfur: DBT,

DBT-sulfoxide, or DBT-sulfone. IGTS8 was incapable of

utilizing the sulfur supplied by DBT-sulfoxide but grew well

in the presence of DBT or DBT-sulfone. DBT-sulfoxide was

not toxic to cells when grown in a rich medium (LB) (data
not shown). Therefore, either IGTS8 cannot transport or
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FIG. 2. Structures of chemical intermediates and possible path-

ways for the desulfurization of DBT. The 4S pathway (left column)

is a theoretical pathway for DBT desulfurization (19). There are no

experimental data for the existence of the 4S pathway. The boxed

structures represent possible intermediates in a variation of the 4S

pathway that is consistent with the evidence of this report and that

of Olson et al. (32). The exact relationship among the four boxed

compounds in the desulfurization pathway is not known.
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metabolize extracellular DBT-sulfoxide or else DBT-sulfox-
ide is not an intermediate in the desulfurization pathway.

Potential pathway for desulfurization of DBT. This report is
the first to demonstrate that the "desulfurization only"
reaction is the product of a specific set of gene products and
thus establishes that the pathway is distinct from the genes
and reactions of the previously characterized "degradative"
metabolism of DBT. A theoretical pathway that accom-

plishes this specific desulfurization is referred to as the 4S
pathway (Fig. 2) (19). Rhodococcus sp. strain IGTS8 appar-
ently produces the sulfinate and sulfonate metabolites from
DBT and does not accumulate sulfoxide and sulfone (32).
Our results confirm the presence of the sulfinate and sulfon-
ate in the parent organism and extend the observation to
organisms that have received certain genes (Table 1). Thus,
this isolate of Rhodococcus sp. apparently uses a variation
of the 4S pathway for this desulfurization reaction (Fig. 2).
Identification of the cloned gene products and assays of their
individual activities should clarify the relationships between
the intermediates of this new pathway.

Since Rhodococcus sp. strain IGTS8 can desulfurize the
organic sulfur contaminants in soluble coal-derived products
(24), further manipulation of the genes that encode this
pathway may increase the extent and efficiency of the
reaction to a point at which it could become an economical
method to desulfurize coal-derived liquids or petroleum.
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