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Naphtho[2,1-b]thiophene (NTH) is an asymmetric structural isomer of dibenzothiophene (DBT), and in
addition to DBT derivatives, NTH derivatives can also be detected in diesel oil following hydrodesulfurization
treatment. Rhodococcus sp. strain WU-K2R was newly isolated from soil for its ability to grow in a medium with
NTH as the sole source of sulfur, and growing cells of WU-K2R degraded 0.27 mM NTH within 7 days. WU-
K2R could also grow in the medium with NTH sulfone, benzothiophene (BTH), 3-methyl-BTH, or 5-methyl-
BTH as the sole source of sulfur but could not utilize DBT, DBT sulfone, or 4,6-dimethyl-DBT. On the other
hand, WU-K2R did not utilize NTH or BTH as the sole source of carbon. By gas chromatography-mass
spectrometry analysis, desulfurized NTH metabolites were identified as NTH sulfone, 2�-hydroxynaphthyl-
ethene, and naphtho[2,1-b]furan. Moreover, since desulfurized BTH metabolites were identified as BTH sul-
fone, benzo[c][1,2]oxathiin S-oxide, benzo[c][1,2]oxathiin S,S-dioxide, o-hydroxystyrene, 2-(2�-hydroxyphenyl)
ethan-1-al, and benzofuran, it was concluded that WU-K2R desulfurized NTH and BTH through the sulfur-
specific degradation pathways with the selective cleavage of carbon-sulfur bonds. Therefore, Rhodococcus sp.
strain WU-K2R, which could preferentially desulfurize asymmetric heterocyclic sulfur compounds such as
NTH and BTH through the sulfur-specific degradation pathways, is a unique desulfurizing biocatalyst showing
properties different from those of DBT-desulfurizing bacteria.

Sulfur oxides generated by combustion of fossil fuel lead to
acid rain and air pollution. Therefore, today petroleum is
treated by hydrodesulfurization (HDS) using metallic catalysts
in the presence of hydrogen gas under extremely high temper-
ature and pressure. Although HDS can remove various types
of sulfur compounds, some types of heterocyclic sulfur com-
pounds cannot be removed. Dibenzothiophene (DBT) is one
such recalcitrant organosulfur compound and is widely recog-
nized as a model target compound for deeper desulfurization,
since DBT derivatives can be detected in diesel oil following
HDS treatment. Therefore, the application of a biodesulfuriza-
tion process using a DBT-desulfurizing microorganism follow-
ing HDS, mainly for diesel oil, has attracted attention for
achievement of deeper desulfurization (16, 20). Some meso-
philic and thermophilic DBT-desulfurizing microorganisms
have been isolated, for example, Rhodococcus sp. strain IGTS8
(1, 4, 21, 22), Rhodococcus erythropolis D-1 (8), R. erythropolis
H-2 (17, 18), R. erythropolis KA2-5-1 (6), and Paenibacillus sp.
strain A11-2, which desulfurizes DBT at 60°C (7, 11). We have
also isolated Bacillus subtilis WU-S2B (9) and Mycobacterium
phlei WU-F1 (2), which could desulfurize DBT and its deriv-
atives over a wide temperature range of 20 to 50°C and at
the highest level at 45 to 50°C. These bacteria desulfurize DBT
through the sulfur-specific degradation pathway with the se-

lective cleavage of carbon-sulfur (C-S) bonds without reducing
the energy content (4, 21, 22).

Naphtho[2,1-b]thiophene (NTH) (see Fig. 3B), which in-
cludes a benzothiophene (BTH) (see Fig. 3A) structure, is an
asymmetric structural isomer of DBT. Recently it has become
apparent that in addition to DBT derivatives, NTH derivatives
can also be detected in diesel oil following HDS treatment,
although NTH derivatives are minor components in compari-
son with DBT derivatives (unpublished data). Therefore, NTH
may also be a model target compound for deeper desulfuriza-
tion. Kropp et al. (13) have reported that Pseudomonas sp.
strain W1 could degrade NTH. However, this bacterium uti-
lized NTH as the carbon source with reducing the energy
content, and the sulfur atom was not removed from NTH
during the degradation. On the other hand, we recently re-
ported that M. phlei WU-F1, which possessed high desulfuriz-
ing ability toward DBT and its derivatives under high-temper-
ature conditions, could also desulfurize NTH and 2-ethyl-NTH
through the sulfur-specific degradation pathway (3). There is
no other report related to NTH biodesulfurization through the
sulfur-specific degradation pathway. Thus, for practical biodes-
ulfurization, it may be useful to obtain microorganisms pref-
erentially desulfurizing asymmetric heterocyclic sulfur com-
pounds such as NTH and BTH.

In this paper, we describe the desulfurization of NTH and
BTH by the newly isolated strain Rhodococcus sp. strain WU-
K2R. We examined the desulfurizing ability of WU-K2R to-
ward heterocyclic sulfur compounds and found that WU-K2R
could preferentially desulfurize asymmetric NTH and BTH.
Moreover, we analyzed metabolites produced through NTH
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and BTH desulfurization by WU-K2R in order to propose
sulfur-specific degradation pathways with selective cleavage of
C-S bonds.

MATERIALS AND METHODS

Isolation and cultivation of NTH-desulfurizing microorganisms. Isolation and
cultivation were performed using MG medium, which is A medium (8) with some
modifications as follows; 5.0 g of glucose, 1.0 g of NH4Cl, 2.0 g of KH2PO4, 4.0 g
of K2HPO4, 0.2 g of MgCl2 � 6H2O, 10 ml of metal solution (9), and 1.0 ml of
vitamin mixture (9) in 1,000 ml of distilled water (pH 7.0). The medium was
supplemented with 0.27 mM (50 ppm) NTH or each heterocyclic sulfur com-
pound, i.e., NTH sulfone (NTHO2), BTH, 3-methyl-BTH, 5-methyl-BTH, DBT,
DBT sulfone (DBTO2), and 4,6-dimethyl-DBT, as the sole source of sulfur. To
suspend heterocyclic sulfur compounds in the medium, 1% (vol/vol) ethanol or
N,N-dimethylformamide was added. Cultivation was done at 30°C with recipro-
cal shaking at 240 strokes per min in test tubes (18 by 180 mm) containing 5 ml
of the medium supplemented with NTH or each heterocyclic sulfur compound
and ethanol or N,N-dimethylformamide. Single-colony isolation from turbid
cultures was performed by plating appropriately diluted culture samples onto
Luria-Bertani (LB) medium, composed of 10 g of Bacto Tryptone (Difco, De-
troit, Mich.), 5 g of yeast extract (Difco), and 10 g of NaCl in 1,000 ml of distilled
water (pH 7.0) supplemented with 15 g of Bacto Agar (Difco). Microorganisms
isolated were stored in microtubes containing 10% (vol/vol) glycerol at �80°C.

Analytical methods. Cell growth was measured turbidimetrically at 660 nm.
NTH, NTHO2, BTH, 3-methyl-BTH, 5-methyl-BTH, DBT, DBTO2, and 4,6-
dimethyl-DBT were determined by using high-performance liquid chromatogra-
phy (type LC-10A; Shimadzu, Kyoto, Japan) equipped with a Puresil C18 column
(Waters, Milford, Mass.). The mobile phase was acetonitrile-water (1:1, vol/vol)
or acetonitrile-tetrahydrofuran-water (1:1:3, vol/vol/vol), and the flow rate was
1.0 ml/min. The culture broth (5 ml) was acidified to pH 2.0 with 6 M HCl and
extracted with 4 ml of ethyl acetate. The extract was filtered through a 0.20-�m-
pore-size polytetrafluoroethylene membrane filter (Advantec Toyo, Tokyo, Ja-
pan) for high-performance liquid chromatography analysis. Compounds were
detected spectrophotometrically at 254 nm, and the amounts of NTH and other
heterocyclic sulfur compounds were calculated from standard calibration curves.
The molecular structures of metabolites produced through NTH and BTH de-
sulfurization were analyzed using gas chromatography-mass spectrometry (GC-
MS) (type 5890II; Hewlett-Packard, Mississauga, Ontario, Canada) equipped
with a 30-m type HP-5 column (Hewlett-Packard). The carrier gas was helium,
and the flow rate was 1.0 ml/min. The injection temperature was maintained at
280°C. The oven temperature was programmed to start at 40°C, which was held
for 3 min, and increase to a final temperature of 280°C at a rate of 10°C/min. The
combined extracts were dried over anhydrous sodium sulfate, evaporated, and
redissolved in ethyl acetate for GC-MS analysis.

Chemicals. BTH (with a purity exceeding 97%) and DBT (98%) were pur-
chased from Tokyo Kasei (Tokyo, Japan). 3-Methyl-BTH (95%) and 5-methyl-
BTH (96%) were purchased from Lancaster (Windham, N.H.). DBTO2 (97%)
was purchased from Aldrich (Milwaukee, Wis.). Benzofuran (BFU) (95%) was
purchased from Wako (Osaka, Japan). NTH (99%), NTHO2 (90%), 4,6-dimeth-
yl-DBT (99%), and naphtho[2,1-b]furan (NFU) (99%) were kindly supplied by
the laboratory of the Japan Cooperation Center, Petroleum (Shizuoka, Japan).
The purity of NTHO2 was slightly low, but no sulfur compound except for
NTHO2 was detected in the reagent. All other reagents were of analytical grade
and commercially available.

RESULTS

Identification of an NTH-desulfurizing bacterium, WU-
K2R. To isolate NTH-desulfurizing microorganisms, approxi-
mately 1,000 samples of soil, waste water, and oil sludge in
Japan were collected as sources of microorganisms. A small
amount of each sample was suspended in distilled water at an
appropriate concentration, and 0.2 ml of this suspension was
inoculated into a test tube containing 5 ml of MG medium with
NTH and cultivated at 30°C for 3 to 5 days. Aliquots of some
turbid cultures were then transferred into fresh medium. After
five subcultivations, the culture broth was appropriately diluted
with distilled water and spread onto LB medium agar plates.

After cultivation at 30°C for 3 to 5 days, colonies formed on the
plates were again inoculated into liquid MG medium with
NTH. By means of repeated cultivation in liquid MG medium
and single-colony isolation on LB medium agar plates, strains
showing an optical density at 660 nm (OD660) of more than 1.0
in MG medium with NTH within 7 days were selected. Among
the strains, one bacterium (WU-K2R) derived from soil, which
showed stable growth in the medium with NTH as the sole
source of sulfur, was chosen for further studies.

WU-K2R was a rod-shaped bacterium with dimensions of
0.5 to 1.0 �m by 1.5 to 2.0 �m. This strain was gram positive,
catalase positive, and oxidase negative and did not form spores.
Further taxonomical identification of WU-K2R was performed
by the National Collection of Industrial and Marine Bacteria
Japan Ltd. (Shizuoka, Japan), and the 16S ribosomal DNA
sequence of WU-K2R was found to have 99.9% identity to
those of Rhodococcus sp. strain DSM43943 (accession number
X80616), Rhodococcus opacus 1CP (accession number Y11893),
and Rhodococcus koreensis (accession number AF124343). From
these results, WU-K2R was tentatively identified as a Rhodo-
coccus sp.

Growth characteristics of Rhodococcus sp. strain WU-K2R.
Rhodococcus sp. strain WU-K2R grew in MG medium with
NTH as the sole source of sulfur. The time course of NTH
degradation by growing cells of Rhodococcus sp. strain WU-
K2R is shown in Fig. 1, and WU-K2R degraded 0.27 mM NTH
within 7 days. On the other hand, it was confirmed that WU-
K2R did not utilize NTH or BTH as the sole source of carbon
or of carbon and sulfur (data not shown). Moreover, WU-K2R
did not grow with NFU or BFU as the sole source of carbon;
WU-K2R did not grow even in MG medium including 5 g of
glucose per liter with Na2SO4 and 0.25 g of NFU or BFU per
liter, indicating that these compounds were toxic to this bac-
terium for growth.

Desulfurization of heterocyclic sulfur compounds. The
growth of Rhodococcus sp. strain WU-K2R on each heterocy-
clic sulfur compound was examined. As shown in Table 1,

FIG. 1. Time course of NTH degradation by growing cells of Rho-
dococcus sp. strain WU-K2R. WU-K2R was cultivated in MG medium
with 0.27 mM NTH as the sole source of sulfur and 1% (vol/vol) N,N-
dimethylformamide. Symbols: ‚, growth (OD660); �, pH; E, NTH.
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WU-K2R showed growth in MG medium with NTHO2, as well
as NTH, as the sole source of sulfur and degraded 97% of 0.27
mM NTHO2 within 5 days. Moreover, WU-K2R could grow
with BTH, 3-methyl-BTH, and 5-methyl-BTH. Since BTH,
3-methyl-BTH, and 5-methyl-BTH are volatile, test tubes were
tightly sealed to restrict admission of air. Under these condi-
tions, growth occurred with BTH only and none was observed
with the methylated BTHs (data not shown). However, WU-
K2R could grow with the alkylated compounds when silicone
caps which freely admitted air were used (Table 1). When
NTH and BTH were simultaneously provided for WU-K2R,
the bacterium degraded 9 and 59% of each substrate at 0.27
mM, respectively, within 5 days. On the other hand, WU-K2R

did not utilize DBT, DBTO2, or 4,6-dimethyl-DBT as the sole
source of sulfur.

NTH- and BTH-desulfurizing pathways. Rhodococcus sp.
strain WU-K2R was cultivated to the end of exponential
growth phase in MG medium with NTH or BTH as the sole
source of sulfur, and each culture broth was extracted with
ethyl acetate. First, the extract containing metabolites pro-
duced through NTH desulfurization was analyzed by GC-MS.
As shown in Fig. 2, three compounds were detected as metab-
olites, in addition to NTH (M�, m/z � 184) (Fig. 2A). One
metabolite was identified as NTHO2 (M�, m/z � 216) (Fig.
2B), since its GC-MS spectrum was identical to that of authen-
tic NTHO2. The other metabolites were considered to include
no sulfur atom in their molecular structures. One was identi-
fied as 2�-hydroxynaphthylethene (HNE) (M�, m/z �170) (Fig.
2C). The fragment ion at m/z � 141 corresponds to loss of the
vinyl group from the molecular ion. The other was identified as
NFU (M�, m/z �168) (Fig. 2D), since its GC-MS spectrum
was identical to that of authentic NFU.

The extract containing metabolites produced through BTH
desulfurization was also analyzed by GC-MS. As shown in
Table 2, six compounds were detected as metabolites in addi-
tion to BTH (M�, m/z � 134). These six metabolites were iden-
tified as BTH sulfone (BTHO2) (M�, m/z � 166), benzo[c]
[1,2]oxathiin S-oxide (BcOTO) (M�, m/z � 166), benzo[c]
[1,2]oxathiin S,S-dioxide (BcOTO2) (M�, m/z � 182), o-hy-
droxystyrene (M�, m/z � 120), 2-(2�-hydroxyphenyl)ethan-1-al
(HPEal) (M�, m/z � 136), and BFU (M�, m/z � 118), since
the GC-MS spectra of these metabolites were identical to
those reported by other researchers who analyzed desulfurized
BTH metabolites in detail (5, 12).

FIG. 2. GC-MS analysis of desulfurized NTH metabolites produced by Rhodococcus sp. strain WU-K2R. (A) NTH; (B) NTHO2; (C) HNE;
(D) NFU.

TABLE 1. Degradation of heterocyclic sulfur compounds by
growing cells of Rhodococcus sp. strain WU-K2Ra

Sulfur source Growth (OD660)b Degradation (%)

No substrate 0.0
NTH 4.3 80
NTHO2 2.3 97
BTH 2.0 57
3-Methyl-BTH 0.3 NDc

5-Methyl-BTH 1.0 ND
DBT 0.1 0
DBTO2 0.1 0
4,6-Dimethyl-DBT 0.1 0

a WU-K2R was cultivated in MG medium with a 0.27 mM concentration of
each heterocyclic sulfur compound as the sole source of sulfur and 1% (vol/vol)
ethanol.

b The OD660s of 0.1 were due to insoluble DBT, DBTO2, or 4,6-dimethyl-DBT
itself in the medium but were not due to the growth of WU-K2R; no growth of
WU-K2R was confirmed by microscopic observation.

c ND, not determined.
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On the other hand, desulfurized NTH and BTH metabolites
were not detected when WU-K2R was cultivated in MG me-
dium with Na2SO4 instead of NTH or BTH as the sole source
of sulfur (data not shown). Based on the deduced structures of
these metabolites and BTH-desulfurizing pathways previously
reported (5, 12), the pathways for NTH and BTH desulfuriza-
tion by WU-K2R shown in Fig. 3 were proposed. It was con-
cluded that WU-K2R desulfurized NTH and BTH through
sulfur-specific degradation pathways with selective cleavage of
C-S bonds.

DISCUSSION

In addition to symmetric DBT derivatives, asymmetric het-
erocyclic sulfur compounds such as NTH and BTH derivatives
can also be detected in diesel oil following HDS treatment.
Some microorganisms showing BTH-desulfurizing ability have
been isolated, for example, Gordonia sp. strain 213E (5),
Rhodococcus sp. strain T09 (15), and Paenibacillus sp. strain
A11-2 (12). These bacteria desulfurize BTH through sulfur-
specific degradation pathways. Gordonia sp. strain 213E and
Rhodococcus sp. strain T09 could desulfurize BTH but not
DBT. On the other hand, Paenibacillus sp. strain A11-2 could
also desulfurize DBT in addition to BTH, since this bacterium
was isolated for its ability to grow in a medium with DBT as the
sole source of sulfur. However, it is interesting that the DBT-
desulfurizing bacterium R. erythropolis KA2-5-1 could desulfu-
rize alkylated BTH but not BTH (10). On the other hand, for
NTH biodesulfurization through the sulfur-specific degrada-
tion pathway, there is no report except for our recent publica-
tion (3). In that paper, we reported that M. phlei WU-F1, which
possessed high desulfurizing ability toward DBT and its deriv-
atives under high-temperature conditions, could also desulfu-
rize NTH and 2-ethyl-NTH through the sulfur-specific degra-
dation pathway (3). However, as described below, the NTH-
desulfurizing pathways of M. phlei WU-F1 and Rhodococcus
sp. strain WU-K2R (shown in this paper) are considered to be
different.

In this paper, we have described the isolation of the NTH-
desulfurizing bacterium Rhodococcus sp. strain WU-K2R and
characterization of desulfurization patterns for NTH and
BTH. The 16S ribosomal DNA sequences of WU-K2R and,
surprisingly, Rhodococcus sp. strain T09 (desulfurizing BTH
[15]) were found to show 99.9% identity to that of Rhodococ-
cus sp. strain DSM43943 (accession number X80616), but
strain T09 was confirmed to show no NTH-desulfurizing ability
in a medium with NTH as the sole source of sulfur, in which
WU-K2R showed the ability (data not shown). Therefore,

Rhodococcus sp. strain WU-K2R is concluded to be a different
type of desulfurizing bacterium than strain T09.

As shown in Table 1, Rhodococcus sp. strain WU-K2R de-
graded 80% of 0.27 mM NTH within 5 days, and WU-K2R
showed much higher NTH-desulfurizing activity than M. phlei
WU-F1, since WU-F1 degraded only 39% of 0.27 mM NTH
within 5 days (3). WU-K2R exhibited faster growth and a
higher NTH degradation rate in the presence of ethanol (Ta-
ble 1) than in the presence of dimethylformamide (Fig. 1). This
might be related to the fact that WU-K2R could utilize ethanol

FIG. 3. Proposed pathways of BTH (A) and NTH (B) desulfuriza-
tion by Rhodococcus sp. strain WU-K2R. Compounds in brackets, that
is, HPESi in panel A and 2-(2�-hydroxynaphthyl)ethen-1-sulfinate
(HNESi) and 2-(2�-hydroxynaphthyl)ethan-1-al (HNEal) in panel B
were not identified and are indicated as postulated metabolites. Ring
numbering of BTH and NTH is also shown. The dotted arrow in panel
A indicates that BFU might be produced via HPEal from BcOTO2
(see text).

TABLE 2. GC-MS analysis of desulfurized BTH metabolites
produced by Rhodococcus sp. strain WU-K2R

Metabolite Fragment ions (m/z)

BTH..................................................134 (M�), 89, 67, 63
BTHO2 .............................................137, 109, 166 (M�), 63, 76, 118, 89
BcOTO.............................................118, 89, 166 (M�), 63
BcOTO2 ...........................................89, 118, 182 (M�), 63
o-Hydroxystyrene ............................91, 120 (M�), 69, 66
HPEal...............................................107, 136 (M�), 77, 51, 89, 63
BFU..................................................118 (M�), 89, 63
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but not dimethylformamide as the sole source of carbon (data
not shown). WU-K2R also degraded NTHO2, suggesting that
this bacterium desulfurized NTH via NTHO2, as shown in Fig.
3B. Moreover, WU-K2R could grow with BTH, 3-methyl-
BTH, and 5-methyl-BTH when silicone caps which freely ad-
mitted air were used (Table 1), but with tightly sealed caps
restricting admission of air, growth occurred with BTH only
and none was observed for the methylated BTHs (data not
shown). These results suggest that WU-K2R might require
more O2 to utilize the alkylated compounds.

On the other hand, WU-K2R did not utilize DBT, DBTO2,
or 4,6-dimethyl-DBT as the sole source of sulfur. Therefore,
WU-K2R is considered to preferentially desulfurize asymmet-
ric heterocyclic sulfur compounds such as NTH and BTH
rather than symmetric DBT derivatives.

BTH-desulfurizing bacteria reported by other researchers
desulfurized BTH through the sulfur-specific degradation
pathways (5, 12), in which BTH was first oxidized to BTHO2

via BTH sulfoxide. BTHO2 was then transformed to 2-(2�-
hydroxyphenyl)ethen-1-sulfinate (HPESi), leading to BcOTO
and BcOTO2 through dehydration. HPESi was finally desulfu-
rized to HPEal, leading to BFU through dehydration, by Gor-
donia sp. strain 213E (5) and Rhodococcus sp. strain T09 (15),
which could desulfurize BTH but not DBT. On the other hand,
HPESi was finally desulfurized to o-hydroxystyrene by Paeni-
bacillus sp. strain A11-2 (12), which could desulfurize both
BTH and DBT. In the present study, it was confirmed that
Rhodococcus sp. strain WU-K2R desulfurized BTH through
the sulfur-specific degradation pathway as shown in Fig. 3A.
Moreover, since both BFU and o-hydroxystyrene were de-
tected as metabolites with no sulfur atom (Table 2), WU-K2R
is considered to possess two types of C-S bond cleavage reac-
tions toward HPESi. In addition, BFU might be produced via
HPEal from BcOTO2, as the case of DBT desulfurization, in
which DBTO2 monooxygenase also recognizes dibenz[c,e]
[1,2]oxathiin S,S-dioxide as a substrate to produce 2,2�-dihy-
droxybiphenyl (19, 21). Similarly, since metabolites from NTH
without sulfur were identified as NFU and HNE, it was con-
firmed that WU-K2R desulfurized NTH through the same
pathway (or quite similar one) as that for BTH, as shown in Fig
3B. On the other hand, it was suggested that M. phlei WU-F1
(3) produced only the compounds corresponding to HNE and
not those corresponding to NFU as metabolites from 2-ethyl-
NTH without sulfur. Therefore, the NTH-desulfurizing path-
way of WU-K2R is considered to be different from that of M.
phlei WU-F1. In the NTH-desulfurizing pathway of WU-K2R,
desulfurized NTH metabolites corresponding to desulfurized
BTH metabolites such as BcOTO, BcOTO2, and HPEal were
not detected by GC-MS analysis, and the total amount of
desulfurized NTH metabolites detected was much lower than
that of degraded NTH (data not shown). Although we do not
have a clear explanation for this, it might be due to the lability
of desulfurized NTH metabolites (3) or the existence of an
additional degradation pathway(s) for NTH (14). However,
since desulfurized NTH metabolites were not detected when
WU-K2R was cultivated in MG medium with Na2SO4 instead
of NTH as the sole source of sulfur (data not shown), these
metabolites (Fig. 2) were derived from NTH, indicating that
the pathway shown in Fig. 3B clearly contributes to NTH
desulfurization by WU-K2R.

In conclusion, we confirmed that the newly isolated strain
Rhodococcus sp. strain WU-K2R could preferentially desulfu-
rize asymmetric heterocyclic sulfur compounds such as NTH
and BTH through sulfur-specific degradation pathways. There-
fore, for practical biodesulfurization, WU-K2R may be a useful
desulfurizing biocatalyst complementary to microorganisms
showing desulfuring ability toward symmetric DBT derivatives.
However, we still do not know the detailed reaction mecha-
nisms and the enzymes related to the reaction steps. Therefore,
we are investigating the enzymatic and genetic properties of
this NTH-desulfurizing bacterium, Rhodococcus sp. strain
WU-K2R.
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