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The vgb gene, encoding Vitreoscilla hemoglobin (VHb), was introduced into a specific desulfurization bacte-
rium, Rhodococcus erythropolis LSSE8-1. The VHb-specific spectrum was observed for the recombinant. Com-
pared to the wild type, the strain bearing vgh showed a higher biomass yield and desulfurizing activity.

Organic sulfur compounds in petroleum have become one of
the main sources of air pollution. Petroleum contains hetero-
cyclic sulfur compounds, such as dibenzothiophene (DBT) and
its derivatives, which are difficult to remove by conventional
hydrodesulfurization. Biodesulfurization (BDS) is being stud-
ied as an effective method of sulfur removal (5, 9). Immobi-
lized-cell or free-cell biocatalyst was used to remove sulfur
from oil in two-liquid phase systems (7, 14, 17). The desulfur-
ization genes, dszABC, and their encoding enzymes, DszA,
DszB, and DszC, have been elucidated clearly. Both DszC and
DszA are monooxygenases in their oxidation pathways (6, 13).
BDS strains utilize oxygen not only as a cosubstrate of mono-
oxygenases but also in their endogenous metabolism. The
Michaelis constant (K,,,) of the oxygenase for oxygen is rela-
tively high, so it might be necessary to maintain significant
oxygen pressure during bioconversion to allow the oxygenase
to compete for oxygen with endogenous respiration (2, 18).
However, the increase in air inlet results in some problems,
such as volatilization of diesel oil or gasoline, resulting in an
explosion hazard. It would be important to develop a biocat-
alyst with high desulfurization activity under hypoxic condi-
tions.

Vitreoscilla hemoglobin (VHb) technology can be considered
a promising strategy for improving the supply, transfer, and
store of oxygen in vivo. The vgb gene, encoding VHDb, has been
expressed in heterologous hosts, including bacteria and plants,
such as Escherichia coli and Nicotiana tabaccum (tobacco), to
improve host growth, enhance the yield of antibiotics, or alter
metabolite production (3, 8). Expression of VHb became an
important inverse metabolic engineering approach for allevi-
ating adverse effects of inadequate oxygen availability in bio-
process (1). However, there has been no report on the en-
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hancement of desulfurization activity under low aeration in the
two-liquid phase system.

In this study, the vgb gene was introduced into a specific
desulfurization bacterium, Rhodococcus erythropolis LSSES8-1
(4). The recombinant was designated LSSES8-1-vgb. The prim-
ers were designed based on the sequences of the dsz operon of
LSSES8-1 (GenBank accession no. AY714058) and the vgb gene
(GenBank accession no. L21670). The vgb gene was amplified
with primers vgbl and vgb2, using plasmid pSK-vgb as the
template. Similarly, the promoter of the dsz operon was am-
plified with primers dszl and dsz2, using Rhodococcus sp.
strain LSSE8-1 genomic DNA as the template. The sequences
of these primers were as follows: vgbl, 5'-ATGAATTCCCA
GCAAACCA-3’ (EcoRI restriction site underlined); vgb2, 5'-
CCAAGCTTATTCAACCGC-3" (HindIII restriction site un-
derlined); dszl, 5'-GACAAGCTTCAACGAACTCACCCAA
ACCAC-3" (HindIII restriction site underlined); and dsz2,
5'-CCGGAATTCATCGCGTATGCGTCCTTTA-3'(EcoRI
restriction site underlined). The PCR products were ligated
into pPGEM-T. The orientations of the inserted fragments were
identified by digestion of plasmids pGEM-vgb and pGEM-
pdsz with EcoRI and Pstl. Plasmid pGEM-vgb was cut by
EcoRI and Apal, and then the 0.5-kb vgb digestion product
was inserted into pGEM-pdsz digested with the same restric-
tion endonucleases to produce pGEM-pdsz-vgb. Finally, the
vgb gene fragment driven by the native dsz promoter was li-
gated into pBS305 to form the resulting plasmid, pBS-vgb (Fig.
1). Electroporation of Rhodococcus sp. strain LSSES-1 with
pBS-vgb was done using the method of Shao et al. (16). A
maximal absorbance of 419 nm was observed in crude extracts
of the recombinants in the CO difference spectrum, while no
such peak could be detected with the control strain LSSES-1
(12). This typical peak demonstrated that active VHb was
expressed in LSSES-1-vgb.

The cultures were incubated in basal salt medium (BSM; for
LSSES8-1-vgb, containing thiostrepton) at 30°C and 200 rpm
until late log phase (7). Equal units of each culture were
harvested by centrifugation, washed twice with fresh medium
to remove the antibiotic and metabolites, and inoculated into
100 ml of BSM in a 500-ml flask. Incubation was carried out at
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FIG. 1. Construction of vgb expression plasmid pBS-vgb based on the E. coli-R. erythropolis shuttle vector pBS305. Abbreviations of all plasmids
as shown: Amp’, ampicillin resistance phenotype; ori, origin of replication; Thio, thiostrepton resistance phenotype; P, promoter.

30°C and 200 rpm for 72 h. The cell concentration at each time
point was obtained by measuring optical density at 600 nm
(absorbance at a wavelength of 600 nm). One unit of optical
density was equal to 0.38 mg of cells (dry weight) ml~*. The
growth curve is shown in Fig. 2. The recombinant and LSSES-1
showed similar growth patterns in the BSM. However, LSSES-
1-vgb showed a higher biomass yield at the end. The control
displayed a lower cell density, about 10.4, and the maximal
optical density at 600 nm was 12.6 at 66 h for the recombinant.

The effect of vgb expression on desulfurization activity was
studied. BDS was carried out with resting cells. The harvested
cells were resuspended in 0.85% NacCl solution, and the con-
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FIG. 2. Growth of LSSES8-1 and recombinant cells in BSM at 30°C
and 200 rpm containing 0.2 mM DBT. @, LSSES-1; m, LSSE8-1-vgb.
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FIG. 3. Time function of DBT desulfurization by resting cells of LSSES-1 and LSSES8-1-vgb. The reaction was carried out in a 100-ml flask
containing 5 ml model oil and 10 ml cell suspension with a cell content of 8.5 mg of cells (dry weight) ml ™. Desulfurization of model oil was carried
out in rotary shakers at 200 rpm (a) or 70 rpm (b). m, DBT(LSSES-1); €, HBP(LSSES-1); A, DBT(LSSES8-1-vgb); ¥, HBP(LSSES-1-vgb).

centration was regulated to about 8.5 mg of cells (dry weight)
ml~'. We prepared model oil consisting of 2.0 mM DBT in
n-dodecane. Then, the cell suspensions were incubated with
the model oil at 30°C on a rotary shaker. The shaker was set at
70 rpm or 200 rpm to explore the diversity of the desulfuriza-
tion activities under different aerations. Desulfurization of die-
sel oil was also tested. High-performance liquid chromatogra-
phy was used to determine the desulfurization product of DBT.
The total sulfur content (by weight) of diesel oil was deter-
mined in triplicate using a microcoulomb analyzer (15). Figure
3 shows the consumption of DBT and the production of HBP
by recombinant and wild-type cells at 200 rpm and 70 rpm,
respectively. Compared with that for LSSES-1, the specific rate
of desulfurization for recombinant cells was increased remark-
ably. When the revolution of the shaker was decreased to 70
rpm, LSSES8-1-vgb cells indicated much higher activities than
LSSES-1 cells. The desulfurization ratios of LSSES-1-vgb and
LSSES8-1 were 37.5% and 20.5%, respectively, at 70 rpm. At a
low aeration rate, the BDS activity of LSSES-1-vgb indicated a
lower influence on the desulfurization activities of the cells.
This is presumably due to the greater advantage afforded by
heterogeneous expression of vgb. The desulfurization of diesel
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FIG. 4. Time function of diesel oil desulfurization by resting cells.
The cell content was 8.5 mg of cells (dry weight) ml~'. The desulfu-
rization was carried out at 30°C and 200 rpm. The volume ratio of oil
phase to aqueous phase was 1:2. Each data point indicated is the
average for three independent experiments, and the error bars repre-
sent the standard deviations. m, LSSES-1; @, LSSES-1-vgb.

oil was similar to the removal of DBT. As shown in Fig. 4, the
sulfur content of diesel oil was reduced from 261.3 mg liter !
to 70.1 mg liter ' by the recombinant.

Although Rhodococcus spp. play important roles in biodeg-
radation and bioremediation, there have been no reports of vgb
expression in Rhodococcus (19). An expression vector, pBS-
vgb, was constructed. A higher biomass yield of LSSES8-1-vgb
suggested that the recombinant strain would be beneficial to
cells of high-density culture. VHb improved the desulfuriza-
tion activities of R. erythropolis LSSES8-1 in two-liquid systems
not only under hypoxic conditions. Similar results were previ-
ously observed in the degradation of 2,4-dinitrotoluene (2,4-
DNT), which was catalyzed by dioxygenase in Burkholderia
spp. (10). Moreover, the Dsz enzymes are soluble and found in
the cytoplasm (5, 9). This is different from what occurs with
most of the oxygenases for the biodegradation of other hydro-
phobic molecules located in the cell membrane (11). The ox-
ygen transfer issues are quite important. So vgb expression is a
favorable approach for developing biocatalysts used in two-
liquid systems, and it might be promotive for BDS in commer-
cial applications.
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