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Microbial degradation of thiodiglycol (bis(2-hydroxyethyl)sulfide, TDG) with petroleum-desulfurizing
soil bacteria was examined. Among the bacteria tested, several strains belonging to the genera Rhodococ-
cus and Gordonia grew on TDG as the sole sulfur source. The selected strain Rhodococcus sp. strain T09,
which was re-identified as R. jostii, showed TDG degradation activity only when grown in the presence

of TDG as the sole sulfur source. Repeat batch degradation of TDG by using strain T09 could be continued
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for over 50 h, with a slight loss of activity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Yperite, a chemical weapon known as sulfur mustard, must
be destroyed under the provisions of the Chemical Weapons
Convention (CWC); hence, several treatment processes for the
destruction of sulfur mustard have been investigated. In an aqueous
solution, sulfur mustard spontaneously hydrolyzes and generates
thiodiglycol (bis(2-hydroxyethyl)sulfide, TDG) [1,26]. Thus, TDG as
a hydrolyzate of sulfur mustard will accumulate in soil and remain
in nature for long periods. TDG is included in the Schedule List of
the CWC, and it is commercially used in textile dyeing and in print-
ing solvents. There are many extensive reports on microbial TDG
degradation by the gram-negative bacterium Alcaligenes sp., which
utilizes TDG as the sole carbon and energy source [4-6,13,14,21].
Bioconversion/biodegradation of TDG by yeasts and basidiomycetes
was also reported [7,9]. However, there is very little information on
the degradation of TDG by gram-positive bacteria.

TDG is one of the aliphatic organosulfur compounds with a
thioether bond. We previously reported that benzothiophene
(BT)-desulfurizing gram-positive actinomycetes utilize not only
thiophenic compounds but also noncondensed organosulfur com-
pounds such as dimethyl sulfide, dimethyl sulfone, and dimethyl
sulfate [16,20]. These results prompted us to further screen the
TDG-degrading bacteria from our collection of BT-desulfurizing
bacteria.
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In addition to the treatment of abandoned chemical weapons
such as Yperite, it is essential to study the fate of such com-
pounds that pollute the surrounding environment. Nocardioforms
such as Rhodococcus and Gordonia are frequently isolated from
soil and have been shown to exhibit a wide range of degradative
and/or oxidative functions, including hydroxylation, sulfoxidation,
or dehalogenation [12]. These pathways are, in many cases, initi-
ated by oxygenase coupled with coenzyme oxidoreductase. Several
studies havereported that the oxygenase activity could be increased
by heterologously expressing oxidoreductase [3,17,18].

In the present study, microbial degradation of TDG by gram-
positive nocardioforms was investigated and their application to
repeated degradation was evaluated.

2. Materials and methods
2.1. Bacterial strains and plasmids

DBT- and/or BT-desulfurizing strains from our collection were
used (Table 1).

2.2. Cultivation

As the basal medium, AG, a sulfur-free medium, was used and
prepared as described previously [16] with the following ingre-
dients: 5g glucose, 0.5g KH,POy4, 4g K;HPO,4, 1g NH4Cl, 0.2¢g
MgCl,-6H;0, 0.02 g CaCly, 0.01 g NaCl, 10 ml metal solution, 1 ml
vitamin mixture, and 1000 ml distilled water (pH 7.5). Cultivation
and resting cell reactions were carried out aerobically at 30 °C. For
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Table 1

TDG degradation by growing cells of benzothiophene-desulfurizing bacteria.

Strain Cell concentration (ODgogo) Residual TDG (mM) Degradation (%) Ref.
+TDG -TDG

Rhodococcus sp. TO9 133 0.10 0 100 [16]

Gordonia rubropertincta TO8 0.24 0.02 nd’ nd [20]

Sinoryzobium sp.KT55 0.58 0.55 0.20 0 [23]

G. terrae T14 1.47 0.16 0.16 20 [19]

Rhodococcus sp.KT462 0.81 0.18 0.05 75 [24]

Gordonia sp.T31 nd nd 0.09 55 [19]

G. terrae T61 0.06 0.04 nd nd [19]

No cells - - 0.20 nd

" nd, not determined. Cell concentration of strain T31 could not be measured due to cell flocculation.

preparing resting cell suspension, cultured cells were washed twice
with sterilized water and once with 67 mM phosphate buffer (pH
7.5) and resuspended in the same buffer to adjust the cell concen-
tration to an optical density at 660 nm (OD)ggg of 10. The reaction
was started by adding the substrate TDG aqueous solution to the
cell suspension.

2.3. Analysis

Cellular growth was estimated by measuring the OD at 660 nm.
TDG concentrations were determined by HPLC at 210nm with
a Pham-Pak column (Waters Co., MA). HPLC running conditions
were modified as described previously: column temperature, 45 °C;
mobile phase, methanol/3 mM phosphoric acid=5/95; flow rate,
1 ml/min.

The phylogenetic tree based on the 16S rRNA gene sequence was
constructed by the neighbor-joining method [22] with the Kimura
two-parameter model as a distance corrector [10] after alignment
of sequences with the CLUSTALW program version 1.4 [25].

2.4. Sequencing

Genomic DNA were prepared with ISOPLANT (Nippon Gene,
Tokyo, Japan) and used for polymerase chain reaction (PCR). The
16S rRNA gene locus was amplified by PCR with Ex-Taq DNA poly-
merase (Takara Bio, Shiga, Japan) and a Thermal Cycler type-PC818
(Astec Co., Fukuoka, Japan). The PCR primers were EUB11f (5'-
TGR GTT TGA TCM TGG CTY AG-3') and EUB1511r (5'-TGG HTA
CCT TGT TAC GAC TT-3'). The PCR conditions were as follows: ini-
tial denaturation at 94°C for 5min; 35 cycles of 95°C for 1 min,
55°C for 1min, and 72°C for 1.5min; and elongation at 72°C
for 10 min. The PCR-amplified 16S rRNA gene fragments (approxi-
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Fig. 1. TDG degradation by resting cells of benzothiophene-desulfurizing bacteria.
Circles ((,(), T09; triangles ((, (), TO8; squares ((J,m), T14 cells; and crosses (+), no
cells. Closed symbols ((, (,®) represent data obtained with heat-inactivated (121 °C,
5min) cells. All the reactions were carried out with cells adjusted to ODgg of 10 at
30°C.

mately 1.5 kb) were purified by agarose gel electrophoresis, ligated
into the pT7blue vector (Merck Ltd., Darmstadt, Germany), and
used for the transformation of Escherichia coli J]M109. Nucleotide
sequences of the 16S rRNA genes were determined on both strands
by M13-47 and RV-M primers (Merck Ltd.) with the ABI model
3100 automated DNA sequencer and Big Dye terminator cycle
sequencing kit ver.1.1 (Applied Biosystems Inc., Foster City, CA)
according to the manufacturer’s instructions. The BLASTN pro-
gram (http://www.ncbi.nlm.nih.gov/BLAST/, NCBI, Bethesda, MD)
was used for gene homology search with the standard program
default.

Nucleotide sequence accession number: Sequence of the frag-
ments of 16S rRNA genes from strain TO9 have been assigned
DDBJ/EMBL/GenBank accession no. AB458522.

2.5. Chemicals

TDG was supplied by Wako Pure Chemicals Co., Japan. All other
materials were of the highest purity commercially available and
were used without further purification.

3. Results and discussion

TDG-degrading bacteria were screened from our DBT- and/or
BT-desulfurizing bacteria library in a mineral medium with TDG
as the sole sulfur source. As shown in Table 1, Rhodococcus sp.
T09 and Gordonia terrae T14 grew well on TDG as the sole sulfur
source, while G. rubropertincta TO8, G. terrae T61, and the gram-
negative bacterium Sinorhizobium sp. KT55 did not. Among the
strains tested, only strain KT462 reported DBT desulfurizing activ-
ity, also showed TDG degradation in this study. There have been
many reports for DBT* (DBT assimilation) albeit BT~ (no-BT assim-
ilation) nocardioform bacteria [8,11]. Their nucleotide sequences
for desulfurization gene claster were shown to be highly conserved
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Fig. 2. Time course of strain T09 with TDG as the sole sulfur source under growing
conditions. Closed circles ((), represent residual TDG concentrations, and open circles
(() represent the cellular growth (expressed as ODggo ). Cultivations were carried out
aerobically at 30°C.
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Fig. 3. Time course of strain T09 with TDG in the presence of various sulfur sources
under growing conditions. Circles ((,(), only with TDG; triangles ((, (), with TDG and
5mM ammonium sulfate; squares (CJ,®), with TDG and 5 mM DMSO.

[2,11], and they did not utilize aliphatic sulfide, such as dimethyl
sulfide [8], while the strain TO9 (DBT-, BT*) did [16]. In addition,
nocardioform bacteria of DBT+, BT~ assimilated hydrophobic thio-
phenic derivatives (such as alkylated DBTs) but not hydrophilic
derivatives (such as thiophene, and thiophene-calboxylate) [8]. This
suggests that the TDG assimilation was not due to DBT desul-
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furization genes, dsz. The former bacterial species (Rhodococcus
and Gordonia spp.) also degraded TDG in the resting cell state, as
shown in Fig. 1. Because heat-treated cells did not degrade TDG,
the TDG degradations were results of the microbial activity nei-
ther of the cell surface adhesion nor abiotic degradation. Among
the tested strains shown in Fig. 1, strain TO9 showed the highest
degradation activity, which was calculated as 16.2 uM TDG/(h*OD),
followed by strain T14 with a value of 8.6. On the basis of these
results, strain TO9 showed the highest degradation rate both in
growing and resting cell conditions; therefore, it was selected for
further study. Fig. 2 shows the time course of TDG degradation
by strain TO9 when grown in a mineral medium with 0.15 mM
TDG as the sole sulfur source. The degradation proceeded with
the cell growth, and most of TDG was depleted at 72 h. Alcaligenes
xylosoxydans TD2, which could use TDG as the sole carbon source,
was previously reported to produce thioglycolic acid, thiodiglycoli-
caldehyde, diglycolsulphoxide, dimethylether of thiodiglycolic acid
and methyl ether of acetic acid as byproducts [4]. Under the con-
ditions used in this study, no intermediates were detected in the
broth in both growing and resting cell conditions after extraction
with acidic ethyl acetate. This could be because the low TDG con-
centration in this study made undetectable level of byproduct. In
addition, considering the BT desulfurization pathway of the strain
T09, TDG may be converted via TDG-sulfone. Fig. 3 shows TDG
degradation by strain T09 in the presence of various sulfur sources
in the growing condition. The strain grew considerably better with
ammonium sulfate or dimethyl sulfoxide than with TDG as the
sole sulfur source; this suggested that the degradation activity was
suppressed by these compounds, or that the strain predominantly
utilized these compounds. A similar result was observed for ben-
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Fig. 4. Phylogenetic analysis of R. jostii strain T09. The bar represents 5 nucleotide substitution per 100 nucleotides in the 16S rRNA gene sequences. The sequences of Gordonia
rubripertincta (X80632) were used to root the tree. Bootstrap probabilities are indicated at the branch points. The accession numbers are shown in parentheses.
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Fig. 5. Repeated degradation of TDG by resting cells of R. opacus T09. Closed circles
((), residual TDG concentration; open circles ((), relative specific activity of TDG
degradation. The activity of the first batch is considered as 100.

zothiophene degradation by resting cells of strain T09 [16], while
Rhodococcus sp. strain Tawq showed DBT desulfurization activity
even when grown in a mixture of inorganic sulfate and dimethyl
sulfoxide [15].

Because the BT-desulfurizing bacterium, named T09, was not
identified to the genera level, 16STRNA sequence of the strain
was analyzed. Phylogenetic analysis (Fig. 4) showed the strain TO9
belongs to a genera, R. jostii. The closest strain was R. jostii RHA-1
(accession no. AF435009, nucleotide identity of 100%).

3.1. Repeated degradation of TDG

To determine whether TDG degradation is possible on a practi-
cal scale, TDG was degraded by intermittent addition of TDG-grown
resting cells. In the preliminary optimization experiment, the
degradation rate was the highest at pH 7-7.5 and 30°C (data not
shown). As shown in Fig. 5, TDG could be degraded for 5 repeats
(approximately 50 h) with a constant degradation rate, and the
degradation rate then gradually decreased. At the end of the reac-
tion, glucose feeding could not recover the activity. In this study,
we found that one of the benzothiophene-desulfurizing bacteria, R.
jostii strain T09, could degrade TDG, thus showing the possibility of
repeated TDG degradation with resting cells of T09. To our knowl-
edge, this is the first report of microbial degradation of TDG as the
sole sulfur source and not carbon source. To determine whether
degradation can occur for a longer period, we are currently examin-
ing a continuous operation with immobilized T09 cells after further
optimizing the TDG degradation conditions.
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