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By using 1,4-dioxane as the sole source of carbon, a 1,4-dioxane-degrading microorganism was isolated from
soil. The fungus, termed strain A, was able to utilize 1,4-dioxane and many kinds of cyclic ethers as the sole
source of carbon and was identified as Cordyceps sinensis from its 18S rRNA gene sequence. Ethylene glycol was
identified as a degradation product of 1,4-dioxane by the use of deuterated 1,4-dioxane-dg and gas chroma-
tography-mass spectrometry analysis. A degradation pathway involving ethylene glycol, glycolic acid, and
oxalic acid was proposed, followed by incorporation of the glycolic acid and/or oxalic acid via glyoxylic acid into

the tricarboxylic acid cycle.

The cyclic ether 1,4-dioxane, an organic solvent, is a sus-
pected carcinogen (as determined by the U.S. Environmental
Protection Agency) (5) that has been detected in groundwater
around landfill sites (13, 26, 27). Its occurrence is thought to be
related to its use as a solvent in the chemical synthesis of
surfactants and to the disposal of the wastes from these chem-
ical processes as landfill (18). Subsequent leaching of the
chemicals from landfills has resulted in contamination of
groundwater with 1,4-dioxane and has raised human health
issues concerning this harmful chemical.

Previous work has indicated that 1,4-dioxane is resistant to
microbial breakdown (3), and there have been very few studies
describing its degradation. Parales et al. (15) isolated a 1,4-
dioxane-utilizing Actinomycete strain from soil; although they
showed that this strain was able to utilize the dioxane as the
sole source of carbon, they did not propose a degradation
pathway. All other studies on the degradation of 1,4-dioxane
have been done with microorganisms that cometabolized tet-
rahydrofuran and/or supplemented nutrients (1, 19, 20, 28).
There has not been, however, any investigation into the use of
fungi to degrade 1,4-dioxane, either by itself or in cometabo-
lism with structural analogs or supplemented nutrients.

Cordyceps sinensis is a fungus (division, Eumycota; subdivi-
sion, Ascomytina; class, Pyrenomycetes; order, Clavicipitales;
family, Clavicipitaceae) (8), and the habitat of the genus
Cordyceps is insects. C. sinensis has been identified as mush-
rooms on host larvae of Hepialus armoricanus from mountain-
ous regions of China. Usually it makes a fruiting body, and it
has been consumed as an herbal medicine in Asia. That it
contains antioxidant activity has been recognized (14), but it
has not yet been used in bioremediation.

In this study, we report the isolation from soil of a strain of
C. sinensis (strain A) that is able to utilize 1,4-dioxane as the
sole carbon source. We describe the substrate specificity of the
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fungus for cyclic ethers and identify the degradation products
of 1,4-dioxane.

MATERIALS AND METHODS

Isolation and cultivation conditions. The mineral medium used in this study
was basal salt medium (BSM) with 0.0125 X 1073 M 1, 4-dioxane as the sole
source of carbon (15) and without nitrilotriacetic acid. The pH was adjusted to
6.8 with HCI and/or NaOH. For the preparation of a solid medium, 1.5% agar
was added to the aforementioned BSM. For liquid cultivation, 3 ml of culture
medium was placed in a 15-ml screw-cap vial with a Teflon inner liner and
autoclaved for 15 min at 121°C. Filter-sterilized 1,4-dioxane and substrates were
added after sterilization. Cultures were grown at 30°C with constant stirring.
Growth was estimated from the protein content of the culture medium by the
Bradford method (2). Bovine serum albumin (Wako Pure Chemicals, Ltd.,
Osaka, Japan) was used for the calibration standard.

Identification of the isolated fungus by 18S rRNA gene sequencing. Under
sterile conditions, the fungal cells were disrupted in 500 pl of saline-EDTA
buffer (0.1 M NaCl and 0.1 M EDTA [pH 8.0]) with a small amount of aluminum
oxide by use of a pestle and a mortar on an ice bath, and the homogenate was
centrifuged. Proteinase K (10 .l of a 1-mg/ml solution) (Nippon Gene Co., Ltd.,
Tokyo, Japan) and 10% sodium dodecyl sulfate (10 wl) were added to a portion
(200 pl) of the supernatant, and the mixture was allowed to stand for 60 min at
60°C. The resultant crude extract of genome DNA was purified by phenol-
chloroform treatment. To use general primer sets, about 1,600 bp of PCR
product was amplified from purified genome DNA, and the PCR product was
purified with the MicroSeq 16S rDNA Kit (Applied Biosystems, Foster City,
Calif.). The amplified 18S rRNA gene product was sequenced at Hokkaido
System Science Co., Ltd. The sequence obtained was identified by using the
database of the DNA Data Bank of Japan (DDBYJ).

Analytical procedure. The cyclic ethers, including 1,4-dioxane, in the culture
medium were determined by high-performance liquid chromatography (21). The
chromatograph was equipped with a pump (LC-9A) and a UV detector (SPD-
6A; Shimazu, Kyoto, Japan) at 200 nm or a refractive-index detector (Shodex RI
SE-51; Showa Denko K. K., Tokyo, Japan); separations were performed on an
Inertsil ODS-3 column (GL Science, Tokyo, Japan) with 10% acetonitrile as the
mobile phase at 40°C and a flow rate of 1 ml/min.

The degradation products of 1,4-dioxane were derivatized with phenyl bor-
onate (9). One volume of the culture medium was diluted with an equal volume
of methanol and centrifuged for 5 min (10,000 X g) at room temperature. The
supernatant was removed, and an equal volume of an 80 mM methanol solution
of phenyl boronate was added to it. The mixture was shaken for 5 min at room
temperature. The sample was then dried by the addition of anhydrous Na,SO,
and analyzed by gas chromatography-mass spectrometry (GC-MS) (GC-MATE
[JEOL Ltd., Tokyo, Japan] and HP 6890 [Agilent Technologies, Palo Alto,
Calif.]). Separations were carried out on a DB-5MS column (30 m by 0.25 mm
[inner diameter]; J&W Scientific, Folsom, Calif.), and the analytes were ionized
in electron impact mode. The oven temperature program was as follows: 80°C
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FIG. 1. Light micrograph of strain A.

(hold for 2 min), 150°C (20°C/min), and 300°C (10°C/min). 1,3-Propanediol was
not used as an internal standard because of the problem of overlap with the
organic acids. Calibration was carried out with authentic standards.

Chemicals. Deuterium-labeled 1,4-dioxane-dg (DML-28-5X1) and ethylene
glycol-d, (DLM-1243-5) were purchased from Cambridge Isotope Laboratory,
Inc., Andover, Mass. Methyl-substituted 1,4-dioxanes were synthesized by the
method of Ratier et al. (17) or Wojtowicz et al. (25). All other chemicals were
AR grade.

Nucleotide sequence accession number. The DDBJ accession number of the
sequence determined in this study is AB187268.

RESULTS AND DISCUSSION

Isolation of a 1,4-dioxane-degrading fungus. A 1,4-dioxane-
utilizing fungus was isolated from garden soil from the Na-
tional Institute for Environmental Studies (NIES). The isolate,
named strain A, could be continuously cultivated on BSM with
1,4-dioxane as the sole source of carbon. Strain A had a septum
and spores, as observed by light microscopy (Fig. 1), and was
identified as the fungus C. sinensis from 18S rRNA gene ho-
mology (99.75% of a partial sequence of 1,617 bp).

Cultivation conditions for the isolate. Strain A can grow in
medium containing up to 0.09 M 1,4-dioxane (usually micro-
organisms in wastewater are not affected by 1,4-dioxane, even
if its concentration is increased to 0.03 M [12]), but optimal
growth was obtained at 0.034 M 1,4-dioxane. When strain A
was cultivated in 0.0125 X 107> M 1,4-dioxane, a decrease in
the dioxane concentration was observed, but traces still re-
mained after 1 week or more (data not shown). This result
indicated that the highest concentration of 1,4-dioxane in the
actual contaminated wastewater or groundwater can been
treated by strain A (1, 19, 20, 28). The time course of the
growth of strain A in medium containing 0.034 M 1,4-dioxane
is shown in Fig. 2. The decrease of 1,4-dioxane in the medium
was essentially complete after 3 days, and there was a concom-
itant increase in the concentration of the degradation product,
ethylene glycol (0.97 X 107> M after 3 days). There followed
immediately thereafter, however, a rapid decrease in the con-
centration of ethylene glycol in the medium as it was utilized by
the culture, and by the end of the culture period (4 days) the

1,4-DIOXANE AND CYCLIC ETHER DEGRADATION BY A FUNGUS 1255

J nactsqaqinantannases
2 6.7 :.\‘\'\,/':
66F ¥ ] _
g I1,4-Diloxane' I 3 1.0 - N
\g ............... 2 160 g
X 0.8 =
£0.03 S 150 E’“
-+ N
8 0.6F 440 2
£0.02 g%
© 50430 £
3 0401 g
£0.01 21202
= 0251, @2
< E 10 e
- -OEthylene glycol 0 1, =
00 20 40 60 80 100 0

Incubation time (h)

FIG. 2. Time course of growth of a strain A culture with 1,4-diox-
ane in the medium.

ethylene glycol was almost completely utilized. The resulting
ethylene glycol is also toxic and can cause severe poisoning in
humans (10), but, as shown above, the concentration of ethyl-
ene glycol in the culture medium was relatively low and finally
it was completely utilized by strain A.

Identification of 1,4-dioxane degradation products. Identi-
fication of the 1,4-dioxane degradation products produced by
strain A was performed with a phenyl boronate derivatization
procedure and the use of 0.031 M 1,4-dioxane-dg. A prelimi-
nary identification of ethylene glycol was made by GC-MS
following derivatization by N,O-bis(trimethylsilyl)trifluoro-
acetamide (data not shown). The peak, however, was small,
and the presence of many other unidentified derivatives and a
high background precluded positive identification of the sus-
pected analyte. To overcome these problems, a more specific
method to detect the degradation products was sought. Phenyl
boronate can form ether bonds with dihydroxy compounds in
water-methanol (9), and these derivatives are amenable to
GC-MS analysis. As shown in Fig. 3, peak 1 has the same
retention time as nonlabeled ethylene glycol but has an m/z
that is 4 mass units greater. Deuterium exchange had occurred
(almost half was completely exchanged), and the main deriv-
ative was clearly identified as ethylene glycol (-d,) and there-
fore was derived from 1,4-dioxane-dg. Peak 1 did not occur at
time zero or in control experiments using 1,4-dioxane-dg with-
out inoculation with strain A or without 1,4-dioxane-dg but
with strain A (96 h of incubation at 30°C). Peaks 2 and 3 were
assigned to nonlabeled glycolic acid and oxalic acid, respec-
tively (Fig. 4). Exchange of the deuterons on glycolic acid was
also observed. Even after just the first step of 1,4-dioxane-dg
degradation, a peak for nonlabeled ethylene glycol (molecular
weight, 148) was detected coeluting with ethylene glycol-d,
(molecular weight, 152).

Proposed 1,4-dioxane degradation pathway. There are sev-
eral papers describing the degradation pathway for ethylene
glycol by humans, yeasts, and bacteria (4, 6, 7, 11, 24). How-
ever, to our knowledge, no pathway has been proposed for
filamentous fungi. A general degradation pathway can be pro-
posed as the sequential production of ethylene glycol, glycol-
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FIG. 3. Chromatograph of derivatized diols from 1,4-dioxane-dg. The solid lines indicate equal height.

aldehyde, glycolic acid, and oxalic acid, followed by incorpo-
ration of the glycolic acid and/or oxalic acid into the
tricarboxylic acid (TCA) cycle. As shown in Fig. 3, the degra-
dation products of 1,4-dioxane-dg (initially at a concentration
of 0.035 M) were identified as ethylene glycol-d, (1.21 X 1073
M), glycolic acid (0.35 X 1072 M), oxalic acid (0.57 X 107> M),
and protein (44 pg/ml) after 3 days. When strain A was culti-
vated with 0.01 M ethylene glycol or glycolic acid as the sole
source of carbon, 0.23 X 107> M glycolic acid, 0.54 X 107* M
oxalic acid, and 24 and 39 pg/ml of protein, respectively, were
produced after 3 days. The reverse of the metabolic pathway
involving the identified metabolites was not observed. From
these results, the order of breakdown was assigned as ethylene
glycol to glycolic acid to oxalic acid. At the end of the cultiva-
tion period, peaks 2 and 3 (Fig. 3) decreased, presumably
because these compounds were metabolized to CO, and/or
components of the cell via the TCA cycle without accumula-

tion of oxalic acid. A degradation pathway for strain A was
proposed, as shown in Fig. 4.

Effect of metabolites on degradation of 1,4-dioxane. The
effect of metabolites on the degradation of 1,4-dioxane was
examined (Fig. 5). Ethylene glycol, glycolic acid, or oxalic acid
(0.034 or 0.01 M for each compound) was cultivated with 0.034
M 1,4-dioxane for 4 days. Utilization of 1,4-dioxane by strain A
occurred after consumption of the added organic acids. These
results indicated that there is a catabolite repression for this
pathway, so metabolites of 1,4-dioxane as the sole source of
carbon (Fig. 2) may be limited to about 5% or less of the added
substrate (on a molar basis). The 1,4-dioxane-degrading en-
zyme and other enzymes probably are encoded on the same
operon.

Effect of substrate on growth of strain A. Substrate specific-
ity for the growth of strain A was estimated by using commer-
cial and synthesized cyclic ethers (Table 1). Of the commercial
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FIG. 4. Proposed degradation pathway of 1,4-dioxane. Glycolaldehyde, glyoxalate, and the TCA cycle are shown as references for the proposed

pathway. M.W., molecular weight.

cyclic ethers, all compounds were utilized by strain A, but
18-crown-6 was not a good substrate for enzymatic degrada-
tion, although it was a good substrate for growth of strain A.
The best substrate was tetrahydrofuran, and it was utilized to
the extent of 96% after 3 days. Synthesized cyclic ethers were
also tested. 2-Hydroxymethyl-1,4-dioxane was not utilized by
strain A within 3 days, and other synthesized cyclic ethers,
although utilized, produced poor growth rates. Growth was
apparently related to the extent of methylation of the 1,4-
dioxane carbons, with the highest growth rates being associated
with tetramethyl-1,4-dioxane. It is possible that monomethyl-
ated cyclic ethers are not suitable substrates for strain A or do
not serve as suitable substrates for the relevant enzymes. These
results indicated that strain A can degrade secondary ethers,
and our future studies will investigate these processes by using
purified enzymes.

At present, such enzymes have not been identified, but
etherases and oxidases are likely candidates for the degrada-
tion of 1,4-dioxane by strain A (16, 22, 23). From the study of
cultivation with 2,3,5,6-tetramethyl-1,4-dioxane, it has been es-
timated that strain A has an enzyme which is not affected by
methyl residues. Also, from the observation of consistent deu-

terium exchange (all or nothing) of the degradation product,
ethylene glycol, there is a possibility that ethylene glycol for-
mation occurs via two hemiacetals at one side of the 1,4-
dioxane molecule by etherase-type reactions (22).

TABLE 1. Substrate specificity for growth of strain A

Protein content in
medium (pg/ml)

% Utilization

Sole source of carbon after 3 days

1,4-Dioxane 90 53
1,3-Dioxane 91 42
Tetrahydrofuran 96 78
Tetrahydropyran 89 39
s-Trioxane 90 25
18-Crown-6 40 61
2-Methyl-1,4-dioxane 25 52
2,3-Dimethyl-1,4-dioxane 32 56
2,3,5-Trimethyl-1,4-dioxane 32 20
2,3,5,6-Tetramethyl-1,4-dioxane 54 33
2-Hydroxymethyl-1,4-dioxane 17 5

“ A 0.034 M concentration of each chemical was added to the medium.
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FIG. 5. Effect of ethylene glycol or organic acids on utilization of
1,4-dioxane. Open symbols, cultivation on 0.034 M 1,4-dioxane with
0.034 M ethylene glycol or organic acids. Closed symbols, cultivation
on 0.034 M 1,4-dioxane with 0.01 M ethylene glycol or organic acids.
Circles, 1,4-dioxane; triangles, ethylene glycol or organic acids;
squares, protein.
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