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A bacterium designated Pseudonocardia sp. strain ENV478 was isolated by enrichment culturing on tetra-
hydrofuran (THF) and was screened to determine its ability to degrade a range of ether pollutants. After
growth on THF, strain ENV478 degraded THF (63 mg/h/g total suspended solids [TSS]), 1,4-dioxane (21
mg/h/g TSS), 1,3-dioxolane (19 mg/h/g TSS), bis-2-chloroethylether (BCEE) (12 mg/h/g TSS), and methyl
tert-butyl ether (MTBE) (9.1 mg/h/g TSS). Although the highest rates of 1,4-dioxane degradation occurred after
growth on THF, strain ENV478 also degraded 1,4-dioxane after growth on sucrose, lactate, yeast extract,
2-propanol, and propane, indicating that there was some level of constitutive degradative activity. The BCEE
degradation rates were about threefold higher after growth on propane (32 mg/h/g TSS) than after growth on
THF, and MTBE degradation resulted in accumulation of tert-butyl alcohol. Degradation of 1,4-dioxane
resulted in accumulation of 2-hydroxyethoxyacetic acid (2HEAA). Despite its inability to grow on 1,4-dioxane,
strain ENV478 degraded this compound for >80 days in aquifer microcosms. Our results suggest that the
inability of strain ENV478 and possibly other THF-degrading bacteria to grow on 1,4-dioxane is related to their
inability to efficiently metabolize the 1,4-dioxane degradation product 2HEAA but that strain ENV478 may
nonetheless be useful as a biocatalyst for remediating 1,4-dioxane-contaminated aquifers.

Ether-containing organic compounds are widely used as sol-
vents, pesticides, and gasoline additives and in a host of other
applications. Very recently, the solvent stabilizer 1,4-dioxane
has emerged as an important groundwater contaminant
throughout the United States and elsewhere (26). Like many
ethers, this compound is miscible in water, has a low dimen-
sionless Henry’s Law constant (2.0 � 10�4), and has a low
octanol/water partitioning coefficient (1.23); thus, it is poorly
retarded in aquifers and has the potential to create large con-
taminant plumes that threaten drinking water supplies that are
distant from the original release sites (14, 23, 29).

Few treatment methods have proven to be successful and
economically feasible for removing 1,4-dioxane from ground-
water. Because of the low octanol/water partitioning coefficient
and low Henry’s Law constant of this compound, traditional
remediation technologies like carbon adsorption and air strip-
ping are inefficient and costly. Likewise, in situ and ex situ
biological treatments of 1,4-dioxane have not emerged as via-
ble treatment options even though some microbes have been
shown to degrade the compound (3, 5, 12, 18, 23, 27, 28, 43).
Only a few ex situ technologies, including chemical oxidation
with a combination of ozone and hydrogen peroxide (1) or
hydrogen peroxide and UV light (32), have been utilized com-
mercially to destroy 1,4-dioxane, but the cost of using these
technologies for high-concentration waste streams can be pro-
hibitive.

Relatively few studies have evaluated biological degradation

of 1,4-dioxane, but the indigenous microorganisms at contam-
inated sites often are not able to degrade this compound (12,
23). In the last several years, however, 1,4-dioxane biodegra-
dation has been reported for both pure (28, 5, 3) and mixed
cultures of bacteria (18, 43) and for a fungal isolate (27). For
example, a pure culture of the propane-oxidizing bacterium
Mycobacterium vaccae JOB5 was shown to partially degrade
1,4-dioxane but not to grow on this compound (5). Bernhardt
and Diekmann (3) reported biodegradation of 1,4-dioxane by a
Rhodococcus strain, and Parales et al. (28) isolated a bacterium
(strain CB1190) that is capable of sustained growth and min-
eralization of 1,4-dioxane, albeit at low rates. Strain CB1190
has recently been reclassified as Pseudonocardia dioxanivorans
strain CB1190 (24). In other studies, mixed cultures of bacteria
were able to degrade 1,4-dioxane, but only in the presence of
the cosubstrate tetrahydrofuran (THF) (43).

Unlike biodegradation of 1,4-dioxane, biodegradation of the
cyclic monoether THF has been well studied, and this com-
pound appears to be a growth substrate for many bacteria (3,
7, 19, 28, 37, 43). Detailed molecular and biochemical analysis
of THF degradation by Pseudonocardia sp. strain K1 led to
cloning of an operon involved in THF degradation and to
description of a biodegradation pathway for THF (37). The
initial transformation of THF by strain K1 appears to involve
a binuclear iron-containing multicomponent THF monooxy-
genase (THFmo) that oxidizes THF to 2-hydroxytetrahydrofu-
ran (36, 37). The authors also suggested that a dehydrogenase
could convert 2-hydroxytetrahydrofuran to �-butyrolactone, a
hydrolase could convert �-butyrolactone to 4-hydroxybutyrate,
and a second dehydrogenase could convert 4-hydroxybutyrate
to succinate semialdehyde.
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Although no bacterial 1,4-dioxane biodegradation path-
way has been described, two reports have described 1,4-
dioxane degradation in rats. Woo et al. (40) suggested that
1,4-dioxane-2-one (PDX) is the major urinary metabolite of
1,4-dioxane in rats but that there could be other pathways.
Braun and Young (4), using a different approach, identified
2-hydroxyethoxyacetic acid (2HEAA) as the major metabolite.
�-Hydroxy acids, however, rarely are present in the pure state
or in aqueous solutions except in the form of salts; rather, the
majority of these acids are known primarily in the lactone
form. Thus, lactonization of 2HEAA would result in produc-
tion of PDX, as identified in the study of Woo et al. (40). PDX
also can polymerize spontaneously to form linear polymers, or
it can be reversibly converted to 2HEAA under basic condi-
tions. In a study of 1,4-dioxane degradation by a pure culture
of filamentous fungi, ethylene glycol was the first 1,4-dioxane
product detected, suggesting that there may be an alternate
degradation pathway (27).

In this paper we describe isolation and characterization of a
new THF-degrading bacterium, strain ENV478. We evaluated
the ability of this strain to degrade ether-containing pollutants
and focused on 1,4-dioxane degradation. The initial 1,4-dioxane
biodegradation experiments revealed that 2HEAA is produced
as an apparent terminal product of 1,4-dioxane degradation in
strain ENV478. These results suggest that the inability of strain
ENV478 and perhaps other THF-degrading strains to grow on
1,4-dioxane may be related to their inability to efficiently utilize
this metabolite.

MATERIALS AND METHODS

Chemicals. 1,4-Dioxane (98%) was purchased from Aldrich Chemical Co.
(Milwaukee, WI). R2A medium was obtained from BBL, Inc. (Cockeysville,
MD). Unless indicated otherwise, all other chemicals were the highest purity avail-
able and were purchased from either Aldrich Chemical Co. (Milwaukee, WI),
Mallinckrodt Specialty Chemical Co. (Paris, KY), J. T. Baker Inc. (Phillipsburg, NJ),
or Sigma Chemical Co. (St. Louis, MO). Uniformly labeled 1,4-[14C]dioxane (0.08
mCi/mmol; 96.4% radiochemical purity as determined by high-performance liquid
chromatography [HPLC]) was purchased from Sigma (St. Louis, MO).

Isolation and growth of strain ENV478. Strain ENV478 was isolated by en-
richment culturing from the liquor of a membrane bioreactor system that was
treating a mixture of wastes from a fine chemical manufacturer. Enrichment
culturing was performed with THF (100 mg/liter) as the sole carbon source and
basal salts medium (BSM) (13). Cultures growing on THF were plated on R2A
agar plates (EM Science, Gibbstown, NJ), and individual colonies were screened
for the ability to grow on THF as a sole source of carbon and energy. Individual
isolates were grown in BSM containing THF, washed, and screened as described
below for the ability to degrade 1,4-dioxane. Strain ENV478 was maintained on
R2A agar plates or in BSM containing THF. Enrichment culturing of the same
reactor liquor with 1,4-dioxane as the sole carbon source did not result in a
culture that could grow on 1,4-dioxane.

16S rRNA analysis. Total genomic DNA was isolated from strain ENV478 by
using a DNA extraction kit (Clontech, Mountain View, CA). The 16S rRNA
genes were PCR amplified with primers 27f and 1522r under conditions recom-
mended by the supplier (Sigma, St. Louis, MO). The purified PCR product
(QIAGEN, Valencia, CA) was used directly in DNA sequencing reactions (Ap-
plied Biosystems, Foster City, CA) with primers 27f, 357f, 704f, 926f, 1242f, 342r,
685r, 907r, 1392r, and 1522r (15). The complete sequence was assembled and
edited with the Lasergene program (DNAStar, Madison, WI). Closely matching
sequences were found in the GenBank database using the BLAST algorithm (2),
as well as the search function of the Ribosomal Database Project (6). Sequences
were aligned using CLUSTALV in the Lasergene software package (DNAStar)
and were visually inspected. Phylogenetic analysis was performed with the
MEGA version 2.1 software package (20) Distances were determined by maxi-
mum parsimony, and bootstrap values were calculated by using 1,000 replica-
tions.

Biodegradation assays. Unless indicated otherwise, the cells of strain ENV478
used in biodegradation assays were grown on THF in BSM at 30°C. The cells
were collected by centrifugation, washed twice in BSM, and suspended in fresh
BSM. Because of the tendency of the cells to clump, cell density was typically
determined by measuring total suspended solids (TSS) (39), a measurement of
the dry weight of filtered cells. Assays were performed in 60-ml serum vials
sealed with Teflon-lined septa and aluminum crimp seals. Killed control samples
were poisoned with HgCl2 (final concentration, 0.1 mM). Ethers were analyzed
by using gas chromatography-mass spectrometry (GC-MS) (38) with heated
purge and trap.

Synthesis of potential pathway intermediates. Elucidation of the pathway
required that we first synthesize the potential degradation products as analytical
standards. 2HEAA and PDX were synthesized essentially as described by Doddi
et al. (9). This synthesis involved preparation of sodium glycoxide by reacting
excess ethylene glycol with metallic sodium. The glycoxide was then reacted with
chloroacetic acid to obtain the sodium salt of 2HEAA (NaHEA). The synthesis
reactions are described by the following equations:

2HOC2H4OH � 2Na3 2HOC2H4ONa � H2

2HOC2H4ONa � ClCH2COOH3HOC2H4OCH2COONa

� HOC2H4OH � NaCl

Excess ethylene glycol and reaction by-products were removed by distillation and
by washing the residual solid with acetone. The NaHEA was then purified by hot
filtering and recrystallization in ethanol–10% water. 2HEAA was prepared in an
aqueous solution by eluting a solution of NaHEA through a cation-exchange
resin column in the H� form.

PDX was prepared by acidifying NaHEA in ethanol with hydrochloric acid to
make 2HEAA and filtering the preparation to remove NaCl. The filtrate con-
taining 2HEAA was distilled at atmospheric pressure over MgCO3 to remove
ethanol and then slowly heated to distill off product, and the fraction boiling at
approximately 200°C was collected.

The sodium glycolate and chloroacetic acid synthesis procedure produced
NaHEA with a yield of purified product of approximately 60%. The identity of
the product was verified by GC-MS analysis of the methyl ester derivative of
NaHEA, using the method described by Braun and Young (4). This produced a
characteristic [M-18] response peak at m/e 116 and additional peaks at m/e 75,
87, and 103.

The PDX preparation procedure produced a viscous colorless liquid that
slowly solidified to a wax after standing. The identity of PDX was verified by
direct GC-MS analysis in methylene chloride extracts. The GC-MS chromato-
gram peak produced a primary [M] response at m/e 102 and additional peaks at
m/e 58 and 73.

Identification of 1,4-[14C]dioxane degradation products. Ten-milliliter sub-
samples of a THF-grown ENV478 culture were added to 60-ml serum vials that
were sealed with Teflon-lined septa. Ten microliters of a 50:50 mixture of meth-
anol and [14C]dioxane (0.47 �Ci) was injected into the vials along with 2 �l of
neat THF. The THF was included to ensure that all of the THF degradation
genes were induced. The disappearance of 1,4-dioxane was monitored by inject-
ing 1 �l of a sample into a Varian 3400 gas chromatograph (Varian, Walnut
Creek, Calif.) equipped with a 30-m capillary Vocol column (Supelco, Inc.,
Bellefonte, Pa.) and a flame ionization detector. The injector and detector
temperatures were maintained at 180 and 220°C, respectively, whereas the col-
umn temperature was programmed to increase from 85°C to 140°C at a rate of
50°C/min. When �80% of the dioxane had been degraded, an HPLC analysis
was performed to monitor the disappearance of 1,4-dioxane and the appearance
of biodegradation metabolites. To prepare the samples for analysis, 500 �l of
sample was placed in a microcentrifuge tube and centrifuged for 5 min at 14,000
rpm (16,000 � g) to remove the cellular material. The supernatant was then
transferred to a 1-ml autosampler vial, which was sealed with a Teflon septum.
The metabolites were resolved with a Restek Ultra Aqueous C18 column (3.2 by
150 mm; Restek, Bellefonte, PA) and an isocratic mixture of methanol and water
(5:95) at a flow rate of 0.4 ml/min. Elution of the metabolites from the column
was monitored at a wavelength of 210 nm. The HPLC eluant was divided into
fractions (5- to 30-s intervals) by collecting the eluant in scintillation vials pre-
filled with 3 ml of scintillation cocktail so that the amount of radioactivity in each
fraction and the total radioactivity in the supernatant could be determined. The
elution order of the metabolites was determined by spiking authentic standards
with radiolabeled products.

Microcosm studies. Soil and groundwater samples were collected by Solu-
tions-IES (Raleigh, NC) from a 1,4-dioxane-contaminated aquifer located
near Elkton, MD. Soil core samples were recovered from the saturated zone of
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the aquifer from 2.4 to 3.6 m below the surface by using direct push technology.
The core sample was cut to fit in a cooler, and the ends of the core sections were
sealed. Three liters of groundwater was collected by using a peristaltic pump and
stored in sterile glass jars. All samples were placed on ice and shipped via
overnight courier to our laboratory. Soil samples were extruded from the cores,
combined, and mixed in an anaerobic chamber, and then they were passed
through a 6.4-mm sieve to remove stones. Microcosms were constructed in
triplicate 160-ml serum vials, and they received 40 g of soil and 80 ml of
groundwater. Control microcosms received no amendments. Killed samples re-
ceived 1 ml of 3.6% HgCl2, and augmented samples received 1 ml of washed
THF-grown ENV478 (optical density at 550 nm, 16). The microcosms were
sealed with Teflon-lined septa and aluminum crimp seals, and 20 ml of oxygen
was injected into each microcosm headspace. The microcosms were placed on
their sides and incubated at 15°C on an orbital shaker (120 rpm) in the dark. For
sampling, the microcosms were shaken vigorously and the soil was allowed to
settle before 1 to 5 ml of the aqueous fraction was removed with a syringe and
analyzed by GC-MS as described above. In addition to 1,4-dioxane (�100 �g/
liter), the microcosms contained cis-1,2-dichloroethene (110 �g/liter), 1,1-dichloro-
ethane (74 �g/liter), 1,1,1-trichloroethane (600 �g/liter), and trichloroethene
(200 �g/liter), and they had a total organic carbon content of 1.2 mg/liter.

Nucleotide sequence accession number. The strain ENV478 16S rRNA se-
quence has been deposited in the GenBank database under accession number
DQ437530.

RESULTS

Strain ENV478. Enrichment culturing of an industrial waste-
water treatment system resulted in isolation of several bacterial
isolates that could grow on THF as the sole carbon and energy
source. None of the organisms isolated, however, were able to
grow on 1,4-dioxane. One isolate was selected for further study
and was designated strain ENV478. Analysis of the 16S rRNA
gene sequence of this strain indicated that it is a member of the
genus Pseudonocardia and clusters with Pseudonocardia ben-
zenivorans, Pseudonocardia dioxanivorans, Pseudonocardia hy-
drocarbonoxydans, and Pseudonocardia sulfidoxydans (Fig. 1).
The ability to degrade tetrahydrofuran is well known in this
cluster; strains M1, K1, and CB1190 all have this characteristic
(7, 19, 24). Given the 16S rRNA sequence distances between P.
benzenivorans, P. dioxanivorans, P. hydrocarbonoxydans, and
P. sulfidoxydans and the sequence distance between strain
ENV478 and these species, strain ENV478 is probably a mem-
ber of a new Pseudonocardia species.

When grown on BSM with THF, the strain ENV478 culture
produced dense clumps of cells that made accurate sampling

and measurement of optical density difficult. The culture grew
readily on BSM with yeast extract and on R2A agar plates. It
also grew on lactate, propane, and sucrose, as well as on the
following compounds at a concentration of 200 mg/liter each:
1-propanol, 2-propanol, 1-butanol, diethyl ether, diisopropyl
ether, propionic acid, butanoic acid, pentanoic acid, and hex-
anoic acid. It grew on 50 mg/liter octanoic acid but not on 100
or 200 mg/liter octanoic acid. It did not grow on octanol or
hexanol, and growth on 1,4-dioxane and 1,3-dioxolane was
slight or nonexistent after 30 days of incubation.

Biodegradation of 1,4-dioxane. Following growth on THF,
strain ENV478 degraded 1,4-dioxane at an initial rate of ap-
proximately 21 mg/h/g TSS, which was approximately one-third
the rate at which it degraded THF (63 mg/h/g TSS). When the
two substrates were added together at equal concentrations,
1,4-dioxane degradation did not occur until the THF was re-
moved from the medium (Fig. 2). When similarly grown cells
were incubated with both 1,4-dioxane and 1,3-dioxolane, they
degraded both compounds simultaneously and at approxi-
mately the same rate (data not shown). Strain ENV478 also
degraded 1,4-dioxane after growth on sucrose (0.71 mg/h/g
TSS), yeast extract (1.1 mg/h/g TSS), sodium lactate (0.6 mg/
h/g TSS), 2-propanol (1.5 mg/h/g TSS), and propane (3.2 mg/
h/g TSS) (Fig. 3), but the 1,4-dioxane degradation rates were
much lower than those observed with THF-grown cells (21
mg/h/g TSS). After growth on lactate, the strain also degraded
1,3-dioxolane (1.0 mg/h/g TSS). These findings suggested that
strain ENV478 has a low level of constitutive activity with these
ethers.

In addition to strain ENV478, for comparison we evaluated
1,4-dioxane degradation by our previously described ether-
degrading propanotroph strain ENV425 (34). Strain ENV425
also grew on THF and degraded 1,4-dioxane, but at only one-
half the rate (10 mg/h/gTSS) of strain ENV478. Furthermore,
whereas strain ENV478 degraded 1,795 mg 1,4-dioxane/g TSS
after THF feeding was stopped, strain ENV425 degraded only
200 mg 1,4-dioxane/g TSS.

Analysis of 1,4-dioxane metabolites. Attempts to isolate
chemically synthesized 2HEAA from aqueous solutions after

FIG. 1. Dendrogram showing the phylogenetic relationship of strain
ENV478 to closely related Pseudonocardia strains. The GenBank acces-
sion number, genus, species (if known), and strain designation are indi-
cated for each 16S rRNA sequence. The 16S rRNA sequences used for
P. autotrophica, P. benzenivorans, P. dioxanivorans, P. halophobica, P.
hydrocarbonoxydans, P. kongjuensis, and P. sulfidoxydans are the se-
quences of the type strains of the species (10, 17, 24, 25, 21, 22, 30).
Strains M1, K1, and M43 have not been assigned to species (7, 19). The
bootstrap values at the nodes indicate the percentages of occurrence in
1,000 bootstrapped trees. Bar, genetic distance of 0.01.

FIG. 2. Biodegradation of 1,4-dioxane (squares) and THF (circles)
by strain ENV478 when the compounds were added alone (solid sym-
bols) or as a 50:50 mixture (open symbols). The error bars indicate one
standard error of the mean (n � 3).
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acidification of NaHEA were hampered by apparent conver-
sion of 2HEAA to PDX in a pH-driven equilibrium (4). The
equilibrium was driven toward PDX at low pHs in the range
from pH 2 to 3, and this was demonstrated by the appearance
of PDX in solutions of NaHEA after acidification, as deter-
mined by GC-MS analysis of solution extracts. The equilibrium
was difficult to monitor because we could not analyze both
PDX and HEAA in a single experiment without the potential
for interconversion. Direct GC-MS analysis of PDX product
solutions revealed only PDX due to our inability to see
2HEAA without derivatization to the methyl ester. Analysis of
PDX product solutions for 2HEAA by the methyl ester deri-
vatization method showed that both PDX and 2HEAA were
present at a ratio of about 1:4, but the methyl ester 2HEAA
derivative may have been formed from PDX during the deri-
vatization process. This made identification and determination
of the PDX purity and analysis of PDX in cultures difficult
because the derivatization method may result in identification
of both compounds as 2HEAA.

To further evaluate the extent of degradation of 1,4-dioxane

by strain ENV478, THF-grown cells were washed and incu-
bated with uniformly labeled 1,4-[14C]dioxane, and an HPLC
method that did not require derivatization was developed and
employed. Analysis of the culture liquor demonstrated that the
[14C]dioxane was converted to a product that coeluted with
authentic 2HEAA, but no other potential intermediates (Fig.
4) were detected. The apparent 2HEAA product was not de-
graded further, even after 402 h of incubation at 25°C. Addi-
tion of THF to cultures that had depleted the 1,4-dioxane and
accumulated 2HEAA did not result in further degradation of
this product. At the end of the experiment, no overall decrease
in the radioactivity in the supernatant was observed compared
to the radioactivity in the control, indicating that no carbon
dioxide had been produced and no 1,4-dioxane was converted
to strain ENV478 biomass. In separate growth studies, strain
ENV478 was not able to grow on HEAA as a sole carbon
source.

Degradation of other ethers. In other degradation experi-
ments with THF-grown strain ENV478, the culture was able to
degrade the related solvent 1,3-dioxolane (19 mg/h/g TSS), the
gasoline additive methyl tert-butyl ether (MTBE) (9.1 mg/h/g
TSS), and the plasticizer bis-2-chloroethyl ether (BCEE) (12
mg/h/g TSS). Interestingly, the strain degraded 1,4-dioxane
faster after growth on THF than after growth on propane, but
it degraded BCEE about three times faster after growth on
propane than after growth on THF (32 versus 12 mg/h/g TSS).
Although the products of BCEE and 1,3-dioxolane degrada-
tion were not analyzed, MTBE oxidation resulted in accumu-
lation of tert-butyl alcohol that was not degraded further by the
strain.

Microcosm studies. To test the utility of THF-degrading
strains like strain ENV478 for treating 1,4-dioxane-contami-
nated aquifers, a microcosm study was conducted with field
samples. THF-grown strain ENV478 cells were washed and

FIG. 3. Biodegradation of 1,4-dioxane by strain ENV478 after growth
on different substrates. The initial cell densities (TSS) are indicated. The
error bars indicate one standard error of the mean (n � 3).

FIG. 4. Proposed partial pathway for biodegradation of 1,4-diox-
ane by strain ENV478. The 1,4-dioxane-2-ol (hemiacetal) and 2-hy-
droxyethoxy-2-acetaldehyde were not detectable in the culture media
by the methods used in this study. PDX is expected to form sponta-
neously from 2HEAA under certain conditions (42), but it was not
detectable in our experiments.

FIG. 5. Biodegradation of 1,4-dioxane in aerobic aquifer microcosms.
The different treatments are described in Materials and Methods. “Bio-
augmentation” microcosms received THF-grown strain ENV478 (18 mg
TSS each). The initial 1,4-dioxane concentration in the site samples was
�500 �g/liter, and additional 1,4-dioxane was added to the bioaugmen-
tation microcosms on days 35, 46, and 53. Fresh groundwater was added
to the microcosms on day 53, which resulted in 30% dilution of the
resident microbial population. The symbols indicate means (n � 3), and
the error bars indicate standard errors.
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added to triplicate microcosms (18 mg TSS/microcosm; final
concentration, �5 � 108 cells/ml), and the microcosms were
incubated aerobically for 80 days at 15°C (Fig. 5). 1,4-Dioxane
(�700 �g/liter) was rapidly degraded in the augmented micro-
cosms before the first sampling time (day 20), and it was also
rapidly degraded after repeated additions (�1,000 �g/liter).
After 53 days of incubation, fresh groundwater was added to
the microcosms to replace the volume that had been removed
for sampling. This process resulted in �30% dilution of the
resident microbial population in the microcosms and in a con-
comitant decrease in 1,4-dioxane degradation. The 1,4-dioxane
degradation activity in the microcosms recovered, however,
and 1,4-dioxane continued to be degraded, albeit at a slightly
lower rate. Little loss of 1,4-dioxane was observed in micro-
cosms that did not receive strain ENV478 and in microcosms
poisoned with HgCl2.

DISCUSSION

Pseudonocardia sp. strains are widely distributed nocardio-
form actinomycetes that are abundant in many environments
and are known to degrade a wide range of pollutants. Strain
ENV478 and at least two other Pseudonocardia strains have
now been shown to degrade the cyclic monoether THF (19, 28)
and to cometabolically degrade 1,4-dioxane after growth on
THF. P. dioxanivorans strain CB1190 (24, 28) was isolated
from a THF enrichment and is the only Pseudonocardia strain
that is known to grow on 1,4-dioxane as a sole carbon source.
A related strain, Pseudonocardia sp. strain K1 (19), also grows
on THF but not 1,4-dioxane and has been studied in detail,
which has led to cloning and analysis of an apparent THF
oxidation operon.

In this study, we isolated a new organism, strain ENV478,
that is phylogenetically related to strains CB1190 and K1 (Fig.
1) but is not able to grow on 1,4-dioxane as a sole carbon
source even though it appears that the same enzyme(s) in the
strain is required to oxidize both substrates (Fig. 2). In this
study we focused on evaluating why this strain cannot grow on
1,4-dioxane and on evaluating the use of this strain to degrade
1,4-dioxane in contaminated environments. The inability of
strain ENV478 and other THF degraders to grow on 1,4-
dioxane could be related to a number of factors, including the
lack of induction of the requisite enzyme(s) by 1,4-dioxane or
an inability to efficiently process metabolites for energy pro-
duction.

THF degradation by Pseudonocardia strain K1 is facilitated
by a plasmid-borne, NADH-dependent, multicomponent, binu-
clear iron THF monooxygenase (37). Consequently, growth on
THF requires an expenditure of energy (for NADH genera-
tion) for the primary oxidation. Degradation of 1,4-dioxane by
strain ENV478 was greatest after growth on THF, and the
presence of THF inhibited degradation of 1,4-dioxane by this
strain (Fig. 2). Furthermore, strain ENV478 appeared to ac-
cumulate 2HEAA, an expected product of a monooxygenation
reaction with 1,4-dioxane, during 1,4-dioxane degradation.
Therefore, we concluded that degradation of 1,4-dioxane and
THF by strain ENV478 involves an initial oxidation of the
cyclic ether by a monooxygenase that presumably is homolo-
gous to the THF monooxygenase of strain K1. Because strain
ENV478 also can degrade propane, however, the presence of

a short-chain alkane monooxygenase, some of which are
known to oxidize ethers (31, 34), including possibly 1,4-dioxane
(5), cannot be completely ruled out. However, the relatively
low activity of propane-grown cells (Fig. 3) compared to the
activity of THF-grown cells (Fig. 2) suggests that propane
monooxygenase is a minor catalyst in this strain. Conversely,
an alkane monooxygenase may be more important in BCEE
oxidation by strain ENV478 because this organism degraded
BCEE faster after growth on propane than after growth on
THF.

The initial monooxidation of 1,4-dioxane likely results in
production of 1,4-dioxane-2-ol, the hemiacetal of 2-hydroxy-
ethoxy-2-acetaldehyde (Fig. 4). This compound could be oxi-
dized by an alcohol dehydrogenase, as suggested previously for
THF (37), or, because of the inherent instability of hemiacetals
in water, could be chemically oxidized through the hydroxyal-
dehyde intermediate to 2HEAA. Because we observed that
2HEAA accumulated in cultures of Pseudomonas putida con-
taining cloned toluene-4-monooxygenase genes and two pro-
panotrophs, ENV421 and ENV425 (34; data not shown), it
appears unlikely that production of 2HEAA requires mul-
tiple specific enzymatic reactions. More research is needed,
however, to confirm this assumption. Although under some
circumstances the 2HEAA might form PDX, this product is
unlikely to occur in aqueous solutions, especially at the
near-neutral pH of our cultures. Our attempts to isolate
PDX from our cultures of ENV478 were unsuccessful, and
even when we attempted to synthesize this compound in our
laboratory, at pH 	3 it was difficult to obtain PDX without
2HEAA present. The 1,4-dioxane biodegradation pathway
in ENV478 (Fig. 4), therefore, appears to be similar to the
1,4-dioxane metabolic pathway proposed for rats (4).

Interestingly, in 1,4-dioxane biodegradation studies with a
pure culture of fungi, Nakamiya et al. (27) observed only eth-
ylene glycol, glycolic acid, and oxalic acid as 1,4-dioxane deg-
radation products. This suggests either that an alternative
degradation pathway was present in fungi, that 2HEAA was
rapidly degraded to these products by the fungi and was not
detected in the analyses performed in the study, or that the
derivatization method used in the study did not allow detection
of 2HEAA. Degradation of 2HEAA to these products could
be facilitated by a dehydrogenase related to the diglycolic acid
dehydrogenase of strain K1, which cleaves ether bonds adja-
cent to terminal carboxyl groups in both short-chain ethers
(diglycolic acid) and long-chain polymers (polyethylene glycol)
(41). A lack of a similar enzyme activity in ENV478 or a
stringent substrate range that does not allow the enzyme to
cleave 2HEAA, which may be the case in strain K1, may
prevent these strains from metabolizing 2HEAA and result in
their inability to grow on 1,4-dioxane. Parales et al. (28) sug-
gested that long-term incubation of their THF-degrading cul-
tures with THF and periodic additions of 1,4-dioxane may have
led to a mutation that allowed strain CB1190 to grow on
1,4-dioxane. Our results suggest that such a mutation may have
allowed the strain to metabolize 2HEAA, but to our knowl-
edge, CB1190 cultures have never been analyzed for this 1,4-
dioxane metabolite or for 2HEAA-metabolizing enzyme activity.

Despite the inability of strain ENV478 to grow on 1,4-diox-
ane in pure culture, this strain is still an effective biocatalyst,
degrading 1,4-dioxane over an extended incubation period
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(�80 days) (Fig. 5) in microcosms. The ability of this strain to
continue to degrade 1,4-dioxane in microcosms may be due to
its ability to utilize other carbon sources in the aquifer material
to meet its energy and reductant demands for prolonged 1,4-
dioxane degradation. Likewise, other microbes in the micro-
cosms may transform the 2HEAA into products that are more
readily used by strain ENV478. More research is needed to
assess whether prolonged 1,4-dioxane degradation by strain
ENV478 can be supported by exogenous carbon sources and to
evaluate the fate of 2HEAA in environmental samples.

The inability of 1,4-dioxane to induce the THFmo homolog
genes in strain ENV478 also could limit this strain’s ability to
grow on 1,4-dioxane by limiting the supply of enzyme needed
to continuously process 1,4-dioxane. Expression of THFmo
appears to be tightly regulated in strain K1 (37). Northern blot
analysis demonstrated that the monooxygenase was produced
during growth on THF but not after growth on succinate.
Conversely, we demonstrated that strain ENV478 can degrade
1,4-dioxane even after growth on alternative substrates (Fig.
3), albeit at a rate lower than the rate observed for fully
induced THF-grown cells. This suggests that the apparent
THFmo of strain ENV478 is expressed constitutively and that
the activity can be induced to even higher levels during growth
on THF. The constitutively expressed enzyme may be enough
to support prolonged degradation of 1,4-dioxane under certain
conditions in the field, as we observed in our microcosms
studies, in which 1,4-dioxane was degraded for 	80 days (Fig.
5). The possibility that alternative unidentified inducers were
present in the microcosm studies, however, cannot be ruled out
(16, 31).

Poor induction of downstream enzymes also might limit the
processing of 1,4-dioxane metabolites to support the growth of
ENV478 on this compound. Although no genes that are obvi-
ously involved in 2HEAA metabolism are apparent in the
cloned THF operon of strain K1, this strain does produce a
diglycolic acid dehydrogenase that cleaves ether bonds adja-
cent to terminal carboxyl groups in short-chain ethers (41).
The lack of such activity or the inability of 1,4-dioxane or its
metabolites to induce this or similar activity in strain ENV478
also could limit 2HEAA metabolism. To test the ability of THF
to induce 2HEAA metabolism by ENV478, cultures that had
accumulated 2HEAA were fed THF. Although the added THF
was readily degraded, no further degradation of 2HEAA was
observed (data not shown), indicating that THF and its me-
tabolites probably do not induce the expression of genes nec-
essary for 2HEAA metabolism in strain ENV478. Additional
studies are under way to further investigate the presence and
induction of potential 2HEAA degradation genes in ENV478.

The ability of strain ENV478 to degrade 1,4-dioxane and
other potentially important ether pollutants (BCEE, 1,3-dioxo-
lane, and MTBE) warrants evaluation of its usefulness as a
biocatalyst for in situ or ex situ treatment systems. In situ
bioaugmentation with aerobic microorganisms has shown
promise for treating recalcitrant pollutants (8, 11, 33, 35), but
the technology has not been broadly accepted by the remedia-
tion community. Although the microcosms were inoculated
with relatively large amounts of strain ENV478, the results of
our microcosm study with strain ENV478 indicate that it may
be possible to use this strains or similar strains to treat 1,4-
dioxane contamination either in situ or in bioreactor systems.

In studies of similar THF degraders in bioreactors the workers
found that relatively large amounts of THF had to be added
continuously to the systems to maintain 1,4-dioxane degrada-
tion activity (43). The ability of strain ENV478 to maintain
1,4-dioxane degradation activity in microcosms for 	80 days
without THF was, therefore, surprising and encouraging, but
much additional work is needed to demonstrate the utility of
such biocatalysts for remediating contaminated aquifers (33).
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