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Abstract A Gram-negative strain DD1, which could
use 1,4-dioxane as the sole carbon and energy source,
was isolated from the mixture of activated sludge ob-
tained from Qige urban sewage treatment plant.
According to the Biolog GNIII detection and the 16S
ribosomal DNA (rDNA) sequence, DD1 was identified
as Acinetobacter baumannii. Cells of A. baumannii
DD1 precultured in 1,4-dioxane could completely de-
grade 100 mg/L 1,4-dioxane in 42 h with a cell yield of
0.414 mg-protein (mg-1,4-dioxane) ' and a generation
time of 6.75 h, demonstrating that DD1 bears the highest
1,4-dioxane-degrading activity among the described
strains. Moreover, DDI tolerates higher 1,4-dioxane
concentration almost up to 1,000 mg/L. The strain could
also grow on several benzene homologues including
benzene, toluene, ethylbenzene, o-xylene, m-xylene,
and phenol. During the degradation process of 1,4-di-
oxane, the first oxidation was initiated by
monooxygenase in DD1. However, the main second
monooxygenation intermediate 2-hydroxyethoxyacetic

H. Huang * D. Shen - N. Li - J. Shentu - Y. Zhou (D<)
School of Environmental Science and Engineering, Zhejiang
Gongshang University,

310012 Hangzhou, China

e-mail: zyy0616@163.com

H. Huang * D. Shen - N. Li - J. Shentu - Y. Zhou

Zhejiang Provincial Key Laboratory of Solid Waste Treatment
and Recycling,

310012 Hangzhou, China

D. Shan
Hangzhou Yuhang Environmental Protection Bureau,
311100 Hangzhou, China

acid was not detected. As replacer, 1,4-dioxene was
identified, and other intermediates such as ethylene
glycol and oxalic acid were also detected. Based on
the analysis of degradation products, a partial degrada-
tion pathway was proposed.
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1 Introduction

The cyclic ether 1,4-dioxane is a solvent widely used in
a range of industrial organic products including paints,
lacquers, cosmetics, deodorants, and fumigants. As a
byproduct, it is presented in many consumer products
such as cleaning products, cosmetics, shampoos, and
laundry detergents (Sara et al. 2001). It has also been
used as a stabilizer for chlorinated organic solvents (e.g.,
1,1,1-trichloroethane (TCA) and 1,1-dichloroethylene
(DCE)), and it is a natural composition in some food
products (e.g., tomatoes, shrimp, and coffee) (Mahendra
et al. 2013). It is reported that about 41 and 65 tons of
1,4-dioxane in the USA and Japan, respectively, were
released into surface water from manufacturing and
processing facilities annually (Sei et al. 2013; Agency
for Toxic Substances and Disease Registry (ATSDR)
2012). Similar to other ethers such as methyl fert-butyl
ether (Sun et al. 2012b), 1,4-dioxane also has a high
water solubility, low logoctanol-water partition coeffi-
cient, and low Henry’s law constant (Sei et al. 2013)
and, thus, is highly mobile in water and can persist for a
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long time in the environment once released. Currently,
worldwide, 1,4-dioxane is detected in surface waters,
groundwater, and some drinking water sources, even in
the arctic groundwater (Li et al. 2013). The concentra-
tion of 1,4-dioxane is up to 260 ug/L in surface water
and 220 mg/L in groundwater in the USA; meanwhile, it
is 46 ug/L in surface water and 2,000 pg/L in landfill
leachate in Japan (Sei et al. 2013). In addition, 1,4-
dioxane has widely been detected in landfill in China
(Lu and Xia 2003).

Due to the acute and chronic toxicity of 1,4-dioxane,
as well as its suspected carcinogenicity (Kano et al.
2010), increasing public concern over its presence in
aquatic environments has emerged. A great many
methods have been investigated to enhance 1,4-dioxane
degradation including conventional physical and chem-
ical methods, advanced chemical oxidation, and photo-
catalytic processes (Coleman et al. 2007; Son et al.
2008). However, these processes require substantial in-
frastructure and are consequently associated with ex-
tremely high treatment costs, making them impractical
for the in situ remediation of vast contaminated sites
(Kim et al. 2009). Microorganism treatment as a new
promising alternative remediation technology has been
widely applied for its economic and ecological advan-
tages, thus exhibiting a potential for 1,4-dioxane degra-
dation. In 1991, the first organism that grew on 1,4-
dioxane was isolated by Bernhardt and Diekmann 1991
called Rhodococcus rubber strain 219. Several studies
have shown that a microorganism plays a key role in
bioremediation, such as Mycobacterium vaccae JOB,
Pseudonocardia strain K1, Pseudonocardia sp.
ENV478, and Graphium sp. (Burback and Perry 1993;
Kohlweyer et al. 2000; Vainberg et al. 2006; Kristin
et al. 2009). However, those organisms could only co-
metabolize 1,4-dioxane degradation with the growth-
supporting substrates such as tetrahydrofuran (THF),
methane, propane, toluene, or ethanol and could not
grow with 1,4-dioxane as a sole carbon source. It would
not only increase the cost of practical application but
also would pollute the environment. What was worse,
those strains had difficulty in mineralizing 1,4-dioxane
(Vainberg et al. 2006; Kristin et al. 2009). Thus, some
organisms with the ability to use 1,4-dioxane as a sole
carbon and energy source need to be further discovered
and evaluated. So far, only a few aerobic microorgan-
isms have the said ability including Rhodococcus 219,
Pseudonocardia dioxanivorans CB1190, the fungus
Cordyceps sinensis, Mycobacterium sp. PH-06, and

@ Springer

Afipia sp. D1 (Bernhardt and Diekmann 1991; Parales
et al. 1994; Nakamiya et al. 2005; Kim et al. 2009; Sei
et al. 2013). Regrettably, those organisms usually have
low cell yield with the highest cell yield of 0.223 mg-
protein (mg-1,4-dioxane) ' from the Afipia sp. D1 (Sei
etal. 2013). The efficiency of resource utilization during
growth is the significant factor for large-scale applica-
tion. So, it is still urgent to get an organism with a higher
efficiency to use 1,4-dioxane to meet the demand of
application. Additionally, it is known to all that a thor-
ough understanding of the biotransformation process
can help to achieve an effective control of 1,4-dioxane
bioremediation; so, further investigation of the 1,4-di-
oxane pathway is necessary.

Thus, a Gram-negative strain DD1 was isolated and
identified in this study to effectively utilize 1,4-dioxane
as the sole carbon and energy source. In addition, the
substrate tolerance and the biodegradation of 1,4-diox-
ane were also studied. Finally, the 1,4-dioxane-
degrading pathway by the bacterium was deduced based
on gas chromatography/mass spectroscopy (GC/MS)
analysis.

2 Materials and Methods
2.1 Reagents and Medium

1,4-Dioxane (99 % purity) was purchased from Aladdin
Company (Shanghai, China). All other reagents used in
this study were of analytical reagent grade and pur-
chased from Huipu Company (Hangzhou, China). R,A
liquid medium with pH 7.2 consisted of (per liter of
distilled water) 0.5 g yeast extract, 0.5 g tryptone, 0.5 g
casamino acid, 0.5 g glucose, 0.5 g soluble starch, 0.3 g
sodium pyruvate, 0.3 g K,HPO,, and 0.05 g
MgS0, 7H,0. Mineral salt medium (MSM) containing
1,4-dioxane had the following composition: 3.5 g
Na,HPO42H,0, 1 g KH,POy, 0.5 g (NH4),SO,4, 0.1 g
MgClz6H20, 50 mg Ca(NO3)2~4H20, and 1 mL of
trace elements solution in 1 L distilled water and adjust-
ed to pH 7.0. The trace element solution contained the
following (per liter): 1.0 g FeSO47H,0, 0.02 g
CuS04'5H,0, 0.014 g H3BO3, 0.10 g MnSO4-4H,0,
0.10 g ZnSO47H,0, 0.02 g Na,Mo0O,4-2H,0, and
0.02 g CoCl,'6H,0. The concentration of 1,4-diox-
ane added to the MSM was set based on the
requirement of each experiment. All solid medium
contained 2.0 % agar.
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2.2 Isolation of 1,4-Dioxane Degradation Organisms

The activated sludge sample was obtained from Qige
urban sewage treatment plant in Zhejiang, China.
The sample was cultured in 250 mL bottles with
50 mL MSM at 30 °C and 130 rpm to enrich the
1,4-dioxane-degrading microorganisms with 100 mg/
L 1,4-dioxane for about 3 months. Then, degradation
of 1,4-dioxane was observed, and 5 mL of the
culture was transferred to the same new medium.
After repeating the same procedure three times to
enrich the 1,4-dioxane degradation microorganisms,
the culture was transferred to the solid R,A medium.
After incubation at 30 °C for 2-4 days, a single
colony was selected and transferred to MSM with
1,4-dioxane as the sole carbon and energy source for
testing the 1,4-dioxane-degrading ability.

2.3 Identification and Characterization
of 1,4-Dioxane-Degrading Bacterium

After five or more generations, the 1,4-dioxane-
degrading bacterium was confirmed to be purified by a
light microscope. Carbon substrate utilization and
chemosensitivity were examined by the Biolog
MicroStation System/MicroLog™ (GNIII; Biolog
Hayward, CA, USA).

Chromosomal DNA of the bacterial isolate was ex-
tracted according to the instructions from the Bacterial
DNA Extraction Kit (Spin-column) purchased from
Bioteke Corporation (Beijing, China). The 16S ribo-
somal DNA (rDNA) gene were PCR amplified with
primers 27F and 1492R. The PCR conditions were as
follows: 5 min at 94 °C; 45 cycles of denaturation for
45 s at 94 °C, annealing for 40 s at 55 °C, and extension
for 90 s at 72 °C; and one final step of 5 min at 72 °C.
The purified PCR products containing the 16S rDNA
were performed according to the instructions from
Shanghai Sangon Biotech Corporation (Shanghai,
China). The obtained 16S rDNA sequence was
aligned to sequences in GenBank using the
BLAST program. The aligned 16S rDNA se-
quences of the related species were retrieved from
the NCBI nucleotide database. The program
Clustal X (version 1.8) with default parameters
was run for multiple sequence alignment.
Phylogenetic and distance analysis of the aligned
sequences was performed by the program MEGA
(version 5.0).

2.4 Biodegradation of 1,4-Dioxane by DD1

The strain DD1 was respectively grown in 50 mL of
R,A and MSM (100 mg/L 1,4-dioxane) in 250 mL
bottles and incubated at 30 °C and 130 rpm. Cells of
strain DD1 were harvested at the exponential growth
phase by centrifugation (22,000xg) for 10 min. Cells
were washed twice with 0.85 % (w/v) NaCl and resus-
pended in MSM for further use.

Incubation with R,A-grown cell suspensions was
conducted in order to find out whether the 1,4-diox-
ane-degrading ability of strain DD1 cells was induced
by 1,4-dioxane in the culture medium. In this experi-
ment, each 250 mL bottle was supplemented with
72.5 mg/L 1,4-dioxane, 50 mL of MSM, and 60 mg/L
of 1,4-dioxane-grown or R,A-grown cell suspensions.

Acetylene is an inhibitor of monooxygenase activity.
To investigate the effect of acetylene on 1,4-dioxane
degradation, R,A-grown cell suspensions were exposed
to 5 % acetylene in the headspace (Mahendra and
Alvarez-Cohen 2006). In this experiment, each
250 mL bottle was supplemented with 72.5 mg/L 1,4-
dioxane, 50 mL MSM, and 60 mg/L R,A-grown cell
suspensions. Samples were removed for analysis of the
residual 1,4-dioxane at designated intervals during deg-
radation. Each experiment was performed in triplicate
and included abiotic controls.

2.5 Biological Tolerance of 1,4-Dioxane by DD1

Batch experiments of DD1 were taken in 250 mL bottles
with 50 mL MSM and the initial concentrations of the
cells were 8 mg/L. 1,4-Dioxane was added as the sole
carbon. Cultures were incubated at 30 °C and 130 rpm,
and the initial 1,4-dioxane concentrations from 100 to
1000 mg/L were studied. Bacterial growth was mea-
sured by absorbance at ODgqp. Samples were removed
for analysis of the residual 1,4-dioxane at designated
intervals during degradation. Each experiment was per-
formed in triplicate and included abiotic controls.

2.6 Substrate Range of DD1

To examine the ability of DDI to degrade different
substrates, batch experiments of DD1 were taken in
250 mL bottles with 50 mL MSM, and the initial con-
centrations of the cells were 8 mg/L. Some important
compounds were selected, including cyclic ethers, chlo-
rinated solvents, benzene homologues, alkanes, and
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other substrates. The initial concentrations of each sub-
strate were 1 mM, and samples were collected and
analyzed every 12 h in 120 h. Each experiment was
performed in triplicate and included abiotic controls.

2.7 Analytical Methods

Cultures were centrifuged at 22,000xg for 10 min, and
the supernatant was analyzed for 1,4-dioxane concen-
tration by gas chromatography (Agilent 7890A)
equipped with a silica HP-INNOWAX capillary column
(30 mx0.32 mmx0.5 um, J&W Scientific, USA) and a
flame ionization detector. The injector and temperatures
were set at 250 and 300 °C, respectively. The tempera-
ture program was 70 °C as initial temperature, increased
by 20 °C/min to 180 °C, and kept for 1 min.

To analyze the intermediates during 1,4-dioxane bio-
degradation, cultures were centrifuged at 22,091xg for
10 min, and the supernatant was subsequently extracted
with ethyl acetate (Vsample: Vethyl acetate= 1:1) by vigorous-
ly shaking for 30 min. After standing for 10 min, the
organic layer was collected and then evaporated to
dryness under N, stream. The dry residue was
derivatized by the addition of 50 uL pyridine and
100 puL bis-(trimethyl-silyl)-trifluoroacetamide
(BSTFA), which were preheated in a heating block at
65 °C for 30 min. After derivatization, the extracts were
ready for injecting into the GC/MS (Zhou et al. 2011).

The GC/MS analysis of biodegradation intermediates
was performed, using a GC (Agilent 6890) equipped
with an inert mass selective detector (Agilent 5973), on
a silica HP-5 capillary column (30 mx0.25 mx1 pm,
J&W Scientific, USA) with a splitless mode using
helium as carrier gas at a flow rate of 1.0 mL/min. The
MS was operated in full scan or selected ion monitoring
mode with positive ionization by electron impact. The
inlet and MS transfer line temperatures were maintained
at 250 °C, and the ion source temperature was 250 °C.
The following GC oven temperature was applied: 40 °C
as initial temperature for 5 min, increased by 5 °C/min to
150 °C, then programmed to raise to 200 °C at the speed
of 10 °C/min, and maintained for 3 min. The interme-
diates were identified on the basis of mass spectra using
the mass spectral library NISTOS8.L.

Biomass concentrations (expressed in mg dry
weight/L) were measured by optical density (OD) at
600 nm with a UV spectrometer. The OD measurements
were converted to dry weight concentrations in strain
DD1 by an established calibration curve.
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3 Result and Discussion
3.1 Isolation of 1,4-Dioxane-Degrading Strains

Due to the particularity structure, 1,4-dioxane is recal-
citrant to biodegradation and remains persistent in the
environment. Since the degradation rate is the bottle-
neck in 1,4-dioxane bioremediation process, isolating a
strain with high 1,4-dioxane degradation activity is the
key to solve the 1,4-dioxane contamination problem.
After 3 months of enrichment, several pure strains were
isolated from the sludge sample obtained from Qige
urban sewage treatment plant in Zhejiang, China.
Additionally, strain DD1 was chosen as the test bacterial
strain for future study because of its relatively higher
degrading efficiency. Now, strain DD1 has been depos-
ited in the China Center for Type Culture Collection
(CCTCC), Wuhan, China, under accession no. CCTCC
M 2013560.

3.2 Characterization and Identification of Strain DD1

Microscopic observation demonstrated that the strain
DD1 was a Gram-negative, short rod, aerobic, and no-
spore bacterium. The strain grew at temperatures from
20 to 40 °C and at pH values from 5.0 to 8.0. Oxidase
reaction and contact enzyme reaction for strain DD1
were negative, whereas the liquefaction of gelatin, ni-
trate reduction, and citric acid reduction were positive.
These data indicated that strain DD1 resembled a mem-
ber of Acinetobacter genus.

A Biolog GNIII was employed to determine the
capacity of strain DD1 in substrate utilization. As shown
in Table 1, a total of 30 carbon substrates were easily
utilized. In addition, 12 of 23 substrates displayed no
inhibition on DD1 growth after 21 h of incubation.
According to Biolog GNIII identification, the degrada-
tion profile was similar to that of Acinetobacter genus.

The partial 16S rDNA of DD1 was sequenced and
deposited in GenBank. After alignment with other 16S
rDNA sequences in GenBank, it showed a high degree
of similarity (100 %) to Acinetobacter baumannii AQ-3
(JF751054.1), and a phylogenetic tree was constructed
in Fig. 1. The result of this phylogenetic analysis was
consistent with that of the phenotypic test.

Based on the results of the physiological and biochem-
ical characterization, 16S rDNA sequencing, and the
phylogenetic tree, strain DD1 was identified as
A. baumannii, and named 4. baumannii DDI. In
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Table 1 Results of carbon substrate utilization and chemosensitivity test

Positive

Negative

Boundary

(a) Dextrin, x-D-fucose, gentiobiose,
D-mannose, N-acetyl-D-galactosamine,
D-maltose, D-salicin, N-acetyl-
D-glucosamine

(b) L-Alanine, gelatin, L-arginine,
L-aspartic acid, L-pyroglutamic,
L-serine, L-glutamic acid,
L-histidine

©

(d) L-Lactic acid, L-malic acid,
propionic acid,
Tween 40, (3-hydroxy-D,L-
butyric acid, «-keto-butyric
acid, acetic acid, bromo-succinic
acid, citric acid, o-keto-glutaric
acid, y-amino-butryric acid

®

(g)pH 6, pH 5
(h) 1 % NaCl, 4 % NaCl
(1) 1 % sodium lactate

(j) Tetrazolium violet, tetrazolium
blue

(1) Rifamycin SV, guanidine HCI,
Niaproof 4, p-serine, lithium chloride

Stachyose, D-turanose, L-thamnose,
D-raffinose, a-D-lactose,
3-methyl-D-glucoside, 3-methyl
glucose, N-acetyl-3-D-mannosamine,
N-acetyl neuraminic acid, D-trehalose,
D-cellobiose, sucrose, D-glucose,
D-fructose, inosine

Glycyl-L-proline

L-Galactonic acid, lactone, D-galacturonic
acid, D-gluconic acid, b-glucuronic acid

p-Hydroxy-phenylacetic acid, p-lactic acid,
methyl ester, methyl pyruvate

(e) D-Glucose-6-PO4

D-Arabitol, myo-inositol, D-aspartic
acid, D-sorbitol, D-mannitol,
glycerol, D-serine

8 % NaCl

Minocycline, fusidic acid,
potassium tellurite

D-Melibiose, D-galactose,
L-fucose

Pectin, glucuronamide

D-Malic acid, formic acid,
acetoacetic acid, x-hydroxy-
butyric acid

D-Fructose-6-PO4

(k) Vancomycin, nalidixic acid

Sodium, aztreonam, troleandomycin,
sodium butyrate, lincomycin,
bromate

For carbon substrate results: (a) sugar; (b) amino acid; (c) hexose acids; (d) carboxylic acids, ester, and fatty acid; (e) hexose-PO4s; (f) others.
For chemosensitivity: (g) acidic pH; (h) NaCl; (i) lactic acid; (j) reducing power; (k) GN-GP; (1) others

addition, the 16S rDNA gene sequences of strain DDI
were deposited in the National Center for Biotechnology
Information (NCBI) GenBank with accession no.
KF713537.

Some other reports, which focused on rapid degradation
of environmental pollutants by Acinetobacter sp. TW,
showed that 1 g/L nicotine can be degraded within 12 h
to an undetectable level (Wang et al. 2011). Acinetobacter
sp. SJ-15 is capable of growing with phenol and n-
hexadecane. It can completely degrade phenol
(400 mg/L) and n-hexadecane (400 mg/L) in 24 and
60 h, respectively (Sun et al. 2012a). However, this is the
first report of a bacterium from the Acinetobacter genus
capable of degrading 1,4-dioxane.

3.3 Biodegradation of 1,4-Dioxane by DD1

As shown in Fig. 2, a dynamic curve was observed
under the following culture conditions: pH 7, 30 °C,
and 100 mg/L 1,4-dioxane. The 1,4-dioxane was
completely degraded by the isolate DD1 in 42 h with
the cell yield of 0.414 mg-protein (mg-1,4-dioxane) '
and the generation time of 6.75 h. Indeed, several stud-
ies have been conducted to screen the bacteria capable
of utilizing 1,4-dioxane as the sole carbon and energy
source. For example, P. dioxanivorans CB1190, isolated
from a 1,4-dioxane contaminated sludge using 1,4-di-
oxane as the sole carbon and energy source, had a
generation time of 30 h (Parales et al. 1994). Also,
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61

100

Mycobacterium sp. D6 (AB586144)
Mycobacterium sp.D11 (AB586145)

Mycobacterium sp. PH-06 (EU239889)

—— Pseudonocardia dioxanivorans sp. CB1190 (AY556156)
1w L pseudonocardia sp. D17 (AB586146)

Afipia sp. D1 (AB586143)

% ‘—(: Acinetobacter baumannii AQ-3 (JF751054)
100 Acinetobacter baumannii DD1 (KF713537)

fungus Cordyceps sinesnsis (AB187268)

Fig. 1 The phylogenetic dendrogram for strain DD1 and related strains based on 16S rDNA gene sequences. Numbers after the names of
organism are accession numbers of published sequences. Bootstrap values were based on 1,000 replicates

throughout the previous investigations, the Afipia sp.
had the shortest generation time of about 18 h (Sei
et al. 2013). Satisfactorily, 4. baumannii DD1 had a
much shorter generation time of 6.75 h than any other
reported studies.

Achieving successful growth of the pollutant-
degrading culture is a key to bioaugmentation. To date,
the experimental cell yield on 1,4-dioxane all appears to
be lower than 0.223 mg-protein (mg-1,4-dioxane) " (Sei
et al. 2013). Based on this work, the cell yield on 1.4-
dioxane from DD1 was 0.414 mg-protein (mg-1,4-di-
oxane) | with initial 1,4-dioxane concentration of
100 mg/L, almost twofold higher than Afipia sp. D1.
To evaluate the value of cell yield on 1,4-dioxane and
energy loss during the metabolism process, the energy
discrepancy index (,), defined as the ratio of the theo-
retical to the experimental cell yield (Fortin et al. 2001),
is introduced in this work. The index value of 1.10
(greater than 1) indicated that some energy share might

be lost during the 1,4-dioxane degradation by DDI.
Based on the analogy of the results shown by Fortin
et al. (2001) for degrading MTBE which also had a
carbon ether bond, the cleavage of carbon ether bond
for 1,4-dioxane perhaps was the main cause of energy
discrepancy index.

It is noteworthy that the biodegradation of 1,4-diox-
ane by 1,4-dioxane-grown cells was faster than that by
R,A-grown cells under the same incubation conditions
(Fig. 3). Prolonged incubation of rich medium-grown
cells with 1,4-dioxane resulted in the complete degrada-
tion of 1,4-dioxane within 75 h, while that of 1,4-diox-
ane-grown cells resulted in a complete degradation
within 25 h without any lag phase. This result showed
that the 1,4-dioxane degradation enzyme could be in-
duced. Similar to strain DD1, P. dioxanivorans CB1190
(Parales et al. 1994) also had inducible 1,4-dioxane
degradation enzymes, whereas strains D11 and D17
had constitutive enzymes (Sei et al. 2013). Thus, it

Fig. 2 Typical profile of 1,4- 65
dioxane degradation and 60 L
concomitant growth of strain
DD1. The initial culture density
and 1,4-dioxane concentration 50 |-
were 8 and 100 mg/L, 45
respectively. Symbols: biomass
(filled square) and 1,4-dioxane
concentration (filled triangle).
Error bars indicate the standard
deviation of three replicates

55 F

Biomass (mg/L)

b————a

i
—

] 420
-

At e

i\I } 180
L\ P

'\
1
&
(1/3w) duexorq

A

1 1 1 1 1 1 1 &k Al 0

@ Springer

10 15 20 25 30 35 40 45 50 55
Time (h)



Water Air Soil Pollut (2014) 225:2135

Page 7 of 11, 2135

Fig. 3 Biodegradation of 1,4-
dioxane by R,A-grown cell
suspensions and 1,4-dioxane-
grown cell suspensions. The
initial culture density and 1,4-
dioxane concentration were 60
and 72.5 mg/L, respectively.
Symbols: 1,4-dioxane
concentration by 1,4-dioxane-
grown cells (filled square), 1,4-
dioxane concentration by RyA-
grown cells (filled circle), and
1,4-dioxane concentration by
R,A-grown cells with 5 %
acetylene (filled triangle). Error
bars indicate the standard
deviation of three replicates

Dioxane (mg/L)

implied that degradation mechanisms varied with differ-
ent kinds of 1,4-dioxane-degrading bacteria.

Also shown in Fig. 3, the 1,4-dioxane biodegradation
was completely inhibited in the presence of acetylene, a
known monooxygenase inhibitor, supporting the hy-
pothesis that monooxygenase (MMO) is responsible
for catalyzing the initial oxidation of 1,4-dioxane in
strain DD1. Similar phenomena were reported in the
dioxane degradation processes by P. dioxanivorans
CB1190 and Pseudonocardia benzenivorans B5
(Mahendra and Alvarez-Cohen 2006).

3.4 Tolerance of 1,4-Dioxane by DD1

The substrate tolerance of DD1 was investigated at
different 1,4-dioxane concentrations from 100 to
1,000 mg/L, and the results are shown in Fig. 4. When
the 1,4-dioxane concentration was under 400 mg/L, the
substrate was degraded quickly by strain DD1 within
84 h. The values of the average degradation rate in-
creased as 1,4-dioxane concentration increased, and
the max value was 4.76 mg/L/h when the concentration
was up to 400 mg/L. While the concentration was over
400 mg/L, the average degradation rates were reduced.
The reduction of average degradation rates in the case of
high substrate concentration was probably due to the
toxicity of 1,4-dioxane and metabolites (Kano et al.
2010). Further increasing 1,4-dioxane concentration to
1,000 mg/L, strain DD1 exhibited an excellent substrate
tolerance and completely degraded 1,4-dioxane within

10

20 30 40 50

Time (h)

60 70 80 90

264 h. As reported, strains Afipia sp. D1 and
P, dioxanivorans CB1190 had 1,4-dioxane tolerance of
450 and 880 mg/L, respectively. To date, strain
Mpycobacterium sp. PH-06 had the highest 1,4-dioxane
tolerance of 1,000 mg/L 1,4-dioxane, but it could not
completely degrade such high concentration even in
360 h. In this sense, strain DD1 was superior than PH-
06, bearing the highest 1,4-dioxane tolerance with
higher degrading activity. As it is known to all, low
Pow is defined as the common logarithm of the partition
coefficient (Pow) of each organic solvent between n-
octanol and water, and an organic solvent with lower log
Pow value is more toxic for microorganisms (Inoue and
Horikoshi 1989). Additionally, 1,4-dioxane was a sol-
vent widely used in a range of industrial organic prod-
ucts and its log Pow was —0.27. As reported by Inoue
and Horikoshi (1991), the tolerance of Acinetobacter to
organic solvent was better than most of the microorgan-
isms, which was perhaps a reason for A. baumannii
DD1 to have a better tolerance to 1,4-dioxane. Another
reason for the outstanding tolerance of DD1 was possi-
bly that as a Gram-negative organism, its outer mem-
brane contained more lipopolysaccharides, which had a
function to chelate with divalent metal ions to resist
organic solvent (Inoue and Horikoshi 1991).

3.5 Substrate Spectrum of DD1

As shown in Table 2, strain DD1 exhibited a great
versatility in utilizing a variety of substrates including
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Fig. 4 1,4-Dioxane degradation

11 -

by DD in the presence of o
different substrate concentrations. 1000
The initial culture density in each 900
bottle was 8 mg/L. The symbols
indicate concentrations of 100 mg/ 800
L (filled square), 200 mg/L (filled _
circle), 300 mg/L (filled triangle), % 700
400 mg/L (filled inverted triangle), E 600
500 mg/L (filled diamond), e
1,000 mg/L (filled star), abiotic § 500
control (times symbol). Error bars £ 400
indicate the standard deviation of /R
three replicates 300

200

100

n-hexane, alcohol, n-butyl alcohol, and phenol, aside
from 1,4-dioxane. Furthermore, growth was also ob-
served on 1,3-dioxane and THF, similar with other
1,4-dioxane degraders (Kohlweyer et al. 2000; Sara
et al. 2001; Kim et al. 2009). Regrettably, TCA, DCE,
and trichloromethane, which generally co-existed with
1,4-dioxane in groundwater, could not be used by DD1,
even with 1,4-dioxane, but supported the growth of

Table 2 Substrate spectrum of 4. baumannii DD1

80

100 120 140 160 180 200 220 240 260 280
Time (h)

other 1,4-dioxane degraders in the presence of 1,4-di-
oxane (Mahendra et al. 2013).

It is worth noting that benzene, which has never been
found to be metabolized by 1,4-dioxane-degrading
strain till now, could be utilized as the sole carbon and
energy source by A. baumannii DD1. Interestingly, a
diauxic biodegradation curve occurred in the cells of
DD1 precultured by 1,4-dioxane showing a

Substrates Metabolite without 1,4-dioxane Co-metabolite with 1,4-dioxane
Cyclic ethers 1,3-Dioxane /
THF /
Chlorinated solvents TCA - -
DCE - -
Trichloromethane - -
Benzene homologues Benzene ++ /
Toluene ++ /
Ethylbenzene ++ /
o-Xylene /
p-Xylene /
m-Xylene - -
Phenol ++ /
Alkanes and others n-Hexane + /
Alcohol ++ /
n-Butyl alcohol ++ /
Isooctane - -

The initial concentrations of each substrate and cell were, respectively, 0.5 mM and 8 mg/L in the culture. The utilization ability of the
substrates was evaluated based on the growth of DD1 on each substrate. (— not utilizable, + utilizable, ++ completely degrade in 24 h)
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Fig. 5 a—d GC/MS analysis and mass spectral profiles of metabolites by strain DD1

phenomenon that the degradation of 1,4-dioxane was
not started until benzene was completely degraded (data
not shown). It implied that benzene was the preferential
utilization substrate for DD1. Furthermore, the benzene
homologues, such as toluene, ethylbenzene, o-xylene,
and p-xylene, could also support the growth of DDI
strain as the sole carbon and energy source, possibly
because benzene homologues were degraded by the
enzyme similar with that of benzene (Zhou et al.
2011), while m-xylene, as an exception, could not sup-
port the growth of DDI strain as the carbon and energy
source, possibly for the spatial structure leading to their
resistance to biodegradation (Zhou et al. 2011).
Additionally, previous studies showed that benzene
and its homologue always co-existed with 1,4-dioxane
in industrial process (Anil et al. 2008) and gas service
stations (Yimrungruang et al. 2008); so, the substrate
interactions during the biodegradation of benzene ho-
mologues and 1,4-dioxane should be given increased
attention and careful investigations in the future.

3.6 Probable Metabolic Pathway of 1,4-Dioxane

Figure 5a shows the chromatogram of metabolite I
obtained from GC/MS. The retention time of one peak

was 11.18 min, which is shown by the MS fragmenta-
tion pattern in Fig. 5b, identified by MS as oxalic acid in
the trimethylsilated (TMS) form. Another metabolite II
peak with a retention time of 11.30 min was achieved.
This metabolite had an M at m/z 205 and fragmentation
ions at m/z 191 [M'—45, -CH,— loss], 73 [M"—132, —
CsH,50,Siloss], and 131 [M—74, loss of C,H4O, from
the m/z 191 ion] (Fig. S5c). Based on the fragmentation
pattern, metabolite II was identified as ethylene glycol in
the TMS form. During the biodegradation of 1,4-diox-
ane by the fungus C. sinensis strain A (Nakamiya et al.
2005), ethylene glycolic and oxalic acid were also de-
tected as intermediates, and a degradation pathway was
proposed based on those detections.

As shown in Fig. 5d, there were two peaks that
appeared in the chromatogram by purge-and-trap
coupled with gas chromatography. The first peak with
a retention time of 2.358 was identified as 1,4-dioxene
since it provided an M at m/z 86 by GC/MS, and the
other one was the substrate 1,4-dioxane. In fact, 1,4-
dioxene was detected during the prophase and meta-
phase of 1,4-dioxane degradation with a quite stable
concentration. Until the later stage, 1,4-dioxene concen-
tration declined to an undetectable level (data not
shown). It implied that 1,4-dioxene was an important
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Fig. 6 Proposed pathway of 1,4-dioxane degradation by 4. baumannii DD1

intermediate during the biodegradation of 1,4-dioxane
by DDI1.

There were several researches about the intermedi-
ates of dioxane degradation. Parales et al. (1994) firstly
detected 2-hydroxyethoxyacetic acid (HEAA) as the
major degradation product during the degradation of
1,4-dioxane by P dioxanivorans CB1190. Vainberg
et al. (20006) also observed the accumulation of HEAA
in the degradation process by Pseudonocardia sp. strain
ENV478 and proposed 1,4-dioxane-2-ol or 2-
hydroxyethoxy-2-acetaldehyde as the first product.
Then, 1,4-dioxane-2-ol was determined as the first prod-
uct through monooxygenation in Mycobacterium sp.
PH-06 (Kim et al. 2009). According to the result that
exposure to acetylene gas inhibited dioxane degradation
(shown in Fig. 3), the biodegradation of 1,4-dioxane
was initiated by monooxygenase and perhaps also oc-
curred through monooxygenation to form 1,4-dioxane-
2-ol by DD1. However, during further biodegradation,
HEAA was not detected but 1,4-dioxene, suggesting
that a reductive reaction might be involved in 1,4-diox-
ane degradation by DD1. Although the reductive reac-
tion is not the typical behavior in aerobic bacteria, such
reactions were ever precedented. For example, the re-
ductive dehalogenation of 3,4-dichloroaniline occurs
under aerobic condition by Acinetobacter baylyi strain
GFJ2 (Hongsawat and Vangnaib 2011). The detection of
1,4-dioxene implied a new pathway in 1,4-dioxane deg-
radation by A. baumannii DD1. The mechanism and the
enzyme involved in the reductive reaction in DD1 have
yet to be investigated. On the basis of GC and GC/MS
analysis of metabolites, the potential for 1,4-dioxane-
degrading pathway by 4. baumannii DD1 is shown in
Fig. 6.

@ Springer

4 Conclusion

A. baumannii DD1 was isolated as a bacterium capable
of efficient 1,4-dioxane biodegradation. We confirm for
the first time that 1,4-dioxane-degrading bacterium from
the Acinetobacter genus has the highest cell yield of
0.414 mg-protein (mg-1,4-dioxane) ' and the shortest
generation time of 6.75 h. Strain DD1 had the highest
tolerance up to 1,000 mg/L. Besides 1,4-dioxane, DDI
could also degrade other contaminants such as 1,3-di-
oxane, THF, phenol, toluene, and benzene as the sole
carbon and energy sources. Additionally, this study also
presented a novel pathway for dioxane biodegradation.
However, the mechanism and the enzyme involved in
this reaction require further investigation.
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