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analysis in microcosms inoculated with soils or sediments
and different electron acceptors
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Abstract
1,4-Dioxane, a probable human carcinogen, is a co-contaminant at many chlorinated solvent-contaminated sites. Although numerous
1,4-dioxane-degrading aerobic bacteria have been isolated, almost no information exists on the microorganisms able to degrade this
chemical under anaerobic conditions. Here, the potential for 1,4-dioxane biodegradation was examined using multiple inocula and
electron acceptor amendments. The inocula included uncontaminated agricultural soils and river sediments as well as sediments from
two 1,4-dioxane contaminated sites. Five separate experiments involved the examination of triplicate live microcosms and abiotic
controls for approximately 1 year. Compound-specific isotope analysis (CSIA) was used to further investigate biodegradation in a
subset of themicrocosms. Also, DNAwas extracted frommicrocosms exhibiting 1,4-dioxane biodegradation for microbial community
analysis using 16S rRNA gene amplicon high-throughput sequencing. Given the long incubation periods, it is likely that electron
acceptor depletion occurred and methanogenic conditions eventually dominated. The iron/EDTA/humic acid or sulfate amendments
did not result in 1,4-dioxane biodegradation in the majority of cases. 1,4-dioxane biodegradation was most commonly observed in the
nitrate amended and no electron acceptor treatments. Notably, both contaminated site sediments illustrated removal in the samples
compared to the abiotic controls in the no electron acceptor treatment. However, it is important to note that the degradation was slow
(with concentration reductions occurring over approximately 1 year). In two of the three cases examined, CSIA provided additional
evidence for 1,4-dioxane biodegradation. In one case, the reduction in 1,4-dioxane in the samples comparing the controls was likely too
low for the method to detect a significant 13C/12C enrichment. Further research is required to determine the value of measuring 2H/1H
for generating evidence for the biodegradation of this chemical. The microbial community analysis indicated that the phylotypes
unclassifiedComamonadaceae and 3 genus incertae sedisweremore abundant in 1,4-dioxane-degradingmicrocosms compared to the
live controls (no 1,4-dioxane) in microcosms inoculated with contaminated and uncontaminated sediment, respectively. The relative
abundance of known 1,4-dioxane degraders was also investigated at the genus level. The soil microcosmswere dominated primarily by
Rhodanobacter with lower relative abundance values for Pseudomonas, Mycobacterium, and Acinetobacter. The sediment commu-
nities were dominated by Pseudomonas and Rhodanobacter. Overall, the current study indicates 1,4-dioxane biodegradation under
anaerobic and, likely methanogenic conditions, is feasible. Therefore, natural attenuation may be an appropriate cleanup technology at
sites where time is not a limitation.
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Introduction

There is a critical need to develop remediation strategies for the
contaminant 1,4-dioxane due to its widespread occurrence
(Adamson et al. 2015) and its classification as a probable human
carcinogen (DeRosa et al. 1996). Historically, 1,4-dioxane was
used as a stabilizer in 1,1,1-trichloroethane (1,1,1-TCA) formu-
lations and is now frequently detected at chlorinated solvent-
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contaminated sites (Adamson et al. 2015; Adamson et al. 2014;
Mohr et al. 2010). As 1,4-dioxane was typically not on the EPA’s
target compound lists, it is likely that closed sites will require
reopening to address contamination. In fact, a multisite survey
aimed at examining the extent of the 1,4-dioxane problem, indi-
cated a primary risk is the large number of sites where this chem-
ical is likely to be present but has yet to be identified (Adamson
et al. 2014).

The remediation of 1,4-dioxane contaminated sites is prob-
lematic because of chemical characteristics that result in move-
ment and persistence (Adamson et al. 2015; Mohr et al. 2010).
Traditional methods such as air stripping or activated carbon can
be ineffective because of the chemical’s low organic carbon par-
tition coefficient (log KOC = 1.23) and lowHenry’s LawConstant
(5 × 10−6 atm m3mol−1) (Mahendra and Alvarez-Cohen 2006;
Steffan et al. 2007; Zenker et al. 2003). Ex situ oxidation
methods such as ozone and hydrogen peroxide (Adams et al.
1994) or hydrogen peroxide and ultraviolet light (Stefan and
Bolton 1998) have been commercially applied, although at high
concentrations these methods can be cost prohibitive (Steffan
et al. 2007). Given the limitations associated with traditional
remediation methods, interest has turned to the use of microor-
ganisms to biodegrade this problematic contaminant (Chu et al.
2009; Li et al. 2010; Lippincott et al. 2015).

Numerous bacteria have been associated with the biodeg-
radation (co-metabolic or metabolic) of 1,4-dioxane. Those
linked to aerobic metabolic biodegradation classify within
the genera Pseudonocardia (Kampfer and Kroppenstedt
2004; Mahendra and Alvarez-Cohen 2005; Mahendra and
Alvarez-Cohen 2006; Matsui et al. 2016; Parales et al. 1994;
Sei et al. 2013a; Yamamoto et al. 2018),Mycobacterium (Kim
et al. 2009; Sei et al. 2013a), Afipia (Isaka et al. 2016; Sei et al.
2013a), Xanthobacter (Chen et al. 2016), Acinetobacter
(Huang et al. 2014), Rhodococcus (Bernhardt and Diekmann
1991; Inoue et al. 2016; Inoue et al. 2018), and
Rhodanobacter (Pugazhendi et al. 2015).

Genera associated with aerobic co-metabolic 1,4-dioxane
degradation include Pseudonocardia (Kohlweyer et al. 2000;
Mahendra and Alvarez-Cohen 2006; Vainberg et al. 2006)],
Mycobacterium (Lan et al. 2013; Masuda 2009) and
Rhodococcus (Hand et al. 2015; Lippincott et al. 2015;
Mahendra and Alvarez-Cohen 2006; Sei et al. 2013b; Steffan
et al. 1997; Stringfellow and Alvarez-Cohen 1999),
Flavobacterium (Sun et al. 2011), Burkholderia (Mahendra and
Alvarez-Cohen 2006), Nocardia (Masuda 2009), Ralstonia
(Mahendra and Alvarez-Cohen 2006), Pseudomonas
(Mahendra and Alvarez-Cohen 2006),Methylosinus (Mahendra
andAlvarez-Cohen 2006;Whittenbury et al. 1970) andAzoarcus
(Deng et al. 2018). However, it is unlikely that these aerobic 1,4-
dioxane degraders will be effective at chlorinated solvent sites, as
these sites are typically highly reducing. Under such conditions,
tetrachloroethene and trichloroethene undergo sequential reduc-
tive dechlorination to cis-1,2-dichloroethene and vinyl chloride,

finally forming the nontoxic end product, ethene (Freedman and
Gossett 1989). Reduction is commonly associatedwithmicrobial
taxa such as Dehalococcoides mccartyi and Dehalobacter
(Cupples 2008; Cupples et al. 2003; He et al. 2003; Holliger
et al. 1998; Löffler et al. 2013; Maymó-Gatell et al. 1997;
Sung et al. 2006). Commercially available reductive
dechlorinating mixed cultures containing such strains are fre-
quently used for bioaugmenting contaminated groundwater aqui-
fers (Major et al. 2002; Steffan and Vainberg 2013; Vainberg
et al. 2009). The lack of information on the susceptibility of the
chlorinated solvent co-contaminant 1,4-dioxane to biodegrada-
tion under such highly reducing conditions is a significant knowl-
edge gap.

No anaerobic 1,4-dioxane-degrading isolates have been
identified, and limited research has addressed 1,4-dioxane bio-
degradation under anaerobic conditions. One project investi-
gated 1,4-dioxane degradation over a range of redox condi-
tions (aerobic, nitrate reducing, iron reducing, sulfate reduc-
ing, and methanogenic) (Steffan 2007). The work involved
microcosm experiments with soil and groundwater from a site
heavily contaminated with the chlorinated solvents and 1,4-
dioxane. In these tests, nitrate, nitrite, sulfate, and ferric iron
were added as electron acceptors. In another set of experi-
ments, samples from across a vegetable oil biobarrier were
investigated, without the addition of electron acceptors, as it
was expected that the biobarrier had resulted in a range of
redox conditions. Notably, 1,4-dioxane was not degraded in
any of the anaerobic microcosms during > 400 days.

Another study produced more promising results,
documenting 1,4-dioxane biodegradation under iron-
reducing conditions using an enrichment originating from
wastewater treatment plant sludge (Shen et al. 2008). The
researchers found that when Fe(III) was supplied as Fe(III)-
EDTA, biodegradation was stimulated. Also, they reported
that humic acids stimulated the activity of the Fe(III) reducing
bacteria and 1,4-dioxane biodegradation. The authors hypoth-
esized that humic acids promoted electron shuttling to Fe(III)
in a catalytic manner. Others have also reported stimulation of
bacterial growth and biodegradation (cyclic nitroamines RDX
and HMX) in the presence of humic acids and Fe(III)
(Bhushan et al. 2006).

The overall objective of the current studywas to determine the
susceptibility of 1,4-dioxane to biodegradation under anaerobic
conditions using inocula from contaminated and uncontaminated
sites. For this, microcosms were established with different inoc-
ula (soils or sediments) and various electron acceptor amend-
ments (nitrate, iron-EDTA/humic acid, sulfate, and no amend-
ment). Additionally, compound-specific isotope analysis (CSIA)
was used to determine changes in 13C/12C ratios in a subset of the
samples. The work is novel as it is the first to document the
frequency of 1,4-dioxane biodegradation over a range redox con-
ditions, and inocula types and provides critical evidence for the
feasibility of anaerobic 1,4-dioxane bioremediation.
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Methods

Chemicals and inocula

1,4-Dioxane was purchased from Alfa Aesar (MA, USA, 99+
% purity) and Sigma-Aldrich (MO, USA, 99.8% purity).
Ethylenediaminetetraacetic acid (EDTA), iron (III) sodium
salt, sodium sulfate, sodium nitrate, and humic acid were pur-
chased from Sigma-Aldrich (MO, USA). All stock solutions
and dilutions were prepared using DI water. The uncontami-
nated agricultural soil samples were collected from two loca-
tions on the campus of Michigan State University (MSU),
East Lansing, MI (herein called Soils E, F, and G) and two
locations at the Kellogg Biological Station (MSU), Hickory
Corners, MI (KBS Soils 1, 2, and 3). The uncontaminated
river sediment samples (Sediments H and J) were collected
from Red Cedar River, Okemos, MI, and from a river leading
to Lake Lansing in Haslett, MI. The contaminated site samples
were sent toMSU from California (contaminated with trichlo-
roethene, 1,1-dichloroethene, and 1,4-dioxane) and Maine
(contaminated with traces of 1,4-dioxane). All of the samples
were stored in the dark at 6 °C until use.

Experimental setup

Five sets of experiments were performed to examine the sus-
ceptibility of 1,4-dioxane to biodegradation under different
potential electron acceptors (Table 1). All five experiments
contained triplicates of live samples and abiotic controls
(autoclaved daily for three consecutive days). The final set
of experiments (experiment 5) also included live control mi-
crocosms (no 1,4-dioxane) to enable comparisons to the 1,4-
dioxane-degrading microbial communities.

The first set of experiments was designed based on the
positive results generated previously for 1,4-dioxane under
iron-reducing conditions (Shen et al. 2008). For this, 18 mi-
crocosms (70-mL serum bottles) were each inoculated with

one of three agricultural soils (Soils E, F and G, 20 g wet
weight) and 55 mL of a solution consisting of EDTA iron
(III) sodium salt (10 mM), sodium lactate (5 mM), and humic
acid (0.5 g/L). The triplicate microcosms and abiotic controls
were amended with approximately 5 mg/L of 1,4-dioxane
(Alfa Aesar).

The second set of microcosms contained the same three
agricultural soils (Soils E, F, and G) under four redox condi-
tions (nitrate, iron, sulfate amended, and no amendment).
Here, 72 microcosms were established (3 soils, 4 treatments)
containing soil (5 g wet weight), 10 mL of a solution with
either NaNO3 (10 mM), NaSO4 (10 mM), EDTA iron(III)
sodium salt (10 mM) or DI water (no amendment) in 30 mL
glass serum bottles. Themicrocosms and abiotic controls were
amended with approximately 5 mg/L of 1,4-dioxane (Alfa
Aesar). The third set of microcosms contained each of the
uncontaminated river sediment samples (Sediments H and J)
using the same experimental setup (four redox conditions).
Sodium lactate was not added for both sets of experiments
to encourage the metabolic degradation of 1,4-dioxane.

The fourth set of microcosms (48 bottles including 2 sedi-
ments, 4 treatments) contained each of the contaminated sedi-
ment samples (from CA and MN) also under four redox condi-
tions (nitrate, iron, sulfate amended, and no amendment). In this
case, a media solution was added containing NH4Cl (1.5 g/L),
NaH2PO4 (0.6 g/L), CaCl2.2H2O (0.1 g/L), KCl (0.1 g/L),
MgCl2.6H2O (0.002 g/L), and sodium lactate (5 mM). The elec-
tron acceptor and 1,4-dioxane amendments were as described
above, and 1,4-dioxane from Sigma Aldrich was used.

The final set of microcosms contained no electron acceptor
amendment with the aim of creating methanogenic conditions
(based on positive results from some of the microcosms de-
scribed above). The 72 microcosms included 8 different inoc-
ula (Soils E, F, and G; KBS Soils 1, 2, and 3; Sediment H; and
the CA contaminated sediment) with triplicates of sample mi-
crocosms and abiotic controls. Additionally, triplicate live
control microcosms were included, and these were treated in

Table 1 Experimental design
(inocula and amendments) of the
five microcosm studies

Experiment 1 2 3 4 5

Soils E, F, G X X X

KBS Soils 1, 2, 3 X

River Sediments H, J X H only

Contaminated sites CA, MN CA only

Iron/EDTA/humic acid X X X X

Nitrate X X X

Sulfate X X X

No electron acceptor X X X X

Lactate X X X

Basal salts media X X

Samples for microbial community analysis 17 3 11 24
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the same manner as the sample microcosms except no 1,4-
dioxane was added. As stated above, this treatment was in-
cluded to enable comparisons to the microbial communities
exposed to 1,4-dioxane. The microcosms contained 5 g (wet
weight) of soil or sediment and 25mL of a solution containing
sodium lactate (5 mM), NH4Cl (1.5 g/L), NaH2PO4 (0.6 g/L),
CaCl2.2H2O (0.1 g/L), KCl (0.1 g/L), and MgCl2.6H2O
(0.002 g/L) in 30-mL amber glass serum bottles. 1,4-dioxane
(Sigma Aldrich, between 5 and 14 mg/L) was added the sam-
ple microcosms and abiotic controls.

All solutions were purged under a stream of nitrogen
before being introduced into the anaerobic chamber. The
solutions and soils/sediments were added to each serum
bottle in the anaerobic chamber, and, after approximate-
ly 3 days, 1,4-dioxane was added. The microcosms,
closed with septa, were incubated in the anaerobic
chamber at 20 °C. The anaerobic chamber was main-
tained with gaseous mix of approximately 5% H2,
90% N2, and 5% CO2. The vials were sealed using
BiMetal vial crimp with PTFE/silicone septas to main-
tain the cultures at anaerobic conditions. All micro-
cosms were transferred on a shaker at 200 rpm and
maintained at 20 °C. The nitrate-amended microcosms
were tested for methane after 200 days of incubation
using a GC (Hewlett Packard 5890).

1,4-Dioxane analysis

A GC/MS with Agilent 5975 GC/single quadrupole MS
(Agilent Technologies, CA, USA) equipped with a CTC
Combi Pal autosampler was used to determine 1,4-diox-
ane concentrations. Sterile syringes (1 mL) and needles
(22 Ga 1.5 in.) were used to collect samples (0.7 mL)
from each microcosm. The samples were filtered
(0.22 μm nylon filter) before being injected into an amber
glass vial (40 mL) for GC/MS analysis. A method was
developed to analyze 1,4-dioxane using solid-phase mi-
cro-extraction (SPME). The SPME fiber was inserted in
the headspace of the vial and exposed to the analyte for
1 min before being injected into the GC for thermal de-
sorption. The fiber coating can adsorb the analytes in the
vapor phase. Splitless injection was executed and the vials
were maintained at 40 °C. The SPME fiber assembly in-
volved 50/30 μm divinylbenzene/carboxen/polydimethyl-
siloxane (DVB/CAR/PDMS) and 24 Ga needle for injec-
tion. The initial oven temperature was 35 °C and was
programmed to increase at a rate of 20 to 120 °C/min.
Once it reached 120 °C, it increased at a rate of 40 to
250 °C/min, which was maintained for 3 min. A VF5MS
column was used with helium as the carrier gas in con-
stant flow mode at a flow rate of 1 ml/min. The condi-
tioning of the SPME fiber was at 270 °C for 60 min at the
beginning of each sequence.

Compound-specific isotope analysis (CSIA)

At the last sampling point, three sets of samples and abiotic
controls were submitted for CSIA analysis, including Soil F
(nitrate amended, experiment two), and the two contaminated
site samples with no electron acceptor amendment (experi-
ment four). CSIA was performed at the University of
Waterloo Environmental Isotope Laboratory (UWEIL),
Ontario, Canada. The ratios of 13C/12C and 2H/1H were mea-
sured using a recently developed method. For this, the dilute
1,4-dioxane samples were concentrated onto a sorbent and
subjected to thermal desorption in a GC coupled with an iso-
tope ratio mass spectrometer (Bennett et al. 2018). All three
sets of samples were submitted to 13C/12C analysis; however,
only Soil F was subject to 2H/1H.

DNA extraction and high-throughput amplicon
sequencing

DNA was extracted (2 mL liquid and 0.6 g soil/sediment,
QIAGEN DNeasy PowerSoil kit) from the sample micro-
cosms and corresponding live control microcosms (no
electron acceptor amendment, experiment five) that illus-
trated 1,4-dioxane degradation (Soil F, CA Contaminated
Site, Sediment H and KBS Soil 3, 24 extracts).
Additionally, DNA was extracted from 31 other micro-
cosms that illustrated 1,4-dioxane biodegradation (from
the other four experiments). The concentration of DNA
was determined using QUBIT dsDNA HS kit. The DNA
extracts were submitted for high-throughput 16S rRNA
gene amplicon sequencing following previously described
protocols (Caporaso et al. 2012; Caporaso et al. 2011) at
the Research Technology Support Facility at Michigan
State University. Specifically, 55 samples of microbial
metagenomic DNA were submitted for amplicon library
preparation and sequencing. The V4 hypervariable region
of the 16S rRNA gene was amplified using the Illumina
compatible, dual indexed primers 515f/806r. The primers
and the library construction protocol developed in Patrick
Schloss’ lab were previously described (Kozich et al.
2013). PCR products were batch normalized using
Invitrogen SequalPrep DNA Normalization plates and
product recovered from the plate pooled. This pool was
cleaned up and concentrated using AmpureXP magnetic
beads. The pool was QC’d and quantified using a combi-
nation of Qubit dsDNA HS, Agilent 4200 TapeStation HS
DNA1000, and Kapa Illumina Library Quantification
qPCR assays. The pool was then loaded onto an
Illumina MiSeq v2 Standard flow cell and sequencing
was performed in a 2x250bp paired end format using a
MiSeq v2 500 cycle reagent kit. Custom sequencing and
index primers complementary to the 515f/806r oligos
were added to appropriate wells of the reagent cartridge
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as previously described (Kozich et al. 2013). Base calling
was performed by Illumina Real-Time Analysis (RTA)
v1.18.54, and the output of RTA was demultiplexed and
converted to FastQ format with Illumina Bcl2fastq
v2.19.1.

Analysis of sequencing data

The amplicon sequencing data in the fastq file format
was analyzed with mothur (version 1.41.3) from Patrick
D. Schloss Laboratory (Schloss 2009) using the MiSeq
standard operating procedure (Schloss 2013). The steps
involved the removal of barcode information, and con-
tiguous sequences were created using the forward and
reverse reads. These were analyzed for errors and then
classified. This involved checking the samples for the
proper read length (< 275 bp), ambiguous bases, and ho-
mopolymer length greater than 8 to eliminate such se-
quences. The sequences were then aligned with the
SILVA bacteria database (Release 132) (Pruesse et al.
2007) for the V4 region. Chimeras and mitochondrial
and chloroplast lineage sequences were removed, and
then the sequences were classified into OTUs. The sum-
mary file created by mothur was analyzed with Microsoft
Excel 2016 and STAMP (Statistical Analyses of
Metagenomic Profiles, software version 2.1.3.) (Parks
et al. 2014). STAMP was used to detect differences in
the relative proportions of the taxonomic profiles be-
tween the live controls (no 1,4-dioxane) and the samples
for each of the four inocula in the fifth set of experi-
ments (Soil F, Contaminated Site 10A, Sediment H, and
KBS Soil 3). This analysis included Welch’s two-sided t-
test for two groups (samples and live controls) (p < 0.05)
to generate extended error bar figures for each soil. The
sequencing data was submitted to NCBI under Bioproject
PRJNA590578 (accession numbers SAMN13335577 to
SAMN13335631, Supplementary Table 1).

Statistical analysis

1,4-Dioxane concentrations in the samples and abiotic
controls were compared using the Student’s t test for
independent variables with equal variance. Normality
of the 1,4-dioxane concentration data was confirmed
using the Shapiro-Wilk test (p > 0.05) and the assump-
tion of equal variance was confirmed using Levene’s
tests (p > 0.05). The same tests were used to confirm
equal variance and normality for the CSIA carbon data.
The CSIA hydrogen data were not normal; therefore the
Mann-Whitney U test was used. These statistical tests
were performed in XLSTAT software for statistical anal-
ysis in Excel (2019, http://www.xlstat.com).

Results

1,4-Dioxane removal trends

1,4-Dioxane concentrations in samples and abiotic controls
were monitored for approximately 1 year in each of the five
sets of experiments. Given the long incubation period, it is
likely that the electron acceptors (nitrate, iron, sulfate) were
depleted for each treatment. This was confirmed in one case,
by the production of methane in the nitrate-amended, agricul-
tural soil-inoculated microcosms. The first set of microcosms
(inoculated with three agricultural soils and an EDTA iron/
humic acid amendment) illustrated no significant difference
(p < 0.05) between the samples and abiotic controls for the
majority of sampling times, suggesting no biological 1,4-di-
oxane degradation occurred with this treatment for these soils
(Fig. 1).

The second set of experiments (agricultural soils and
four electron acceptor treatments) produced a variety of
trends between the soils and treatments (Fig. 2).
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Comparing the treatments, the most consistent removal
was in the nitrate-amended microcosms (Fig. 2a). For all
three soils, there was a statistically significant difference
(p < 0.05) between the samples and abiotic controls at the
last sampling point (day 295 to 316). The Soil F nitrate-
amended sample microcosms and abiotic controls were
submitted for CSIA (as discussed later). Similar to the first
set of microcosms, no sustained significant degradation

was noted in the samples compared to the abiotic controls
in the iron-amended microcosms (Fig. 2b).

In the sulfate-amended microcosms, only Soil E result-
ed in a significant difference between the samples and
abiotic controls over several time points (Fig. 2c). When
no electron acceptor was added, only Soils E and F illus-
trated consistent reduced concentrations in the samples
compared to the abiotic controls (Fig. 2d). Overall, the
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three soils illustrated a range of 1,4-dioxane biodegrada-
tion abilities, depending on the electron acceptor amend-
ment. Specifically, Soil E most commonly produced sig-
nificant differences between the samples and abiotic con-
trols, followed by Soil F and then Soil G (Table 2).

The third set of experiments involved Sediment H and
Sediment J (both collected from uncontaminated rivers) as
inocula. No significant decreases in 1,4-dioxane concentra-
tions were seen in nitrate-amended, sulfate-amended or iron-
amended samples compared to the abiotic controls for both
sediments (Fig. 3a, b, c). Among the samples with no amend-
ments, only Sediment H indicated a significant decrease in
1,4-dioxane concentrations compared to the abiotic controls
(Fig. 3d). This was one of the most dramatic reductions in 1,4-
dioxane in the live sample microcosms compared to the abi-
otic controls over all treatments and inocula types.

The fourth set of experiments (inoculated with sediments
from two contaminated sites over four treatments) illustrated
similar trends as those from the agricultural soils (Fig. 4).
Specifically, in one case for each of the nitrate-amended and
sulfate-amended microcosms, there was a significant differ-
ence between the samples and abiotic controls (CA and MN,
respectively) (Fig. 4a, c). Further, no differences were ob-
served between the samples and abiotic controls under the
iron-amended treatment (Fig. 4b). Finally, in both cases, a
substantial decrease (~ 17% and 50% for CA and MN) was
observed in the samples compared to the abiotic controls
when no electron acceptor was added (Fig. 4d). The sample
microcosms and abiotic control microcosms from the no
amendment treatment with both sediments were submitted
for CSIA analysis.

A summary of the results described in the four sets of
experiments is provided, focusing only on the last sampling
point for each (Table 2). In the nitrate-amended treatments,
four of the six inocula types (or 57%) produced a significant
reduction in 1,4-dioxane in the samples compared to the abi-
otic controls. In contrast, no differences were noted between
the samples and abiotic controls under any of the iron

amendment treatments. Only two (Soil E and the MN contam-
inated site sediments) of the seven cases (or 29%) illustrated
biodegradation under the sulfate amendment treatment.
Finally, the most frequent (five of the seven inocula types or
71%) reduction of 1,4-dioxane was noted under the no amend-
ment treatment. The average removal (again, only at the last
time point) was greatest under the no amendment treatment
(22 ± 19%), followed by the nitrate-amended samples (16 ±
16%) and the sulfate-amended samples (7 ± 12%). Overall, it
appears that likelihood of 1,4-dioxane biodegradation is the
greatest with no amendments, when the microbial populations
are likely under methanogenic redox conditions.

The fifth set of experiments were established to compare
the microbial communities between the live microcosms and
the live control microcosms (no 1,4-dioxane amendment) and
focused only on the no amendment treatment. For this, six
agricultural soils, one contaminated (CA) and one uncontam-
inated sediment (Sediment H) sample were used as inocula
(Fig. 5). 1,4-Dioxane concentrations were monitored in the
samples and abiotic controls for more than 400 days. A sig-
nificant reduction in 1,4-dioxane in the samples compared to
the abiotic controls was only noted for two of six agricultural
soils (Fig. 5b, h). Consistent with the results described above
(third and fourth set of experiments), a significant reduction in
1,4-dioxane was noted in the samples compared to the abiotic
controls in Sediment H (Fig. 5e) and the contaminated sam-
ples fromCA (Fig. 5d). In this set of experiments, only 50% of
the inocula types illustrated detectable levels of 1,4-dioxane
biodegradation.

Compound-specific isotope analysis (CSIA)

CSIA was used to further investigate biodegradation in three
sets of the anaerobic 1,4-dioxane-degrading microcosms. For
this, subsamples were collected from sample microcosms and
abiotic controls from the Soil F/nitrate treatment (second set of
experiments) and from the CA and MN contaminated site
sediments/no electron acceptor treatment (fourth set of

Table 2 Percent removal in
samples compared to the controls
at the last time point (when the
difference was statistically
significant, determined with
student’s t test for independent
variables with equal variance,
p < 0.05)

Nitrate Iron Sulfate No amendment

Soil E 29 0 21 23

Soil F 25 0 0 24

Soil G 41 0 0 0

Sediment H 0 0 0 43

Sediment J 0 0 0 0

Maine 0 0 29 50

California 16 0 0 16

% of sample types with decreases in samples compared
to the controls

57 0 29 71

% average removal w/ std. deviation 16 ± 16 0 7 ± 12 22 ± 19
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experiments) and these were sent to UWEIL for CSIA. This
laboratory has already developed the methodology to measure
δ13C and δ2H values for 1,4-dioxane (Bennett et al. 2018). All
three sets of samples (six for each treatment, eighteen in total)

were subject to 13C/12C analysis, but only the six Soil F/nitrate
microcosms were subject to 2H/1H analysis. 1,4-Dioxane deg-
radation should result in more positive 13C/12C and 2H/1H
ratios (or more positive δ13C and δ2H values) because bonds
involving heavier isotopes are more difficult to break, and so
bonds consisting of lighter isotopes are preferentially degrad-
ed, causing the residual, non-degraded contaminant to be
heavy isotope enriched. In all cases, more positive δ13C and
δ2H values were found in the live samples compared to the
abiotic controls (Fig. 6). However, the differences in δ13C
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values were only statistically significantly different between
the samples and abiotic controls for Soil F/nitrate and contam-
inated site MN/no electron acceptor. It is likely that the de-
crease in 1,4-dioxane concentrations was too low for this
method to detect a difference in δ13C values for the contami-
nated site CA/no electron acceptor. Specifically, for this treat-
ment the average reduction in 1,4-dioxane concentration in the
samples compared to the controls was 17% compared to 25%
and 50% reductions in the other two treatments. The δ2H
values were not significantly different between the samples
and controls for Soil F (Fig. 6b).

Putative 1,4-dioxane degraders

To determine if any microorganism could obtain a growth ben-
efit from 1,4-dioxane degradation, sample microcosms were
supplied with media and 1,4-dioxane, and the live control mi-
crocosms were supplied with the same media, but no 1,4-diox-
ane (fifth set of microcosms). Therefore, an increase in the
relative abundance of any microorganism between the samples
and live controls could be attributed to the presence of 1,4-
dioxane. From this, a reasonable hypothesis would be that the
enriched microorganisms are being exposed to growth
supporting substrates from 1,4-dioxane degradation. This com-
parison focused on the four inocula that illustrated 1,4-dioxane
degradation (Fig. 5b, d, e, h). Significant phylotype enrich-
ments (p < 0.05) were noted for the microcosms inoculated
with CA contaminated site sediments, Sediment F and KBS
Soil 3 (Fig. 7). Only one phylotype, unclassified
Comamonadaceae , (phylum Proteobacteria , class
Betaproteobacteria, order Burkholderiales), was enriched in
the CA contaminated site microcosms (Fig. 7a). Nine phylo-
types were enriched in the uncontaminated site (Sediment H)
microcosms, with 3 genus incertae sedis (phylum
Verrucomicrobia, class Subdivision3) being dominant (Fig.
7b). There was a small (yet significant) enrichment of one
phylotype, Pseudoxanthomonas (phylum Proteobacteria, class
Gammaproteobacteria, order Xanthomonadales, family
Xanthomonadaceae) in the KBS Soil 3 microcosms (Fig. 7c)
and no enrichment of any phylotypes in the Soil F microcosms.

The sequencing data sets were also analyzed to determine the
relative abundance of previously identified 1,4-dioxane de-
graders. It is important to note that the analysis could only be
performed at the genus level; therefore, it is not possible to de-
termine if particular species or strains are present. The 55 DNA
extracts examined were from the fifth set of microcosms that
illustrated 1,4-dioxane degradation (Soil F, Contaminated Site
10A, Sediment H and KBS Soil 3) and from 31 other micro-
cosms that illustrated 1,4-dioxane biodegradation (from the other
four experiments) (Table 1). Interestingly, all four soil-inoculated
microcosms contained a high relative abundance (~5–45%) of
the genus Rhodanobacter (Fig. 8, inserts). All four soils
contained the genera Pseudomonas, Mycobacterium, and
Acinetobacter, although the relative abundance values were
much lower (< 0.15%) than Rhodanobacter (Fig. 8). The micro-
cosms inoculated with KBS Soil 3 illustrated the largest number
of previously identified 1,4-dioxane degraders (11 from 15 gen-
era) (Fig. 8a). The Soils E, F, and G inoculated microcosms
primarily contained 4, 8, and 5 of these genera. The well-
studied Pseudonocardia and Rhodococcus genera were only
common in KBS Soil 3 microcosms (Fig. 8a). The microcosms
inoculated with contaminated site (CA) and uncontaminated site
(Sediment H) sediments contained lower relative abundance
values (< 0.04%) for Rhodanobacter (Fig. 9a, b). The CA con-
taminated site microcosms illustrated high levels of
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Pseudomonas (~ 20–70%) and lower levels of Rhodanobacter
and Acinetobacter (Fig. 9a). Flavobacterium and Rhodococcus
were only present in two from the twelve CA microcosms ex-
amined. The Sediment H microcosms contained lower levels (<
0.011%) of Pseudomonas, along with Rhodanobacter and four
other genera (Fig. 9b). The KBS Soil 3 microcosms illustrated
higher values for Rhodanobacter (in one case, Pseudomonas)
and lower levels of seven other genera (Fig. 9c). Rhodococcus
was present at low levels with all three inocula but only in a small
number of microcosms. Pseudonocardia was absent from the
CA microcosms, present at low levels in both a subset of the
Sediment H microcosms and in all of the KBS Soil 3 micro-
cosms. The average relative abundance values of the two
enriched phylotypes discussed above (unclassified
Comamonadaceae at 4.9% and 3 genus incertae sedis at 2.7%)
were markedly higher than all of the previously identified diox-
ane degraders, except for Rhodanobacter and Pseudomonas.

Discussion

Although much is known about the microorganisms and func-
tional genes associated with 1,4-dioxane degradation under
aerobic conditions, limited research has addressed the suscep-
tibility of 1,4-dioxane to biodegradation under anaerobic con-
ditions (Rodriguez 2016; Shen et al. 2008; Steffan 2007). This
research area is particularly important because 1,4-dioxane is
a frequent co-contaminant at chlorinated solvent sites, which
are commonly subject to remediation under highly reducing
conditions (i.e., sulfate reducing or methanogenic). The cur-
rent study examined the occurrence of 1,4-dioxane biodegra-
dation using numerous inocula (soils/sediments from contam-
inated and uncontaminated sites) and a range of electron ac-
ceptor treatments (nitrate, iron/humic acid, sulfate, and no
amendment). Additionally, the phylotypes enriched during
1,4-dioxane biodegradation were investigated.

As discussed above, previous research reported no 1,4-di-
oxane biodegradation over a range of redox conditions
(Steffan 2007) with biodegradation occurring under iron-
reducing conditions (Rodriguez 2016; Shen et al. 2008).

Shen, Chen, and Pan (2008) observed anaerobic 1,4-dioxane
biodegradation using sludge from a wastewater treatment
plant. Three cases were highlighted using samples which were
amended with (a) Fe(III) oxide (b) Fe(III)-EDTA, and (c)
Fe(III)-EDTA and humic acid. The reductions in 1,4-dioxane
concentrations increased from case (a) through (c) within the
same 40-day period (Shen et al. 2008). However, the micro-
organisms responsible for 1,4-dioxane removal were not iden-
tified. Rodriguez (2016) reported that 1,4-dioxane appeared to
degrade under iron-reducing conditions in the first 40 days.
However, the concentration decreases could not be attributed
to anaerobic biodegradation due to oxygen intrusion leading
to oxidation of reduced iron (Rodriguez 2016). In the current
work, the iron/EDTA/humic acid-amended microcosms did
not result in any significant removal in the live samples com-
pared to the abiotic controls. One hypothesis for the conflict-
ing results (compared to Shen, Chan, and Pan 2008) could be
the different sources of inocula (anaerobic wastewater sludge
compared to soils and sediments in the current study) for the
two studies, resulting in microbial communities with varying
degradative abilities. It is important to note that in the current
study, the contaminated site microcosms did not illustrate any
degradation under these conditions (iron/EDTA/humic acid);
therefore, it is unlikely that in situ iron amendments would be
a successful 1,4-dioxane remediation approach.

An important limitation to the current study concerns the
lack of data on electron acceptor concentrations. Given the
long incubation periods, it is likely that electron acceptor de-
pletion occurred and methanogenic conditions eventually
dominated (which was confirmed in one case). Therefore,
caution should be taken interpreting the impact of the addition
of the various electron acceptors. However, it is reasonable to
conclude that iron/EDTA/humic acid or sulfate amendments
did not facilitate 1,4-dioxane biodegradation in the majority of
cases and therefore these treatments would be ineffective in
situ remediation techniques.

1,4-Dioxane biodegradation most commonly occurred in
the nitrate-amended treatments and no electron acceptor treat-
ments. Four and five (from seven) inocula sources examined
in the first four sets of experiments produced significant
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reductions in 1,4-dioxane concentrations in the samples com-
pared to the abiotic controls in the nitrate and no electron
acceptor treatments, respectively. Further, both contaminated
site sediments illustrated significant removal in the samples
compared to the controls in the no electron acceptor treatment.
However, the biodegradation rates were slow, with concentra-
tion reductions occurring over approximately 1 year. Taken
together, the data indicate in situ 1,4-dioxane bioremediation
under methanogenic conditions may be a feasible remediation
approach if sufficient time is permissible for site cleanup.

CSIA has been previously applied to examine aerobic 1,4-
dioxane biodegradation (Bennett et al. 2018; Gedalanga et al.
2016; Pornwongthong 2014). Recently, CSIA enabled the dis-
crimination between the activities of the bacteriaRhodococcus
rhodochrous ATCC 21198 and Pseudonocardia
tetrahydrofuranoxidans K1 during 1,4-dioxane biodegrada-
tion (Bennett et al. 2018). Another study examined 1,4-diox-
ane biodegradation using CSIA in both pure and mixed cul-
tures and found more positive δ13C and the δ2H values after
biodegradation (Pornwongthong 2014). Also, CSIA provided

1,4-dioxane degrading microcosms
Live control microcosms (no 1,4-dioxane) 

a CA Contaminated Site

b Sediment H

1,4-dioxane degrading microcosms
Live control microcosms (no 1,4-dioxane) 

c KBS Soil 3 1,4-dioxane degrading microcosms
Live control microcosms (no 1,4-dioxane) 

3 genus incertae sedis
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Solirubrobacter
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Fig. 7 Phylotypes with a statistically significant difference (Welch’s t-
test, two-sided, p < 0.05) between the 1,4-dioxane-degrading samples
(n = 3) compared to the live controls (n = 3). The comparisons are
shown for the Contaminated Site (CA) microcosms (a), the Sediment H
microcosms (b), and KBS Soil 3 microcosms (c). No differences were

noted for Soil F. The data points to the left of the dashed line indicate
phylotypes more abundant in the 1,4-dioxane-degrading samples com-
pared to the controls and those to the right indicate the reverse. For each,
the x-axis has different scales
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additional evidence of 1,4-dioxane biodegradation in a
groundwater plume that contained both metabolic and co-
metabolic 1,4-dioxane-degrading bacteria (Gedalanga et al.
2016). Similar to the current work, CSIA has been adopted
to characterize biodegradation of many organic compounds
including chlorinated solvents, aromatic petroleum hydrocar-
bons, and fuel oxygenates (Hunkeler et al. 2008; Pooley et al.
2009; Qian et al. 2019; Rosell et al. 2007; Wang et al. 2004).
The applicability of CSIA has also been explored in in situ
biodegradation of organic contaminants such as hexachloro-
cyclohexane in contaminated soils (Qian et al. 2019).

To our knowledge, this is the first application of CSIA to
investigate anaerobic 1,4-dioxane biodegradation. In two of the
three cases examined, CSIA provided additional evidence for
1,4-dioxane biodegradation. In one case, the reduction in 1,4-
dioxane in the samples comparing the controls was likely too
low for the method to detect a significant 13C/12C enrichment.
The changes in 13C/12C ratios in the current study were less than
those reported previously for aerobic 1,4-dioxane biodegradation
(Bennett et al. 2018); however, the changes in 1,4-dioxane con-
centrations were also less in the current study. The preliminary
data set generated here indicates the value and limitations for

13C/12C analysis for documenting anaerobic 1,4-dioxane biodeg-
radation. Further research is required to determine the value of
measuring 2H/1H for generating evidence for the biodegradation
of this chemical.

The greatest 1,4-dioxane decreases were observed in the
microcosms inoculated with river sediment (Sediment H)
and the contaminated sediment fromMaine. Therefore, future
research should examine the capabilities of other sediments to
biodegrade this contaminant. The current research included
experiments both with and without the addition of sodium
lactate as an electron donor. Unfortunately, no clear trend
was apparent as to the value of adding this substrate. Many
chlorinated solvent sites are amended with an electron donor
(e.g., vegetable soil, hydrogen release compound), so at least
this particular substrate did not have any negative impact on
1,4-dioxane biodegradation. Additional research will be need-
ed before any conclusions can be reached on the value of
adding lactate to enhance biodegradation.

The analysis of the microbial communities from 1,4-diox-
ane-degrading microcosms indicated unclassified
Comamonadaceae were obtaining a growth benefit in micro-
cosms inoculated with sediment from the CA contaminated
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site. Comamonadaceae is a large and diverse family (over
100 species in 29 genera) that illustrates an impressive level
of phenotypic diversity, including aerobic organotrophs, an-
aerobic denitrifiers, iron-reducing bacteria, hydrogen oxi-
dizers, photoautotrophic and photoheterotrophic bacteria,
and fermentative bacteria (Willems 2014). Additional re-
search will be needed to determine which particular
species within this family were enriched during 1,4-di-
oxane degradation.

For the uncontaminated sediment (Sediment H), nine
phylotypes were enriched in the 1,4-dioxane-degrading mi-
crocosms compared to the controls with 3 genus incertae
sedis (phylum Verrucomicrobia, class Subdivision3) being
more highly enriched compared to the others (average
2.7% relative abundance). This phylotype also exhibited a
high relative abundance (average 2.9%) in the MN contam-
inated sediment microcosms that illustrated 1,4-dioxane deg-
radation. Verrucomicrobia is a rarely cultivated phylum that
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is generally poorly studied (Naumoff and Dedysh 2018;
Tanaka et al. 2017). Again, additional research is needed
to confirm the role of these phylotypes in 1,4-dioxane
biodegradation.

One genus, Pseudoxanthomonas (phylum Proteobacteria,
class Gammaproteobacteria, order Xanthomonadales, family
Xanthomonadaceae) was enriched following 1,4-dioxane bio-
degradation in KBS Soil 3.This genus was recently linked to
the biodegradation of anti-inflammatory drugs in the environ-
ment (Lu et al. 2019). The 1,4-dioxane-degrading communities
also contained sequences that classified in the genera of previ-
ously reported 1,4-dioxane degraders. The soil microcosms
were dominated primarily by Rhodanobacterwith lower abun-
dance values for Pseudomonas, Mycobacterium, and
Acinetobacter. The sediment communities were dominated by
Pseudomonas and Rhodanobacter. However, as stated above,
it is important to note that the classification is only to the genus
level; therefore, it is unknown if specific strains or species are
present. Again, additional work is needed to determine the
importance of these genera in 1,4-dioxane degradation under
these experimental conditions.

Overall, the current study indicates 1,4-dioxane bio-
degradation under anaerobic and, likely highly reducing
conditions, is feasible. Therefore, natural attenuation
may be an appropriate cleanup technology at sites
where time is not a constraint. This work also provides
novel insights on microbial community obtaining a
growth benefit from 1,4-dioxane under anaerobic condi-
tions. Future research should target sediments from oth-
er contaminated sites along with additional CSIA mea-
surements to confirm biodegradation.
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