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ABSTRACT

Introduction and Objectives

The overarching objective of this limited-scope project was to understand and apply potential
treatment synergies to ultimately achieve biodegradation of multiple contaminants in source
zones as well as distal plumes. Specifically, we formulated a microbial community to
simultaneously or sequentially degrade chlorinated volatile organic compounds (CVOCs) and
1,4-dioxane across changing redox environments. Some CVOCs have used 1,4-dioxane as a
solvent stabilizer. Consequently, 1,4-dioxane is detected as a co-occurring contaminant with
CVOCs at many contaminated sites. Anaerobic biological reduction is a common remediation
approach for CVOC:s like trichloroethene (TCE). However, under some conditions, intermediate
daughter products, such as cis-1,2-dichloroethene (cDCE) and vinyl chloride, are accumulated,
which may be more toxic than their parent compounds. Aerobic cometabolism of CVOCs
requires additional amendments of primary substrates. 1,4-Dioxane is mainly biodegraded under
aerobic conditions. The opposing redox conditions favored by CVOC- and 1,4-dioxane-
degrading bacteria pose challenges for concurrent bioremediation of both contaminant classes.
By combining anaerobic and aerobic microbes, CVOC transformation products are less likely to
persist, and can even be biodegraded aerobically, thereby mitigating their inhibition of 1,4-
dioxane degrading bacteria.

Technical Approach

In this research project, we developed a microbial community composed of the anaerobic
culture, KB-1®, and the aerobic strain, Pseudonocardia dioxanivorans CB1190 (CB1190), in a
modified medium to degrade CVOCs and 1,4-dioxane. The concept of combining organisms that
typically cannot survive together was initially counterintuitive. However, after rigorous trial and
error, we were able to assemble a mixed community that successfully biodegraded TCE as well
as 1,4-dioxane over changing redox conditions. Additionally, aerobic degradation of cDCE was
carried out by CB1190 in the presence of 1,4-dioxane.

Results

We report that CB1190 is uniquely equipped with the ability to withstand a variety of
environments usually favored by anaerobic microorganisms. For example, CB1190 was able to
survive over 35 days of anaerobic incubation and subsequently degrade 1,4-dioxane when
oxygen became available. During the anaerobic phase, KB-1 reductively dechlorinated TCE to
cDCE via tceA-coded enzymes, while CB1190 down regulated the dxmB and aldH genes, which
serve as biomarkers for the degradation of 1,4-dioxane and its downstream products. However,
when oxygen was supplied, the genes necessary for 1,4-dioxane biodegradation were



upregulated. CB1190 degraded 1,4-dioxane even with as low as 3 mg/L dissolved oxygen. We
demonstrated that bioaugmented CB1190 was viable and active in wells at a site previously
treated with enhanced reductive dechlorination (ERD). These data confirm CB1190’s versatility
and ability to withstand extended periods with limited availability of 1,4-dioxane as electron
donor as well as oxygen as electron acceptor, and successfully biodegrade 1,4-dioxane in the
presence of inhibitory CVOCs.

Benefits

Biological treatment of mixed contaminations is often limited by the fact that certain microbes
can only biodegrade a subset of compounds and are sensitive to prevailing geochemical
conditions. Formulation of aerobic and anaerobic contaminant-degrading bacteria will increase
the ability to remove pollutant mixtures in varying redox zones across contaminated sites. Costs
associated with injecting contaminant-degrading microorganisms, carbon substrates, and nutrient
amendments are among the highest considerations for in situ bioremediation methods. This co-
culture reduces the number of injections that would otherwise be needed to transform CVOCs as
well as 1,4-dioxane into benign end products. Results from this project will help the Department
of Defense (DoD) with the decision process of when and how to transition from active ERD to
enhanced attenuation of CVOCs as well as dioxane. In certain conditions, this approach could
limit the cost and timeframe of the ERD phase (if already implemented) or replace ERD as the
primary remedial technology. Our approach of using engineered microbial communities could
reduce the cost, energy, and substrates required as well as expand the number of sites where in
situ bioremediation is considered to be a viable remedy for these compounds.



OBJECTIVES AND RATIONALE

Mixtures of chlorinated volatile organic compounds (CVOCs) and 1,4-dioxane are commonly
found as groundwater co-contaminants at many DoD sites.! Biological degradation of CVOCs**
and 1,4-dioxane> © have
been previously reported,

but oc?ur indepepder}ﬂy in TCE N il (10 VC) c0,
reductive and oxidative 1.4-dioxane 1 4-dioxane o
processes, respectively. ’ ) " J
Moreover, our recent work anaerobic aerobic

indicates that certain

CVOCs actually inhibit Figure 1. Conceptual design of anaerobic/aerobic co-culture.

aerobic biodegradation of ~ Partial reductive dechlorination of CVOCs followed by aerobic
biodegradation of daughter products as well as 1,4-dioxane by

dioxane.” To mitigate the . 4 microbial o 1 ' d ) .
e engineered microbial communities in various redox regimes in
CVOC:s inhibition and g g
groundwater plumes.

efficiently cleanup CVOCs
as well as dioxane, we proposed designing engineered microbial communities to achieve rapid
biodegradation rates of multiple contaminants in source zones as well as distal plumes.

This limited scope research project tested the hypothesis that “aerobic-anaerobic co-cultures
mineralize 1,4-dioxane as well as dichloroethenes following incomplete reductive dechlorination
of TCE”. The objectives of this proposal were to: 1) Design and test microbial communities
composed of previously identified anaerobic and aerobic contaminant degrading bacteria to
simultaneously or sequentially degrade CVOCs and 1,4-dioxane mixtures; 2) Elucidate the
influence of Oz dose and timing, on the individual biodegradation rates and overall contaminant
mass removal by the engineered microbial community; 3) Test the biodegradation of
contaminant mixtures by engineered microbial communities under transitioning redox conditions
in environmental samples.

Anaerobic conditions prevalent in subsurface plumes of 1,4-dioxane-contaminated groundwater
or those created for enhanced reductive dechlorination of co-occurring CVOCs limit achieving
complete in situ biodegradation of 1,4-dioxane. An anaerobic/aerobic microbial community able
to adapt to a broad range of redox regimes will enhance CVOC and 1,4-dioxane biodegradation
as well as reduce the need for multiple rounds of inoculation with different strains (Figure 1).
This culture will be a valuable transition step from laboratory pure culture studies towards
complex in situ microbial communities involved in natural and enhanced bioremediation of
contaminant mixtures. A microbial community designed to survive and function in dynamic
biogeochemical environments, will also be advantageous for remediation of various other
contaminant mixtures.



BACKGROUND AND SERDP RELEVANCE

Chlorinated volatile organic compounds (CVOCs) are among the most frequently detected
groundwater contaminants. Nearly 95% of the identified 1,4-dioxane plumes are comingled with
one or more CVOCs', and the number of sites with mixtures of CVOCs and 1,4-dioxane are
expected to increase due to the DoD’s recent efforts to better characterize their sites for 1,4-
dioxane. The divergent physical and chemical properties make complete degradation of 1,4-
dioxane difficult using traditional physical-chemical water treatment technologies. While
CVOC:s are volatile and less soluble in water, 1,4-dioxane has a hydrophilic, cyclic, ether
structure. Selection and application of treatment strategies to address mixed contaminants of
concern (COCs) in groundwater is challenging and expensive.® Indeed, natural attenuation and
engineered bioremediation was the most commonly used technology (43%) for cleaning up
polluted soil and groundwater® ° because of energy-efficiency and cost-effectiveness.

Enhanced reductive dechlorination (ERD) is one of the most common reductive treatment
technologies applied at CVOC:s sites,* !° but 1,4-dioxane is not biodegraded under anaerobic
conditions. While the goal of using

ERD is to attain complete

dechlorination of tetrachloroethene cis-DCE ve Ethene

A
PCE TCE
(PCE) and trichloroethene (TCE) H =) H =» H » H » H
to ethene!!, the reaction sometimes e e e e
B

stops or slows down resulting in pHE pHe

DsB DsB
the accumulation of cis-1,2- oo o

dichloroethene (¢cDCE) or vinyl cis-DCE
CthI‘lde (VC) (Flgure 2), Wthh M()n()()xygenase Ii{ /H NAD* Ii{ /OH
can be even more toxic than its —— “a=¢ _C\\O o O _(f_C\\O
Cl Cl
parent compound. Fortunately, 0, _ , _
2,2-Dichloro- 2,2-Dichloroacetic
cDCE and VC can also be Acldatiyde &
metabolically or cometabolically
. .. Epoxide OH OH

treated under aerobic conditions by Monooxygenase H_ O H Iydrolase |

. cC—C — |H—C—C—H

- 7
monooxygenase-expressing N/(\)DH & Nog  H:0 L L
bacteria (Figure 2), a few of which % e(p[?:lze 1,2-Dichloroethane-1,2-dio
can also degrade 1,4-dioxane.> !>:13 i Q‘I
Glutathione
S-transferase
. : . . OH SG

A variety of microbial strains have ]

. H—C—C—H
been reported to metabolically or Lok

cometabolically degrade 1,4-

dioxane under acrobic conditions Figure 2. TCE Degradation Pathway. (A) TCE

_ ) anaerobic biodegradation pathway® and (B) cDCE
characterized to date, a bacterial aerobic biotransformation pathway.!

only.% In most microbes



multicomponent monooxygenase
responsible for initiating 1,4-dioxane
degradation is the tetrahydrofuran
(THF)/dioxane monooxygenase.!'® The
genes coding for this enzyme,
thmADBC/dxmADBC, along with the gene
coding for aldehyde dehydrogenase, aldH,
serve as biomarkers to verify 1,4-dioxane
biodegradation.!” Some actinomycetes,
especially members of Pseudonocardia,
are capable of mineralizing 1,4-dioxane
via initial monooxygenase-catalyzed
hydroxylation, followed by common

cellular metabolic pathways (Figure 3).!%
18

Identification of environmental factors
that may influence 1,4-dioxane
biodegradation plays an important role in
the transition from the laboratory to field
remediation. The inhibitory effects of

1,4-Dioxane
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Figure 3. Pathway and enzymes involved in
1,4-dioxane degradation by CB1190.'315

citrate

chlorinated solvents (TCE, TCA, 1,1-DCE

and cDCE) and metals (Cu, Cd, Ni, Zn, Cr) on 1,4-dioxane biodegradation have been identified
in previous work’ 1921, Although CVOCs are reported to negatively impact 1,4-dioxane
biodegradation, with 1,1-DCE being the most inhibitory’, growth mode (biofilm vs. planktonic)?
and CVOC sequestration?® or biodegradation can ultimately mitigate these effects.

MATERIALS AND METHODS

Bacterial Cultures and Growth Conditions

The widely used CVOC-degrading mixed consortium KB-1®, containing Dehalococcoides, was
grown in UCLA Modified Medium,?* 2°> with 20 mg/L of TCE (aqueous) as the electron acceptor
and 60 mg/L of lactate as the carbon source.?® Sterile 160 mL serum bottles containing media
were sparged for 3 min with filtered (0.2 um) N> to achieve anaerobic conditions and sealed with
20 mm butyl rubber stoppers. Titanium (III) citrate was also used as the reductant.

P. dioxanivorans CB1190 seed cultures were prepared by transferring 50 mL of a pure culture
undergoing log-phase growth in ammonium mineral salts medium (AMS) to 500 mL of fresh
UCLA Modified Medium in a baffled flask. 1,4-dioxane was added to achieve an initial
concentration of 100 mg/L, and the entire system was kept under aerobic conditions in the



incubator with 150 rpm rotation at 30°C. For the mixed culture studies, CB1190 was also grown
aerobically in a lactate-free medium separately that was in the same formulation used for
growing KB-1®. Experimental bottles were inoculated with stock cultures in their late
exponential or early stationary phase after TCE (KB-1®) or 1,4-dioxane (CB1190) was degraded
to below 1000 pg/L.

Design of Batch Experiments

Bacterial cultures were prepared in Anaerobic (<0.5 mg/L 0,) Oxyaen Added Asrobic (4.5 malL Oy
. KB-1® Degrades TCE to cDCE CB1190 Reactivat: Dic
sterile 500 mL glass bottles and ° cectates CB1190 Dogrades cDCE & 1,4-Dic

maintained with 1:5 liquid to
headspace ratios with the
following conditions: (1) KB-1® +
CB1190 that transitioned from
anaerobic to aerobic (Figure 4), (2)
CB1190 only that transitioned
from anaerobic to aerobic, and (3)
CB1190 only that remained
anaerobic throughout.

NG, T Prore
< (C(¢ (¢ (( (@ ( (@ ¢
(V) ‘. IO ~. (¢ )‘.
CB1190 KB-1, CB1190 KB-1 CB1190 KB-:

Figure 4. Conceptual Design of Co-Culture Batch
Experiments. Evaluation of growth and viability in
] engineered microbial communities under
Experimental bottles were transitioning redox conditions.

inoculated with 10% (v/v) CB1190

and 5% (v/v) KB-1®. Figure 4 shows the sequence of oxygen adjustment over time, and once
TCE was degraded to cDCE by KB-1® (left in Figure 4), 60 mL of filtered, high purity oxygen
was added to transition the bottles from anaerobic to aerobic conditions (middle in Figure 4), to
let CB1190 function aerobically (right in Figure 4). All bottles were incubated upright at 30°C
with 150 rpm shaking. TCE and 1,4-dioxane concentrations were amended as liquid
concentrations. At each time point, 200 pL of filtered liquid sample and 10-100 pL of headspace
were collected for quantification of 1,4-dioxane and TCE, respectively.

Batch experiments containing pure strain CB1190 were performed in 500 mL sterile glass bottles
containing UCLA Modified Media, AMS, or BAV1% with a 1:5 liquid to headspace ratio.
Sodium sulfide, titanium citrate, and lactate concentrations were filter (0.2 pm) sterilized into
experimental bottles from liquid stock solutions. Varying dissolved oxygen was achieved via
sparging with filtered (0.2 um) N> gas at varying time intervals ranging from 5 seconds to 3
minutes. Dissolved oxygen was measured using an Orion Versa Star Probe (Thermo Fisher
Scientific, Waltham, MA) and calibrated using air saturated water (high oxygen concentrations)
and a 50 g/L sodium sulfite solution for the zero point (low oxygen concentrations).

Analytical Methods
Chlorinated ethenes were measured by direct headspace injections (10 or 100 pL, depending on
concentration) using gas chromatography—mass spectrometry (GC-MS; Agilent 6890 GC and



5973 MS). 1,4-Dioxane concentrations higher than 1000 pg/L were measured using a GC
equipped with a flame ionization detector in 2 pL. aqueous samples, while 1,4-dioxane samples
containing <1000 pug/L were measured by GC-MS after samples were prepared by a frozen
microextraction technique. The detection limits for chlorinated ethenes and 1,4-dioxane were 2
and 5 pg/L, respectively.?

Total Nucleic Acids Extraction, Quantitative Polymerase Chain Reaction, and cDNA Synthesis
Total nucleic acids were extracted from cell pellets using a phenol-chloroform extraction
method.!” The effect of anaerobic incubation on CB1190’s gene expression in pure and mixed
cultures was determined by amplification of 1,4-dioxane biomarker targets (dxmB and aldH)"".
CB1190 and KB-1®’s cellular growth over time was estimated using the dxmB, tceA, and verA
gene copy numbers.!”-2” Gene expression was quantified using the 2722T method, as described
by Livak and Schmittgen.?® Gene expression data were first normalized to the housekeeping gene
RNA polymerase ¢ subunit D (rpoD), followed by normalization to the values obtained at the
end of the anaerobic incubation period and after 1,4-dioxane was degraded below 1000 ng/L.
Quantitative Polymerase Chain Reaction (qPCR) using the SYBR-green-based detection
reagents were utilized to quantify gene copy numbers of CB1190 and KB-1® as well as gene
transcripts of CB1190.

Bio-Trap® Parameters and Deployment

In order to validate the feasibility of the mixed culture containing CB1190 and KB-1®, Bio-
Traps® made of polyvinyl chloride that contained Nomex® Powdered Activated Carbon (PAC)
beads, were tested at an environmental site. This environmental site was previously an aluminum
pipe manufacturing facility and has historically contained chlorinated ethenes (tetrachloroethene,
TCE, 1,1,1-TCA, c¢DCE, 1,1-DCE, VC) and 1,4-dioxane. Additionally, the site is located in a
groundwater discharge zone where groundwater moves not only laterally along fractures and
bedding planes but also upward from depth. Evaluation of the pumping test results identified a
minimum of two separate water-bearing zones, separated by a micaceous siltstone and shale
layer identified at a depth of approximately 118 to 152 feet below ground surface (bgs). The
groundwater temperature ranged from 14.9°C to 24°C, dissolved oxygen ranged from 2-6 mg/L
and the pH remained circumneutral. Bio-Traps® (Figure 5) were seeded with CB1190 and
grown in accordance with the above bacterial cultures and growth conditions section. Previously,
the environmental site implemented enhanced reductive dechlorination; therefore,
Dehalococcoides was already present in the groundwater and only CB1190 was seeded into the
Bio-Traps®. After the 1,4-dioxane was degraded to below the detection limit (5 pg/L) in the
Bio-Traps®, they were injected into multiple wells containing 350-3,500 pg/L 1,4-dioxane,
1,000-5,000 pg/L TCE, 200-2,000 ng/L cDCE, and 2-200 ng/L VC. After approximately three
months, the Bio-Traps® were removed and gene abundances for CB1190 and Dehalococcoides
were analyzed as well as contaminant concentrations.



Figure 5. Representative image of the Bio-Traps® used in this study.

Bio-Traps® contained PAC beads, which were seeded with CB1190 and then deployed to an
environmental site with 1,4-dioxane and CVOCs. The shell is made of polyvinyl chloride and
contains PAC beads.

RESULTS AND DISCUSSION

Biodegradation Kinetics of CVOCs and 1,4-Dioxane Mixtures by the Engineered Microbial
Community

Chlorinated Ethene Biodegradation by the Mixed Microbial Community

TCE was reductively dechlorinated under anaerobic conditions to cDCE only in the KB-1® +
CB1190 anaerobic/aerobic bottles. KB-1® + CB1190 anaerobic/aerobic and CB1190
anaerobic/aerobic bottles remained anaerobic for 16 hours. This anaerobic incubation period
corresponded to the time it took KB-1® to biodegrade TCE to cDCE. After the transition to
aerobic conditions, CB1190 cells within the mixed microbial community oxidatively
biodegraded cDCE. Since there were no other aerobic organisms in the community, the aerobic
degradation was attributed to CB1190, and that is a novel result in this study.

After oxygen was added, the bottles with KB-1® + CB1190 degraded 1300 pg/L of cDCE at a
rate of 0.206+0.002/day (Figure 6A). Higher concentrations of TCE and 1,4-dioxane were also
successfully tested with the mixed microbial community (Supplementary Figures S1 and S2).
Oxygen additions resulted in cessation of KB-1®’s growth (mainly Dehalococcoides)?, as
confirmed by no further increase in fce4 copies/mL (Figure 6A). This was likely due to the
oxidative stress on the enzymes that make up alternative respiratory chain in anaerobes, as well
as the production of reactive species, such as superoxide radicals and hydrogen peroxide.?%-*2
Additionally, VC remained below 2 pg/L in anaerobic as well as aerobic incubation periods. The
CB1190-only anaerobic/aerobic bottles and CB1190-only anaerobic bottles did not show

significant TCE biodegradation (Figure 6A).



1,4-Dioxane Biodegradation and Microbial Growth in the Mixed Community

During the anaerobic condition, 1,4-dioxane was not degraded significantly in all experimental
designs. After the transition to aerobic conditions, CB1190 in pure and mixed culture
experienced a short lag phase before beginning to biodegrade 1,4-dioxane. KB-1® + CB1190
anaerobic/aerobic degraded 3,000 pg/L of 1,4-dioxane at a rate of 0.1954+0.002/day (Figure 6B),
and CB1190 only anaerobic/aerobic bottles at a rate of 0.199£0.001/day (Figure 6B). CB1190-
mediated 1,4-dioxane degradation rates were calculated using the end of the anaerobic phase and
after 1,4-dioxane was degraded to below detection (5 pug/L). All bottles had an average initial
CB1190 cell density of 1.21£0.2 x 10!! copies/mL and the KB-1® + CB1190 bottles had an
average initial KB-1® cell density of 5.9+2.1 x 10® zced copies/mL (Figure 6B and
Supplementary Figures S3 and S4). The KB-1® + CB1190 anaerobic/aerobic grew at 1.56%0.7 x
10'2 dxmB copies/mL/day (Figure 6B). The CB1190 anaerobic/aerobic cultures grew at
5.2240.02 x 10'! dxmB copies/mL/day but the CB1190 that was always anaerobic did not show
significant growth (Supplementary Figure S4).

Previous studies have cultured aerobic microbes from anaerobic environments as well as
combined aerobic and anaerobic bacteria to enhance the biodegradation of recalcitrant pollutants
such as polychlorinated biphenyls, chlorobenzenes, dinitrotoluenes, and azo dyes.>*=¢ Although
these studies developed consortia containing anaerobes and aerobes, some were conducted in
spatially and functionally separate bottles using immobilized cells. In our study, all microbes
were added together into the same medium with chlorinated ethenes and 1,4-dioxane. Another
report of degradation of TCE and 1,4-dioxane under changing redox conditions utilized a
microbially driven Fenton reaction using the facultative anaerobe, Shewanella oneidensis, to
drive the production of HOe radicals.?” By contrast, our study relies on the TCE-reductase
enzymes in Dehalococcoides *® to break down TCE by replacing a covalently-bonded chlorine
with a hydrogen and the monooxygenase enzyme in CB1190 to cleave the carbon-oxygen bond
in 1,4-dioxane !¢, leading to benign end products for both compounds, since Dehalococcoides
can ultimately reductively dechlorinate TCE to ethene and CB1190 can ultimately convert 1,4-
dioxne to CO». These previous studies serve as a foundation for considering this approach for
removing multiple contaminants with bacteria that favor diverse redox conditions. The present
study is the first report of biodegradation of 1,4-dioxane and chlorinated ethenes by a mixed
microbial consortium containing aerobic and anaerobic bacteria, and describes its potential
implications for bioremediation strategies for sites contaminanted with pollutant mixtures.
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Figure 6. Biodegradation of CVOCs and 1,4-dioxane in pure CB1190 and KB-1® +

CB1190. (A) Chlorinated ethene (TCE and cDCE) concentrations. cDCE was degraded by

KB-1 Abundance
(tceA copies/mL)

CB1190 Abundance
(dxmB copies/mL)

CB1190 during the aerobic phase. VC was not detected. (B) 1,4-Dioxane concentrations. KB-1®
+ CB1190 anaerobic/aerobic and CB1190 anaerobic/aerobic degraded 1,4-dioxane. The dxmB

and fceA genes were used to quantify CB1190 cell numbers and the mixed culture cell
abundance results are shown on secondary y-axis). Error bars indicate the standard deviation of

triplicates, and the shaded gray areas indicate the anaerobic phase.

Parameters for Effective and Accelerated Biodegradation of CVOCS and 1,4-Dioxane with the

Engineered Mixed Culture

In order for CB1190 to survive prolonged incubation in this mixed culture with
Dehalococcoides, it was crucial to identify geochemical parameters that would
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promote CB1190’s survivability such as reductants, additional carbon sources, nutrients
components, and dissolved oxygen. It is widely known that Dehalococcoides are sensitive to
dissolved oxygen and requires a carbon source such as lactate or acetate.> Iron sulfide, sodium
sulfide, and titanium (III) citrate are commonly used as reductants in anaerobic cultures
containing Dehalococcoides to reduce traces amounts of oxygen®> 4042 and lactate is often used
as a carbon source and electron donor. Therefore, we tested CB1190’s ability to degrade 1,4-
dioxane in the presence of sulfide and lactate. Although chlorinated-ethene-respiring organisms
such as Dehalococcoides are not inhibited by sulfide (<1 mM)**** and are often exposed to
lactate to enhance chlorinated ethene degradation, it was unknown how these compounds would
affect CB1190. Figure 7 demonstrates the inhibitory effect of sulfide on CB1190 1,4-dioxane
biodegradation. Sodium sulfide (96 mg/L) completely inhibited CB1190’s ability to biodegrade
1,4-dioxane.*> Conversely, the presence of lactate (450 mg/L) did not significantly enhance or
diminish CB1190’s ability to degrade 1,4-dioxane. These data led to testing the effects of other
suitable reductants for Dehalococcoides on CB1190.

We also tested CB1190’s ability to biodegrade 1,4-dioxane in the presence of titanium (III)
citrate and lower concentrations of sodium sulfide (7.5 mg/L) (Figure 8). Surprisingly, lower
concentrations of sodium sulfide continued to cause complete inhibition of 1,4-dioxane
degradation. However, titanium (III) citrate did not cause significant inhibitory effects compared
to the control. CB1190 was also grown in an aerobic modified BAV1 media, which can also be
used for Dehalococcoides-containing cultures, to ensure there were not trace minerals or
nutrients that would impair CB1190’s ability to degrade 1,4-dioxane (Figure 9).
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Figure 7. CB1190 degrades 1,4-dioxane at the same rate with or without lactate but is

completely inhibited in the presence of sulfide. CB1190 was exposed to 450 mg/L of lactate
and 96 mg/L of sodium sulfide. Error bars represent the standard deviation of triplicates.
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Figure 8. Titanium (III) citrate has a less inhibitory effect on CB1190’s ability to

biodegrade 1,4-dioxane than sodium sulfide. Titanium (III) citrate resulted in the least

inhibition and sodium sulfide resulted in the most inhibition on CB1190’s ability to biodegrade

1,4-dioxane. Error bars indicate standard deviation of 6 replicates.
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Figure 9. 1,4-Dioxane degradation by CB1190 grown in aerobic ammonium mineral salts
medium (AMS) and modified BAV1 medium. There was a similar trend in 1,4-dioxane
biodegradation between CB1190 grown in AMS* and CB1190 grown in modified BAV1
medium.*’” Error bars indicates standard deviation of 6 replicates.
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Viability of CB1190 under Varying Dissolved Oxygen Concentrations

After optimizing the reductant and media components, the dissolved oxygen threshold for which
CB1190 can degrade 1,4-dioxane was determined. Figure 10 shows CB1190 incubated under
varying oxygen concentrations ranging from 1 mg/L to 7 mg/L. The CB1190 incubated with 1
mg/L and 2 mg/L dissolved oxygen did not degrade 1,4-dioxane. However, the bottles amended
with 3 mg/L did significantly degrade 1,4-dioxane with a 2-day lag phase compared to the
control bottles that were amended with 7 mg/L dissolved oxygen. These data are important
because if CB1190 were amended to an environmental site where the water contained 3 mg/L of
dissolved oxygen, CB1190 would still be able to degrade over 50 mg/L of 1,4-dioxane.
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2 mg/L O2 —— 3 mg/L 02
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J
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Figure 10. CB1190 maintains viability and activity in the presence of 3 mg/L of dissolved
oxygen or higher. CB1190’s oxygen scavenging capabilities demonstrate its need for less
oxygen than other aerobic microorganisms relevant for bioremediation. Error bars
represent the standard deviation of triplicates.

Viability and Gene Expression of CB1190 After Prolonged Periods of Anaerobic Incubation

Strain CB1190 Survivability and 1,4-Dioxane Biodegradation After Anaerobic Incubation
After 7, 14, 21, 28, 35, and 56 days of anaerobic incubation, strain CB1190 was able to
biodegrade 1,4-dioxane to below the detection limit after oxygen addition (Figure 11). Strain
CB1190 was initially inoculated into anaerobic media and amended with 1,4-dioxane for time
periods ranging from 7 to 56 days. The aerobic bottles were continually amended with 1,4-
dioxane and maintained in an aerobic environment as positive controls. The 56 days anaerobic
bottles did not receive oxygen and served as anaerobic controls throughout the experiment. There
was minimal lag phase for 1,4-dioxane biodegradation in each set of bottles that were amended
with oxygen (Figure 11A). The bottles, which, were anaerobic for 35 days, had a slightly longer
lag phase than bottles that were anaerobic for 7 days. The 1,4-dioxane biodegradation rate for
each set was as follows: 0 Days Anaerobic (Aerobic Control): 0.211£0.009/day, 7 Days
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Anaerobic: 0.162+0.003/day, 14 Days Anaerobic: 0.139+0.003/day, 21 Days Anaerobic:
0.140+0.001 day, 28 Days Anaerobic: 0.139+0.0001/day, and 35 Days Anaerobic:
0.10540.0002/day. Bottles were amended with uniform cellular densities and had average initial
CB1190 concentrations of 4.93+1.5 x 10'! dxmB copies/mL. During the anaerobic phase, the
percent oxygen in the headspace averaged 2.5+0.7%, and oxygen reduction potential (ORP) in
aqueous phase was -53+4.1 mV, which is considered a reducing environment.*® After the
anaerobic phase, the oxygen averaged 11.6£0.9% in the headspace (Supplementary Figure S5).
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Figure 11. 1,4-Dioxane biodegradation, gene abundance, and gene expression in strain
CB1190 after various anaerobic incubation periods. CB1190 was able to persist alone under
anaerobic conditions and completely degrade 1,4-dioxane upon addition of O,. Error bars
indicate standard deviations of triplicates. (A) 1,4-Dioxane biodegradation by CB1190. Every
week only one set of triplicate bottles was amended with O, (indicated by arrows). (B) CB1190
gene abundance on day 0, the last day of anaerobic incubation, and after 1,4-dioxane was
degraded. *p-value <0.05 and **p-value< 0.01 (C) CB1190 gene expression. All cDNA copy
numbers were first normalized to 7poD housekeeping gene and then to gene target concentrations
at the end of the anaerobic phase. The 56 days anaerobic bottles were sampled on day 42 and 56
for gene expression.
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CB1190 Cell Growth and Gene Expression After Anaerobic Incubation

1,4-Dioxane biodegradation that occurred after the transition to aerobic conditions produced a
carbon and energy source for CB1190 growth. Significant CB1190 growth was observed in
bottles that were kept anaerobic for 7, 14, 21, 28, and 35 days and then provided with oxygen
amendments (Figure 11B). The aerobic bottles were replenished with 1,4-dioxane to demonstrate
CB1190 biodegradation rates in the presence of continual oxygen and carbon substrate
availability. Upregulation of dxmB and aldH genes were observed in days 7 through 35
demonstrating that 1,4-dioxane biodegradation was initiated and continued as the 1,4-dioxane
degradation intermediates were produced (Figure 11C). The bottles that were maintained under
anaerobic conditions were sampled at the beginning of day 42 and 56. The dxmB gene was
upregulated in the anaerobic bottles, but the numbers of aldH gene transcripts were mostly
unchanged. This could be explained by the fact that the dxmB gene is induced by 1,4-dioxane
and can be expressed even if oxygen levels are insufficient. The aldH gene, which is induced by
1,4-dioxane biodegradation intermediates, was not upregulated likely because 1,4-dioxane had
not been degraded.

CB1190’s apparent dormancy under prolonged oxygen limited conditions could be explained by
its ability to quickly adapt to stress and to utilize other substrates for fermentative growth .
Similar aerobic Actinobacteria, Mycobacterium tuberculosis and Mycobacterium bovis, were
previously grown in microaerophilic and anaerobic conditions.*” Those cells appeared to produce
a thickened cell wall to withstand oxygen deficient conditions in vivo. Specifically, the heat
shock protein played a role in stabilizing the cell structure in the long-term by creating a multi-
layered, protective casing of peptidoglycan.!”-4-3% CB1190 could be utilizing a hydrogenase
enzyme to survive anaerobic incubation. Traditionally, hydrogenase enzymes have been
associated with anaerobic metabolism because a majority are deactivated in the presence of
oxygen. However, they are often present among aerobic bacteria and rarely studied among
obligate aerobes.’! CB1190 can fix CO, when provided hydrogen and maintain very slow
cellular growth.>? The hydrogenase enzyme in CB1190 was reported to utilize H> coupled with
trace amounts of CO> or biocarbonate to remain active.’? At low pH values, which are commonly
found in anaerobic waters >3, the PHREEQC computer model showed that the chemical
components of the modified media could produce Hz in micromolar to nanomolar
concentrations. We postulate that CB1190 could be utilizing the low amounts of hydrogen to
remain dormant but quickly revive when sufficient oxygen becomes available for aerobic
metabolism.

Reactivation of the dxmB and aldH in CB1190 was crucial in validating that CB1190 could
endure oxygen restrictions in the subsurface. As our findings with CB1190 demonstrate, bacteria
that harbor the ability to maintain cellular viability and metabolism when exposed to divergent
redox conditions could provide a wider variety of solutions for chlorinated ethene and 1,4-
dioxane bioremediation. The results of this study demonstrate that an intrinsic or bioaugmented
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mixed microbial community can withstand the changing redox conditions that may be
experienced by a plume and biodegrade chlorinated ethenes as well as 1,4-dioxane.

CB1190’s Ability to Biodegrade cDCE With and Without 1,4-Dioxane Under Aerobic Conditions

Aerobic biodegradation of cDCE by CB1190 with and without 1,4-dioxane was first recorded in
the present study (Figure 12-13). The presence of 1,4-dioxane did not inhibit or slow CB1190’s
ability to degrade cDCE. Killed controls containing CB1190 did not show significant
degradation of cDCE or 1,4-dioxane (Figure 12-13). Biodegradation of cDCE by CB1190 can
mitigate cDCE’s inhibition of 1,4-dioxane biodegradation ’- -2 as well as prevent VC
production. This reduces the need to amend additional microorganisms and their primary
substrates to oxidatively cometabolize cDCE.
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Figure 12. CB1190 aerobically degrades cDCE with and without 1,4-dioxane. There was no
significant difference in degradation rates of cDCE when CB1190 was amended with and
without 1,4-dioxane. Error bars represent the standard deviation of triplicates.
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Figure 13. CB1190 aerobically degrades 1,4-dioxane in the presence of ¢cDCE. There was no
significant 1,4-dioxane transfer from the seed culture in CB1190 amended with only cDCE.
Error bars represent the standard deviation of triplicates.

Validation of CB1190’s Viability at an Environmental Site Previously Exposed to Enhanced
Reductive Dechlorination

Bio-Trap® beads bioaugmented with CB1190 were deployed for 3 months to two wells
containing CVOCs and 1,4-dioxane. Prior to bioaugmentation, the site had a significant
Dehalococcoides population due the previous use of enhanced reductive dechlorination. The first
well contained low levels of CVOCs and 1,4-dioxane (Figure 14) and over the course of the
three months that the Bio-Traps® were in the well, cDCE and VC did not significantly change.
However, 1,4-dioxane decreased by 40% and TCE increased by 34%. Gene targets for
Dehalococcoides and CB1190 abundance were also measured during this time period. Results
showed that the fce4 gene abundance did not significantly change but that the verA4 gene
abundance decreased. This could be from the fact that a significant amount of TCE is present in
the well, thus making it advantageous for dechlorinating bacteria to have this gene and
contrastingly less advantageous to have the vcrd gene because of the low concentrations of VC
(5-9 pg/L). Both the dxmB and aldH gene abundances increased thus showing that CB1190
remained attached to the beads over prolonged periods in the field and maintain cellular biomass
of 10*-10° copies/bead. In the well with higher CVOCs and 1,4-dioxane (Figure 15), a similar
trend was seen where cDCE and VC did not significantly change,1,4-dioxane decreased by 48%,
and TCE increased by 33%.
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Interestingly, in the well with high CVOCs and 1,4-dioxane, the tceA, vcrA, dxmB, and aldH
gene targets decreased approximately half an order of magnitude. This could be because the
CVOC and 1,4-dioxane concentrations were significantly higher in this well compared to the
other well and could have caused inhibition to Dehalococcoides’ or CB1190’s cellular functions,
which has been shown to be significant at these concentrations in the laboratory.” For example,
the TCE and VC concentrations were much higher in the second monitoring well (Figure 15)
(TCE = 5,000 pg/L, VC =77 ng/L) compared to the first monitoring well (Figure 14) (TCE =
1,000 pg/L, VC =7 ng/L). Although there was no increase in the dxmB or aldH abundance, it
still remained around 10° copies/bead even after being exposed to high concentrations of

chlorinated solvents and field conditions thus showing CB1190’s affinity to remain attached to
the PAC bead.

These Bio-Traps® showed that CB1190 is resilient when exposed to harsh environmental
elements such as low dissolved oxygen (2-6 mg/L), inhibitors (e.g., CVOCs), and colder water
temperatures. This field experiment demonstrates that CB1190 could be used in a larger pilot

scale test with similar environmental conditions and be able degrade 1,4-dioxane and potentially
cDCE.
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Figure 14. CB1190 remained attached to PAC beads after 3 months in the field with low
1,4-dioxane and CVOC concentrations. Gene abundances were measured via Bio-Trap® PAC
beads immediately before deployment and after 3 months in the monitoring well.
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Figure 15. CB1190 remained attached to PAC beads after 3 months in the field with high
1,4-dioxane and CVOC concentrations. Gene abundances were measured via Bio-Trap® PAC
beads immediately before deployment and after 3 months in the monitoring well.
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CONCLUSIONS

Conclusion #1: Engineered microbial communities can subsist under changing redox
conditions for and biodegrading contaminant mixtures.

The opposing redox conditions favored by CVOC- and 1,4-dioxane-degrading bacteria pose a
difficult problem for concurrent bioremediation of both contaminants. We successfully
engineered a microbial community composed of the previously identified anaerobic culture, KB-
1®, and the aerobic bacterium, CB1190, to simultaneously and sequentially degrade CVOCs and
1,4-dioxane. Furthermore, geochemical parameters were optimized to extend CB1190’s survival.
For example, titanium (III) citrate and a modified BAV1 medium were found to support both
CB1190 and Dehalococcoides’ degradation capabilities. Lactate, which can serve as a carbon
source for Dehalococcoides, does not significantly reduce CB1190’s 1,4-dioxane biodegradation
rate and can therefore be used for this KB-1® + CB1190 co-culture. The results of this project
demonstrate that the engineered microbial community can withstand changing redox conditions
and biodegrade both chlorinated ethenes and 1,4-dioxane. This approach could reduce the cost,
energy, and substrates required for in situ bioremediation for chlorinated ethenes and dioxane.

Conclusion #2: CB1190 biodegrades cDCE aerobically without generating VC.

We report CB1190’s ability to biodegrade cDCE aerobically in the presence of 1,4-dioxane. This
is beneficial because sites previously treated with enhanced reductive dechlorination can have
increased levels of cDCE. CB1190 is able to biodegrade 1,4-dioxane and cDCE simultaneously
thus removing the federally regulated contaminant, cDCE, and 1,4-dioxane. This has the
additional benefit of limiting cDCE’s inhibition of 1,4-dioxane biodegradation.

Conclusion #3: CB1190 can withstand prolonged anaerobic incubation and grow when
conditions turn aerobic.

CB1190’s ability to withstand over 35 days of anaerobic incubation and subsequently degrade
1,4-dioxane once sufficient oxygen became available is critical for the mixed microbial
communities’ application in the field. CB1190 could be potentially exposed to anaerobic
conditions for weeks to months as TCE is degraded to cDCE and would need to survive this
period without an electron acceptor. Our results show that CB1190 is resilient to these sub-
optimal conditions and can maintain the ability to degrade 1,4-dioxane. With minimal lag phase,
CB1190 upregulates the genes responsible for 1,4-dioxane degradation and the degradation of its
downstream intermediates. The monooxygenase enzymes that are induced in the CB1190 + KB-
I® culture can biodegrade 1,4-dioxane with minimal lag.

Conclusion #4: 1,4-Dioxane degradation occurs in oxygen levels as low as 3 mg/L.

CB1190 is an oxygen scavenging microorganism. It can degrade up to 60,000 pg/L of 1,4-
dioxane with as little as 3 mg/L dissolved oxygen in 5 days. Surprisingly, when provided with 9
mg/L dissolved oxygen CB1190 degraded 1,4-dioxane only marginally faster (4 days). Thus,
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CB1190 has demonstrated its ability to mineralize 1,4-dioxane even under the limited
availability of oxygen as terminal electron acceptor.

Conclusion #5: CB1190 remains viable at sites previously treated with enhanced reductive
dechlorination.

CB1190 cells that were seeded onto the Bio-Trap® PAC beads remained attached and active
even after 3 months of incubation in a field site well with sub-optimal dissolved oxygen levels,
high CVOCs and 1,4-dioxane concentrations, and low water temperatures. This shows that
CB1190 would be a promising microorganism to use for in sifu biological remediation of
CVOC:s and 1,4-dioxane in plumes where redox conditions transition from anaerobic to aerobic.
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APPENDICES

Appendix A: List of Acronyms

aldH Gene coding for Alcohol Dehydrogenase (ALDH)

¢DCE cis-1,2-Dichloroethene

CB1190 Pseudonocardia dioxanivorans CB1190

CVOCs Chlorinated Volatile Organic Compounds

DNA Deoxyribonucleic Acid

DoD Department of Defense

dxmB Gene coding for 1,4-Dioxane Monooxygenase (DXMO)
ESTCP Environmental Security Technology Certification Program
GC-FID Gas Chromatography Flame Ionization Detector

GC-MS Gas Chromatography Mass Spectrometry

KB-1 Kitchener Breslau trichloroethene dechlorinating microbial culture
PAC Powder Activated Carbon

PCR Polymerase Chain Reaction

PI Principal Investigator

qPCR Quantitative Polymerase Chain Reaction

rpoD RNA Polymerase subunit D housekeeping sigma factor

RNA Ribonucleic Acid

SERDP Strategic Environmental Research and Development Program
TCE Trichloroethylene

tceA Gene coding for trichloroethene reductase alpha subunit
UCLA University of California, Los Angeles

VC Vinyl Chloride

verA Gene coding for vinyl chloride reductase alpha subunit
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Appendix B: Supplemental Figures

KB-1 + CB1190 Anaerobic/Aerobic: TCE
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Supplementary Figure 1. Chlorinated ethene biodegradation in pure CB1190 and mixed
cultures. The CB1190 anaerobic/aerobic pure culture did not degrade TCE under anaerobic or
aerobic conditions, while KB-1® + CB1190 anaerobic/aerobic biodegraded TCE anaerobically
and its transformation product, cDCE, aerobically. cDCE was degraded by CB1190 at a rate of
0.078+0.004/day. Error bars indicate the standard deviation of triplicates, and the shaded grey
area indicates the anaerobic phase.
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Supplementary Figure 2. 1,4-Dioxane biodegradation in pure CB1190 and mixed cultures.
KB-1® + CB1190 anaerobic/aerobic and CB1190 anaerobic/aerobic biodegraded 1,4-dioxane
aerobically. CB1190 bottles that were not amended with oxygen did not degrade 1,4-dioxane.
KB-1® + CB1190 anaerobic/aerobic degraded 15,000 pug/L of 1,4-dioxane at a rate of
0.249+0.0008/day, and CB1190 only anaerobic/aerobic bottles at a rate of 0.250+£0.00002/day.
CB1190-mediated 1,4-dioxane degradation rates were calculated using the end of the anaerobic
phase and after 1,4-dioxane was degraded to below detection. Error bars indicate the standard
deviation of triplicates, and the shaded grey area indicates the anaerobic phase.
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Supplementary Figure 3. KB-1® grows during anaerobic phase and does not grow during
the aerobic phase. Bottles contained 1,250 pg/L TCE and 3,000 pg/L 1,4-dioxane. The tceA
gene was used to quantify cell number. KB-1® grew under anaerobic conditions in the KB-1® +
CB1190 anaerobic/aerobic bottles and did not grow under aerobic conditions (* p < 0.05, ** p <
0.01). Error bars indicate the standard deviation of triplicates.
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Supplementary Figure 4 CB1190 grows during aerobic phase after anaerobic incubation.
Bottles contained 1,250 pg/L TCE and 3,000 pg/L 1,4-dioxane. The dxmB gene was used to
quantify cell number. CB1190 + KB-1® anaerobic/aerobic and CB1190 anaerobic/aerobic grew
after the anaerobic phase and during aerobic conditions, (* p <0.05, ** p <0.01). The CB1190
anaerobic bottles did not grow significantly during the anaerobic phase. Error bars indicate the
standard deviation of triplicate samples.
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Supplementary Figure 5. Dissolved oxygen concentrations after prolonged anaerobic
incubation. CB1190 was able to biodegrade 1,4-dioxane after anaerobic incubation and ~12%
oxygen in the headspace. Error bars indicate standard deviation of 6 replicates.
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