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ABSTRACT OF THE DISSERTATION

Microbial Ecology and Bioremediation of 1,4-Dioxane and Chlorinated Solvents

Contaminated Groundwater and Soil

by

Yu Miao
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2019

Professor Shaily Mahendra, Chair

It is crucial to consider the impact of abiotic and biological remediation technologies on the
microbial ecology to predict the success of short-term active treatments and long-term passive
attenuation processes. In this research, three bioremediation strategies were tested individually or
coupled with chemical remedies in bench- and pilot-scale studies for removing 1,4-dioxane and
chlorinated volatile organic compounds (CVOCs), which are widespread co-occurring
contaminants in soils and water resources across the U.S., attracting attention because of their
potential carcinogenicities. In each project, amplification of taxonomic and functional genes by
gPCR as well as metagenomics including high-throughput sequencing were applied to provide

reliable information about microbial communities in the ecological matrices as they transitioned



from 1,4-dioxane and CVOC contaminations to exposures from treatment technologies and
degradation products.

A comprehensive multiple lines of evidence approach provided evidence of natural
attenuation by microorganisms capable of metabolic or co-metabolic degradation of 1,4-dioxane
within a large, diffuse plume. A pilot study of bioaugmentation with Pseudonocardia
dioxanivorans CB1190 through direct injection as well as in-situ bioreactor was successfully
conducted at a site impacted by 1,4-dioxane and CVOC:s.

Bench-scale microcosms were established to inform pilot-scale ex-situ bioreactors and in-situ
propane biosparging at an industrial site. 1,4-Dioxane co-metabolism by indigenous microbes was
accelerated by biostimulation with propane and nutrients. Inoculations with CB1190 or
propanotroph, Rhodococcus ruber ENV425, were eventually outcompeted by native microbes, but
gene allocations for xenobiotics and lipid metabolism were enhanced and accompanied rapid 1,4-
dioxane degradation rates.

Three synergistic treatment trains: oxidation & catalysis, oxidation & biodegradation, and
catalysis & biodegradation, were applied to achieve nearly complete 1,4-dioxane removals even
in the presence of inhibitory CVOCs. While oxidant- or nanocatalyst-tolerant microbes were
dominant immediately after chemical processes, the microbial community thrived during the
biodegradation in a deterministic process over time, presenting higher biodiversity that indicated
a more stable community. The post-treatment community carried various functional potentials,
such as degradation of CVOCs and aromatic hydrocarbons, as well as nitrogen fixation.

These mechanistic and quantitative data will be valuable for developing synergistic
treatments that lead to savings in cost, energy, and substrate amendments for the remediation of

contaminant mixtures.
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Chapter 1 Introduction and Objectives
1.1 Objectives and Scope

The overall objective of this research was to characterize the microbial ecology shifts and
recoveries during bioremediation of groundwater and soil polluted with 1,4-dioxane and chlorinated
volatile organic compounds (CVVOCSs) co-contaminants. In this dissertation, several related research
efforts were carried out in bench-scale and pilot-scale reactors, whose specific objectives are
described below.

Objective 1: To validate natural attenuation of 1,4-dioxane using biomarker genes for 1,4-
dioxane biodegradation in combination with compound-specific stable isotope analyses and spatio-
temporal trends of contaminant concentrations and biogeochemical indicators.

Objective 2: To evaluate in-situ bioaugmentation approaches with Pseudonocardia
dioxanivorans CB1190 for enhancing biodegradation of 1,4-dioxane at a site contaminated with
1,4-dioxane and CVOCs.

Obijective 3: To compare performances and microbial community impacts of metabolic and
co-metabolic bioaugmentation, as well as biostimuation with oxygen, propane, and nutrients for
1,4-dioxane biodegradation.

Obijective 4: To simulate various synergistic treatment trains for 1,4-dioxane and CVOC in
laboratory microcosms set up using soil and groundwater collected from a contaminated site,
reveal the molecular mechanisms, and analyze microbial community dynamics before, during, and
after active treatments.

1.2 Dissertation Overview
This dissertation is organized into seven chapters. A synthesis of published literature leading

to the research objectives is presented in Chapter 1. Chapter 2 describes the background and current



research about 1,4-dioxane degradation and metagenomics. Chapter 3 contains results of multiple
lines of evidence to validate natural attenuation of 1,4-dioxane and CVVOCs, which are included
with permission from the Remediation: The Journal of Environmental Cleanup Costs,
Technologies and Techniques (Gedalanga et al., 2016). The subsurface distribution and 1,4-
dioxane degradation performance of CB1190 bioaugmentation via direct injection and
immobilization in in-situ bioreactors (ISBRs) is described in Chapter 4. This work has been
submitted for publication in Remediation: The Journal of Environmental Cleanup Costs,
Technologies and Techniques (Mora et al.,, 2019). Bench-scale biostimulation and
bioaugmentation studies leading to pilot-scale ex-situ bioreactors and in-situ biosparging
considerations are reported in Chapter 5. Portions of this research have been submitted to
Groundwater Monitor & Remediation (Horst et al., 2019) and Water Research (Miao et al., 2020a).
Three separate treatment trains consisting of oxidative, catalytic, and biological processes for the
degradation of 1,4-dioxane and CVOCs established in laboratory microcosms are discussed in
Chapter 6. Two papers based on this work have already been published (Miao et al., 2018; Miao
etal., 2019) and are included in this dissertation with the journal’s permission. Another manuscript
will be submitted to a special issue “Emerging Contaminants in the Environment: Occurrence,
Source and Risks” in Environment International (Miao et al., 2020b). A summary of key results
along with their significance in environmental engineering and microbiology is provided in

Chapter 7. Suggestions for future research in these areas are also included.
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Chapter 2 Literature Review
2.1 1,4-Dioxane and Co-Contaminants
2.1.1 The Properties of 1,4-Dioxane

Contamination of groundwater by 1,4-dioxane, a cyclic diether, has been increasingly
detected across the United States and globally (Anderson et al., 2012, Stepien et al., 2014,
Adamson et al., 2015, Manamsa et al., 2016, Mohr et al., 2016, Carrera et al., 2017, Aoyagi et al.,
2018, Karges et al., 2018). More recently, its potential carcinogenicity as a Group 2B human
carcinogen by all potential exposure routes (IARC, 1999), 1,4-dioxane has been an parameter
included in water analyses. Furthermore, the threat of 1,4-dioxane contamination of water supplies
have received attention, and the Agency for Toxic Substances and Disease Registry (ATSDR)
listed 1,4-dioxane as 214th of the total 275 superfund priority substances (ATSDR, 2017), and The
U.S. Environmental Protection Agency (USEPA) recently included 1,4-dioxane on its initial list
of 10 “high priority” chemical substances as part of the 2016 amendments to the Toxic Substances
Control Act (USEPA, 2016). The challenges of 1,4-dioxane clean-up mainly result from the
chemical and physical properties of 1,4-dioxane: miscibility in water, low Henry's law constant
(4.88 x 10® atm m®mol), low adsorption potential on organic matter (log Ko 1.23) (Howard et al.,
1990), and low octanol-water partitioning coefficient (Log Kow of -0.27) (Suthersan et al., 2016).
Together these properties mean that 1,4-dioxane has both high aqueous mobility and leaching
potential in groundwater aquifers (EBC, 2002). Coupled with its chemical recalcitrance, 1,4-
dioxane is extremely persistent in groundwater with half-life of 2-5 years, while moderately
persistent in surface water with half-life of 56 days (Adamson et al., 2015), thus hardly extracted
or adsorbed from water. The cyclic ether structure of 1,4-dioxane carries four carbon atoms and

two oxygen atoms, and the oxygen atoms occur directly opposite each other to form symmetrical



ether linkages (Mohr et al., 2016). This structure makes 1,4-dioxane highly stable and relatively
refractory, generating long and broad contaminated groundwater plumes (Hatzinger et al., 2017,
Chu et al., 2018).
2.1.2 Sources of 1,4-Dioxane and Co-Contaminants

1,4-Dioxane was historically used as a solvent stabilizer for trichloroethane (TCA), and
commonly co-occurs with other chlorinated solvents, including trichloroethene (TCE), and
dichloroethene (DCE) (Anderson et al., 2012, Adamson et al., 2014). Recent studies have also
identified more sources of 1,4-dioxane distinct from chlorinated solvent contaminated sites,
including the mouth of the Llobregat River near Barcelona (Carrera et al., 2017), aquatic
environment in Germany and Poland (Stepien et al., 2014), landfill leachate (Karges et al., 2018),
metal manufacturing/chrome plating plants (Hausladen et al., 2018), and a former landfill site
(Gedalanga et al., 2016). 1,4-Dioxane has been broadly detected in groundwater, and Adamson et
al. (2014) found that 194 of over 2000 sites in California, USA, contained 1,4-dioxane, and 38%
of the 1,4-dioxane-contaminated sites contained plumes equal or larger in size to the chlorinated
solvent plumes, indicating both the prevalence and complexity of 1,4-dioxane groundwater
contamination.
2.2 Treatment Strategies for 1,4-Dioxane
2.2.1 Biological Treatment

Biodegradation is a promising strategy to destroy various contaminants in soil and
groundwater environments by enzymatically-mediated processes during in-situ or ex-situ
treatments (Zhang et al., 2017), which may prove to be more economical and sustainable when
compared with other treatment alternatives. A substantial number of recent studies have been

focused on identifying specific organisms that can biodegrade 1,4-dioxane to better inform



bioremediation strategies, including biostimulation, which provides carbon, nutrient, and oxygen
to native microorganisms, or bioaugmentation, which provides specialized bacteria to
contaminated sites.

To date, the exploration of anaerobic degradation of 1,4-dioxane has been limited, while
aerobic biodegradation has been well studied. Anaerobic biodegradation was only evaluated under
iron-reducing conditions by using anaerobic sludge with iron-reducing bacteria present, that could
initially degrade 40% of 1,4-dioxane in the microcosm, with complete removal being achieved by
adding humic substances and Fe(l11) (Pan and Chen, 2006). However, the aerobic biodegradation
process is more applicable with two main pathways, metabolism and co-metabolism, differentiated
by the role of 1,4-dioxane in cellular growth and energy support for microorganisms, that thus
were focused in this study.
2.2.1.11,4-Dioxane Metabolic Biodegradation Pathway and Corresponding Microorganisms

Under metabolic biodegradation, microorganisms utilize 1,4-dioxane as the sole carbon and
energy sources to grow and thrive, which is advantageous for in-situ biodegradation on the basis
of higher rates of transformation, reduced risk of clogging, reduced oxygen demand, and reduced
concern for the lack of primary substrate (Barajas-Rodriguez and Freedman, 2018). A wide variety
of microorganisms have been identified in bench and field scale studies to have metabolic 1,4-
dioxane biodegradation function and summarized by Zhang et al. (2017) and McElroy and Hyman
(2019), including Pseudonocardia dioxanivorans CB1190 (Mahendra and Alvarez-Cohen, 2005),
Actinomycete CB1190 (Parales et al., 1994), Amycolata sp. CB1190 (Kelley et al., 2001),
Pseudonocardia benzenivorans B5 (Mahendra and Alvarez-Cohen, 2006), Mycobacterium sp. PH-
06 (Kim et al., 2009), Acinetobacter baumannii DD1 (Huang et al., 2014, Zhou et al., 2016),

Pseudonocardia carboxydivorans RM-31 (Matsui et al., 2016), Xanthobacter flavus DT8 (Chen



et al., 2016), Afipia sp. D1 (Sei et al., 2013), Rhodanobacter AYS5 (Pugazhendi et al., 2015),
Rhodococcus aetherivorans JCM 143437 (Inoue et al., 2016, Inoue et al., 2018), Pseudonocardia
sp. N23 (Yamamoto et al., 2018), etc.

Among these abovementioned 1,4-dioxane-metabolizing bacteria, Pseudonocardia
dioxanivorans CB1190 (CB1190) is the well-studied at the molecular level and applied in bench
scale tests (Jasmann et al., 2017, Miao et al., 2019). CB1190 can use 1,4-dioxane as sole carbon
and energy source, but was previously mutated through regulatory, transport, and/or enzyme
substrate range alterations from tetrahydrofuran (THF) - degrading organism (Parales et al., 1994).
The observed maximum growth rate for CB1190 based on a batch experiment with 1,4-dioxane as
the sole carbon and energy source was 90 pg/L/h, with cell yield at 0.09 + 0.002 g protein/(g
dioxane) and energy production at 19 mM ATP/(mM dioxane) (Mahendra and Alvarez-Cohen,
2005). 1,4-Dioxane degradation rates by CB1190 have been reported by Parales et al. (1994) as
19.8 mg dioxane/h/mg protein, by Mahendra and Alvarez-Cohen (2006) as 1.1 mg dioxane/h/mg
protein, and by Barajas-Rodriguez and Freedman (2018) as 0.048 mg dioxane/h/mg COD. The
varying degradation rates can likely be attributed to the temperature differences between
experiments (optimal growth temperature at 30°C) (Mahendra and Alvarez-Cohen, 2005).
Moreover, CB1190 was also found to grow slowly on rich media in the absence of 1,4-dioxane
(e.g., LB, TSA, and R2A) (Mahendra and Alvarez-Cohen, 2005), and easily form biofilms on the
insides and bottom of the flask in liquid medium with appearance of powdery white colonies
floating on the liquid surface (Mahendra and Alvarez-Cohen, 2005).

The genome of strain CB1190 consists of a circular 7.1 Mb chromosome with three plasmids,
which contain multicomponent monooxygenases and a complete operon encoding THF

monooxygenase (THFMO) (Sales et al., 2011), which is similar to the monooxygenase on



Pseudonocardia ENV478 (Masuda et al., 2012). Grostern et al. (2012) proved THFMO was the
only upregulated monooxygenase gene cluster located on plasmid pPSEDO02 in CB1190 during
1,4-dioxane degradation, thus, this gene cluster has also been referred to as dioxane
monooxygenase (DXMO) for 1,4-dioxane degradation studies (Gedalanga et al., 2014). DXMO
catalyzes 1,4-dioxane in the first step of biodegradation to 2-hydroxy-1,4-dioxane (1,4-dioxane-2-
ol), which is then further oxidized to 1,4-dioxane-2-one (lactone), or transferred to 2-
hydroxyethoxyacetaldehyde by ring chain tautomerism (Mahendra et al., 2007). Then, both 1,4-
dioxane-2-one and 2-hydroxyethoxyacetaldehyde are hydrolyzed and dehydrogenized
respectively to 2-hydroxyethoxyacetic acid (HEAA) (Mahendra et al., 2007). Monooxygenases
can further hydroxylate HEAA and result in more downstream metabolites that are then easily
mineralized to CO> via common cellular enzymes, including aldehyde dehydrogenase (ALDH).
The 1,4-dioxane biodegradation pathway by CB1190 was first proposed by Mahendra et al. (2007)
(Figure 2.1), and has been summarized in recent studies (Zhang et al., 2017, McElroy and Hyman,

2019).
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Figure 2.1. 1,4-Dioxane aerobic degradation pathway. A similar pathway was reported for both
metabolic and co-metabolic processes, resulting in nearly complete mineralization.

The first study of kinetic of 1,4-dioxane biodegradation by CB1190 indicated whole-cell half
saturation constant (Ks) at 160 mg/L (Mahendra and Alvarez-Cohen, 2006), while more recent
study determined an order of magnitude lower Ks for CB1190 at 6.32 mg/L, which could be the
consequence of the different experiment designs (Barajas-Rodriguez and Freedman, 2018).
However, a recent study has tested the survival of CB1190 under low 1,4-dioxane (ug/L level)

conditions. Barajas-Rodriguez and Freedman (2018) found decreasing 1,4-dioxane degradation



rates by CB1190 when the concentration of 1,4-dioxane was gradually decreased over time in
batch simulations, and the reaction appeared to cease when 1,4-dioxane dipped below 300 pg/L.
Thus, CB1190 metabolic biodegradation favors higher initial biomass and higher initial 1,4-
dioxane concentrations. Moreover, because of the co-occurrence of chlorinated solvents, 1,4-
dioxane degradation by CB1190 was reported in kinetics and mechanistic studies to be inhibited
by individual solvents with the order: 1,1-dichloroethene (1,1-DCE) > cis-1,2-diochloroethene
(cDCE) > trichloroethene (TCE) > 1,1,1-trichloroethane (TCA) (Zhang et al., 2016). These
inhibitory impacts were at the transcriptional level, including down-regulation of both 1,4-dioxane
monooxygenase (dxmB) and aldehyde dehydrogenase (aldH) genes and delayed ATP production
(Zhang et al., 2016). Moreover, since CB1190 was unable to degrade TCA or DCE either
metabolically or co-metabolically, the inhibition on 1,4-dioxane degradation was not competitive
and just relied on the amount of present chlorinated solvents (Mahendra et al., 2013). However,
the suppression of 1,4-dioxane degradation by TCA and DCE was found to be reversible in
CB1190 cells after removing the chlorinated solvents (Mahendra et al., 2013). Moreover, transition
metals were also reported to inhibit 1,4-dioxane biodegradation by monooxygenase-expressing
bacteria (Pornwongthong et al., 2014, Zhao et al., 2018).

Several bench scale studies have been conducted to evaluate 1,4-dioxane biodegradation by
CB1190 under controlled conditions. Li et al. (2010) bioaugmented microcosms with CB1190 that
initially contained 50 mg/L 1,4-dioxane and observed degradation rates of 0.16 + 0.04 mg
dioxane/mg protein/day and 0.021 + 0.007 mg dioxane/mg protein/day under 14°C and 4°C,
respectively. Polasko et al. (2019) used a co-culture containing the KB-1 consortium and CB1190
to degrade TCE and 1,4-dioxane under varying redox conditions in batch reactors. TCE was

completely transformed during the anaerobic phase by the KB-1 culture, followed by 1,4-dioxane
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biodegradation by CB1190 once oxygen was amended even after 5 weeks under anaerobic
conditions, demonstrating CB1190’s ability to remain viable and regain 1,4-dioxane-
biodegradation activity even after extended anaerobic periods. Additionally, cis-1,2-DCE was also
biotransformed under aerobic conditions by CB1190. Myers et al. (2018) grew CB1190 biofilms
on granular activated carbon (GAC), and achieved 99% and 94% reduction of initial 1,4-dioxane
in wastewater (from 73.0 to 0.800 mg/L) and groundwater (from 3.6 to 0.220 mg/L) within 2.5
and 5 days, respectively. Zhao et al. (2018) bioaugmented the soil with CB1190 resulting in nearly
complete degradation at influent concentrations of 3—10 mg/L 1,4-dioxane and a residence reaction
time of 40-80h.
2.2.1.2 1,4-Dioxane Co-Metabolic Biodegradation Pathway and Corresponding
Microorganisms

Co-metabolic 1,4-dioxane biodegradation is often carried out by hydrocarbon-metabolizing
bacteria that grow on primary substrates that induce monooxygenase activity. Thus, various
monooxygenases-expressing strains were identified that could co-metabolize 1,4-dioxane in
different initial pathways because of the hydrocarbon substrates. The reported strains capable of
1,4-dioxane co-metabolism and their primary substrates include: propane supporting
Mycobacterium austroafricanum JOB5 (Mahendra and Alvarez-Cohen, 2006), Rhodococcus
ruber ENV425 (Vainberg et al., 2006), Rhodococcus jostii RHAL (Hand et al., 2015), Azoarcus
sp. DD4 (Deng et al., 2018), and Mycobacterium sp. ENV421 (Masuda et al., 2012); THF
supporting Flavobacterium (Sun et al., 2011), Pseudonocardia sp. strain ENV478 (Vainberg et al.,
2006), Rhodococcus ruber strains 219 (Bock et al., 1996), Rhodococcus ruber T1 and T5 (SEI et
al., 2013), and Pseudonocardia tetrahydrofuranoxidans K1 (Mahendra and Alvarez-Cohen, 2006,

Bennett et al., 2018); toluene supporting Burkholderia cepacia G4 (Mahendra and Alvarez-Cohen,
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2006), Ralstonia pickettii PKO1 (Mahendra and Alvarez-Cohen, 2006), and Pseudomonas
mendocina KR1 (Mahendra and Alvarez-Cohen, 2006); isobutane supporting Rhodococcus
rhodochrous ATCC 21198 (Rolston et al., 2016, Bennett et al., 2018); ethane supporting
Mycobacterium ENV482 (Hatzinger et al., 2017); and methane supporting Methylosinus
trichosporium OB3b (Mahendra and Alvarez-Cohen, 2006).

The advantage of co-metabolism is that degradation is less dependent on the concentration of
the contaminant at low levels because the microorganism does not depend on it for growth and
energy. Some studies in the literature have suggested that co-metabolism may be more effective
than metabolism for degrading low levels of 1,4-dioxane. Barajas-Rodriguez and Freedman (2018)
found that co-metabolic degradation could degrade 1,4-dioxane to below detection once it fell
below 300 ug/L, at a higher rate than CB1190. Moreover, the co-metabolism of 1,4-dioxane was
less affected by the co-occurred competitive and toxic chlorinated compounds in field scale studies
(Lippincott et al., 2015, Chu et al., 2018). However, the primary substrates are flammable and
explosive (alkane gases) or toxic to human health (THF, toluene), and require additional
considerations for implementation. Additionally, co-metabolic strains prefer to consume their
primary substrates before co-metabolically degrading 1,4-dioxane, e.g., ENV487 consumed
propane before degrading 1,4-dioxane (Barajas-Rodriguez and Freedman, 2018). Furthermore,
competitive inhibition caused by propane on biodegradation of 1,4-dioxane was significantly
higher than inhibition caused by 1,4-dioxane on the utilization of propane, and the propanotrophic
cultures had a higher oxygen requirement when degrading 1,4-dioxane compared to CB1190

(Barajas-Rodriguez and Freedman, 2018).
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2.2.2 Advanced Oxidation Processes (AOPS)

Conventional chemical oxidants (having a standard oxidation potential of less than 2.0 V)
such as chlorine, chloramine, chlorine dioxide, potassium permanganate, and molecular ozone, are
not effective at oxidizing 1,4-dioxane. Addressing this issue, advanced oxidation processes (AOPS)
involving *OH, ¢SOy, Cl, and «Cl>" shows promise for rapid 1,4-dioxane destruction (McElroy et
al., 2019). The «OH is usually generated from combined physical processes and/or chemical
reagents (Equation 1, (Li et al., 2017)), including UV irradiation, sonication, ozone (Os), hydrogen
peroxide (H20), titanium dioxide (TiO2), and iron (Fe?*/Fe®*) (Ikehata and EI-Din, 2006, lkehata
et al., 2006). The «SO4 is derived from activated persulfate (Eberle et al., 2016) (Equation 2), and
the common activations include heating (Ghauch et al., 2012, Lee et al., 2012), UV irradiation,
and sonication (Wang and Liang, 2014), electrochemical activation (Yuan et al., 2014), transition
metal amendment (Liang and Lee, 2008), and base activation (Liang and Guo, 2012). Chlorine is
used for preoxidation prior to UV disinfection, and constituents in water are exposed to UV and
chlorine simultaneously (Fang et al., 2014). The free chlorine is added as chlorine gas (Cl2) or
sodium hypochlorite (NaOCIl) to form hypochlorous acid (HOCI) and hypochlorite (OCI)
(Remucal and Manley, 2016), and «Cl is formed due to the UV photolysis of HOCI and OCI" (Watts
and Linden, 2007) (Equation 3 and 4), which can then react with chloride ions to form «ClI>

(Klaning and Wolff, 1985).

h
Ho0, — 240H Equation 1.
hv A
S,08% — 2¢S07, Equation 2.
hv .
HOCI — «OH + «Cl Equation 3.
hv .
OCl' = «O + «Cl Equation 4.
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The oxidation of 1,4-dioxane by <OH first initiates H- abstraction at either -CH; groups to
form a 1,4-dioxanyl radical (McElroy et al., 2019). Then, several pathways can proceed in parallel
to cause ring opening and yield biodegradable carboxylic acids and aldehydes before complete
mineralization to carbon dioxide (Stefan and Bolton, 1998, Jasmann et al., 2016). The «OH could
be produced in homogeneous process, including Oz/H20> (Ikehata et al., 2016, Andaluri and Suri,
2017), UV/O3 (lkehata et al., 2016, Shen et al., 2017), and UV/H.0; (lkehata et al., 2016). The
0O3/H20; treatment with Oz and H20: doses of 6 and 1.5 mg/L, respectively, and the UV/H0>
treatment with UV and H>O> doses of 1,000 mJ/cm and 20 mg/L, respectively, were sufficient to
degrade 200 pg/L of 1,4-dioxane, 110 pg/L of 1,1-dichloroethene, and 10 pg/L of trichloroethene
below their performance standards of 10, 7, and 4 pg/L, respectively (Ikehata et al., 2016).
Additionally, in heterogeneous systems, electro-oxidation has been widely studied (Barndok et al.,
2014), including boron-doped diamond (BDD) and mixed metal oxide electrodes (Park et al.,
2018), as well as TiO> pellets in an electric field (Jasmann et al., 2016). Moreover, the Fenton
process, which utilizes Fe?* and H20; to produce *OH (Hermosilla et al., 2012), has been modified
and improved with photo-Fenton and zero valent iron to treat 1,4-dioxane contaminated
wastewater (Barndok et al., 2016). Microbes have also been identified that are capable of driving
the Fenton reaction (Sekar et al., 2016). More combinations are currently being studied based on
zerovalent iron-based heterogeneous photo-Fenton processes, e.g., UV/Fe®/H0, (Barndok et al.,
2018).

Activated persulfate AOPs are considered promising because sulfate radicals are more stable
in the subsurface than hydroxyl radicals, allowing for better distribution after injection (Tsitonaki
et al., 2010). The potential degradation pathways for 1,4-dioxane were reported to be different

under heat-/Fe**-activated persulfate than for other oxidation processes While the first
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transformation product is the same as for hydroxyl radical (1,4-dioxanyl radical), the next
intermediate is a-oxyl radical as the precursor of the primary intermediates (Choi et al., 2010). The
a-oxyl radical then transforms into glycolaldehyde and glycolic acid in heat-/Fe?*-activated
persulfate pathway, and intermediates such as oxalic acid and acetic acid are then mineralized to
CO. via common cellular metabolic pathways (Zhao et al., 2014). However, Mahendra et al. (2007)
found the pathway with a-oxyl radical being transformed to acetaldehyde and acetic acid by an
intramolecular reaction and several oxidation steps. Eberle et al. (2016) applied peroxone activated
persulfate (PAP) for 1,4-dioxane and chlorinated solvent mixtures, and found the degradation rate
followed TCE > 1,4-dioxane > 1,1,1-TCA. Li and Zhu (2016) treated 20 mg/L TCA and 1 mg/L
1,4-dioxane mixtures by using sono-activated persulfate, and observed complete TCA removal in
240 minutes and 88% 1,4-dioxane removal in 300 min. Ouyang et al. (2017) synthesized a nano-
magnetite biochar composite (n-FesOa/biochar) to activate persulfate and degraded 98% 1,4-
dioxane with 1.76 mg/L initial concentration in aqueous phase after 120 minutes. Further study is
needed to examine the degradation mechanisms in more depth under various activated persulfate
oxidation processes versus other oxidation or biodegradation processes. Nevertheless, activated
persulfate oxidation of 1,4-dioxane via currently identified pathways is not expected to cause an
accumulation of toxic compounds in the environment (Zhao et al., 2014).

Chlorine radicals alone have not be studied for the degradation of 1,4-dioxane, but mixed
radicals including *OH, «SO4, *Cl, and +Cl>" was reported to efficiently degrade 1,4-dioxane, with
initial chemicals persulfate and monochloramine (NH2Cl) under UV activation (Li et al., 2018).
However, 1,4-dioxane oxidation proceeded primarily by «OH in the mixed oxidants (Chuang et al.,

2017), thus, the role of «SO4, «Cl, and «Cl>" to 1,4-dioxane removals were relatively small.
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In terms of secondary pollution, bromide and chloride compounds are of concern after
oxidation because of the potential halogenated organic by-products and halo-oxyanions
(Radjenovic and Sedlak, 2015). For example, «SO4™ could react with chloride to form chlorate
(Qian et al., 2016), bromide can be oxidized to bromate by Oz (lkehata et al., 2016). BDD
electrodes could also oxidize bromide to bromate with metal oxide, and oxidize chloride to
perchlorate (Radjenovic and Sedlak, 2015).

2.2.3 Catalysis Processes

As discussed above, AOPs have been applied widely in 1,4-dioxane degradations, however,
they require activation by either excess activating chemical additives or sufficiently energetic
physical activation processes, and suitable reaction conditions in order to decompose 1,4-dioxane
(Choi et al., 2017). Thus, catalytic oxidation methods are being increasingly used to address these
issues with various catalysts utilized in different oxidation processes.

Taking hydroxyl radical as an example, it can generated by AOP systems from HO,
dissolved O2, ozone, or even H>O under ambient conditions (Shen et al., 2017, Cheng et al., 2018),
but can also be generated by the effect of catalysts. The catalysts could be categorized based on
the materials (Xu et al., 2019), including metal ions (Zazo et al., 2005, Catrinescu et al., 2017,
Cheng et al., 2017), metal or metal oxides (Chiang et al., 2002, Segura et al., 2015, Feng et al.,
2018, Kang et al., 2018, Park et al., 2018), activated carbon (Xu et al., 2012), and mixed catalysts
(‘also called catalytic wet peroxide) (Quintanilla et al., 2007, Quintanilla et al., 2010). Thus, the
versatile materials applied in 1,4-dioxane degradation processes could induce different
performances. Barndok et al. (2016) used solar photocatalysis with an immobilized NF-TiO>
composite and monodisperse TiO2 nanoparticles, achieving complete removal of 1,4-dioxane from

industrial wastewater, along with 65% and 50% removals of COD and TOC, respectively. Choi et
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al. (2017) developed a Pt/Ce02-Zr0O>-Sn0O,/SBA-16 (SBA-16: Santa Barbara Amorphous No. 16)
catalyst for the efficient removal of 1,4-dioxane, with 31% residual 1,4-dioxane after reaction at
80°C for 4 h in an air atmosphere without any supply of strongly oxidizing additives or irradiation
by UV or ultrasound. Feng et al. (2017) investigated the activation of peroxymonosulfate (PMS)
by Pd/Al>O3 to degrade 1,4-dioxane, which could be degraded to small-molecular carboxylic acids
at pH 7.0. More than 95% of the 1,4-dioxane (initially at 0.55 mM) was degraded after reacting
for 60 min with 5.5 mM PMS, 0.2 g/L Pd/Al2Os. Scaratti et al. (2018) applied catalytic ozonation
in the presence of CuO and increased degradation rates of 1,4-dioxane and total organic carbon by
factors of 10.35 and 81.25, respectively, compared with ozone only oxidation. Ramakrishna et al.
(2016) utilized the Fe/zeolite-13X catalyst with 6 wt% Fe exhibited the best catalytic activity at
400°C and a GHSV of 24000 h™!, with 97% dioxane conversion and 95% selectivity for the
formation of carbon oxides (CO and CO.). While much work has gone into synthesizing catalysts
to meet the various requirements of complex contaminants, more research is needed for the large-
scale application of catalysis in the engineered remediation for 1,4-dioxane.
2.3 Metagenomic Technologies

Despite the exhaustive knowledge of intricate molecular mechanisms of most of the cellular
processes and the availability of complex culture media, scientists are still able to culture less than
1% of all microorganisms present in diverse natural habitats. Thus, metagenomics based on culture
independent methods containing the function-driven and sequence-based analysis target on
trapped whole genome from a wide range of habitats (Gabor et al., 2007), combining with potential
genomics, bioinformatics, and system biology is a powerful tool for exploring the whole microbial
genomes isolated from specific environments (Kumar et al., 2015). Thus, metagenomic tools have

allowed us unprecedented insights into natural microbial communities and their potential activities.
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2.3.1 Environmental Metagenomics

Metagenomics is defined as the study of environmental microbial communities using a suite
of genomic tools to directly access their genetic content (Gilbert et al., 2011), i.e. without prior
cultivation and enrichment of specific microbes in the laboratory. Three main technologies support
environmental metagenomic analysis, including 1) genetic and/or functional screening of cloned
DNA (function-driven); 2) large-scale direct sequencing of environmental samples without pre-
cloning (shot gun sequencing); and 3) PCR amplification of specific marker genes (e.g., 16S rRNA)
through high throughput sequencing (amplicon sequencing). Although function-driven
metagenomics with colonies containing metagenomic DNA are screened for expressed activities,
enhancing the understanding of ecological drift theory, it has lagged behind shotgun sequencing
because of the comparatively slow advances and heavy workloads in screening technology (Zhou
et al., 2015). Therefore, current metagenomics relying on sequencing technologies encompass two
types of study: whole genome shotgun (WGS) sequencing of all the genes in the microbial
community and amplicon sequencing targeting a single and taxonomically important gene (16S
rRNA) (Gilbert and Dupont, 2011).

The next-generation sequencing (NGS) platform developments played critical roles in the
success of early metagenomics studies, including 454-FLX (Roche) (Quince et al., 2009), Miseq
and Hiseq (lllumina) (Kozich et al., 2013), SOLID (Applied Biosystems) (Hedges et al., 2011),
phyloChip (Hazen et al., 2010), GeoChip (He et al., 2010), mass spectrometry-based proteomics
for community analysis (Ram et al., 2005), and metabolite analysis (Cui et al., 2008). Based on
theory developed by Zhou et al. (2015), the molecular microbial detection could be grouped into
two main categories, open and closed formats (Vieites et al., 2009, Roh et al., 2010), which were

also differentiated by sequencing technologies. The open format technologies do not require a
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priori sequencing information from the target community (Vieites et al., 2009, Roh et al., 2010),
and can potentially reveal new genes, pathways, and taxa. However, the closed format technologies
are limited by already known microbial sequences, that require a priori sequence information but
will not provide new molecular information. Because natural environments, including soil and
groundwater where 1,4-dioxane and chlorinated solvents are primarily found, harbor unknown or
uncultured microorganisms, not all sequenced reads can be affiliated to existing databases (Babin et
al., 2019), thus open format is mainly discussed in this study with high-throughput sequencing (HTS)
technologies.

2.3.2 HTS-based Environmental Metagenomics

The HTS technologies have had the most profound impact on metagenomics because HTS
platforms allow massive parallel sequencing where hundreds of thousands to millions of sequencing
reactions are performed and detected simultaneously, which results in very high throughput that has
expanded the scale and scope of metagenomic studies in a way never explored before (Kumar et al.,
2015).

Currently, the majority of microbial ecology with community structure studies apply HTS by
focusing on targeted gene sequencing with phylogenetic information (e.g., 16S rRNA) (Sogin et al.,
2006, Caporaso et al., 2012). The targeted gene approach is unable to retrieve all the information
carried in the whole genome, but allows for greater sequencing depth for 16S rRNA gene than other
methods that can provide more comprehensive phylogenetic information. The community DNA is
extracted from environmental samples (e.g., samples from soils, sediments, water, bioreactors, or
humans) using various extraction and purification methods (Zhou et al., 1996, Hurt et al., 2001).
After high-quality DNA is obtained, the 16S rRNA gene can be amplified with conserved primers

as reported to fit various sequencing platforms (Klindworth et al., 2013). Each set of primers is
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generally barcoded with 6- to 12-mer oligonucleotide tags, as well as sequencing adapters, so that
multiple samples can be pooled and sequenced simultaneously (Caporaso et al., 2012). Then,
amplified DNA fragments are quantified based on concentrations and equalized to united moles
before sequencing. Illumina Miseq 2 x 250 bp or 2 x 300 bp sequencing platforms are currently
popular due to lower cost and faster turnaround time. The generated sequence reads are then treated
by various bioinformatic tools with different experimental designs and hypotheses. Briefly, the short
reads (~300 bp) are assembled after trimming off sequencing required barcodes and adapters, and
the assembled contigs are aligned and classified against well-built databases, e.g., SILVA (Quast et
al., 2013), GreenGenes (McDonald et al., 2012), and Ribosomal Database Project (Cole et al., 2014).
Meanwhile, the artificial error sequences (chimera) are removed to reduce the error rate, and the
denoised contigs are then clustered into operational taxonomic units (OTUs), which usually
represent the species in community. The last and most important step is to combine the sequenced
community with environmental parameters or phenomena, to address the ecological questions and
reveal interactions as well as dynamics among community populations, all of which require

statistical analyses.
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Figure 2.2. Scheme of metagenomics.

Community-level analysis can also be done by shotgun sequencing with thousands to millions
of different archaeal, bacterial, and eukaryotic species (Torsvik et al., 2002, Gans et al., 2005).
However, more functional features are achieved based on shotgun sequencing, because of the
sequencing-by-synthesis technology on random short DNA fragments from the whole genome. The
instruments carrying on shotgun sequencing are versatile, but the output data size can be in Gigabyte
to Terabyte levels per sample, and can provide the potential to reconstruct whole bacterial or archaeal
genomes even without well-built reference database. The critical step to treat shotgun sequencing
data is to equip high performance computational tools to run and store large datasets efficiently (Hess
et al., 2011, Nagarajan and Pop, 2013). The specific workflows for data processing are varying for
each HTS platforms due to the differences in read length, coverage, and accuracy, etc., but the
general steps are as follows: 1) reads assembly and gene prediction, 2) functional features
identification and quantification, 3) taxonomic classification of functional features, and 4) binning
of the whole genomes (Jia et al., 2019, Zhang et al., 2019). Even though the bioinformatic tools have
been developed to meet the requirements of the above mentioned workflow, some intrinsic problems
still challenge the outcomes of HTS-based research, e.g., absence of any reference genome for
assembly of genome sequences from unculturable representatives of metagenomic sequence pool
(Zengler and Palsson, 2012) or extremely low coverage of sequencing to discern individual genomes
within complex communities (Hess et al., 2011, Wrighton et al., 2012, Castelle et al., 2013).
However, The development of new algorithms for extracting useful information out of metagenomic
sequence data is so rapid that new updates and developments are reported every couple of weeks and
any comprehensive review of this aspect may appear incomplete due to the continuous upgrades and

additions of new algorithms (Kumar et al., 2015).
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2.3.3 Microbial Community Analysis in Bioremediation

The main focus for the bioremediation of contaminated soil and groundwater has been placed
on the elimination of pollutants. However, the goals of remediation are not only to remove pollutants
from environments but also to restore the capacity of the soil and groundwater to fulfill important
ecological functions (Epelde et al., 2009, Xu et al., 2018). Additionally, bioremediation is often
carried out by various microorganisms native to the subsurface, so understanding how
bioaugmentation and biostimulation influence the existing populations of contaminant degraders,
the diversity and activity of the microbial community, and the ability of inoculants to adapt to new
environmental conditions are very important to ensuring effective decontamination (Liu et al., 2012,
Taccari et al., 2012). Moreover, it is important to understand the microbial communities involved in
the bioremediation of contaminated sites because microbes are the key drivers of bioremediation and
the shifts in their structure and activity may affect the fate of pollutants in the environment
(Techtmann and Hazen, 2016). Thus, the description of the microbial community and function
dynamics provides a basis for the development of effective tools to manage bioremediation as well
as predictive models to follow it in progress (Andreolli et al., 2016). Furthermore, the
characterization of the involved microorganisms is crucial because the ultimate success of
bioremediation greatly depends on soil or groundwater microbial features in terms of activity,
abundance, diversity, and community structure. Data obtained from these kinds of studies are useful
to the optimization of existing bioremediation strategies and the development of new ones (Pal et al.,
2017, Siles and Margesin, 2018). However, the study of microbial communities within contaminated
sites is a complex task mainly due to the contamination extending through often discontinuous and
heterogenous plumes that have been widely observed at 1,4-dioxane contaminated sites. With

increasing attention, more consideration and work has been applied to HTS technology to study the
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dynamics of key microbes during bioremediation processes, including natural attenuation (Flocco et
al., 2019), bioaugmentation (Roy et al., 2018), and biostimulation (Huang et al., 2019, Zhao et al.,
2019).

Therefore, microbial community analysis for bioremediation of 1,4-dioxane and co-
contaminant impacted sites could advance our understanding of biodegradation and detoxification,
and lead to the identification of new xenobiotic degrading bacteria or catabolic genes for the
treatment of complex contaminants. Moreover, microbial community analysis could reveal
microbial responses to 1,4-dioxane and co-contaminants under various levels at different sites,
allowing for deeper investigation of microbial communities, which is vital in presenting an unbiased
view of phylogenetic composition and functional diversity of environmental microbial communities

(Zwolinski, 2007).
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Chapter 3 Monitoring Tools for Validating Natural Attenuation of 1,4-Dioxane
3.1 Introduction

1,4-Dioxane is a groundwater contaminant often associated with chlorinated solvents,
particularly 1,1,1 trichloroethane (TCA) solvent blends (Surprenant, 2002), where it was used to
suppress reactivity (Mohr et al., 2010). 1,4-Dioxane has also been used as a solvent and as an
additive in ink, paints and other coatings, and was produced as an impurity in various industrial
processes including ethoxylated surfactants (products used in detergents, shampoos, and other
personal care products), various pesticides and herbicides, and polyester (Mohr et al., 2010). This
compound is of environmental and public health concern because it is toxic to kidneys and the
liver and because it is “likely to be carcinogenic to humans” (EPA, 2010). Groundwater
contamination by 1,4-dioxane is often a result of accidental discharges or improper storage and
disposal practices. Because this compound is miscible in water and does not sorb readily to aquifer
materials, it is very mobile in the subsurface (Zenker et al., 2003, Mohr et al., 2010), sometimes
resulting in large dilute plumes that can only be treated by a limited set of aggressive technologies.
Thus, natural in-situ strategies are promising alternatives to remediate 1,4-dioxane in impacted
environments.

Successful implementation of natural degradation strategies must address critical points
outlined by the U.S. Environmental Protection Agency’s (EPA’s) Office of Solid Waste and
Emergency Response (OSWER) Directive on use of monitored natural attenuation (MNA) (EPA,
1999). Namely, (1) historical site data demonstrating decreasing contaminant trends, (2)
hydrogeological and geochemical data that indirectly support natural contaminant removal
processes, and (3) microcosm studies for direct support of specific removal mechanisms.

Conventional analytical techniques including analyses of trends in concentration and changes in
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spatial distribution over time are often used to satisfy the OSWER directives. Further, advanced
molecular analyses can provide an additional layer of information to support natural contaminant
degradation by the intrinsic microbial population.

Until recently, biodegradation of 1,4-dioxane in the environment was sparsely documented
leading many to believe 1,4-dioxane was resistant to microbial-mediated processes. However,
several studies have demonstrated a greater potential for biodegradation of this groundwater
contaminant (Parales et al., 1994, Zenker et al., 2003, Nakamiya et al., 2005, Mahendra and
Alvarez-Cohen, 2006, Vainberg et al., 2006, Kim et al., 2009, Chiang et al., 2012, Masuda et al.,
2012). One of the earliest references to 1,4-dioxane biodegradation is from a study attributing its
degradation to metabolic and co-metabolic pathways found in Rhodococcus sp. and other
environmental isolates (Bernhardt and Diekmann, 1991). Additional studies have linked 1,4-
dioxane co-metabolism with the presence of a structural analog, tetrahydrofuran (THF) (Sei et al.,
2010, Sun et al., 2011, Masuda et al., 2012, Sales et al., 2013). In this situation, 1,4-dioxane
biodegradation fortuitously occurs after induction of the necessary enzymes by THF. To date, there
are over 30 published papers that document 1,4-dioxane biodegradation in environmental and
laboratory studies, and biological degradation of this compound is widely recognized. Indeed,
environmental studies focusing on natural in-situ biodegradation of 1,4-dioxane are on the rise
(Chiang et al., 2012, Alvarez et al., 2014, Adamson et al., 2015, Lippincott et al., 2015).

Innovative techniques including nucleic acid biomarkers and compound specific isotope
analysis (CSIA) provide valuable information on the capacity of microorganisms to degrade
contaminants and the specific contaminant removal mechanisms in the environment. Identification
and advanced characterization of microorganisms capable of 1,4-dioxane degradation has led to

the development of 1,4-dioxane specific biomarkers (Gedalanga et al., 2014, Li et al., 2014).
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Specifically, Gene dxmB encoding DXMO and aldH encoding ALDH have previously been
established as biomarkers for 1,4-dioxane biodegradation (Gedalanga et al., 2014). These
biomarkers are based on genes that encode bacterial multicomponent monooxygenase and
aldehyde dehydrogenase enzymes involved in the metabolic and co-metabolic 1,4-dioxane
degradation pathway shown in Figure 3.1 (Mahendra et al., 2007, Grostern et al., 2012). Co-
metabolic degradation pathways are catalyzed by monooxygenase enzymes induced by methane
(MMO), propane (PrMO), phenol (PHE), tetrahydrofuran (THFMO), and toluene (TOL, T4MO,
RMO) monooxygenases (Fishman et al., 2004, Mahendra and Alvarez-Cohen, 2006, Vainberg et
al., 2006, Ryan et al., 2007, Masuda et al., 2012). The DNA sequences in the genes that encode
THF and 1,4-dioxane monooxygenases are virtually identical, and sequence databases have
indicated these gene targets belong to bacteria with a documented capacity for metabolic or co-
metabolic 1,4-dioxane degradation. The co-metabolic degradation of 1,4-dioxane degradation by
the soluble di-iron methane monooxygenase enzyme (SMMO) has been investigated in detail. The
enzyme is used to oxidize methane with oxygen but can also degrade 1,4-dioxane (Mahendra and
Alvarez-Cohen, 2006). Quantification of SMMO has been used as evidence to support natural
degradation of 1,4-dioxane in a contaminated aquifer (Chiang et al., 2012). Thus, the presence and
abundance of specific genetic biomarkers can be an important factor in determining the potential

for natural degradation of 1,4-dioxane in contaminated groundwater.

43



0 MO catalyzed

reaction
0
1,4-dioxane
0 OH OH /0
[ j/ [ f H
0 0
. 2-hydroxy-1,4-dioxane 2-hydroxyethoxyacetaldehyde
Potential ALDH
. secondary alcohol ‘ aldehyde
catalyzed reaction dehydrogenase i { dehydrogenase
o_ 0 oH 0
7 Vi
OH
0 ? 0
1,4-dioxane-2-one 2-hydroxyethoxyacetic acid
(HEAA)

. OH .0 OH .O
Potential ALDH Y/ VY
catalyzed reaction H OH

o~ ©OH HO 0
2-hydroxyethoxy-2-hydroxyacetaldehyde  1,2-dihydroxyethoxyacetic acid
¥ ) ~ e
AN /
4
i
° v

OH

CO, \_<
\0

glyoxylic acid

Figure 3.3. 1,4-Dioxane aerobic degradation pathway. Similar pathway was reported for both

metabolic and co-metabolic processes, resulting in nearly complete mineralization.

CSIA has also been recently applied to directly monitor 1,4-dioxane biodegradation
(Pornwongthong et al., 2011, Pornwongthong et al., In review). CSIA is often used within the

environmental remediation field to assess the extent of biodegradation processes and to distinguish
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physical processes from biological attenuation processes in the subsurface. CSIA has been applied
to a number of contaminants (Hunkeler et al., 2008) including aromatic hydrocarbons (Mancini et
al., 2003) and chlorinated compounds (Slater et al., 2001) by measuring the isotopic enrichment
of the residual contaminant as degradation proceeds. Thus, by monitoring isotope values of the
contaminant along the length of the plume and in comparison to the source material, CSIA has the
ability to identify biodegradation of contaminants in the field and to distinguish contaminant mass
loss due to biodegradation versus that due to physical processes (e.g., dilution, mixing).
Widespread application of CSIA to 1,4-dioxane sites has been limited due to difficulties extracting
1,4-dioxane from water resulting in high method detection limits. However, the extractions and
analytical techniques have improved within the past couple of years and CSIA method detection
limits are within the 1,4-dioxane concentration range encountered at remediation sites.

In this chapter, the MLOE approach was applied to establish intrinsic biodegradation using
biomarkers and CSIA to support more traditional approaches. Establishing intrinsic degradation
serves two purposes. First, it is a case study in establishing the in-situ degradation of a compound
in accordance with accepted protocols. Second, it will provide a demonstration of natural
degradation of 1,4-dioxane in a large plume under field conditions, and provide insights into the
biodegradation mechanisms.

3.2 Materials and Methods
3.2.1 Site Description and Conceptual Site Model

The study was conducted using data collected from a former landfill site located in the

Midwestern US that accepted industrial waste from 1968 to 1979. The following details the

conceptual site model (CSM), which serves to conceptualize the relationship between contaminant
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sources and receptors through consideration of potential or actual migration and exposure
pathways. The CSM presents the current understanding of the site.

The site is underlain by thick glacial deposits on the order of 350 to 420 feet thick, comprised
primarily of outwash sands and gravels with interbedded layers of clay-rich till and lacustrine
clays. Groundwater is encountered relatively deep resulting in a substantial vadose or unsaturated
zone throughout the site. In the vicinity of the landfill, previous studies indicate that the vadose
zone varies from approximately 70 feet thick along the northeastern boundary of the landfill (where
localized perched conditions exist) to about 100 feet thick along the western boundary. The
retention time of infiltrating water in the vadose zone near the landfill was estimated to range from
6 to 29 years.

The average advective groundwater flow velocity ranges from approximately 0.7 ft/day to
1.0 ft/day, with the aquifer(s) under unconfined to semi-confined conditions. Investigations
conducted in the downgradient areas of the site have identified distinct upper and lower clay units.
These clay units serve as aquitards isolating the primary flow path (sands and gravels) from
groundwater above and below.

A large, dilute groundwater plume primarily comprised of 1,4-dioxane (up to 420 pg/L based
on 2015 data) and tetrahydrofuran ([THF] up to 340 pg/L) emanates from the former landfill area
and extends downgradient for more than 2 miles. Based on the most recent groundwater quality
results (Fall 2015), the main plume of 1,4-dioxane is located between the landfill and the nearest
shallow surface water body (<15 feet deep) located approximately 1,700 feet downgradient, as
shown on Figure 3.2. The thickness of the 1,4-dioxane plume generally ranges from 50 to 90 feet

along the west margin of the landfill to 100 to 150 feet approximately 1,700 to 9,700 feet down
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the hydraulic gradient from the landfill. Beyond this distance, the plume thickness decreases to

generally less than 50 feet.
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Figure 3.4. 1,4- Dioxane and THF groundwater plume distribution in 2011 and 2015.

Source control measures at the landfill consist of a low permeability cap with an active landfill
gas collection system. In concert with the source control measures, regular monitoring has been
conducted of an extensive network of 62 monitoring wells that includes wells in the source area,
wells in the plume, and sentinel wells. As such, the groundwater plume’s chemical and
geochemical conditions are well characterized.

3.2.2 Sample Collection

In order to evaluate the intrinsic biodegradation potential of 1,4-dioxane, MLOE data were
collected in a phased approach. As part of the regular monitoring activities, groundwater samples
for volatile organic compound analysis (including THF and 1,4-dioxane using EPA SW-846

Method 8260 with selective ion monitoring - SIM) and geochemical biological indicator

47



parameters were collected from 62 monitoring wells using low-flow sampling techniques. Water
samples were analyzed for general biogeochemical indicators (pH, specific conductivity [SC],
temperature, dissolved oxygen [DO], oxidation-reduction potential [ORP], and alkalinity),
potential bacterial electron acceptors (nitrate and sulfate), and potential by-products of anaerobic
microbial respiration (ammonia, iron, manganese, and methane). Total organic carbon (TOC) was
analyzed to evaluate the presence of organic carbon, which may serve as potential electron donors
to support microbial activity. Groundwater samples for molecular analyses were then collected
from 29 monitoring wells (i.e., a subset of the 62 well network) across the groundwater plume and
sent to the University of California, Los Angeles (UCLA) for characterization. Groundwater
samples were also collected from 24 monitoring wells for characterization by **C CSIA and were
submitted to Pace Analytical Services, Inc. (Pittsburgh, PA, USA).
3.2.3 Analysis of 1,4-Dioxane Biomarkers and sSMMO Gene Targets

Biomarkers indicating the potential biodegradation of 1,4-dioxane were applied to nucleic
acid extracts from 29 groundwater monitoring well samples at this site following the procedure of
Gedalanga et al. (2014). Additionally, the presence and abundance of the SMMO gene was
determined in groundwater from this site for its potential role in co-metabolism of 1,4-dioxane.
3.2.3.1 Extraction of Total Nucleic Acids

Total nucleic acids were extracted from all samples using a modified phenol chloroform
method. Briefly, 4 mL of groundwater was transferred to sterile 15 mL conical tubes and
centrifuged at 7,000 x g for 10 min. The supernatant was discarded and the pellet was resuspended
in 2 mL of 1X phosphate buffered saline and transferred to sterile 2 mL microcentrifuge tubes.
Biomass was further pelleted by centrifugation at 13,000 x g for 5 min. The supernatant was

discarded and 1 mL of phenol, 250 pL of lysis buffer, 100 pL of 10% sodium dodecyl sulfate and
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1 g of 0.1 mm silica zirconia beads were added to the biomass. Samples were homogenized using
a Mini-Bead Beater-16 (Biospec Products, Bartlesville, OK, USA) and processed with
phenol/chloroform/isoamyl alcohol (Gedalanga et al., 2014). Nucleic acids were isolated from
crude extracts by precipitation in isopropyl alcohol and resuspended in a final volume of 100 pL
in nuclease-free water. DNA concentration and purity were examined on a Nanodrop 2000c
Spectrophotometer (Thermo Fisher, Waltham, MA, USA).
3.2.3.2 Gene Abundance Analyses

1,4-Dioxane biomarkers, dxmB and aldH, along with sMMO encoded gene and total bacterial
16S rRNA gene targets were quantified in DNA extracted from groundwater samples using gPCR.
Primer sets for dxmB, aldH, and SMMO gene were selected from published literature (Lyew and
Guiot, 2003, Gedalanga et al., 2014). Standard curves for dxmB, aldH, and total bacteria 16S rRNA
targets were produced using serial dilutions of genomic DNA extracted from a pure culture of the
1,4-dioxane degrading bacterium, Pseudonocardia dioxanivorans CB1190 (Mahendra and
Alvarez-Cohen, 2005). Genomic DNA from the methane oxidizing bacterium Methylosinus
trichosporium OB3b (Colby et al., 1977) was used to construct the standard curve for the SMMO
gene gPCR assay. Each gPCR reaction included a negative control (no template added) and a
positive control to validate the integrity of reagents and assays.
3.2.4 Compound Specific Isotope Analysis

Groundwater samples were collected from 24 monitoring wells across the length of the

plume and sent to Pace Analytical Services, Inc. (Pittsburgh, PA) for isotopic analysis of 'C and
13C. 1,4-Dioxane in each sample was first pre-concentrated using purge-and-trap techniques and
then analyzed using gas chromatography isotope-ratio mass spectrometry (GC-IRMS). At the time

of analysis, the CSIA method detection limit for 1,4-dioxane was 100 pg/L. CSIA samples were
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collected in laboratory-provided sample containers using procedures identical to those used for
collection of 1,4-dioxane.
3.2.5 Groundwater Temporal and Spatial Trends

Trend analyses were conducted on concentrations of 1,4-dioxane and THF using data from
monitoring wells in the source area and the downgradient portion of the plume. The spatial
distribution of iron, sulfate, and methane in the groundwater in 2011 was compared to the
distribution in 2015. 1,4-Dioxane and THF groundwater trends for representative source and
downgradient plume area monitoring wells are shown on Figure 3.3. Linear regression analyses
results were calculated for each constituent on each plot by fitting a trend line to each data set.
Trends were considered stable, based on the observed attitude of the trend line in relation to
horizontal (or flatness of the line) and when the slope of the line was less than +/-0.01 concentration
per unit time. Regression analyses were calculated for 5-year (2010 to 2015) and 10-year (2005 to
2015) periods for monitoring wells with a historical record of at least 10 years. Monitoring wells
installed within the last 5 years were analyzed for a 2-year (2013 to 2015; minimum of 5 samples)
and 5-year (2010 to 2015) monitoring periods.

Evaluations of the temporal changes in the spatial distribution of 1,4-dioxane and
geochemical biodegradation attenuation indicators were conducted to support intrinsic
biodegradation and attenuation of the groundwater plume. 1,4-Dioxane and THF isopleth maps

were prepared for 2011and 2015.
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Figure 3.5. 1,4- Dioxane and THF groundwater concentration trends in source and downgradient
plume areas.
3.2.6 Source and Plume Mass Estimates

Hydrogeologic time series simulations of groundwater contaminant distribution of 1,4-
dioxane (2004 to 2015) and THF (2002 to 2015) were conducted using field data to estimate the
plume masses for each constituent and to evaluate the temporal mass changes. The simulations
were created using Environmental Visualization System/Mining Visualization System
(EVS/MVS) modeling software, version 9.93 by C-Tech Corporation (Boggstown, IN, USA).
Plume mass for 1,4-dioxane and THF was estimated using relative differences for three iso-
concentration volumes; 200 pg/L, 85 pg/L, and 20 pg/L on an annual basis for the time period of

interest. For the purposes of these estimates, the mass within the main plume area (near source)
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was considered to be within the >200 ug/L iso-concentration volume, and the mass of the total
plume was considered to be within the >20 pg/L iso-concentration volume.
3.2.7 Fate and Transport Modeling

Groundwater flow and fate and transport modeling was conducted as an additional line of
evidence to evaluate 1,4-dioxane groundwater plume conditions. MODFLOW, a widely used
United States Geologic Survey (USGS) computer code for numerical, 3-D, finite-difference
groundwater flow models, was used to simulate the groundwater flow in the study area. MT3DMS,
a modular 3-D transport model that can simulate advection, dispersion, and chemical reactions of
dissolved constituents was used to simulate the fate and transport of 1,4-dioxane.

Simulations were conducted beginning in 1970, shortly after the landfill commenced
operations. The numerical flow model was calibrated to historic hydrogeological data and
observed hydraulic heads across the monitoring well network. For the solute transport component
of the model, the base scenario for the solute transport model employed source area concentrations
for the southern, central, and northern areas of the landfill shown in Table 3.1 that vary over time,
consistent with analytical sampling results. The solute transport component of the model was
calibrated to the 2015 groundwater sampling analytical results. As part of the numerical modeling
effort, dispersion and dilution processes were simulated. Further, based on the results as detailed
below, simulation of 1,4-dioxane biodegradation processes was required, which were simulated

using first-order decay kinetics (half-life for 1,4-dioxane was set to 3,500 days).
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Table 3.1. Estimates of 1,4-dioxane concentrations (ug/L) in the source area that were used to

set up the mathematical model.

Time Period Period 1 Period 2 Period 3
Year 1970 - 1980 1980 - 2006 2006 - 2014
Concentration (ug/L), South Area 3500 1500 500
Concentration (ug/L), Central Area 1200 900 300
Concentration (ug/L), North Area 1000 800 600

3.3 Results

3.3.1 Presence and Abundance of 1,4-Dioxane Biomarkers and sMMO Gene Targets in
Groundwater Monitoring Wells

Groundwater samples from 29 monitoring wells collected in September 2015 were screened
for the presence and abundance of 1,4-dioxane biomarkers genes which encoded DXMO and
ALDH, and sMMO (Figure 3.4, 3.5, 3.6, 3.7). Positive detections for dxmB and/or aldH were
observed in 14 of 15 monitoring wells that were located within the plume with detectable levels
of 1,4-dioxane. Six of eight monitoring wells positive for the dxmB biomarker were located within
portions of the plume where 1,4-dioxane concentrations were greater than 50 pug/L whereas only
4 of these 8 wells had THF concentrations above 50 pg/L. Gene aldH detections were found in 9
of 13 and 8 of 13 monitoring wells where 1,4-dioxane and THF concentrations were greater than
50 pg/L, respectively. In addition, 5 of 6 wells positive for both dxmB and aldH were observed in
samples collected from monitoring wells where 1,4-dioxane levels were greater than 50 pg/L
(Figure 3.4 and 3.5). The single well with both dxmB and aldH present outside of this range was
located in monitoring well P-46 with a 1,4-dioxane and THF concentration of 27 pg/L and <2
Ma/L, respectively. The absence of 1,4-dioxane biomarkers in monitoring wells with > 50 ug/L

1,4-dioxane were anomalous and accounted for 8 of 14 wells lacking biomarker detections.
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Figure 3.6. dxmB and aldH biomarker detections in groundwater collected September 2015 track

well within the 1,4-dioxane plume.
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Figure 3.7. Abundance of 1,4-dioxane biomarkers, dxmB and aldH, in samples collected from KL
Ave. Landfill.
Total bacteria and SMMO gene were present throughout the site (Figure 3.6 and 3.7). These

targets were highly prevalent in monitoring wells resulting in positive detections in 26 of 29
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surveyed wells. The total bacteria primer set was more sensitive to inhibition with 7 of 29 sampled
wells determined to be negative for this gene target while SMMO was only negative in 2 of these
wells. Inaddition, the SMMO gene target was present in 9 of 12 monitoring wells with 1,4-dioxane

concentrations below 50 pg/L.
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Figure 3.8. Presence of SMMO gene and total bacteria in a 1,4-dioxane contaminated aquifer

collected in September 2015.
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Figure 3.9. Abundance of SMMO gene and total bacteria populations in samples collected from
KL Ave. Landfill.

The abundance of 1,4-dioxane biomarkers, SMMO gene, and total bacteria 16S rRNA gene
targets are presented in Table 3.2. All standard curves used in qPCR analyses had an r? value and
PCR efficiency greater than 0.97 and 0.90, respectively. The results in Table 3.2 are the average
of two analytical replicates and error is presented as the range of duplicate measurements. The
method detection limits for dxmB, aldH, and SMMO were respectively 1.5 x 10%, 2.7 x 10%, and
3.1 x 10* copies/mL. dxmB was present in concentrations ranging from 2.9 x 10! to 6.4 x 103
copies/mL, while aldH concentrations ranged between 2.0 x 10! to 1.5 x 10° copies/mL. Most
notably, dxmB and aldH were both present and abundant at six locations with detectable levels of
1,4-dioxane: P-10711, P-28, P-30, P-46, P-61, and P-66. Monitoring locations P-66, P-10711, and
P-28 corresponded to 1,4-dioxane concentrations of 150 pg/L, 130 pg/L, and 370 pg/L,
respectively. THF was also positive in these same wells at 64 pg/L, 86 pg/L, and 340 ug/L,
respectively. As expected, aldH was present in more locations than dxmB due to the high

specificity of dxmB for 1,4-dioxane degrading bacteria and the broad specificity of aldH for a
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number of different bacteria carrying the gene encoding aldehyde dehydrogenase. The results for
total bacteria 16S rRNA and sSMMO gene indicate there is high abundance of bacteria in these
samples ranging from 1.9 x 10* to 1.4 x 108 bacterial cells/mL. Additionally, the abundance of
microorganisms carrying SMMO gene ranged between 1.4 x 10* to 8.6 x 10° cells/mL. The SMMO
gene microorganisms were clearly dominant in monitoring wells P-28, P-30, and P-70 occupying
over 40% of the total bacterial population. Further, dxmB-carrying microorganisms consisted of

up to 5.8% of the microbial community.
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Table 3.2. Gene abundance for dxmB, aldH, SMMO gene, total bacterial and contaminant concentrations in groundwater samples.

_ dxmB aldH sSMMO B L4 1hr
Location Dioxane
Mean Error Mean Error Mean Error Mean Error (ug/L) (Hg/L)

Detection Limit 1.46E+01 2.70E+01 3.14E+01 9.81E+02

Reporting Limit 3.35E+01 3.64E+01 4.31E+02 1.41E+03

Negative Control BDL BDL BDL BDL BDL BDL 9.81E+02  2.57E+02

MW-12 BDL BDL BDL BDL 1.39E+03 1.71E+02 8.28E+04 1.22E+04 55 1.9
MW-1 BDL BDL BDL BDL 541E+04 2.89E+04  7.53E+05 2.13E+05 110 11
P-10711 5.32E+03  4.01E+02 3.07E+02 7.92E+01 248E+03 3.96E+02 9.24E+04 1.70E+04 130 86
P-20 BDL BDL 1.41E+03 1.56E+02 1.09E+02 9.40E+01 1.06E+06 2.52E+05 81 64
p-27 BDL BDL BDL BDL 1.03E+05 8.54E+02 3.21E+05 4.43E+04 230 15
P-28 1.09E+03 2.14E+02  495E+02 5.19E+01 4.38E+05 1.36E+05 1.65E+05 3.37E+04 370 340
P-30 7.93E+01 596E+01 2.37E+01 148E+01 3.23E+04 3.39E+03 7.62E+04 2.09E+04 300 240
P-36 BDL BDL BDL BDL 1.96E+02  3.31E+01 BDL BDL 120 15
P-38 BDL BDL 1.97E+01 6.15E+00 4.42E+03  4.72E+03 BDL BDL 1.2 <2
P-39 BDL BDL 2.82E+01 8.36E+00 3.50E+04 2.15E+03 4.80E+05 1.51E+04 <1 <2
P-43 BDL BDL 1.72E+00 1.10E+00 9.18E+04 8.13E+03 1.06E+06 4.61E+04 26 10
P-44 BDL BDL BDL BDL BDL BDL BDL BDL 160 190
P-45 BDL BDL BDL BDL 9.25E+02  1.22E+03 BDL BDL <1 <2
P-46 3.13E+02 6.75E+01  1.20E+01 6.27E+00 1.54E+04 2.50E+02 1.42E+05 1.06E+04 27 <2
P-51 BDL BDL 1.82E+00 - 448E+03 3.38E+02 6.93E+04 3.43E+04 100 57
P-52 BDL BDL BDL BDL 7.89E+02 1.37E+02 2.32E+04 4.81E+03 9.6 2.2
P-55 BDL BDL BDL BDL 1.64E+02  5.19E+01 BDL BDL 58 <2
P-56 2.87E+01 1.13E+01 BDL BDL 547E+03  8.41E+02 BDL BDL 190 4.7
P-57 BDL BDL BDL BDL 1.93E+04 3.58E+03 5.98E+05  3.20E+04 110 81
P-60 BDL BDL BDL BDL 9.90E+02 257E+02 1.78E+05 4.01E+04 <1 <2
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P-61 8.75E+01 9.92E+00  3.29E+00 = 6.28E+03 4.57E+02 1.87E+04 1.78E+03 190 6.7
P-63 BDL BDL 291E+01 8.18E+00 3.18E+05 2.47E+04 1.38E+06 2.11E+05 220 100
P-66 6.39E+03 6.65E+02  149E+03 1.85E+02 7.10E+04 1.15E+04 3.53E+05 4.85E+04 150 64
P-67 BDL BDL 8.11E+00 3.29E+00 2.28E+05 2.20E+04 141E+06 2.14E+05 140 130
P-68 BDL BDL BDL BDL 1.43E+01  1.18E+01 BDL BDL 54 26
P-69 BDL BDL BDL BDL 8.68E+02  2.56E+02 1.27E+05 1.27E+04 33 14
P-70 BDL BDL BDL BDL 8.62E+05 5.35E+04 5.47E+05 8.87E+04 25 8.6
P-72 5.81E+01 8.07E+01 BDL BDL 2.50E+03 6.57E+02 197E+04  2.84E+03 6.3 <2
TW-4 BDL BDL BDL BDL BDL BDL BDL BDL 20 <2

o6

Bold Italics = Below reporting limit

= Amplification in only 1 of 2 duplicate samples
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Gene dxmB, aldH, and SMMO gene RNA transcripts were quantified in all groundwater
samples received from KL Ave. Landfill (Table 3.3). The abundance of RNA transcripts is not a
direct measure of gene expression; however, these targets are more associated with activity of the
functional gene target. Our results show that most monitoring locations at KL Ave. Landfill were
negative for dxmB, aldH, and sSMMO gene transcripts. The very low levels of RNA transcripts
quantified at these locations is attributed a number of factors including the instability of RNA and
already low levels of dxmB and aldH harboring bacteria. However, several sites indicate positive
detections for these gene targets. Gene dxmB was detected in P-10711, P-20, P-36, P-56 (J), and
P-66. Monitoring location P-66 had the highest concentrations of DXMO transcripts. This site was
also positive for aldH transcripts suggesting the appropriate functional genes for 1,4-dioxane
biodegradation are present and active.

The results for dxmB at P-20 and P-36 are interesting because these locations were positive
for RNA transcripts, but negative for gene abundance. This finding indicates potential inhibition
in the DNA extracts that were removed during RNA isolation. P-56 was also positive for dxmB
RNA transcripts, albeit below the reporting limit. This also corresponds to a positive result for
dxmB gene abundance and negative aldH genes and RNA transcripts. These results indicate the
presence of native 1,4-dioxane degrading bacteria at this location and the presence of an inhibitor
preventing active biodegradation.

Quantification of SMMO gene RNA transcripts in KL Ave. Landfill groundwater samples
determined relatively low detections of this target in all samples. This is rather surprising given
the concentration of SMMO genes detected in the gene abundance analysis (Figure 3.7 and Table

3.2). Groundwater samples from P-70 had the highest sMMO gene RNA transcripts in all samples
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analyzed. This suggests that methane oxidizing bacteria are present and active and the potential
for co-metabolism of 1,4-dioxane exists at this location.

Table 3.3. Abundance of RNA transcripts for 1,4-dioxane biomarkers and sSMMO gene in KL

AVE. Landfill.
L ocation dxmB (Copies/mL) aldH (Copies/mL) SMMO (Copies/mL)
Mean Range Mean Range Mean Range

MW-1 BDL BDL BDL BDL BDL BDL

MW-12 BDL BDL BDL BDL BDL BDL

P-10711 3.76E+01 - BDL BDL BDL BDL
P-20 9.83E+01 2.50E+01 1.77E+01J - BDL BDL
p-27 BDL BDL BDL BDL 1.99E+01J -
P-28 BDL BDL BDL BDL BDL BDL
P-30 BDL BDL BDL BDL BDL BDL
P-36 2.26E+02 5.71E+01 4.00E+01 3.37E+01 1.47E+01J -
P-38 BDL BDL BDL BDL BDL BDL
P-39 BDL BDL BDL BDL BDL BDL
P-43 BDL BDL BDL BDL 2.22E+01 1 -
P-44 BDL BDL BDL BDL BDL BDL
P-45 BDL BDL BDL BDL BDL BDL
P-46 BDL BDL BDL BDL BDL BDL
P-51 BDL BDL BDL BDL BDL BDL
P-52 BDL BDL BDL BDL BDL BDL
P-55 BDL BDL BDL BDL BDL BDL
P-56 2.03E+011J - BDL BDL BDL BDL
P-57 BDL BDL BDL BDL BDL BDL
P-60 BDL BDL BDL BDL BDL BDL
P-61 BDL BDL BDL BDL BDL BDL
P-63 BDL BDL BDL BDL BDL BDL
P-66 4.42E+02 1.22E+02 2.60E+02 7.67E+01 3.00E+01J 1.52E+00
P-67 BDL BDL BDL BDL 1.23E+02 ] -
P-68 BDL BDL BDL BDL BDL BDL
P-69 BDL BDL BDL BDL BDL BDL
P-70 BDL BDL BDL BDL 3.83E+03 1.01E+02
P-72 BDL BDL BDL BDL BDL BDL

TWA4 BDL BDL 2.54E+01 ] - BDL BDL
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NEC BDL BDL BDL BDL BDL BDL
NTC BDL BDL BDL BDL BDL BDL

NEC = No enzyme control

NTC = No template control

BDL = Below detection limit

J = Below reporting limit

“-“= Amplification in only 1 of 2 duplicate samples

We determined the relative expression of dxmB, aldH, and SMMO gene in groundwater
samples collected from KL Ave. Landfill and these results are presented in Figures 3.8 and 3.9.
The expression of target genes was determined relative to the housekeeping gene, rpoD, and
relative to the RNA transcripts at monitoring location P-39. While both P-38 and P-39 were
candidate locations for normalization, P-39 was chosen due to the likelihood of gPCR inhibitors
at P-38 (Table 3.2; total bacteria = BDL). One caveat of this approach in low biomass environments
is associated with the error introduced when quantifying relative differences in gene expression
for samples that are below the detection limit for the target genes, but have varying concentrations
of the housekeeping gene. This situation may result in over or under estimations of gene expression.
Because of this limitation, only locations that were positive for RNA transcripts will be considered
relevant results.

Overall, the expression of dxmB, aldH, and SMMO gene were very low relative to the
housekeeping gene rpoD and their levels at location P-39. P-10711, P-20, and P-36 had positive
detections for dxmB, but dxmB remains at levels similar to the control location (Figure 3.8).
Interestingly, aldH is much lower at P-20 suggesting the presence of an inhibitor that prevents 1,4-
dioxane biodegradation.

Monitoring location P-66 is the most promising of all the samples analyzed. P-66 had high
concentrations of gene abundance and RNA transcripts (Tables 3.2 and 3.3). In addition, the

relative gene expression for dxmB and aldH are among the highest observed in environmental
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samples. Expression of dxmB and aldH was approximately 2 orders of magnitude higher than the
control (Figure 3.9). This finding suggests that microorganisms containing the dioxane
monooxygenase and aldehyde dehydrogenase enzymes necessary for 1,4-dioxane metabolism and
co-metabolism are both present and active at this location.

Interestingly, the only location exhibiting high expression for SMMO gene was P-70. The
abundance of SMMO genes and RNA transcripts at this location was 8.62 x 10° copies/mL and
3.83 x 10% copies/mL, respectively. This finding suggests that this location has an abundant and
active methane oxidizing microbial population. Further, the soluble methane monooxygenase is

highly expressed indicating the potential for 1,4-dioxane co-metabolism at this location.
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Figure 3.10. Relative expression of 1,4-dioxane biomarkers and SMMO gene in KL Ave. Landfill

samples (MW-1 — P-51).
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Figure 3.11. Relative gene expression of 1,4-dioxane biomarkers and SMMO gene at KL Ave.
Landfill (P-52 — TW4).
3.3.2CSIA

The CSIA results are presented in Figure 3.10. Values of 8*3C isotopic fractionation of 1,4-
dioxane ranged from -29.15 %o to -31.80 %o. Higher values (less negative) of §*3C indicate 1,4-
dioxane biodegradation processes are likely occurring. The extent of 1,4-dioxane depletion was
calculated as the fraction of 1,4-dioxane remaining by dividing the current 1,4-dioxane
concentration (Fall 2015) by the maximum 1,4-dioxane concentration detected since 2006. As
detailed in published literature (Ahad et al., 2000, Slater et al., 2001, Mancini et al., 2003,
Pornwongthong et al., 2011), a simple Rayleigh model can describe the relationship between
isotopic fractionation and the fraction of 1,4-dioxane remaining after biodegradation. The site data
can be fit to the Rayleigh model to extract a site-specific enrichment factor €. The site-specific
enrichment factor can then be compared to that reported by Pornwongthong et al. (-1.73 £ 0.14)
for a pure culture of a 1,4-dioxane-degrading bacterium (Pornwongthong et al., 2011,

Pornwongthong et al., In review).
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As shown in Figure 3.10, there is spread in the data with decreasing fraction of 1,4-dioxane
remaining; however, there is a clear trend that §**C values increase with increasing attenuation of
1,4-dioxane, which is indicative of biodegradation of 1,4-dioxane by the intrinsic microbial
community. A best fit to the Rayleigh model is shown as a green line, which exemplifies the
increase in 8'°C values with decreasing fraction of 1,4-dioxane remaining. For comparative
purposes, the Rayleigh model using the enrichment factor € for the pure culture (Pornwongthong
etal., 2011) is shown as a purple line. As expected, there is a difference between the site data and
the literature model, which is likely because site groundwater contains a consortium of
microorganisms potentially capable of 1,4-dioxane degradation where the literature value is for a
pure culture. Additionally, there are physical attenuation processes that operate at field scale, such
as dispersion and dilution, which attenuate without fractionating the 1,4-dioxane (Hunkeler et al.,
2008). Regardless, the CSIA data suggest an increase in 8*3C values with decreasing fraction of
1,4-dioxane, which is a secondary line of evidence that intrinsic biodegradation is occurring within

the downgradient groundwater plume.

-28
- Best Fit Rayleigh Model
-28.5
—— Metabolic Literature Rayleigh
29 * Model
= g5 . # Site Data
E
= &*.
i -30 “ %o
& -305 .
(=} * *
-3
*
-31.5 * 5 .
* +*
=32
0 0.1 0.2 0.3 0.4 05 08 ov 08 08 1
Fraction of 1,4-Dioxane Remaining

Figure 3.12. CSIA results for Pseudonocardia dioxanivorans CB1190 pure culture (purple) and

site-specific (green) biodegradation of 1,4-dioxane.
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3.3.3 1,4-Dioxane Groundwater Temporal and Spatial Trends

As shown in Figure 3.2, the lateral extent of the 1,4-dioxane plume has decreased significantly
between 2011 and 2015. 1,4-Dioxane concentrations at monitoring wells on the landfill margin
(Figure 3.2) have substantially declined during this time period such that 1,4-dioxane was detected
above 100 pg/L in only two monitoring wells in 2015 (P-49 and P-50) while 1,4-dioxane was
detected above 100 pg/L in six wells in 2011 (P-48, P-49, P-51, P-53, P-55, TW-4). These data
are supported by temporal trend analyses conducted for all source area wells (M-8, MW-13, P-46,
P-48, P-49, P-50, P-51, P-52, P-53, P-55, TW-4), which indicate that 1,4-dioxane concentrations
are decreasing or stable between 2005 and 2015. 1,4-Dioxane depletion is also occurring
immediately downgradient of the landfill margin as evidenced by the development of isolated
plume areas in the vicinity of and downgradient of the shallow, unidentified lake presented on
Figure 3.2. Based on the concentration trend analyses, 1,4-dioxane concentrations between 2010
and 2015 are decreasing or stable in 92% of monitoring wells located between the landfill margin
and the downgradient shallow lake. Downgradient of the shallow lake, 1,4-dioxane concentrations
between 2013 and 2015 are decreasing or stable in 88% of monitoring wells.
3.3.4 Source and Plume Mass Estimates

Source and plume mass estimates were conducted using EVS/MVS modeling software
calibrated to time series groundwater distribution of 1,4-dioxane and THF indicated that source
and plume mass for each contaminant have decreased significantly. As shown in Table 3.4, the
total mass of 1,4-dioxane near the source area of the plume has decreased by 82% since 2004,
while the total mass of THF in the source area has decreased by 99% since 2002. The model
estimates also indicate that masses of 1,4-dioxane and THF in the entire plume have decreased by

38% and 80%, respectively. These estimates agree with temporal trend analyses and the spatial
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changes of the 1,4-dioxane and THF plumes indicating that natural degradation of both
contaminants is occurring within the source and downgradient plume areas. Further, the temporal
trends and plume mass estimates indicated that THF plume collapse (between 2011 and 2013)
closely preceded the contraction of the 1,4-dioxane plume, such that once THF levels in the plume
decreased below 100 pg/L in most areas, the 1,4-dioxane plume contraction accelerated.

Table 3.4. Near source mass and total plume mass percent reductions between 2002 and 2015.

Compound Percent Reduction Percent Reduction
Near Source Mass (2002 to 2015) Total Plume Mass (2002 to 2015)
THF 99% 80%
1,4-Dioxane 82% 38%

3.3.5 Geochemical Biodegradation Attenuation Indicators

The rate of intrinsic biodegradation of 1,4-dioxane is strongly dependent on the geochemical
conditions of the impacted aquifer. A suite of natural attenuation indicator parameters has been
collected consistently since 2001 to assess the potential for intrinsic biodegradation. Changes in
the distribution and concentrations of these parameters can be used to assess groundwater
geochemical conditions and temporal changes in these conditions. Review of analytical data and
field sampling parameters indicated that there are two generalized areas within the groundwater
plume that have distinctive geochemical conditions as compared to background as shown on
Figure 3.11. The first area includes the portion of the groundwater plume immediately
downgradient of the landfill. Sulfate-reducing conditions and potentially methanogenic conditions
prevail in this area as indicated by depressed levels of sulfate due to utilization as an electron
acceptor. Additionally, elevated levels of iron resulting from microbial iron-reduction and elevated
levels of methane resulting from methanogenesis indicate that reducing conditions dominate.

Analytical data from 2015 indicate that geochemical conditions are becoming more aerobic over
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time as indicated by rebounding sulfate levels and a reduced area where sulfate is depleted. This

shift towards weakening reducing conditions is also demonstrated by decreasing methane levels.
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Figure 3.13. Sulfate and methane distribution in 2011 and 2015.

The second area that has distinctive geochemical conditions as compared to background
conditions is located downgradient of the shallow lake. Similar to the area immediately
downgradient of the landfill, this portion of the groundwater plume is dominated by sulfate-
reducing and methanogenic conditions as evidenced by elevated levels of iron and methane and
depletion of sulfate. As compared to the area immediately downgradient of the landfill, the areal
extent of reducing conditions is narrower and there is a significant redox gradient (i.e., from
reducing to oxidizing conditions) present along the fringes.

3.3.6 Fate and Transport Modeling
The model simulation results for the base scenario (i.e., Fall 2015 analytical results and plume

extent) are shown on Figure 3.12, and display a reasonable match between the 1,4-dioxane plume
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core concentrations and plume extent compared with the observed data distribution. Importantly,
when only physical attenuation processes (i.e., dispersion and dilution) were considered in the
solute transport model, the base scenario model simulations could not match the plume extent or
plume concentrations. It was necessary to add a 1,4-dioxane biodegradation process (i.e., half-life
decay) to calibrate the model to the field data. Therefore, similar to the MLOE presented above
that converge to suggest that intrinsic biodegradation of 1,4-dioxane is occurring, the fate and
transport model base scenario provides additional evidence that 1,4-dioxane biodegradation is

occurring within the groundwater plume.
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Figure 3.14. 1,4-Dioxane fate and transport model simulation results.

3.4 Discussion

Recent studies demonstrate that microbial degradation of 1,4-dioxane can occur naturally in-
situ by native microbial populations through metabolic and co-metabolic processes. In this study,
the application of molecular techniques to groundwater samples revealed that dxmB and aldH
carrying microorganisms are present and abundant along the length of the groundwater plume at
levels that are at the high range or in excess of all environmental samples in published literature.
It should also be noted that 1,4-dioxane is comingled with THF at this site. THF can serve as a

primary substrate for bacteria during co-metabolism of 1,4-dioxane for several microorganisms
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(\Vainberg et al., 2006, Sei et al., 2010, Sun et al., 2011, Sales et al., 2013). Historical trends
indicate that THF and 1,4-dioxane levels within the plume have decreased concomitantly; though,
following the THF plume collapse, decreases in 1,4-dioxane concentrations at most monitoring
locations in the plume since 2013 was more evident (Figure 3.3). This may suggest both metabolic
and co-metabolic 1,4-dioxane biodegradation pathways are active at this site. The presence of both
dxmB and aldH has been established as a strong indicator of 1,4-dioxane biodegradation
(Gedalanga et al., 2014). Remarkably, our 1,4-dioxane biomarkers were highly associated with
monitoring well locations with detectable levels for 1,4-dioxane and THF, although THF
concentrations were typically lower. Figure 3.4 shows the locations where dxmB and aldH carrying
microorganisms were detected as well as the locations where both gene targets were observed.
Importantly, detections of both dxmB and aldH are largely absent in monitoring locations with <
50 pg/L. This finding indicates a high specificity for 1,4-dioxane degrading bacteria to
environments with 1,4-dioxane concentrations that are able to sustain this group of
microorganisms. The downgradient well (P-72) with a positive detection for only dxmB was also
positive for 1,4-dioxane (6.3 pug/L). Gene dxmB was detected at very low levels in this monitoring
well with a relatively large error. This suggests that dxmB and aldH carrying microorganisms were
present at levels near or below our detection limits because 1,4-dioxane concentrations may not
have been sufficient to support an abundant 1,4-dioxane degrading bacterial population at this
location.

In comparison to the total bacteria counts, dxmB carrying microorganisms constituted up to
5.8% of the total bacterial community, which is significant as a previous study has shown that 1,4-
dioxane degrading bacteria (carrying dxmB) as low as 2% of the total population were able to

consume high levels of 1,4-dioxane (Gedalanga et al., 2014). This site is unique to have > 5% of
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the bacterial population with the dxmB gene. This finding may also be attributed to the co-
occurrence of 1,4-dioxane and THF because the genes encoding the monooxygenase enzymes
responsible for 1,4-dioxane and THF biodegradation are virtually identical. Thus, it is not possible
to differentiate between metabolic and co-metabolic 1,4-dioxane biodegradation at this site. The
coincidence and high abundance of both dxmB and aldH genes at six monitoring locations (P-
10711, P-28, P-30, P-46, P-61, and P-66) indicate that microorganisms containing the enzymes
necessary for 1,4-dioxane metabolism were present at the site. Increasing 1,4-dioxane
concentrations at P-66 (Figure 3.3) indicate that the microbial-mediated degradation rate of 1,4-
dioxane at this location may not be higher than the flux of 1,4-dioxane to this area.

High levels of SMMO genes were also observed in nearly all groundwater samples collected
from the site indicating that there is significant capacity for co-metabolism of 1,4-dioxane.
Additionally, SMMO gene detections were independent of 1,4-dioxane concentrations suggesting
this gene target is not a good indicator of microorganisms that rely on 1,4-dioxane for carbon and
energy. In contrast, the high association of both dxmB and aldH for locations in the plume with
1,4-dioxane lends further support for these biomarkers as indicators of 1,4-dioxane biodegradation.

These findings suggest that 1,4-dioxane is likely being degraded by a consortium of
microorganisms at the site via metabolic and co-metabolic processes. Further, these data likely
underestimate the potential for microbial mediated 1,4-dioxane degradation as this work focused
solely on groundwater samples. Since bacteria prefer to grow on solid substrates, the abundance
of 1,4-dioxane-degrading microorganisms detected in the groundwater samples likely
underestimates the total biomass of these organisms in the system. The presence of 1,4-dioxane-
degrading microorganisms throughout the plume, and especially at the fringe of the plume where

a redox gradient is present between the aerobic (limited concentrations of oxygen) and anaerobic
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(methanogenic) conditions, suggests that microbes have established themselves within the
groundwater plume to utilize these conditions for metabolism. Microbes that can metabolize 1,4-
dioxane and methane oxidizers are likely well established in micro-niche environments within the
site to exploit hypoxic conditions (i.e., dissolved oxygen levels below the detection limit) for
metabolism. Further, although not specifically tested for in this study, the concomitant collapse of
the 1,4-dioxane plume and the THF plume also suggests that co-metabolic degradation of 1,4-
dioxane may be enhanced by microbes metabolizing THF.

The results of the molecular analyses indicating the occurrence of intrinsic biodegradation of
1,4-dioxane across the plume are supported by the CSIA data. Values for §'C increased
marginally with attenuation of 1,4-dioxane. The 1.5%o to 2%o enrichment factor observed in the
CSIA data is close to that reported in a previous study (Pornwongthong et al., 2011) of metabolic
degradation of 1,4-dioxane.

Spatial and temporal trends of 1,4-dioxane concentrations throughout the plume
overwhelmingly demonstrate that 1,4-dioxane concentrations in the plume are decreasing or, at a
minimum, stable, while the overall size of the plume has decreased significantly since 2011. The
1,4-dioxane plume contraction was preceded by contraction of the THF plume which declined
below 100 pg/L in most portions of the historical plume. Following the THF plume collapse
between 2011 and 2013, contraction of the 1,4-dioxane plume has accelerated suggesting
preferential biodegradation of THF over 1,4-dioxane by the indigenous microbial community (Sun
et al., 2011, Masuda et al., 2012). The contraction of the 1,4-dioxane plume correlates with a
geochemical shift towards more aerobic conditions more favorable for 1,4-dioxane biodegradation
due to a decreased flux of dissolved methane from the landfill resulting from source control

measures. Source and plume mass estimates indicate that since 2002, the 1,4-dioxane source mass

72



near the landfill has decreased by 82% while the total 1,4-dioxane plume mass has decreased by
38%. In the vicinity of the landfill margin, geochemical conditions have shifted since 2011 towards
more natural and aerobic conditions that promote the enhanced biodegradation of 1,4-dioxane.
This shift is evidenced by decreasing levels of dissolved methane and increasing levels of sulfate
in landfill margin wells and monitoring wells located downgradient towards the shallow lake,
which suggests a shift from methanogenic and sulfate-reducing conditions towards more oxidizing
conditions. Since oxidizing conditions are required for intrinsic biodegradation of 1,4-dioxane,
this shift is expected to enhance the rate of attenuation of these compounds. dxmB and aldH
carrying microorganisms were detected coincidentally in monitoring wells P-28 and P-30
indicating that a population capable of 1,4-dioxane metabolic degradation is present in this area
and can potentially be enhanced by the shift toward aerobic geochemical conditions.

The analytical results from groundwater samples show that the position of the downgradient
extent of the 1,4-dioxane plume is stable and the position has been maintained for five years.
Groundwater modeling indicates that the stability of the downgradient plume cannot be explained
by hydrodynamic process (e.g., dilution and dispersion) alone, providing further evidence that
microbial degradation is likely an important mechanism. Downgradient of a surface water body
located approximately mid-plume, the 1,4-dioxane plume is narrow and there is a significant redox
gradient (anaerobic to aerobic) present along the edges of this plume, which favors 1,4-dioxane
biodegradation. dxmB and aldH carrying microorganisms were detected at high levels in this
section of the plume and the gene abundance analyses demonstrated microorganisms capable of

1,4-dioxane metabolism are present at monitoring locations P-10711 and P-66.
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3.5 Conclusions

The MLOE framework outlined in this study combined new technologies with traditional data
analyses and successfully demonstrated that intrinsic biodegradation of 1,4-dioxane occurs at this
site. While the role of THF in 1,4-dioxane biodegradation was not the focus of this study, the
evidence collected suggests that THF-driven co-metabolism is possible. Molecular biological tools
demonstrated that microorganisms capable of both co-metabolizing (SMMO, DXMO/THFMO)
and metabolically degrading (DXMO/ALDH) 1,4-dioxane are present and abundant at the site.
Notably, the detections of dxmB and aldH tracked the 1,4-dioxane plume with reasonable accuracy,
strongly suggesting the presence of 1,4-dioxane stimulated these markers and implying the
microorganisms were degrading 1,4-dioxane. The detections of SMMO gene were widespread and
non-specific to 1,4-dioxane, which was expected because co-metabolism is stimulated by the
primary substrate (in this case, methane) rather than by the degradation of the co-metabolic
substrate. CSIA analysis detected a weak enrichment of 3C in 1,4-dioxane as it was depleted with
distance downgradient. Available evidence suggests *C enrichment in 1,4-dioxane will be weak
because the indigenous mixed bacterial consortium may not be as selective for the light carbon
isotope as the pure culture in the laboratory. The CSIA results provide additional evidence that a
biochemical degradation process is active at this site. Coupled with the historical data that
demonstrate 1,4-dioxane concentrations and plume mass have declined, the results from this case
study strongly indicate that intrinsic biodegradation of 1,4-dioxane is occurring at this site. This
case study further implies that intrinsic metabolic and co-metabolic biodegradation of 1,4-dioxane
should be considered at more sites with favorable biogeochemical conditions using a MLOE
framework, especially as long-term monitoring data become available to better support

observation of degradation. The innovative molecular biological tools, including biomarkers of

74



1,4-dioxane degradation and improved CSIA techniques, are critical in demonstrating degradation

and should be considered when planning an intrinsic degradation study for 1,4-dioxane.
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Chapter 4 In-situ Bioaugmentation to Enhance Biodegradation of 1,4-Dioxane
4.1 Introduction

Bioaugmentation is one of the biological methods used for removal of organic and inorganic
pollutants from contaminated matrices (Innemanova et al., 2018), with four common strategies:
adding the pure bacterial strain, adding the microbial consortium, introducing well-designed
genetically modified organisms (GMO), and cloning biodegradation-relevant genes in a vector to
be transferred and expressed in indigenous microorganisms (El Fantroussi and Agathos, 2005).
The basic premise for this artificial intervention is that the metabolic capacities of the indigenous
microbial community already present in the environments but dysfunctional in cleanup will be
increased by an exogenously enhanced microorganisms, thus leading to a wider processes of
productive biodegradation reactions as well as enhanced microbial activity (Safdari et al., 2018),
and resulting in enhanced degradation of target pollutants. Bioaugmentation has been considered
as a safe and economical means of remediation of contaminated sites (Tyagi et al., 2011) and
applied in various conditions, e.g., PAH-contaminated soil (Innemanova et al., 2018),
chlorothalonil-contaminated soil (Xu et al., 2018), activated sludge nitrification (Figdore et al.,
2018), ammonia contained industrial wastewater (Raper et al., 2018), etc.

However, bioaugmentation by adding exogenous degrading strains is usually affected by
many abiotic and biotic factors, such as the type of pollutant, the characteristics of the exogenous
degrader, and environmental factors, such as chlorinated solvents in 1,4-dioxane plumes (Onneby
et al., 2010), because the laboratory inoculants are produced under optimal conditions. Moreover,
the bioaugmented strains usually need to compete with indigenous microorganisms for nutrients
and space, which may lead to poor survivability and adaptability of the added strains (Szulc et al.,

2014). Meanwhile, the elimination of pollutants by the bioaugmented stains can alleviate the
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selective pressure of agrochemicals on the other microorganism in the same niches (Wan et al.,
2014). Furthermore, complex interactions such as niche-based and stochastic-neutral processes (Ju
et al., 2017) among the members living in the same microbial community will also determine their
function and affect both the rate of degradation and the identity of the final products of pollutants
(Zelezniak et al., 2015, Jiao et al., 2016), and the by-products and/or bioaugmented strains may
alter metabolic dependence in microbial consortia, leading to a common influence on the co-
occurred taxon.

The use of carrier materials often provides a physical support for microorganisms, along with
a better access to nutrients, moisture and aeration, which extends the survival rate of the microbes
(Mishra et al., 2001). Microbial cell immobilization may offer a better survival rate by shielding
cells under stressed environmental conditions, usually enabling a faster and more efficient
biodegradation as compared to free living cells (Obuekwe and Al-Muttawa, 2001, Moslemy et al.,
2002). Moreover, this process may use the characteristics of microorganisms to form biofilms on
the surface of various materials, reduce risk of genetic mutations, and increase tolerance to high
pollutant concentrations (Dzionek et al., 2016). From an applied perspective, using a complex
microbial consortia rather than a pure culture for the bioremediation is more advantageous as it
provides the metabolic diversity and robustness needed for field applications (Nyer et al., 2002,
Rahman et al., 2002).

Even CB1190 has been well studied in the degradation of 1,4-dioxane under co-contaminants
stress (Mahendra et al., 2013, Zhang et al., 2016), treating actual 1,4-dioxane contaminated
groundwater by augmenting CB1190 was rarely reported, especially the pilot or field applications.
The decision to implement bioaugmentation for 1,4-dioxane largely depends on the degrading

capability of the indigenous microbes and the extent of contamination of the site to be treated. As
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several examples show, successful laboratory studies concerning bioremediation do not
necessarily lead to reproducible in-situ decontamination (Balba et al., 1998, El Fantroussi and
Agathos, 2005). Thus, in this chapter, CB1190 was used to test the feasibility of its application in
pilot scale with bioaugmentation in an 1,4-dioxane contaminated site, with multiple
bioaugmentation events. The objectives in this task were to i) validate distributions of
bioaugmented CB1190 in the subsurface; ii) explore the 1,4-dioxane removal performances in the
plume by mobile bioaugmented CB1190; iii) evaluate the effectiveness of biodegradation of 1,4-
dioxane by immobilized CB1190 in in-situ bioreactors (ISBRs) with Bio-Sep beads packed bed.
The results of this chapter could help to set example for future full-scale bioaugmentation
applications for 1,4-dioxane biodegradations.
4.2 Materials and Methods
4.2.1 Site Information

The study area is located in southern US, adjacent to an airport (Figure 4.1). The proposed
study area for the technology demonstration is located in area of concern (AOC) 1, on the eastern
side of Building 1 (Figure 4.2). Historically, two vapor degreasers were housed within (or near)
Building 1 for solvent reuse; the former trichloroethene (TCE) degreaser was located sub-grade
within a sump while the former trichloroethene (TCA) degreaser was above grade. Environmental
investigations conducted to date have identified volatile organic compound (VOC) and 1,4-
dioxane groundwater plumes originating from the former vapor degreaser locations and migrating

east-northeast in the direction of groundwater flow towards Mingo Creek. Locations of temporary
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wells installed by AECOM, Inc. (AECOM) in July and August 2013 as well as permanent

monitoring wells near AOC 1 are shown on Figure 4.3.
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Figure 4.15. The location of study area.
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Figure 4.16. 1,4-Dioxane concentrations in groundwater.
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Figure 4.17. Study area and well locations for CB1190 distribu
For the site assessment, three areas in the western portion of AOC 1, adjacent to Building 1,
were identified and evaluated as possible locations for the technology demonstration (Figure 4.2)
due to elevated 1,4-dioxane concentrations and the presence of a gravel layer in the subsurface,
based on existing borehole logs. Within each area, three proposed direct push boring locations
were selected based upon available site data. The field activities included lithology evaluation via
direct push borings, installation of temporary wells for groundwater sampling, installation of an
injection well, and performance of slug tests, as described in Section 4.7.1.
4.2.2 Bioaugmentation Culture Preparation
In order to scale-up the volume of CB1190 culture for field implementation, the team engaged

the bioaugmentation laboratory, SIREM. SiREM is most well-known for broadly commercializing

the KB-1 culture, which contains Dehalococcoides, spp. and degrades chlorinated solvents.
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UCLA sent a sample of CB1190 to SIREM for scale-up. An initial culture was started at
SIREM using a 10 %t inoculum to 30 mL fresh anaerobic mineral salts medium and 1,4-dioxane
was amended to 100 mg/L. Initial culture scale-up was conducted using sterile glass flasks shaken
on an orbital shaker (~125-150 revolutions per minute [rpm]) at room temperature. Sterile foam
plugs were used to allow air exchange and headspace in the flasks was no less than 50%. The
CB1190 culture was sampled and analyzed for 1,4-dioxane concentration one to three times per
week to confirm 1,4-dioxane degradation and guide re-amendment of 1,4-dioxane.

Subsequent CB1190 culture scale-up was conducted by doubling the culture volume into
fresh media (50%) inoculum and feeding 1,4-dioxane. After approximately five feedings, the
culture was again doubled in volume. Once the culture volume exceeded 500 mL, culture was
transferred to multiple containers: either glass 2 L glass jugs or 5 L glass carboys shaken on an
orbital shaker or magnetic stir plate. Subsequent scale-up was conducted in multiple 10 L and 20
L Nalgene autoclavable carboys with baffled magnetic stirrers. Larger containers have screw cap
closures to maintain sterility and are kept closed, and were opened under sterile conditions in a
laminar flow hood to exchange the headspace. Culture continued to be sampled and analyzed for
1,4-dioxane concentration one to three times per week and re-amended with 1,4-dioxane as needed.
Due to practical/logistical limitations of the laboratory, the scale-up volume of CB1190
bioaugmentation culture was approximately 25 L for the field implementation (Figure 4.4). The

culture’s activity and purity were checked at UCLA as described in Section 4.7.2.
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Figure 4.18. On site CB1190 culture shipped from SiREM.
4.2.3 Field Bioaugmentation Procedures

The distribution evaluation targeted a 5-foot radius of influence around injection well 81IWO01.
Prior to bioaugmentation, approximately 60 gallons of groundwater (equivalent to 10% of the
effective pore volume of the targeted treatment area) was extracted from well 81W01 and stored
in a 100-gallon tank on site. An in-situ submerged oxygen curtain (iISOC) was deployed in the tank
to increase dissolved oxygen levels in the extracted groundwater using a pressurized air tank and
diammonium phosphate was added to the injected solution as a nutrient.

A sump pump was deployed in the tank and discharge tubing was lowered into the screen
interval of 8IWO01 (18 feet to 23 feet bgs). Immediately prior to injection, concentrated Rhodamine
WT dye was introduced to the injection well as a slug. One carboy (plastic 5-gallon container),
containing approximately 15 liters of culture, was poured into the discharge tubing using a funnel
and gravity flow, followed by approximately 30 gallons of the amended groundwater. The process
was then repeated for the remaining 15 liters of culture and 30 gallons of amended groundwater
(Figure 4.5). During injection (Figure 4.6), up to 5 feet of mounding was observed in the injection
well as 4 directions and the flow rate was noted to be approximately 2 gallons per minute (gpm)

to 3 gpm. After injection of the amended culture was complete, the discharge tubing was removed
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and the iISOC was deployed in the injection well, along with a dissolved oxygen sensor to allow
remote monitoring of dissolved oxygen concentrations in the well. Remote sensor readings

indicated adequate dissolved oxygen concentrations in the injection well during procedure.

Figure 4.20. Injecting mixed CB1190 culture through direct push rods.
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4.2.4 Distribution Evaluation and in-situ Bioaugmentation Field Activities

Prior to the start of the bioaugmentation event, groundwater samples were collected from the
injection well (81W01), monitoring well BMNW17, and the three test wells (TW-4 through TW-
6). Samples were sent to offsite laboratories for analysis of 1,4-dioxane, VOCs, and microbial
parameters including CB1190-like 16S rRNA, dioxane monooxygenase (DXMO) encoded gene
(dxmB), and alcohol dehydrogenase (ALDH) encoded gene (aldH). Biotraps™ were deployed in
the test wells and monitoring wells. Following collection of groundwater samples, a direct push
technology (DPT) rig was used to collect continuous core samples to evaluate distribution of the
injected culture. One month after bioaugmentation, groundwater samples were collected from the
injection well, monitoring well, and test wells and Biotraps were retrieved and sent to offsite
laboratories for analysis. Sampling locations, shown on Figure 4.7, were selected based on real-
time evaluation of field observations. The locations of subsequent borings were driven by the
presence or absence of Rhodamine WT dye (Figure 4.8). The initial points (identified as BH1
through BH3) were located approximately 2 feet to 3 feet from injection well 8IW01. Groundwater

samples were analyzed for 1,4-dioxane, VOCs, and microbial parameters, and Biotraps were

analyzed for just microbial parameters.

Figure 4.21. Sampling wells.
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Figure 4.23. Study area and well distribution for bioaugmentation implement.

During the in-situ bioaugmentation pilot study (Figure 4.9), higher frequency monitoring was
performed to better understand the effects of bioaugmentation. Samples were collected
immediately following injection and 1, 2, 4, 6, and 8 weeks post-injection.

4.2.5 Growth of CB1190 on Bio-Sep Beads in Bench-Scale Reactor

Pure CB1190 cultures were prepared by diluting preserved glycerol stocks in sterile 2 L
screw-cap bottles containing 1 L ammonia mineral salt (AMS) medium following previous recipe
(Parales et al., 1994, Mahendra and Alvarez-Cohen, 2005), with 100 mg/L 1,4-dioxane amended
as the sole carbon and energy source. Bacterial cultures were incubated at 30°C with 150 rpm of
agitation to maintain aerobic conditions, and 100 mg/L 1,4-dioxane was re-amended once it was
undetectable in the culture (< 1.0 mg/L). The active CB1190 was harvested after 5 cycles addition

of 1,4-dioxane with estimated degradation rates of 70-80 mg 1,4-dioxane/(L-day), and liquid
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culture was collected for future molecular analysis. The purity of harvested CB1190 was checked
on Reasoner's 2A (R2A) agar plates before inoculating the experimental bottles.

The Bio-Sep beads were synthesized at University of Tulsa, and selected as the support
material for CB1190 biofilms. The growing process involved using 2 L flasks (in triplicate) with
1000 sterile beads, and 300 mL liquid culture (containing AMS+CB1190) containing around 100
mg/L 1,4-dioxane (Labeled as ABCD). All flasks were incubated at 30°C with 150 rpm of agitation,
and liquid samples were collected periodically to measure 1,4-dioxane and biomass. The growth
of CB1190 on the beads was confirmed after 30 days of growth by monitoring 1,4-dioxane
biodegradation activity as a surrogate. This activity assay was conducted by first separating the
inoculated beads from the liquid, and gently washing them up to three times with 100 mL AMS.
The washed beads were then resuspended in 300 mL fresh AMS containing approximately 100
mg/L 1,4-dioxane in a new flask (labeled as Washed Beads). 1,4-Dioxane was measured
periodically to check the activity of attached CB1190. A viability test was conducted following
the activity assay in both ABCD and Washed Beads flasks by monitoring and gradually decreasing
the amount of amended 1,4-dioxane to achieve concentrations of 20 mg/L, 2 mg/L, and 0.3 mg/L.
All beads were washed again and merged into fresh AMS after viability test with 0.3 mg/L 1,4-
dioxane spike.

4.2.6 Adsorption and Desorption Test on Bio-Sep Beads

The adsorption process was conducted with the similar composition with ABCD in 2 L flasks
except the beads were kept abiotic (labeled as ABD). The flasks were incubated at 30°C with 150
rpom of agitation, and liquid samples were collected periodically to measure 1,4-dioxane and
calculate adsorption rate. After the 1,4-dioxane concentration was stable in liquid, the presumed

CB1190 attached beads were separated with liquid, and washed by 100 mL AMS gently up to
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three times, then, 300 mL fresh AMS without 1,4-dioxane were added. The flasks were maintained
in the same condition to adsorption process, and 1,4-dioxane was measured periodically to
calculate the desorption rate.
4.2.7 1ISBR Construction and Deployment

Bio-Sep beads were incubated in bench scale reactors with pure CB1190 culture for 4 weeks
with multiple 1,4-dioxane feedings. CB1190 attached beads were washed by fresh AMS and
incubated for 12 hours to desorb 1,4-dioxane, and wash-desorption process was conducted three
times. Afterwards, beads were dried by sterile paper towel on the sieve for 3 hours, with paper
change and beads shuffle in every 30 minutes. Total ~3.6 kg Bio-Sep beads were sent to University
of Tulsa, and Dr. Sublette constructed the two CB1190 ISBRs as well as the two control ISBRs
per the schematics shown in (Figure 4.10). Following construction, the ISBRs were sent
immediately to the site for deployment. As mentioned above, one CB1190 ISBR and one control
ISBR were deployed in both well 8IW01 and 8BMNW17. Representatives from Bio-Enhance were
onsite to assist with deployment of the ISBRs as well as setting up the aboveground equipment. A
single control box was installed aboveground and connected to an electrical supply. Tubing
connections ran from the control box down to each ISBR to supply nutrients and air. The control
box was housed in a temporary shed along with a small air compressor and metering pump. When
the ISBRs were retrieved at the end of operation, all aboveground tubing and equipment were

removed from the site.

93



Air in

| P T Sampling
1%-in solid - Tt | | Effluent
Sch 40 pipe \\\
Mini-bio-trap
Bio-Sep chamber
beads inside & | Wl
b > I1m

T

Figure 4.24. Schematics of customized in-situ bioreactor.
4.2.8 Monitoring Program during ISBR Operations

Baseline and post-deployment samples of Bio-Sep beads were collected and analyzed for 1,4-
dioxane biomarkers as well as 1,4-dioxane that has adsorbed to the Bio-Sep beads. Nucleic acids
were extracted from the Bio-Sep beads to evaluate the presence and activity of the dioxane
biomarkers associated with CB1190. The adsorbed 1,4-dioxane on the Bio-Sep beads from the
CB1190 ISBRs and control ISBRs were compared to help evaluate whether CB1190 is utilizing
and biodegrading 1,4-dioxane on the Bio-Sep beads. The baseline and post-deployment adsorbed
1,4-dioxane on the Bio-Sep beads from the control ISBR were compared to help evaluate whether
Bio-Sep beads could concentrate 1,4-dioxane in-situ.

Due to the size of the ISBRs and number of Bio-Sep beads required for nucleic acids

extraction, only 4 mini-biotraps could be installed inside the ISBR and retrieved for sampling.
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Baseline samples of Bio-Sep beads were collected during ISBR construction and sent to the
laboratory just prior to ISBR deployment. The first post-deployment mini-biotrap was collected
from each ISBR approximately 2 weeks after deployment and results were compared to baseline,
and the next mini-biotrap was collected at 6 or 8 weeks post-deployment when groundwater
samples from the ISBR effluent show a significant change in 1,4-dioxane concentrations compared
to baseline.

Groundwater samples were collected from the influent and effluent of each ISBR (both
CB1190 and controls). The samples were analyzed for field parameters (dissolved oxygen [DO],
oxidation-reduction potential [ORP], temperature, pH and specific conductance) in the field and
for 1,4-dioxane and VOCs by the offsite laboratory. Field parameters were monitored to ensure
maintenance of favorable conditions for 1,4-dioxane biodegradation inside the ISBRs (e.g., aerobic
conditions and fairly neutral pH). 1,4-Dioxane data from the influent and effluent of the ISBRs
was compared and evaluated for any changes as groundwater circulates upward through the ISBR.
The changes in the CB1190 ISBRs were compared to the changes in their associated control ISBRS
to evaluate what amount of change could be associated with in-situ biodegradation of 1,4-dioxane
by CB1190.

4.2.9 Analytical Methods

Liquid samples were collected periodically, and preserved with hydrochloric acid. 1,4-
Dioxane (1-1000 pg/L) was monitored using an Agilent 6890 gas chromatograph equipped with an
Agilent 5973 mass spectrometer (GC-MS) and a Restek Rxi-624Sil MS GC column (30 m x 0.25
mm id x 1.4 um). The collected aqueous samples were prepared for GC-MS analysis using a frozen
micro-extraction procedure as previously described (Li et al., 2011), and 5 pL of processed sample

was injected into the GC-MS equipped with a pulsed split-less injection with an inlet temperature of
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150°C, 77 kPa, a pulsed pressure of 170 kPa for 2 min, and a purge flow of 15.0 mL/min. The oven
temperature was initially held constant at 35°C for 5 min, then increased to 100 °C at a rate of
20 °C/min, and further increased to 275°C at a rate of 50°C/min. The mass-selective detector (MSD)
was operated with an electron multiplier (EM) offset of 400 and EM voltage of 2000. The MS
quadrupole was set to 150°C with a source for 230°C (Zhang et al., 2016).

1,4-Dioxane concentrations over than 1000 pg/L were measured using a Hewlett-Packard
6890 gas chromatograph equipped with a flame ionization detector (GC-FID) (Hewlett-Packard,
Atlanta, GA) with a Restek® Stabilwax-DB capillary column (30 m x 0.53 mm ID x 1 pm; Restek,
Bellefonte, PA) as described in Pornwongthong et al. (2014). Briefly, liquid samples (100 pL)
were collected and filtered through 0.2-pm-pore Fisher brand nylon syringe filters. 2 pL of the
filtrate was directly injected into the GC-FID. The injector and detector were maintained at a
temperature of 220°C and 250°C, respectively. The oven was programmed to rise from 80°C to
140°C at a ramp rate of 20°C/min, and held for 1 minute at 140°C. The 1,4-dioxane retention time
was approximately 3.5 minutes.
4.2.10 Nucleic Acids Extraction

The nucleic acids contain DNA and RNA, that can describe gene abundances and expressions,
respectively. The total nucleic acids were extracted based on modified phenol/chloroform/isoamyl
alcohol method (Gedalanga et al., 2014). Briefly, 500 pL of slurry samples were centrifuged at 13000
x g for 3 min, and the supernatant was discarded. The centrifuged precipitants were lysed by adding
250 pL of lysis buffer (50 mM sodium acetate, 10 mM EDTA [pH 5.1]), 100 pL 10% sodium
dodecyl sulfate, 1.0 mL pH 8.0 buffer-equilibrated phenol, and 1 g of 100 pm-diameter
zirconia—silica beads (Biospec Products, Bartlesville, OK, USA), followed by heating at 65°C for 2

min, bead beating for 2 min with a Mini-Beadbeater 16 (Biospec Products, Bartlesville, OK, USA),
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incubating for 8 min at 65°C, and bead beating again for 2 min. The lysate was collected by
centrifugation at 13000 x g for 5 min, followed by phenol/chloroform/isoamyl alcohol purification
and chloroform—isoamyl alcohol purification. Precipitation of total nucleic acids was performed by
addition of 0.1 volume of 3 M sodium acetate and 1 volume of isopropanol followed by incubation
at —20°C overnight. Nucleic acid pellets were collected by centrifugation at 4°C for 30 min at 20000
X g. The precipitate was washed with 70% ethanol and resuspended in 100 puLL of DNase- and RNase-
free water. The concentrations of total nucleic acids were determined by a Nanodrop 2000C
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Afterwards, 30 puL of extracts were
transferred into the new snap-cap tube, and RNA reverse transcription was performed by using
EasyScript Plus™ cDNA Synthesis Kit (Lamda Biotech, St. Louis, MO, USA) after DNA was
removed by using RapidOut DNA Removal Kit (Thermo Fisher Scientific, Waltham, MT, USA)
according to the manufacturer’s introductions.
4.2.11 Quantitative Polymerase Chain Reaction (qQPCR) Assay

To quantify CB1190 biomass and functional gene abundances and expressions, CB1190-like
16S rRNA gene and 1,4-dioxane biomarker genes (dxmB and aldH) were selected because of the
significance of 1,4-dioxane monooxygenase (DXMO) and aldehyde dehydrogenase (ALDH)
enzymes in the 1,4-dioxane biodegradation pathways as described previously (Gedalanga et al., 2014,
Gedalanga et al., 2016, Zhang et al., 2016). All reactions were run on a StepOnePlus thermocycler
(Life Technologies, Carlsbad, CA) using a total volume of 20 puL containing 1 x Luminaris Color
HiGreen-HiROX qPCR Master Mix (Thermo Scientific, Waltham, MA), 0.3 uM primers, and 2 pL.
of DNA/cDNA (1-10 ng/uL) template. The cycling parameters to amplify the gene fragment started
with holding at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and

annealing at 60°C for 45 s. All reactions were accompanied by a melt-curve analysis to confirm the
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specificity of qPCR products. Standard curves were produced using serial dilutions of genomic DNA
extracted from a pure culture of the CB1190 (Gedalanga et al., 2016).

4.4 Results

4.4.1 Distribution of Bioaugmented CB1190

Field parameter and chemistry results are shown on Table 4.1. During baseline sampling,
dissolved oxygen concentrations in all wells were at or slightly below 1.0 milligram per liter (mg/L).
One month after bioaugmentation and deployment of the iSOC in injection well 8IW01, the
dissolved oxygen concentration in 8IWO01 increased to 11.59 mg/L (with the iSOC online) and to 3
mg/L in 8BMNW17, located slightly more than 5 feet away from the injection well. However,
dissolved oxygen concentrations in the three 1-inch diameter test wells remained at or below 1 mg/L,
indicating insufficient oxygen for CB1190.

Unlike dissolved oxygen, ORP increased significantly in all wells, and pH also increased
approximately 1 standard unit in most wells following bioaugmentation. In the injection well, the
pH increased to 8.6, which was slightly above conditions conducive to reduction biodegradation of
1,4-dioxane by CB1190 (pH of 4 to 8). Concentrations of VOCs and 1,4-dioxane in groundwater
generally did not change between baseline and 1-month post bioaugmentation in any of the wells,
suggesting that either no significant degradation occurred, or, if it did occur, concentrations

rebounded rapidly.
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Table 4.5. Field Groundwater geochemistry analytical results.

Sample Name TW- 4 TW- 5 TW- 6 8MNW17 8IW01

Field Event

January 2016 (Pre- bioaugmentation)

TW- 4 TW- 5 TW- 6 8MNW17 8Iw01
February 2016 (1- month Post- bioaugmentation)

Sample Date 1122016 1/12/2016 ~ 1/12/2016 ~ 1/12/2016 ~ 1/12/2016 2/15/2016  2/15/2016  2/15/2016  2/15/2016  2/15/2016
Field Parameters (AECOM)

Temperature 21.78 21.79 21.34 20.65 21.45 21.65 21.97 21.75 21.31 21.7
Specific Cond (mS/cm) 1413 1.415 1.440 1.422 1.436 1.40 1.41 1.42 1.42 1.46
DO (mg/L) 0.85 0.64 0.98 1.07 1.00 1.17 0.71 0.77 3.00 11.59
pH 7.23 7.25 7.22 7.19 7.39 8.17 8.10 7.95 7.95 8.6
ORP (mV) - 417 - 53.3 - 58.7 14.3 - 61.8 109 90.8 93 95 92
Turbidity (NTU) 6.12 5.93 1.03 1.54 5.08 8.40 7.22 7.64 6.47 11.6
Chemical (UCLA)

1,4- Dioxane (ug/L) 238.20 244.70 384.30 324.00 355.50 122.10 129.00 181.37 150.14 190.14
TCE (ug/L) 2,616.70 2,126.20 5,230.80 3,484.00 3,486.30 1,068.77 1,295.20 2,349.11 1,543.19 1,149.07
cDCE (ug/L) 122.80 108.30 209.40 179.90 166.90 48.68 37.54 59.22 52.77 57.78
1,1- DCE (ug/L) 636.40 219.20 262.10 <100 <100 4.47 5.25 7.58 5.37 2.99
Chemical (TestAmerica)

1,4- Dioxane (pg/L) 140 150 280 170 240/230 130 140 210 170 200
TCA (pg/L) 2.01 201 941 <17 48J/4.3) 211 1.9 8.7 2.71 1617
TCE (pg/L) 1,500 1,500 3,500 2,300 2,800/2,800 1,600 1,700 3,600 2,000 1,500
cDCE (ug/L) 17 17 33 221 27125 151 17 32 19 15
1,1- DCE (pg/L) 460 480 900 640 750/710 520 530 850 520 300
VC (ug/L) <0.84 <0.84 <21 <21 <2121 <0.84 <0.84 <21 <20 <0.84

/
<

Ho/L
DCE
DO

mS/cm
mV
NTU

denotes duplicate sample

less than

micrograms per liter cDCE cis - 1,2 - DCE

dichloroethene

dissolved oxygen

result was less than the reporting limit but greater than the method detection limit
microsiemens per centimeter

millivolts

nepholematic turbidity unit
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Table 4.6. Field Groundwater molecular microbial analytical results.

Sample Name TW- 4 TW- 5 TW- 6 8MNW17 8Iwo1l TW- 4 TW- 5 TW- 6 8MNW17 8I1wo1
Field Event January 2016 (Pre- bioaugmentation) February 2016 (1- month Post- bioaugmentation)
Sample Date 1/12/2016 1/12/2016  1/12/2016 1/12/2016  1/12/2016  2/15/2016 2/15/2016 2/15/2016 2/15/2016 2/15/2016
DNA from Groundwater (copies/mL) (UCLA)
dxmB < 1,800 < 1,800 < 1,800 < 1,800 < 1,800 <242 <242 <242 <242 <242
aldH - - - - - <242 <242 <242 <242 <242
CB1190 16S 290 J 14,000 1401 590 J 2,100 871 30 164 ) 18.41 134
DNA from Biotrap Beads (copies/bead) (UCLA)
dxmB - - 674 122 510 594
aldH <7.36 <7.36 <7.36 <7.36
CB1190 16S 4,130 938 1,700 1,100
cDNA from Biotrap Beads (copies/bead) (UCLA)
dxmB - - - 14.3 <7.36 <7.36 <7.36
aldH <7.36 <7.36 <7.36 <7.36
CB1190 16S 91.4 13.9 20.5 5.05J
mRNA from Biotrap Beads (gene copies/bead) (Microbial Insights)
dxmB - - - - < 250 < 250 <250 <250
aldH - < 250 < 250 <250 <250

- not analyzed

< less than

ALDH alcohol dehydrogenase

CB1190 Pseudonocardia dioxanivorans CB1190

cDNA complimentary deoxyribonucleic acid

copies/mL copies per milliliter

DXMO dioxane monooxygenase

J result was less than the reporting limit but greater than the method detection limit

MRNA messenger
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Groundwater samples were collected immediately prior to bioaugmentation. Post
bioaugmentation microbial samples included groundwater from the monitoring wells, Biotraps
retrieved from well BMWN17 and the three test wells, and soil collected from boreholes during the
distribution evaluation. The primary targets for microbial analysis were dxmB and aldH, both of
which were not detected in any of the baseline groundwater samples. Groundwater and Biotrap
microbial results are shown on Table 4.2.

DNA samples were extracted from the groundwater samples sent to UCLA. Post
bioaugmentation sampling results did not detect dxmB or aldH in any of the wells above the detection
limit of 242 copies/mL, including the injection well. Moreover, dxmB and aldH were not detected
on Biotrap beads by analyzing mRNA indicating no activity of the degradative enzymes. Results for
cDNA were similar, only with the exception of a low detection of dxmB in TW-4. These results also
supported little to no activity of the degradative enzymes. However, DNA extracts detected dxmB in
the Biotraps from all four wells at abundances ranging from 122 to 674 copies/bead. These results
indicated that the injected CB1190 was distributed to these locations (5 feet to at least 10 feet away
from the injection well), but was not active. Figure 4.11 shows the locations where dxmB was
detected in DNA following bioaugmentation. The concentrations of dxmB that were detected in
Biotrap samples are significantly (approximately five orders of magnitude) lower than those
associated with 1,4-dioxane degradation. The highest concentration of dxmB was detected in TW-
4, which was also the only location where dxmB was detected in cDNA, while aldH was not detected
in any of the Biotrap samples. Soil sample analytical results are shown on Table 4.3, and dxmB was
detected in 6 out of 14 soil samples, ranging from 141 to 433 Copies/g. Figure 4.3 shows the locations

(both boreholes and monitoring wells) where dxmB was detected (shaded in green). Based on dxmB,
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CB1190 was distributed at least 10 feet away (TW-4), with preferential distribution to the east and

northeast, similar to the general groundwater flow direction at the site.
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Figure 4.25. Gene abundance in CB1190 distribution test after 1-month bioaugmentation.

Table 4.7. Soil sample analytical results.

Sample Name Sample dxmB aldH CB1190 16S
(sample interval) Date (copies/g) (copies/g) (copies/g)
BH1 (18- 20" 2/16/2016 433 <452 1,410
BH2 (16'- 19" 2/16/2016 141 <452 843

BH2 (20'- 21" 2/16/2016 3591 <452 1,470
BH3 (17'6"- 20" 2/16/2016 <452 <452 3,830
BH4 (19'7"- 20'6") 2/16/2016 418 <452 2,770
BH6 (17'4"- 19" 2/16/2016 <452 <452 1,190
BH6 (16'9"- 18'9") 2/16/2016 2831 <452 194
BH7 (17'5"- 182") 2/16/2016 <452 <452 827

BHS8 (17'9"- 20'5") 2/16/2016 190 <452 1,390
BH9 (17- 19" 2/16/2016 <452 <452 863

BH10 (17'- 20" 2/16/2016 <452 <452 170J
BH11 (18'- 19" 2/16/2016 <452 <452 356J
BH12 (18- 19'3") 2/16/2016 <452 <452 1911
BH12 (19'- 19'9") 2/16/2016 <452 <452 821

J  result was less than the reporting limit but greater than the method detection limit

102



4.4.2 Mobile CB1190 in-situ Bioaugmentation Pilot Study

Prior to the in-situ bioaugmentation, the baseline data indicated only 2.11x10° copies/mL
CB1190 left near the injection well 8IW01, and the abundance immediately increased to 1.12x108
copies/mL after injection (Figure 4.12). Moreover, the detection of CB1190 was increasing over
time in the downstream wells with the order of distances to 8IW01. Similarly, the gene transcripts
of dxmB and aldH reached to 2.39x10° and 1.57x10* copies/mL after injection in 8IW01, and other
wells in the following monitoring activities. However, both abundance and transcript of CB1190
steadily declined over time in 8 weeks, while the total bacteria were increased and stable in
monitoring wells (Figure 4.13). The injected culture contained elevated concentrations of 1,4-
dioxane, causing temporary/localized increases in 1,4-dioxane groundwater concentrations over 800
ug/L in 8IW01 (Figure 4.14), which also impacted 1,4-dioxane concentrations in 8MNW17.
However, the accidentally spiked 1,4-dioxane decreased to baseline level in two weeks in both
8IW01 and 8BMNW17, and continuously reduced and stabilized at 180-200 pg/L in 12 weeks. The
detected 1,4-dioxane in BMNW49 and TW-4 were steady during the bioaugmentation event, even
with the boosted dxmB and aldH abundances and transcripts. In addition, dissolved oxygen was
adequate in two wells right after injection and the third (8BMNW17) within 4 weeks. Oxidation
reduction potential (ORP) values were greater than 100 millivolts in all three wells within 2 weeks

of bioaugmentation (Table 4.4).
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Figure 4.26. Gene abundance in the 12-week bioaugmentation implement.
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Figure 4.27. Gene transcript in the 12-week bioaugmentation implement.
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Figure 4.28. 1,4-Dioxane concentrations in the 12-week bioaugmentation implement.
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Table 4.8. Field Groundwater geochemistry analytical results after bioaugmentation.

Sample Name 8Iw01 8MNW49 8MNW17 TW-4 TW-5 TW-6 8IW01 8MNW49 8MNW17
Field Event Phase 3 Baseline Immediately Post Injection
Sample Date 8/31/2016  8/31/2016  g/31/2016 8/31/2016 ©8/31/2016 8/31/2016 9/1/2016 9/1/2016 9/1/2016
Field Parameters (AECOM)

Temperature 24.87 26.06 24.89 24.11 24.21 23.64

Specific Cond (mS/cm) 1.42 1.44 1.43 1.41 1.40 1.44

DO (mg/L) 0.71 2.32 1.95 142 0.98 1.09

pH 6.95 7.40 743 6.70 7.04 7.00

ORP (mV) 203 197 87.3 213 139 200

Turbidity (NTU) 5.3 34 43 5.6 17.8 1.0

Chemical (UCLA)

1,4-Dioxane (ug/L) 313 222 263 170 200 305 841 246 458
Chemical (Test America)

1,4-Dioxane (ug/L) 180 160 M 170 110 110 190 440 D 170 310D
TCA (ug/L) 3.2JD 35JD 35JD 0.99JD 1.0JD 99JD - -
TCE (ug/L) 2,600 D 2,300 D 2,500 D 1,400 D 1,400 D 3,300 D

cDCE (ug/L) 22D 20D 20D 12D 13D 28D

1,1-DCE (ug/L) 620 D 610 D 590 D 370D 370D 170D

VC (ug/L) <20 <20 <20 <10 <10 <20

Sample Name 8IwW01 8MNW49 8MNW17 8IW01 8MNW49 8MNW17

Field Event 1-week Post Injection 2-week Post Injection

Sample Date 9/8/2016  9/8/2016  9/8/2016  9/13/2016  9/13/2016  9/13/2016

Field Parameters (AECOM)

Temperature 25.38 26.98 25.46 25.42 26.38 25.2

Specific Cond (mS/cm) 2.224 1.454 1.554 1.874 1.446 1.483

DO (mg/L) 7.07 1.78 0.81 7.08 1.36 0.55

pH 7.62 7.65 7.25 8.02 7.71 7.18

ORP (mV) 143.3 82.4 70.5 145.4 124.9 127.2

Turbidity (NTU) - - - - 2.16 3.79

Chemical (UCLA)

1,4-Dioxane (pg/L) 445 248 359 334 259 280

Chemical (Test America)

1,4-Dioxane (ug/L) 270 D 190 240 D 250 D 180 210 D

TCA (ug/L) - - - - - -

TCE (ug/L) - - -

cDCE (ug/L) - - -

1,1-DCE (pg/L) - - -

VC (ug/L) - - -
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Sample Name 8Iw01 8MNW49 8MNW17 TW-4 TW-5 TW-6 8IW01 8MNW59 8MNW17 8IW01 8MNWS59 8MNW17
Field Events 4-week Post Injection 6-week Post Injection 8-week Post Injection

Sample Date 9/27/2016  9/27/2016 9/27/2016  9/27/2016 9/27/2016  9/27/2016  10/12/2016 10/12/2016 10/12/2016  10/25/2016  10/25/2016  10/25/2016
Field Parameters (AECOM)

Temperature 25.18 25.08 25.85 25.23 23.98 232 25.13 22.17 23.07 24.16 23.88 24.57
Specific Cond (mS/cm) 1.541 1.496 1.104 1.299 1.30 1531 1.389 1.339 0.665 1.423 1.76 0.634
DO (mg/L) 7.58 1.55 4.8 3.86 0.42 1 8.32 1.30 4.01 8.45 2.26 3.15
pH 7.54 7.23 74 7.22 7.15 6.19 8.02 7.69 723 7.491 733 6.9
ORP (mV) 105.1 97.3 58.7 35 237 754 1316 139.9 137.4 1033 65.7 66.7
Turbidity (NTU) 21 1.6 8.67 4.94 3.67 1.0 563 315 33.9 3.66 4.15 145
Chemical (UCLA)

1,4-Dioxane (ug/L) 264 230 248 160 186 269 142 152 159 223 170 175
Chemical (Test America)

1,4-Dioxane (pg/L) 190 D 180D 170 120 120 200D 180 180 110 150 D 170 1701
TCA (ug/L) - -

TCE (pg/L) - -

cDCE (ug/L) - -

1,1-DCE (ug/L) - -

VC (ug/L) - -

- not analyzed M manual integrated compound 1,1-DCE 1,1-dichloroethene

< Not detected at or above the detection limit shown mg/L milligrams per liter DO dissolved oxygen

pg/L  micrograms per liter mS/cm  microsiemens per centimeter  J result was less than the reporting limit but greater than the method detection limit
cDCE cis-1,2-dichloroethene mV millivolts TCA 1,1,1-trichloroethane

D the reported sample is from a dilution NTU nepholematic turbidity unit ~ TCE Trichloroethene
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4.4.3 1,4-Dioxane Adsorption and Desorption on Bio-Sep Beads

The adsorption was conducted for 5 days and bottles were initially spiked at around 73.24 mg/L
1,4-dioxane, and then decreased by 64%, presumably due to adsorption (Figure 4.15). The washed
beads were placed in fresh AMS without 1,4-dioxane, and elevated 1,4-dioxane concentrations were
observed in 20 hours, showing desorption of 1,4-dioxane off the beads into the aqueous phase, and

reached to equilibrium after then (Figure 4.16).
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Figure 4.29. 1,4-Dioxane concentrations in CB1190 growing on beads and 1,4-dioxane adsorption

processes. Error bars represent the standard deviation of analytical triplicates.
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Figure 4.30. 1,4-Dioxane readily desorbed from abiotic bio-trap beads that were previously
exposed to 1,4-dioxane. Error bars represent the standard deviation of duplicate reactors.
4.4.4 Attachment and Activity of CB1190 on Bio-Sep Beads

Reactors containing AMS medium, beads, CB1190, and 1,4-dioxane (ABCD) were used to
grow CB1190 on the beads for over 30 days. 1,4-Dioxane was continuously removed by the
bioaugmented beads (Figure 4.15), indicating the active CB1190 the reactors. After growth, liquid
and beads were separated for activity test and the washed beads were consolidated and resuspended
in fresh AMS containing 1,4-dioxane, which decreased rapidly from 104.32 mg/L to 28.61 mg/L in
first 8 hours (Figure 4.17). Moreover, 1,4-dioxane concentrations were observed to continuously
decrease in the reactors (Figure 4.18), demonstrating that CB1190 biofilms on the beads or detached

cells could degrade 1,4-dioxane after transferring to a new environment.
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Figure 4.31. 1,4-Dioxane concentration at the start of the activity assay (~150 hours). Error bars

represent the standard deviation of analytical triplicates.
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Figure 4.32. 1,4-dioxane concentrations during the whole process of activity assay showing high

degradation capability. Error bars represent the standard deviation of analytical triplicates.
Afterwards, lower levels of 1,4-dioxane ranging from ~20 mg/L to ~0.3 mg/L were used to test

CB1190’s biodegradation potential at lower concentrations. The results showed the constant removal

of 1,4-dioxane, further confirming the activity CB1190 attached on the beads and in the liquid

(Figure 4.19).
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Figure 4.33. 1,4-Dioxane concentrations during the CB1190 viability test with gradually lowered
spiking concentrations at 20 mg/L (A), 2 mg/L (B), and 0.3 mg/L (C).

However, after the viability test and consolidation of the washed beads into fresh AMS, a large
amount of 1,4-dioxane was detected in 24 hours in all reactors. Desorption continued even after
multiple bead washing steps, but eventually decreased to below detection in 30 days (Figure 4.20).

The 1,4-dioxane accumulation is likely due to the lack of planktonic cells that could have been
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responsible, in part, for the degradation of the previously desorbing 1,4-dioxane. This steady state
condition was likely disrupted after the washing steps due to the removal of planktonic cells and the
typically slower biodegradation rates associated with biofilm cells. However, the growing and

eventually detaching CB1190 from the beads to the aqueous phase enhanced the degradation.
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Figure 4.34. Desorbed 1,4-dioxane in fresh AMS from washed beads after viability test, and
potential degradation by CB1190 on beads and in liquid.
3.4.5 Gene Abundances and Transcripts

Total nucleic acids were extracted from beads and liquid, respectively, for gene abundance
quantification and expression analysis. The initial biomass of prepared pure CB1190 culture was
3.31x10°% copies/mL with dxmB and aldH expressed at 3.98x10* and 4.32x10* copies/mL,
respectively (Figure 4.21). More samples were collected during the incubation process at hour 400,
and both gene abundance and transcription showed increasing trends (dxmB abundances and
transcripts reached to 2.73x10% and 7.30x107 copies/mL, respectively; aldH abundances and

transcripts reached to 6.40x107 and 3.95x10° copies/mL, respectively).
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Figure 4.35. Gene abundances and transcripts in CB1190 growing process.

The continuous increase of biomass indicates the growth of CB1190 in the aqueous phase with
a final density of over 10° copies/mL at hour 700, while attached CB1190 reached 3.21x10°
copies/bead. The transcripts of dxmB and aldH were 6.69x10% and 7.66x102 copies/bead,
respectively (Figure 4.21). This confirmed the growth of CB1190 on beads, and supports the
argument that desorbed 1,4-dioxane accumulated in washed beads flasks due to the removal of
relatively higher biomass in the aqueous phase. However, the evidence has demonstrated that bead-
associated CB1190 could detach and resuspend in the aqueous phase after transferring the washed
beads to fresh AMS medium. Detached CB1190 reached transcription levels of 7.43x10" and
6.43x10° copies/mL, respectively, for dxmB and aldH in 20 days after bead washing and transfer

(Figure 4.22).
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Figure 4.36. Gene abundances and transcripts in aqueous phase at the end of activity assay.

Similarly, the CB1190 in aqueous phase kept growing during the viability test, despite the lower
levels of 1,4-dioxane (Figure 4.23). However, attached CB1190 on the beads showed slight
decreases in both abundance and transcripts after ~0.3 mg/L 1,4-dioxane viability test (Figure 4.24),
compared with the data at hour 700 (Figure 4.21).
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Figure 4.37. Gene abundances and transcripts in aqueous phase at the end of viability assay.
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Figure 4.38. Gene abundances and transcripts on the beads at the end of viability assay and after
washes, respectively.
4.4.6 In-situ Bioreactor (ISBR) in Pilot Study

The ISBR was designed as packed bed bioreactor containing CB1190 loaded Bio-Sep beads,
and air was sparged into bottom to create air lift for circulation of groundwater through the bioreactor,
and nutrient was injected into bioreactor from surface equipment. The 6 months ISBR field
demonstration showed promising results that the attached CB1190 remained abundant (10*- 10°
copies/bead) and active (10— 10° copies/bead) on the beads (Figure 4.25), and the adsorbed 1,4-
dioxane sharply decreased in the first week of demonstration (Figure 4.25). However, the 1,4-
dioxane in the groundwater through the ISBRs was not removed as much as that on the beads during

the monitoring time (Figure 4.26).
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Figure 4.39. Gene abundances, transcripts, and adsorbed 1,4-dioxane on the bead in injection and

monitoring wells over the 6 month demonstration.
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Figure 4.40. 1,4-Dioxane concentrations in groundwater through the ISBR in injection and

monitoring wells over the 6 month demonstration.
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4.5 Discussion

ORP increased significantly in all wells, it is possible that this increase indicates a trend toward
more aerobic conditions; however, native aerobes may be consuming the dissolved oxygen. This pH
increase may have been related to the injection of DAP. The lack of detection in well 8IWO01 could
indicate that the chase water used after injection of the culture may have pushed the culture
completely out of the well. This may be because aldH is associated with the second half of the 1,4-
dioxane degradation pathway and since 1,4-dioxane degradation has likely not occurred yet at the
site, aldH was not induced.

The growth difference could be attributed the preference of CB1190 to grow in the liquid phase
as planktonic cells or suspended flocs, or that CB1190 produces less extracellular polymeric
substances (EPS) that are necessary to anchor the cells to solid surfaces (Myers, 2016). Moreover,
some detachment occurred over the course of CB1190 growing on the beads, which was likely due
to a combination of mechanical removal by rotary shaker-induced shear forces (Figure 3.27),
detachment as part of biofilm lifecycles, and stress-mediated detachment caused by local nutrient
deficiencies (Myers et al., 2018). Thus, the CB1190 attached beads could be applied in the pilot
study with one of the roles as the CB1190 carriers to keep active and viable CB1190 even with low
concentrations of 1,4-dioxane, and consistently migrate CB1190 to contacted groundwater for long-
term 1,4-dioxane biodegradation. Moreover, the carriers are intended to offer a protective niche for
inoculated CB1190 and hence reduce competition with indigenous microorganisms (Chen et al.,

2012), and to keep the 1,4-dioxane contamination from spreading within the plume.
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Figure 4.41. Morphological changes of beads in liquids before (right) and after (left) reaction.
4.6 Conclusions

The bioaugmentation strategy with 1,4-dioxane-metabolizing bacteria is an efficient
method to degrade contaminant in-situ, compensating the lack or insufficiency of catabolic
capability in indigenous microbes. The feasibility study indicated that injected CB1190 (> 10’
copies/mL) was distributed at least 10 feet away from the injection well and followed preferential
pathways, while only low cell densities were detected, supported by biomarker genes abundances
and transcripts either in groundwater (< 242 copies/mL), or on Biotrap beads (122-674
copies/beads), or in the soil (141-433 copies/g). The second phase was implemented with the
increased injection cell density, along with oxygen and diammonium phosphate nutrient, while the
1,4-dioxane showed decreasing trend in the first 8 weeks, but stabilized at ~100 pg/L with lower
dxmB abundances and transcripts. Then, the third phase using in-situ bioreactor (ISBR) embedded

with granular activated carbon (GAC) based Bio-Sep beads was conducted with immobile CB1190,
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and the gene abundances and transcripts were stable in 200 days with significant decrease of
adsorbed 1,4-dioxane on the beads. The bioaugmentation implement validated feasibility of in-situ
1,4-dioxane metabolizing process, but the parameter still needs to be optimized to achieve higher
efficiency.
4.7 Supporting Information
4.7.1 Field Activities
4.7.1.1 Lithology Evaluation

At each of the nine boreholes, continuous cores were advanced using direct push drilling
methods until bedrock refusal. Each core was logged using Unified Soil Classification System
(USCS) methods and photographed. Headspace readings were collected using a photoionization
detector (PID). The lithology of the study area was generally consistent with previous
investigations. Based upon the continuous cores collected, the lithology can be divided into the
following three zones:

e Vadose Zone (0 to 15 feet [ft] below ground surface [bgs]): Composed of clay, sandy
clay, and silty clay (re-worked from previous construction activities and undisturbed)
grading to silt between 12 and 15 ft bgs.

e Saturated Zone (15 to 23 ft bgs): Groundwater is encountered in the study area between
15 and 16 feet bgs. The saturated zone is made of up silt and sandy silt interbedded with
discontinuous clayey sand, silty sandy, gravelly clay and gravelly silt beds. The gravel
layers range in thickness from an inch (Area 3 and Area 1) to half a foot (Area 2). This
zone has features which best fit the Aquiclude classification.

*  Weathered Shale: The shale was encountered across the site at depths ranging from 21

to 25 ft bgs.
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The lithology and location (close proximity to Mingo Creek) of the study area was indicative
of a fluvial depositional environment. The saturated zone’s composition of a fine-grained soil (clay
and silt) with interbedding of clayey and silty gravel and sand was indicative of a flood plain and
stream bank (low energy) environment, which experienced occasional flood events. During flood
(high energy) events, a nearby creeck would “jump” its bed, depositing a mixture of channel
deposits (sand and gravel) and with low energy fine-grained deposits, resulting in discontinuous
lenses of coarse-grained sediments with varying amounts of fines. This sort of depositional
environment created an aquifer with highly variable hydraulic conductivities.
4.7.1.2 Temporary Well Installation and Sampling

The groundwater recharge rate at all direct push borehole locations was not sufficient to
collect enough groundwater for the selected laboratory analysis, thus temporary monitoring wells
were installed at each boring location. These temporary wells were identified as TW-1 through
TW-9 (Figure 4.3).

Groundwater samples were collected from TW-1, -2, and -3 in Area 1 using a peristaltic pump
and analyzed for VOCs and 1,4-dioxane. Based on the consistency of the analytical results in these
wells, it was determined that only one temporary well in each of the other areas (TW-4 in Area 2
and TW-8 in Area 3) needed to be sampled for laboratory analysis. While elevated 1,4-dioxane
concentrations are desired for the technology demonstration, the elevated VOC concentrations in
Area 1 could cause inhibition of 1,4-dioxane biodegradation. In particular, recent work by UCLA
has identified 1,1-dichloroethene (1,1-DCE) as a primary VOC that can inhibit 1,4-dioxane

biodegradation (Zhang et al., 2016).
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4.7.1.3 Injection Well Installation and Sampling

Area 2 was selected as the best candidate for performing the technology demonstration project
based on 1) the 6-inch gravel zone that was encountered during direct push drilling and 2) the
lower concentrations of VOCs that can potentially inhibit 1,4-dioxane biodegradation. Therefore,
an injection well (81W01) was installed in Area 2 and the temporary monitoring wells in Area 2
were completed as permanent monitoring wells. Temporary wells in the other two Area 1 were
removed and backfilled with cement-bentonite grout.

For the injection well, an approximately 10-inch diameter borehole was advanced to the
targeted depth (refusal at bedrock at approximately 23 ft bgs). Continuous split spoon samples
were collected for the purpose of lithologic logging and collection of soil for the UCLA laboratory
testing. Once the borehole was advanced to depth, the injection well was constructed using 4-inch
diameter Schedule 40 polyvinyl chloride (PVC) screen and riser and up to 5 ft of 0.010-inch slot
screen. The location of injection well 8IWO0L1 is shown on Figure 4.3.

Injection well 8IW01 and the Area 2 monitoring wells were developed using a combination
of swabbing and over pumping, after at least a period of 24 hours had elapsed since setting the
annular seal. Injection well 8IWO01 and previously existing monitoring well SMNW17 in Area 2
were sampled using low-flow sampling techniques. Groundwater samples were analyzed for 1,4-
dioxane by UCLA and additional groundwater volume was collected from injection well 81W01
for the UCLA laboratory testing. Analytical results for wells 8IWw01 and 8MNW17 are included
in Table 4.1.
4.7.1.4 Slug Tests

Three rising head and two falling head tests were conducted at injection well 8IWO01 prior to

low-flow sampling. Slug test data were collected using submersible, data logging pressure
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transducer to measure changes in head. The head change was induced by inserting a 3.1 foot-long
slug constructed from Schedule 40 polyvinyl chloride (PVC) filled with sand into the water column
for rising head tests and removing the slug for falling head tests. Slug test data were analyzed using
spreadsheets developed by the United States Geological Survey (USGS) that estimate hydraulic
conductivity and transmissivity using the Bouwer and Rice model. The average hydraulic
conductivity at injection well 8IW01 within the screened zoned was 13.2 feet per day with a
transmissivity of 1,145 gallons per day per foot (gpd/ft). Falling and rising head tests were also
conducted at directly adjacent monitoring well BSMNW17. The tests conducted at SMNW17, using
the same methods and equipment as well 8IW01, resulted in an average hydraulic conductivity of
1 foot per day and an average transmissivity of 85 gpd/ft.

The hydraulic conductivity and transmissivity results from both of these wells were relatively
low and roughly correspond to a unit that is made up of silt, silty sand, and medium sand. Injection
well 8IW01 appeared to be screened in the thickest part of the clayey gravel/gravelly clay lens,
thus resulting in slightly higher hydraulic conductivity and transmissivities, while SMNW17 and
the temporary wells appeared to be screened on the edges of this clayey gravel/gravelly clay lens.
The results of the test data support that the lithology of this unit was an aquiclude with many
discontinuous coarse layers
4.7.2 Culture Conditions

During culture scale-up, SIREM provided samples of the scaled-up culture to UCLA to
confirm 1,4-dioxane biodegradation. Upon receiving a subset of SIREM CB1190, cultures were
fed 1,4-dioxane and incubated at 30 degrees Celsius (°C). Biodegradation kinetics in the seed
culture were confirmed and microcosms were established for a new bioaugmentation event using

SIREM and UCLA-prepared cultures of CB1190. The results without biomass normalization
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indicated that SIREM cultures outperformed the strain prepared at UCLA. In addition, the nutrient
amendments continued to be an integral factor that improves biodegradation performance.

To further investigate the differences in strain performance, samples were analyzed for the
abundance of dioxane monooxygenase (DXMO), alcohol dehydrogenase (ALDH), and soluble
methane monooxygenase (SMMO) genes related to 1,4-dioxane biodegradation. Gene dxmB and
aldH were at least double the concentration in the SIREM cultures which could explain the
improved rates of 1,4-dioxane biodegradation. Surprisingly, SMMO gene targets were quantified
in SIREM CB1190 DNA extracts. While the concentrations are below the reporting limit for this
assay, this result led us to test the purity of the SIREM CB1190 culture on Reasoner’s 2A agar.

Plating cultures on R2A medium allows the growth of a wide range of bacteria. Identification
of mixed cultures is determined based on the observation of different physical or morphological
characteristics in the bacteria that colonize the petri dish, whereas pure cultures will appear
uniform. Pure cultures of CB1190 typically grow in very small colonies with a white powder-like
texture and these colonies are observed in the UCLA-prepared CB1190. However, SIREM cultures
show several different bacteria displaying difference in color, shape, and texture indicating some
level of mixed microbial growth. These results support the quantification of SMMO genes since
this sequence should not be amplified in pure cultures of CB1190. Based on the 1,4-dioxane
biodegradation ability of the SIREM-prepared CB1190 prepared culture, the presence of additional

bacteria is not considered a concern.
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Chapter 5 Comparison of Different Bioaugmentation and Biostimulation Strategies
5.1 Introduction

Soil and groundwater contamination with 1,4-dioxane are receiving increased regulatory
attention due to its potential carcinogenicity and widespread occurrence at thousands of
contaminated sites (Anderson et al., 2012, Suthersan et al., 2016). 1,4-Dioxane has been used as
an industrial solvent for inks, adhesives, fats, waxes (Barajas-Rodriguez and Freedman, 2018), and
also as an impurity in some industrial and personal care products such as antifreeze and aircraft
deicing fluids, paints and varnishes, deodorants, shampoos, and detergents (Mohr et al., 2016).
Because of the low Henry’s Law constant and low organic carbon partitioning coefficient
(Hatzinger et al., 2017), as well as hydrophilic and miscible characteristics, 1,4-dioxane has low
adsorption to soil particles, and moves rapidly in the groundwater with large dilute plumes
(Adamson et al., 2015). The heterocyclic structure of 1,4-dioxane’s molecule with two ether band
makes it refractory and resistant to biodegradation (Tian et al., 2014).

Bioremediation is a potential promising method for cleanup of 1,4-dioxane contaminated sites,
because of the environmental friendly and effective cost without extra energy and chemical
consumptions (Barajas-Rodriguez and Freedman, 2018), and both laboratory and field evidences
have reported mineralization of 1,4-dioxane by microbiomes under various conditions (Zhang et
al., 2016, Hatzinger et al., 2017). A wide variety of microbes have been studied well as 1,4-dioxane
metabolizer that use it as the sole source of carbon and energy (McElroy and Hyman, 2019), and
the best-characterized metabolizer is Pseudonocardia dioxanivorans CB1190, which is able to u
completely mineralize 1,4-dioxane via a monooxygenase-catalyzed reaction, has been widely
studied in laboratory for 1,4-dioxane removal kinetics (Mahendra and Alvarez-Cohen, 2005,

Zhang et al., 2016). Moreover, co-metabolic pathway is also a non-toxic process (Mahendra et al.,
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2007), that 1,4-dioxane can be catalyzed by bacteria grown on other carbon sources (Mahendra
and Alvarez-Cohen, 2006). Among the primary substrates, tetrahydrofuran (THF) metabolizing
strains were firstly studied to co-metabolize 1,4-dioxane because of the structural similarities
between 1,4-dioxane and THF, and various bacteria were identified to co-metabolically degrade
1,4-dioxane after fed by THF, including Rhodococcus ruber 219 (Bock et al., 1996), T1 and T5
(Sei et al., 2013), Pseudonocardia sp. ENV478 (Vainberg et al., 2006), and K1 (Mahendra and
Alvarez-Cohen, 2006). More co-metabolic degraders were found to grow based on alkanes, e.g.,
ethane metabolizer Mycobacterium ENV482 (Hatzinger et al., 2017), methane metabolizer
Methylosinus trichosporium OB3b (Mahendra and Alvarez-Cohen, 2006), propane metabolizers
Mycobacterium austroafricanum JOB5 (Lan et al., 2013) and Rhodococcus ruber ENV425
(Lippincott et al., 2015). However, the abundance of 1,4-dioxane biodegrading bacteria is low in
sewage treatments plants (Gedalanga et al., 2014) and natural groundwater (Sei et al., 2010),
implying that intrinsic biodegradation is not a viable remediation method (Lippincott et al., 2015),
and likely to require a significant time investment if used as part of a long-term site management
strategy (Adamson et al., 2015). Thus, engineered processes, bioaugmentation, which could
compensate the insufficient functional microbes in the native conditions by adding pre-adapted
pure bacterial strain, is the alternative for efficient and enhanced 1,4-dioxane removals.
Moreover, besides a competent microbe able to degrade the contaminant carbon source, other
environmental parameters also must be taken into account e.g. water, oxygen, and utilizable
nitrogen and phosphorous sources. Thus, biostimulation strategy, which could make up the
environmental limitations in various contaminated sites (Chu et al., 2018), is considered to
optimize biogeochemical parameters and accelerates the decontamination rate. The decision to

implement either or both of these techniques for bioremediation largely depends on the degrading
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capability of the indigenous microbes and the extent of contamination of the site to be treated
(Tyagi et al., 2011), and both strategies have been applied to promote in-situ or bench-scale
biodegradation of 1,4-dioxane at military bases (Lippincott et al., 2015, Sadeghi et al., 2016,
Hatzinger et al., 2017). However, the direct comparisons among those strategies to stimulate 1,4-
dioxane degradation, as well as influences on microbial ecology, are rarely reported, especially
with the actual contaminated environmental samples.

The implementation of efficacious above-mentioned bioaugmentation and biostimulation
strategies rely on artificially added degraders and intrinsic microbes, respectively, that can impact
or be impacted by innate microbial community dynamics, structures, and functions (Kao et al.,
2016). Thus, it is crucial to monitor the community to find out functional microbes that take
charges of decontaminations, as well as contaminants or environmental factors that induce the
shifts or of microbial community structures (Ju et al., 2017). Moreover, a complete degradation of
the pollutants depends on the interaction of diverse microorganisms collectively and bacteria could
evolve to utilize a variety of pollutants or byproducts (Shah et al., 2013), thus it’s essential to check
connections between and within functional guilds and linkages to performances (Vanwonterghem
et al., 2014, Ju et al., 2017). Additionally, in the long-term view, the post bioaugmentation and
biostimulation microbes will merge into natural condition and undertake fundamental
biogeochemical cycles, thus the realistic environmental risk assessment of remaining microbes and
further predictions of functioning are critical to evaluate the strategies before deployments (Miao
et al., 2018). This next-generation sequencing (NGS) technology targeting on functional and
sequence-based analysis of the collective microbial genomes has been widely used in researches
related wastewater treatments (Miao et al., 2018), groundwater treatments (Kao et al., 2016), and

soil remediations (Li et al., 2018), providing immense and comprehensive information regarding

133



bacterial community compositions and dynamics (Ju et al., 2017), as well as functional shifts (Liu
et al., 2018). Therefore, sequencing technology is an enhanced tool to fulfill above molecular gaps
from functional and structural aspects in specific 1,4-dioxane contaminated sites with
bioaugmentation and biostimulation strategies.

The bench-scale study in this chapter tested the hypotheses that co-metabolism of 1,4-dioxane
will induce different microbial community and functional genes changes with metabolic process,
and biostimulation with oxygen and propane will enhance biodegradation of 1,4-dioxane. Besides,
inorganic nutrient addition was set as additive to biostimulation process since insufficient
quantities of inorganic nutrients, such as nitrogen and phosphate, have previously been observed
to limit the biodegradation of 1,4-dioxane in environments (Lippincott et al., 2015). Conventional
biotechnology and amplicon sequencing were used to explore basic knowledge of biodegradation
from molecular aspects and to expand understanding of the dynamic microbial systems found in 1,4-
dioxane contaminated environments. This controlled condition study can provide insight about the
microbes and their growth requirements, before any on-site intervention for decontamination is
carried out, thus, the results will serve as theoretical supports for future in-situ metabolic and co-
metabolic biological treatment strategies for 1,4-dioxane.

5.2 Materials and Methods
5.2.1 Site Description

The contaminated site is located at Northern US, working as an industrial land with vehicle
factories and productions during 1985-2006. The 1,4-dioxane contamination source was located
south of the area known as the “coliseum”. The coliseum is a subfloor of the former Plant structure
that was constructed to a depth of 15 to 20 feet below grade, formerly used to house equipment for

stamping automobile parts. The lower 1,4-dioxane plumes was approximately 2,400 feet long and
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migrated from the source to the south-southwest within the deep overburden and weathered bedrock
zones at depths typically between 65 to 75 ft below ground surface, and the 1,4-dioxane’s
concentration was up to 510 ug/L.
5.2.2 Culture Preparations

1,4-Dioxane metabolizer Pseudonocardia dioxanivorans CB1190 (CB1190) was incubated in
the sterilized 1 L conical baffled flask with 200 mL ammonium mineral salts (AMS) medium
solution (Parales et al., 1994) and 100 mg/L 1,4-dioxane; meanwhile, co-metabolizing
propanotrophic bacterium, Rhodococcus ruber ENV425 (ENV425), was grown in sterile 1 L serum
bottles with septa and crimp seals, with 200 mL AMS and 10% (vol/vol) headspace propane serving
as sole carbon and energy source. All cultures were incubated at 30°C in a rotating incubator with
shaking speed of 150 rpm, and concentrations of 1,4-dioxane (liquid) and propane (gas in headspace)
in bottles were monitored over time using a Hewlett-Packard 6890 gas chromatograph equipped with
a flame ionization detector (GC-FID) (Agilent Technologies, Santa Clara, CA, USA). CB1190 was
treated with 1,4-dioxane to grow and harvested when 1,4-dioxane degradation rate reached ~80
mg/L/day. ENV425 was kept feeding propane to maintain viability and harvested when optimal
density was over 3.0 (NanoDrop® ND-1000, NanoDrop Technologies, Willmington, DE, USA), then
washed three by fresh AMS medium with 1:5 volume ratio to remove extracellular polymeric
substances (EPSs) before using in microcosm study.
5.2.3 Microcosm Establishments and Operations

Total five experimental sets of microcosms were established with four duplicated in each
condition, including killed control, bioaugmentation with CB1190, bioaugmentation with ENV425,
biostimulation with oxygen, and biostimulation with propane. The actual site materials were

assembled in 1 L glass serum bottles sealed by screw-cap Mininert™ valves to allow repetitive
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samplings and the addition of amendments, e.g., oxygen, propane, 1,4-dioxane, etc. Approximately
50g homogenized soil were added to each bottle, and 250 mL site groundwater were added into
biostimulation bottles, while 225 mL site groundwater as well as 25 mL cultures were added into
bioaugmentation bottles. Around 20% (vol/vol) headspace propane (~12 mg/L dissolved propane)
was sparged into propane-biostimulation bottles, and was re-sparged periodically. Similarly, oxygen
was also sparged when dissolved oxygen was below 3 mg/L. The extra AMS were added in
biostimulation bottles after 90 days, to test the impact of nutrients on 1,4-dioxane removals under
biostimualtion conditions. In bioaugmentation conditions, 1,4-dioxane was added periodically to
keep bacterial viability and test the reproducibility.
5.2.4 Sample Collections, Analytic Measurements, and Molecular Experiments

The mixed slurry samples (1000 uL) were collected along with microcosm operations, and
stored at —80°C before further analysis. 1,4-Dioxane was extracted by using frozen micro-extraction
method (Li et al., 2011), and measured on a Hewlett-Packard 6890 Chromatograph Plus coupled
with a mass spectrometer detector and Supelco SPB-1 column (30 m x 0.53 mm id x 1 um) by a
7693A ALS autosampler under pulse splitless mode, following parameters and methods in previous
study (Miao et al., 2018). Dissolved oxygen was measured by using an oxygen and carbon dioxide
analyzer (Quantek Instrument, Grafton, MA), while propane was measured by direct headspace
injection using a GC-FID. The total nucleic acids were extracted from 500 uL slurry samples based
on modified phenol/chloroform/isoamyl alcohol method (Gedalanga et al., 2016), and RNA reverse
transcription was performed by using EasyScript Plus™ cDNA Synthesis Kit (Lamda Biotech, St.
Louis, MO, USA) after DNA was removed by using RapidOut DNA Removal Kit (Thermo Fisher
Scientific, Waltham, MT, USA) according to the manufacturer’s introductions. The DNA or RNA

extracts of four triplicates bottles were mixed before quantitative polymerase chain reaction (QPCR),
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with four pairs of primer (Table 5.1) targeting on total 16S rRNA gene, and functional biomarker
genes, dioxane monooxygenase (DXMO) gene (dxmB), propane monooxygenase (PrMO) gene
(prmA), and aldehyde dehydrogenase (ALDH) gene (aldH). All gPCR reactions were processed in
20 pL system using Luminaris™ Color HiGreen master mixes (Thermo Fisher Scientific, Waltham,
MT, USA), following previous established programs for each gene (Gedalanga et al., 2014, Miao et
al., 2019).

Table 5.9. Gene primers and annealing temperatures.

Annealing

Gene/Enzyme For-Primer (5°—3’) Rev-Primer (5°—3’) temperature (°C)

dxmB/dioxane
monooxygenase CCAAACGGGCGTCAGTCAT AGAACGTGCGCTCCCAAAG 60
(DXMO)

aldH/aldehyde
dehydrogenase =~ ACCAAGGACCTCACCTCGTA AACGGATGCGCGTTGTTC 60
(ALDH)

prm1A/propane
monooxygenase GAAGAGTCGTGGAAGCAGATC  GTACTTGTACTCGAACCACTCG 58
(PrMO)

Universal 16S

rRNA gene ATGGCTGTCGTCAGCT ACGGGCGGTGTGTAC 53

5.2.5 Amplicon Sequencing and Data Analysis

The hypervariable V4 region of 16S rRNA gene of each sample was amplified triplicate with
region-specific primers that included the Illumina flow-cell adapter based on protocol present in
(Caporaso et al., 2012), and the amplicons belonging to the same sample were pooled in equimolar
mass and sequenced in duplicate per sample on Illumina Miseq platform (Laragen, Inc., Culver City,
CA, USA) with Miseq V4 regents and PE250 strategy (pair-end sequenced 2 x 250).

The generated 16S rRNA gene reads were analyzed by Mothur workflow (Schloss et al., 2009)
following previous established pipeline (Miao et al., 2018, Miao et al., 2019). The contigs were
assembled from paired-end reads by using “make.contigs”. Then the successfully formed contigs
were trimmed by using “trim.seqs” with zero ambiguous bases and an average quality cutoff at 30

(Chao et al., 2016). Sequencing reads were denoised with chimera, Chloroplast-Mitochondria-
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unknown-Archaea-Eukaryota reads and the length was permitted at ~300 bp with the maximum
number of homopolymers per sequence at 8. The filtered reads were assigned to OTUs based on
average neighbor algorithm in cluster process with greater than or equal to 97% sequence identity,
and then were taxonomically classified with Silva 16S rRNA gene training set (v128), while the
OTU with less than 10 reads were excluded from downstream analyses. Although the analyses were
processed using the relative abundance, each sample was randomly sub-sampled to normalize the
reads number at 25000. Afterwards, the results were assembled into one OTU-table with abundances
information of individual OTUs and higher taxon under all conditions.

The microbial composition was based on the OTU-table and visualized on circular phylogenetic
trees for direct comparisons among different samples by using “metacoder” package (Foster et al.,
2017, Miao et al., 2017). The a-diversity was represented by rarefaction curve based on Mothur, and
the B-diversity including Bray-Curtis dissimilarity index, weighted and unweighted Unifrac
distances were calculated and visualized on non-metric multidimensional scaling (NMDS) and
principal coordinate analysis (PCoA) by R (v3.5.0) with “phyloseq” package (McMurdie and
Holmes, 2013, Miao et al., 2019). To compare the community correlation between CB1190 and
ENV425 bioaugmentation conditions, as well as oxygen and propane biostimulation conditions,
procrustes analysis was performed using the protest function with 999 permutations to verify
significance based on OTU-table by R (v3.5.0) with “vegan” and “labdsv” packages. The M? value
is the sum of the squared distances between matched sample pairs, and the P value was obtained by
recalculating the M? value and comparing the original M? value with the simulated distribution (Zhao
etal., 2018).

To better understand the potential functional features from the observed microbes in the

bioaugmentation and biostimulation processes, the 16S rRNA gene sequences were used to calculate
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the metabolic cycles and pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) by
the “tax4fun2” package in R (v3.5.0) (Wemheuer et al., 2018). The package depends on assigning
the OTUs to reference sequences in the NCBI RefSeq database, and the taxonomic abundance were
transformed to metabolic capabilities using the pre-computed KEGG profiles, obtaining the relative
abundance of the enzyme-encoding genes in KEGG pathways and orthologues.

The network analysis was used to show the correlations between OTUs and functions, including
pathways or monooxygenase-encoding genes. A correlation matrix was constructed based on the all
possible pairwise Spearman’s rank correlations, with correlation coefficient (p) over 0.8 and P value
less than 0.01 (Ju et al., 2017), after adjusting the P values with reduced positive false discovery rate
(FDR) (Benjamini and Hochberg, 1995). Then, all the statistically robust pairwise correlations were
input into the interactive platform Gephi (v 0.9.2) (Bastian et al., 2009), and the nodes were colored
according to taxa or functions and proportional to the number of connections.

5.3 Results
5.3.1 1,4-Dioxane Removal Performances

Bioaugmented CB1190 and ENV425 showed efficient removal performances that degraded
~90% 1,4-dioxane in 1.5 days, which was below detection limits within 7 days (Figure 5.1A). More
1,4-dioxane was spiked at day 15 to replenish the contaminant concentration at ~550 pg/L, and was
undetectable when measured at day 30. Under biostimulation within 7 days, 1,4-dioxane was rapidly
degraded from 345 ug/L to 251 pg/L after initial propane addition, and decreased from 354 pg/L to
235 pg/L in the bottles aerated with oxygen (Figure 5.1A). Afterwards, 1,4-dioxane removals tended
to be fluctuated under both conditions in the rest of experiments, and finally reached to 170 pg/L
and 207 pg/L under oxygen and propane stimulation, respectively. However, after 90 days when

more ammonia and phosphate nutrients were added in oxygen and propane bottles respectively,
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biostimulation with propane achieved significant 1,4-dioxane removals within 60 days, while

oxygen biostimulated bottles only showed steadily decreases of 1,4-dioxane, and substantial oxygen

and propane usages were also observed (Figure 5.1B and 5.1C).
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Figure 5.42. 1,4-Dioxane removals (A), dissolved oxygen levels (B), and propane concentrations

(C) under all conditions during the treatment process.

Dissolved oxygen was consumed in 30 days for both bioaugmentation treatments, but ENV425

bottles had higher consumption rate at 0.067 mg-L-day? (Figure 5.1B). This indicated equal
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performance of metabolic and co-metabolic processes on these environmental samples, and showed
the potential continuous capabilities to biodegrade 1,4-dioxane in bioaugmented microcosms even
after one week (day 8-15) when 1,4-dioxane was below the detection level. Propane was observed
to be degraded but without 1,4-dioxane degradation in biostimulation microcosms, and dissolved
oxygen was reduced faster under propane stimulation in the first week, along with the relatively fast
1,4-dioxane removal, and periodically sparging with ~12 mg/L propane seemed to enhanced oxygen
reductions. Higher rates of oxygen and propane consumptions were observed after nutrient additions
in biostimulation bottles, indicating the thrive of propanotrophs or other aerobic microbes.
5.3.2 Functional Biomarker Genes

Three functional biomarker genes were picked to analyze and indicate the 1,4-dioxane
biodegradation potentials under different conditions during the treatment. Bioaugmented ENV425
and CB1190 initially elevated biomass, followed by a decreasing abundance of total bacteria over
time that could be dependent on the bioavailable substances in microcosms (Figure 5.2A).
Meanwhile, biomass in CB1190 added microcosms showed lower abundance than that at ENV425
microcosms, indicating the potential wider carbon sources for ENV425’s growth. Biomass under
biostimulation slightly increased along with time, demonstrating the lag period of indigenous
bacteria responding to oxygen and propane. Moreover, the rapid growth of biomass was observed
when nutrients were added under biostimulation, illuminating the limits of nutrients for these
environmental samples.

The dxmB genes were abundant and expressed only in CB1190 bioaugmented microcosms,
while lower under other conditions (Figure 5.2B), but the relative expression of dxmB were inhibited
at day 7 and day 30. Interestingly, dxmB’s relative expression was stimulated after nutrients were

added in non-bioaugmented microcosms, indicating the potential role of indigenous microorganisms
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carrying dxmB-like monooxygenase in removing 1,4-dioxane from these samples. The aldH genes
had higher abundance and relative expression than that of dxmB (Figure 5.2D), and aldH’s relative
expression was kept high under propane sparged condition. Gene prmA was abundant under
ENV425 bioaugmented conditions, but less from indigenous propanotrophic bacteria, but were

stimulated upon nutrient addition after 90 days in propane biostimulated bottles (Figure 5.2C).
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Figure 5.43. The abundance of total 16S rRNA gene (A), and relative expression of dioxane
monooxygenase gene dxmB (B), propane monooxygenase gene prmA (C), and aldehyde
dehydrogenase gene aldH (D). The relative expression was calculated based on ratio of gene
transcript abundance to gene abundance.
5.3.3 Microbial Diversity, Composition, and Interaction

The alpha biodiversity was represented by rarefaction curves showing that the diversity under

bioaugmentation conditions were thrived at certain time points. In ENV425 bioaugmented bottles,
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biodiversity was high at day 3 and day 60 (Figure 5.3), indicating the degradation of 1,4-dioxane as
well as other hydrocarbons, and accumulated byproducts fed other indigenous microorganisms.
However, biodiversity was highest at day 60 with CB1190 bioaugmentation, and could be attributed
that more 1,4-dioxane was added (~550 ug/L) at day 15, thus the bacteria might have used the 1,4-
dioxane and its intermediates to grow and peak at day 60. After that, lack of carbon sources might
restrict the biodiversity, and the microbial community experienced lag phase over time. Under
oxygen biostimulation, biodiversity was obviously increased after 150 days, both under w/ and w/o
nutrients conditions. The trend of biodiversity could be attributed to thriving of minor indigenous
microorganisms, that utilized hydrocarbons and nutrient amendment. However, microbial
competition, lag responses to O, as well as different O, consumptions might result in thrive or
elimination of microbes, that fluctuated biodiversity in the first 90 days. Surprisingly, biodiversity
under propane biostimulation was stable for the first few days, but blossomed at 30 days, that could
be related to the rapid 1,4-dioxane removals in the first 7 days and suggest microorganisms were
active potentially resulting in the generation of more intermediates. However, biodiversity stared to
decrease after 30 days, indicating the dominance of propanotrophs along with propane sparging that

occupied more nutrients in original samples.
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Propane Biostimulation
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Figure 5.44. Rarefaction curve represents the a diversity under all conditions.

The taxonomic classification at taxon level showed all detected microbes in phylogenetic trees
under CB1190-bioaugmentation (Figure 5.4) and ENV425-bioaugmentation (Figure 5.5) condition
over time, describing the shift of microbial compositions. The original unamended slurry mainly
contained genera Hydrogenobacter (20.58%), Aeribacillus (8.65%), Staphylococcus (7.80%),
Stenotrophomonas (7.69%), and Bacillus (7.14%). The bioaugmented Pseudonocardia and
Rhodococcus immediately became the dominant bacterium after spiking into microcosms,
occupying 36.96% and 78.61% of the microbial community, respectively, but both dominant
microorganisms eventually decreased with time. Genus Rhodococcus decreased relatively slower
and was still dominant at day 30 with 23.38% of the total population, while genus Pseudonocardia
was eliminated rapidly and dropped to 1.12% in 3 days, then, microbial compositions fluctuated

along with time and under both bioaugmentations.
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Figure 5.45. Number of reads and OTUs

assigned in specific taxon under CB1190-

bioaugmentation condition, and the cladograms from top to bottom correspond to the order of time.

Each node represents a taxon used to classify OTUs and the edges determine where it fits in the

overall taxonomic hierarchy. Node color indicates the number of reads and node diameter is

proportional to the number of OTUs classified in that taxa.
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Under oxygen biostimulation, microorganisms changed with no clear trends, while nutrient
addition selected for similar bacteria that dominated under stimulation with oxygen alone at day 150,
such as Prevotella_9, Faecalibacterium, and Bacteroides, etc. (Figure 5.6). This demonstrated that
the addition of nutrients could stimulate more minor bacteria and this was also reflected by increases
in biodiversity. Unfortunately, increases in minor bacterial groups had no significant benefit for 1,4-
dioxane removal. However, dominant microorganisms under propane stimulation after nutrient

addition were genera Mycobacterium and Methyloversatilis at day 150 (Figure 5.7).
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Figure 5.47. Number of reads and OTUs assigned in specific taxon under oxygen-biostimulation
condition, and the cladograms from top to bottom correspond to the order of time. Each node
represents a taxon used to classify OTUs and the edges determine where it fits in the overall

taxonomic hierarchy. Node color indicates the number of reads and node diameter is proportional

to the number of OTUs classified in that taxa.
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Figure 5.48. Number of reads and OTUs assigned in specific taxon under propane-biostimulation
condition, and the cladograms from top to bottom correspond to the order of time. Each node
represents a taxon used to classify OTUs and the edges determine where it fits in the overall
taxonomic hierarchy. Node color indicates the number of reads and node diameter is proportional
to the number of OTUs classified in that taxa.

The structural correlations between conditions were computed and visualized based on
procrustes analyses. When CB1190 bioaugmentation and ENWV425 bioaugmentation were
considered, Bray-Curtis distances calculated from abundance metrics of bacterial OTUs presented
insignificant (M? = 0.452, P > 0.05) correlations, and biostimulated conditions also showed
insignificant (M? = 0.669, P > 0.05) correlations among microbial community profiles (Figure 5.8).

This insight for overall correlations among microbial community compositions deciphered that
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microbes developed inconsistently between metabolic and co-metabolic bioaugmentation process,

even the spiked cultures were eliminated.
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Figure 5.49. Procrustes analysis of the correlation of microbial community between different
conditions based on the Bray-Curtis results of all OTUs abundances.

The microbial community correspondence between oxygen- and propane-stimulated conditions
showed the different changing trends of microorganisms responding to the abiotic factors. The
detailed microbial dynamics were also presented by using PCoA (Figure 5.9) that microbial
memberships and abundances were distributed in unorganized directions in the course of time. Under
bioaugmentation conditions, microbial membership separated at day 3, indicating the different
instant microbial responses to 1,4-dioxane metabolizer and co-metabolizer, corresponding to the
intensive 1,4-dioxane removals. Afterwards, types of microbes in both conditions isolated at day 60
(Figure 5.9 and 5.10), that could be attributed to the degradation of re-spiked1,4-dioxane, as stressful
factor that integrated microbial community. When take microbial abundances into consideration,
microbes in ENV425 bioaugmented condition distributed wider along with time, comparing with
CB1190-bioaug’s, and the abundance of microbial community inclined to be identical from day 60
to 90 under two conditions (Figure 5.10), exhibiting the potential temporal succession that niche-

based selection.
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based on qualitative (i.e., phylogeny) measures of microbial community with and without

quantitative (i.e., abundance) measures.
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Figure 5.51. Number of reads and OTUs assigned in specific taxon under bioaugmentation
conditions at day 60. Each node represents a taxon used to classify OTUs and the edges determine
where it fits in the overall taxonomic hierarchy. Node color indicates the number of reads and
Node diameter is proportional to the number of OTUs classified in that taxon.

The cluster analysis described similarity among samples under the same condition. Microbial
communities in microcosms bioaugmented with CB1190 returned to their near-original state after
3 days, indicating the short-term shock of spiked CB1190 (Figure 5.11). The lag phase of CB1190
impacts on the whole community was shown on day 30 and 60, at which, communities were
clustered differently. Moreover, community tended to be original condition after 90 days,
demonstrating the self-resilience of the community, and the weak competes of CB1190. However,
the microbial community developed separately after day 7, showing the slow utilization of
byproducts that accumulated after first few days. Unlikely, spiked ENV425 at day 0 was relatively
closed to original condition (Figure 5.11), even with different dominant bacteria, while clear
dissimilarity was observed after 3 days, indicating the lag response of indigenous bacterium to
ENV425 shocks. The oxygen condition caused fluctuation of microbial populations that the
similarity was changed periodically, which could be explained by the fluctuation of biodiversity
as well as dominant microorganisms. However, propane sparging started to separate
microorganisms after 30 days, and added nutrients intensified the segregations. Similarly,
community after nutrients addition was divergent under both biostimulated conditions,

demonstrating the thrives of bacteria.
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Figure 5.52. Cluster analysis among samples at each time point under all conditions during the
treatment (average OTUs). All samples were classified to OTUs level and pooled together to show

integral shift among conditions and time points.
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5.3.4 Bacterial Functioning Potentials in Bioaugmentation and Biostimulation

The functional potentials of the bacterial community in the bioaugmentation and biostimulation
processes, including pathways and enzyme-encoded genes, were derived from Tax4Fun2 based on
OTUs. In the mapped data, a total of 340 groups at the level 3 pathways and 8358 KEGG orthologues
(KOs) were found across all samples, mainly classified as pathways in metabolism, environmental
information processing, and cellular processes, etc. on level 1. When looked at into the overall
patterns, functions tended to rebound back to original level after bioaugmention process, and were
stable under biostimulation process before nutrients were added with propane (Figure 5.12),
validated by relative abundances of genes involved in each functional pathway on each level. This
phenomenon was attributed to functional redundancy, and the low efficient of 1,4-dioxane removals
during the oxygen only or propane only biostimulation process could result from the constant of
functions as usual, and stimulators only triggered community changes. This decoupling between
microbial functions and community compositions was also confirmed under biostimulation
conditions by rare connections between microbes and genes involving in pathways in Spearman’s

rank-based network analysis (Figure 5.13).
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Figure 5.53. Relative abundance of each pathway on level 1 and 2 in Metabolism pathway under

all conditions. The duplicates of each sample were listed, and every two bars belong to one sample.
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Figure 5.54. The network analysis revealing the co-occurrence patterns among pathways and
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When zoomed into metabolism pathway, carbohydrate metabolism, amino acid metabolism,
lipid metabolism, xenobiotics biodegradation and metabolism, and metabolism of terpenoids and
polyketides were found to increase after adding CB1190 and ENV425 (Table 5.2), explaining the
high efficiency of 1,4-dioxane degradation. However, lipid metabolism, xenobiotics biodegradation
and metabolism, and metabolism of terpenoids and polyketides decreased along with time, indicating
the elimination of xenobiotic compounds as well as by-products. However, membrane transport
pathway containing ABC transporters on level 3 was found to increase at day 30 and be abundant to
the end of the experiment. This increase could be response of biodiversity boost from functional
aspect, indicating more survival bacteria. In oxygen stimulated condition, the pathways on level 2
showed fluctuations along with time, even after nutrients additions. However, propane with nutrient
biostimulation mode accumulated genes in lipid metabolism, Xxenobiotics biodegradation and
metabolism, and metabolism of terpenoids and polyketides, after 60 days when nutrient was added,

comparing to propane-only condition.
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Table 5.10. Relative abundance of top 20 abundant level 2 pathway at each sampling point under conditions.

Level 1 Level2 Control CB_0 CB_3 CB7 CB30 CB60 CB.90
Metabolism Global_and_overview_maps 26.22% 2753% 24.15% 23.69% 23.58% 23.31% 23.55%
Environmental_Information_Processing Membrane_transport 11.27% 11.10% 12.25% 12.22% 17.20% 16.93% 17.40%
Environmental_Information_Processing  Signal_transduction 8.56% 8.44%  1055% 11.16% 7.96%  9.22%  8.25%
Cellular_Processes Cellular_community_-_prokaryotes 7.11% 7.77% 894% 9.01% 9.38% 6.42%  8.92%
Metabolism Carbohydrate_metabolism 6.21% 6.82% 6.64% 591% 6.38% 7.35% 7.22%
Metabolism Amino_acid_metabolism 4.68% 566% 510% 4.75% 4.88% 3.49%  4.85%
Genetic_Information_Processing Translation 5.29% 3.17%  342%  3.65% 3.76% 6.47%  3.55%
Metabolism Metabolism_of_cofactors_and_vitamins 4.20% 3.35% 3.36% 3.61% 353% 347% 3.21%
Metabolism Energy_metabolism 4.07% 3.48% 3.39% 3.65% 3.32% 2.71%  3.05%
Genetic_Information_Processing Replication_and_repair 2.57% 205% 2.23% 233% 219% 3.45% 2.15%
Metabolism Nucleotide_metabolism 2.37% 183% 1.88% 1.97% 2.02% 2.71% 191%
Metabolism Lipid_metabolism 1.77% 233% 2.09% 1.96% 1.80% 159%  2.08%
Metabolism Xenobiotics_biodegradation_and_metabolism  1.40% 331% 194% 1.83% 156% 058%  1.60%
Genetic_Information_Processing Folding, sorting_and_degradation 2.17% 157% 1.62% 1.69% 157% 1.94%  1.50%
Cellular_Processes Cell_motility 2.03% 1.32% 2.06% 248% 1.70% 0.61% 1.81%
Metabolism Metabolism_of_terpenoids_and_polyketides 1.58% 245%  177% 134% 1.28% 1.06% 1.20%
Human_Diseases Drug_resistance:_Antimicrobial 1.25% 1.15% 1.64% 151% 142% 1.68% 1.37%
Cellular_Processes Cell_growth_and_death 1.54% 124% 147% 166% 1.38% 131% 1.33%
Metabolism Metabolism_of_other_amino_acids 1.23% 1.24% 1.29% 1.32% 1.24% 1.06% 1.21%
Metabolism Glycan_biosynthesis_and_metabolism 1.28% 095% 096% 1.01% 096% 1.74%  0.92%
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Level 1 Level2 Control ENV.O ENV.3 ENV_7 ENV_ 30 ENV_60 ENV_90
Metabolism Global_and_overview_maps 26.22% 29.41% 28.05% 27.38% 24.17%  23.15%  24.28%
Environmental_Information_Processing Membrane_transport 11.27% 10.87% 11.73% 12.65% 13.13%  15.88%  15.93%
Environmental_Information_Processing  Signal_transduction 8.56% 537% 6.38%  6.50%  9.86% 9.74% 8.08%
Metabolism Carbohydrate_metabolism 6.21% 731% 7.15% 7.04% 6.17% 7.78% 6.89%
Cellular_Processes Cellular_community_-_prokaryotes 7.11% 525% 6.07% 6.15% 8.61% 6.43% 8.57%
Metabolism Amino_acid_metabolism 4.68% 6.50%  6.06% 5.70% 4.97% 3.44% 4.91%
Genetic_Information_Processing Translation 5.29% 268% 297% 3.63% 3.26% 6.11% 3.89%
Metabolism Metabolism_of_terpenoids_and_polyketides 1.58% 6.52% 550% 4.52% 3.21% 1.06% 2.20%
Metabolism Metabolism_of cofactors_and_vitamins 4.20% 3.26% 3.29%  3.46%  3.28% 3.57% 3.40%
Metabolism Energy_metabolism 4.07% 331% 333% 3.29% 3.34% 2.69% 3.22%
Metabolism Lipid_metabolism 1.77% 3.62% 3.19% 2.85% 2.34% 1.70% 1.85%
Metabolism Xenaobiotics_biodegradation_and_metabolism  1.40% 4.06% 3.47% 291% 2.23% 0.61% 1.68%
Genetic_Information_Processing Replication_and_repair 2.57% 1.78%  193% 2.22%  2.05% 3.42% 2.30%
Metabolism Nucleotide_metabolism 2.37% 161% 173% 1.94% 1.83% 2.65% 2.10%
Genetic_Information_Processing Folding, sorting_and_degradation 2.17% 1.32% 139%% 157%  1.54% 1.96% 1.71%
Metabolism Metabolism_of_other_amino_acids 1.23% 141% 138% 1.34% 1.22% 1.01% 1.26%
Cellular_Processes Cell_growth_and_death 1.54% 0.78%  0.89% 1.04% 1.43% 1.32% 1.21%
Human_Diseases Drug_resistance:_Antimicrobial 1.25% 0.64% 0.87% 0.94% 1.25% 1.73% 1.43%
Cellular_Processes Cell_motility 2.03% 0.38% 0.64% 0.75%  1.95% 0.84% 1.33%
Metabolism Glycan_biosynthesis_and_metabolism 1.28% 0.68% 0.79%  0.89% 1.00% 1.91% 1.00%
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Level 1 Level2 Control 0.3 o7 0_30 0_60 O 9 0O_150 ON_150
Metabolism Global_and_overview_maps 26.22% 24.12% 22.83% 25.29% 23.88% 23.73% 23.82% 23.49%
Environmental_Information_Processing Membrane_transport 11.27% 1456% 15.36% 14.21% 12.86% 16.38% 16.37% 16.44%
Environmental_Information_Processing  Signal_transduction 8.56% 9.10%  1041% 8.44%  10.20% 8.67% 9.39%  9.18%
Cellular_Processes Cellular_community_-_prokaryotes 7.11% 832% 8.11% 8.05% 952% 9.21% 6.03% 6.36%
Metabolism Carbohydrate_metabolism 6.21% 6.76% 6.70% 6.26% 6.18% 6.21% 7.45% 7.42%
Genetic_Information_Processing Translation 5.29% 387% 496% 491% 3.75% 3.29% 6.40%  6.54%
Metabolism Amino_acid_metabolism 4.68% 520% 397% 463% 4.73% 494% 359% 3.51%
Metabolism Metabolism_of_cofactors_and_vitamins 4.20% 3.25% 334% 3.85% 3.46% 349% 3.46% 3.52%
Metabolism Energy_metabolism 4.07% 3.25% 2.83% 3.83% 338% 3.52% 2.80% 2.70%
Genetic_Information_Processing Replication_and_repair 2.57% 244%  293% 253% 224% 198% 337%  3.46%
Metabolism Nucleotide_metabolism 2.37% 208% 231% 244% 2.00% 194% 2.65% 2.73%
Genetic_Information_Processing Folding, sorting_and_degradation 2.17% 1.60% 1.86% 2.05% 1.69% 1.45% 1.87% 1.98%
Metabolism Lipid_metabolism 1.77% 2.04% 1.69% 1.56% 1.80% 1.81% 1.68% 1.63%
Cellular_Processes Cell_motility 2.03% 157% 161% 1.68% 245% 191% 053% 0.60%
Cellular_Processes Cell_growth_and_death 1.54% 144% 151%  1.50% 168% 156% 1.35% 1.32%
Human_Diseases Drug_resistance:_Antimicrobial 1.25% 147%  155% 1.21% 142% 140% 1.62% 1.67%
Metabolism Metabolism_of_terpenoids_and_polyketides 1.58% 169% 1.35% 1.08% 147% 1.80% 1.26%  1.05%
Metabolism Xenobiotics_biodegradation_and_metabolism  1.40% 169% 1.25% 1.32% 190% 166% 0.71% 0.57%
Metabolism Glycan_biosynthesis_and_metabolism 1.28% 1.01% 141% 1.11% 1.09% 0.92% 1.70% 1.82%
Metabolism Metabolism_of_other_amino_acids 1.23% 131% 1.05% 1.18% 1.23% 1.19% 1.08% 1.06%
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Level 1 Level2 Control P_3 P 7 P_30 P_60 P_90 P_150 PN_120  PN_150
Metabolism Global_and_overview_maps 26.22%  24.69%  24.77%  22.09% 22.95% 22.66% 23.13% 24.15% 25.56%
Environmental_Information_Processing Membrane_transport 11.27%  14.81%  11.95%  15.45% 17.69% 12.10% 16.61% 14.69% 13.44%
Environmental_Information_Processing Signal_transduction 8.56% 8.30% 9.78% 11.38% 9.37% 11.51% 8.37% 9.66% 8.45%
Cellular_Processes Cellular_community_prokaryotes 7.11% 7.50% 7.78% 8.57% 6.45% 9.39% 9.76% 7.02% 8.22%
Metabolism Carbohydrate_metabolism 6.21% 6.71% 6.56% 6.31% 7.41% 6.27% 6.57% 6.97% 6.17%
Genetic_Information_Processing Translation 5.29% 4.65% 4.37% 4.59% 6.39% 4.18% 4.02% 5.32% 2.90%
Metabolism Amino_acid_metabolism 4.68% 4.77% 4.92% 3.92% 3.40% 4.30% 4.58% 4.11% 5.36%
Metabolism Metabolism_of_cofactors_and_vitamins 4.20% 3.79% 3.77% 3.36% 3.45% 3.43% 3.30% 3.44% 3.34%
Metabolism Energy_metabolism 4.07% 3.29% 3.44% 3.19% 2.64% 3.05% 3.18% 3.02% 3.65%
Genetic_Information_Processing Replication_and_repair 2.57% 2.58% 2.57% 2.67% 3.43% 2.48% 2.41% 2.92% 1.92%
Metabolism Nucleotide_metabolism 2.37% 2.25% 2.19% 2.19% 2.71% 2.06% 2.13% 2.34% 1.64%
Metabolism Lipid_metabolism 1.77% 1.81% 2.01% 1.61% 1.54% 1.65% 1.88% 2.08% 2.99%
Genetic_Information_Processing Folding_sorting_and_degradation 2.17% 1.93% 1.87% 1.76% 1.90% 1.99% 1.69% 1.80% 1.44%
Cellular_Processes Cell_motility 2.03% 1.81% 1.98% 1.74% 0.59% 3.31% 1.50% 0.95% 1.38%
Metabolism Metabolism_of_terpenoids_and_polyketides 1.58% 1.59% 1.68% 1.47% 1.01% 1.06% 1.28% 1.67% 3.21%
Cellular_Processes Cell_growth_and_death 1.54% 1.41% 1.58% 1.52% 1.30% 2.08% 1.40% 1.41% 1.33%
Human_Diseases Drug_resistance:_Antimicrobial 1.25% 1.36% 1.41% 1.64% 1.63% 1.51% 1.54% 1.45% 1.03%
Metabolism Xenobiotics_biodegradation_and_metabolism 1.40% 1.39% 1.57% 1.06% 0.57% 1.05% 1.46% 1.29% 2.65%
Metabolism Glycan_biosynthesis_and_metabolism 1.28% 1.11% 1.10% 1.35% 1.67% 1.16% 1.13% 1.47% 0.79%
Metabolism Metabolism_of_other_amino_acids 1.23% 1.21% 1.33% 1.09% 1.04% 1.18% 1.14% 1.13% 1.33%
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Network analysis was further applied in biostimulation process to show strong (coefficients >
0.8) and significant (p < 0.01) connections between microbes (OTUs) and monooxygenases, since
they are the critical enzyme in first step of 1,4-dioxane biodegradation (Mahendra and Alvarez-
Cohen, 2006). Again, because of the fluctuation of microbe against functional redundancy, only a
few OTUs significantly connected with monooxygenases (Figure 5.14). For example, under
bioaugmentation conditions, spiked CB1190 had positive correlations with anthranilate 3-
monooxygenase, aurachin C monooxygenase, and 4-nitrophenol 2-monooxygenase, while ENV425
showed positive correlations with methane and propane related monooxygenases, in line with its
cometabolic capability. However, under propane biostimulated condition, no clear correlations were
found even for accumulated genera Mycobacterium and Methyloversatilis, that could be attributed
that they carried existing abundant monooxygenases (propane monooxygenases) or other enzymes

that catalyzed 1,4-dioxane.
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Propane
Figure 5.55. The network analysis revealing the co-occurrence patterns among monooxygenases
and microbial taxa. The nodes were colored according to monooxygenase types and OTUs. A
connection represents a strong (Spearman's correlation coefficient r > 0.8) and significant (P <
0.01) correlation. The size of each node is proportional to the number of connections.
5.4 Discussion

Bioaugmented CB1190 and ENV425 showed efficient removal performances, and 1,4-dioxane
metabolizer CB1190 has been widely reported as a high efficient degrader in previous studies
(Mahendra and Alvarez-Cohen, 2005, Miao et al., 2019), that monooxygenase firstly catalyzes 1,4-
dioxane (Mahendra and Alvarez-Cohen, 2006, Gedalanga et al., 2014). The propanotroph ENV425
has previously been linked to 1,4-dioxane degradations with propane sparging (Lippincott et al.,
2015), and the cell viability could still last more than 30 days in this study, even in the absence of

propane, indicating this extensive co-metabolism could supply low levels of energy sufficient to
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sustain ENV425 (Chu et al., 2018), which was similar to propanotroph Mycobacterium
austroafricanum JOB5 (JOB5) (Mahendra et al., 2007). Moreover, 1,4-dioxane was studied to be
co-metabolic biodegradation in aquifer with methane or ethane (Hatzinger et al., 2017), as well as
propane and 1-butanol (Hand et al., 2015) as primary substrates, that could induce the expression of
different oxygenases.

Under biostimulation conditions, 1,4-dioxane showed steadily degradation, and only ~50%
removals were achieved in 150 days, that was similar to previous studies that Lippincott et al. (2015)
observed no 1,4-dioxane degradation in oxygen or oxygen with propane amended microcosms, and
propane pre-incubated microcosms with groundwater were able to degrade 1,2-dibromoethane with
a low rate and extent (Hatzinger et al., 2015). This could be attributed to the complicated indigenous
microbial community that propane was utilized by propanotrophs while putative propane
monooxygenase was insufficient to oxidize 1,4-dioxane or had high affinity to other dissolved
organic compounds. Additionally, for the co-metabolic process, the primary substances usually work
as a competitive inhibitors of the biodegradation of the targeting contaminants (Hatzinger et al.,
2018), that propane in this study might slow or cease 1,4-dioxane degradation. However, the
accelerated degradation rate after AMS addition indicated that indigenous microbes are capable of
growing on the propane and degrading 1,4-dioxane efficiently, but only in the presence of sufficient
ammonia and phosphate nutrients, consistent with previous studies (Hatzinger et al., 2015, Hatzinger
etal., 2018).

Propane was observed to be degraded but without 1,4-dioxane degradation in biostimulation
microcosms, and based on model simulation, inhibition caused by propane on co-metabolism of 1,4-
dioxane was significantly higher than inhibition caused by 1,4-dioxane on propane utilization

(Barajas-Rodriguez and Freedman, 2018). However, higher rates of oxygen and propane
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consumptions were observed after nutrient additions in biostimulation bottles, indicating the thrive
of propanotrophs or other aerobic microbes, and the previous inadequate amounts of inorganic
nutrients could also limit the biodegradation of alkane gases (Hatzinger et al., 2015).

The more abundant ENV425 than CB1190 could be attributed to broader carbon sources for
ENV425’s growth, and Barajas-Rodriguez and Freedman (2018) reported that CB1190 would be
more competitive when 1,4-dioxane turned to be low, while ENV425 depended more strongly on
the amount of propane. The rapid growth of biomass was observed when nutrients were added under
biostimulation, and previous study found that ammonium nutrients had significant enhancements on
indigenous microbiomes, even better than organic nitrogen (Wang et al., 2018).

The relative expression of dxmB declined after 1,4-dioxane was removed, and this was
consistent with descriptions that dxmB activity responds to 1,4-dioxane concentrations (Gedalanga
et al., 2014). Gene aldH is not specific to 1,4-dioxane biodegradation and could be induced by
aldehydes that are produced by any reactions other than 1,4-dioxane degradation (Jung et al., 2016),
explaining high abundance of aldH than that of dxmB. Furthermore, because of propanotrophic
bacteria carrying aldH (Masuda et al., 2012), aldH’s relative expression was kept high under propane
sparged condition. Gene prmA was stimulated upon nutrient addition after 90 days in propane
biostimulated bottles that was consistent with previous study in which Hatzinger et al. (2017)
suggested propanotrophs could be resilient to a shortage of nutrients when treating N-
nitrosodimethylamine (NDMA) and N-nitrodimethylamine (NTDMA) in a field-scale fluidized bed
bioreactor.

The change of biodiversity was related to accumulated byproducts that could feed other
indigenous microorganisms, and the affinity towards 1,4-dioxane was higher in the propanotrophic

cultures than in CB1190 (Barajas-Rodriguez and Freedman, 2018), resulting in higher biodiversity
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in ENV425 bioaugmented bottles. Under oxygen biostimulation conditions, the trend of biodiversity
could not only be attributed to intermediates and nutrients, but also microbial competition, lag
responses to Oy, as well as different O> consumptions, that also could be applied in propane
biostimulated microcosms. However, dominance of propanotrophs along with propane sparging
might occupy more nutrients in original samples over time. The most dominant genus in original
sample, Hydrogenobacter, was a well-studied aerobic hydrogen-oxidizing bacterium, and can
survive at extreme thermophilic environments (Sharma et al., 2015). Both bioaugmented
Pseudonocardia and Rhodococcus eventually decreased with time, but genus Rhodococcus
decreased relatively slower, since strains of Rhodococcus are able to catabolize a wide range of
compounds and produce bioactive steroids, acrylamide, and acrylic acid (McLeod et al., 2006), that
allow them to thrive under a variety of conditions with the capability to metabolize various
hydrocarbons. However, genus Pseudonocardia could be more dependent on 1,4-dioxane for
metabolism, thus its abundance rapidly declined when 1,4-dioxane was degraded after 3 days.
Moreover, microbial compositions fluctuated along with time and under both bioaugmentations,
indicating the potential differences of intermediates utilization and efficiency, as well as interactions
among microorganisms. Under oxygen biostimulation, more minor bacteria were observed to thrive
after the addition of nutrients, and it is common that rare taxa replaced previously dominant or
metabolically similar taxa in a short period, even within the constant environments (Fernandez-
Gonzalez et al., 2016). Furthermore, and propane-growing genus Mycobacterium accumulated with
sufficient nutrient and propane, which has been widely reported to be able to degrade 1,4-dioxane
(Deng et al., 2018, He et al., 2018), and may have contributed to the rapid 1,4-dioxane removal after

the nutrient addition.
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This procrustes analyses for overall correlations among microbial community compositions
deciphered that microbes developed inconsistently between metabolic and co-metabolic
bioaugmentation process, even the spiked cultures were eliminated, indicating the different impacts
of external cultures on indigenous microbes, that could be attributed to various biotransformation
products. Alidina et al. (2014) have studied that adaption phase to primary substrate would affect
microbial compositions, and the adaption phase could be interpreted as post-bioaugmentation
process, where microbes adapted metabolic or co-metabolic products. Moreover, the interactions
between augmented bacteria and indigenous microorganisms could also differentiate the microbial
compositions, e.g., CB1190 was found to co-occur with Rhizobiales, Bacillales, and
Sphingobacteriales (Miao et al., 2019).

Under bioaugmentation conditions, microbial membership separated at day 3, indicating the
different instant microbial responses to 1,4-dioxane metabolizer and co-metabolizer, and Festa et al.
(2016) have studied that PAH-degrading strain could cause a drastic change on soil microbial
community when using bioaugmentation strategy. Afterwards, stressful factor could integrate the
microbial community, which was also described by Wang et al. (2014) that an evident shift in the
soil bacterial and fungal community structures due to adding indole. When taken microbial
abundances into consideration, microbes in ENV425 bioaugmented condition distributed wider
along with time, that could be related to the wide range of primary or co-metabolic substrates and
tolerances to several stress of the genus Rhodococcus and its species (Cappelletti et al., 2016). The
co-metabolism process could allow the growth of various microbes independent of the target
contaminants, and have advantages over growth-linked biodegradation when contaminant
concentrations are low (Hatzinger et al., 2018). Thus, ENV425 could not only target on 1,4-dioxane,

but also other carbon sources in the groundwater, whose catabolites might benefit more other
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microorganisms. The identical microbial composition in the later bioaugmentation exhibited the
potential temporal succession that niche-based selection with similar developments of compositions
and diversities over time (Miao et al., 2019), because of absence of obvious environmental variations
(Louca et al., 2018), e.g., the diminished original bioaugmented bacteria and 1,4-dioxane in this
study. This indicated that the community had the identical potential to normal condition even after
different biological augmentations, and the previous investigation also found that the remediated soil
had a similar microbial community composition and distribution to that in the normal soil (Wu et al.,
2011). Wang et al. (2014) studied indole-contaminated soil and found that bioaugmented strain could
increase microbial diversity with some restoration of the resident microbial community. The
restoration to original robustness of microbial community was also observed in organic biomixture
packed columns treating pesticides, attributed to the adaption of microorganisms in the
biopurification systems (Diez et al., 2017). Furthermore, the dormant microorganisms persisting in
the soil may also contribute to the community resilience after bioaugmentation and 1,4-dioxane
spikes (Jones and Lennon, 2010). Besides, microbes and their respiration products could create the
oxidation-reduction condition that eventually harbored the restoring community (Shade et al., 2012).

The functional potentials of the bacterial community in the bioaugmentation and biostimulation
processes were predicted by Tax4Fun2 based on OTUs, but not all sequenced reads could be
affiliated to existing KEGG database because of the unknown or uncultured microorganisms (Babin
et al., 2019), The dominant pathways including metabolism, environmental information processing,
and cellular processes were similar to previous soil study (Zhou et al., 2019). The functional
redundancy was in the sense that functions could be performed by multiple coexisting, taxonomically
distant microorganisms (Louca et al., 2017), such as variable microbial communities in this study.

Purahong et al. (2018) also found a strong OTUs shift in wood-inhabiting fungal community after
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nitrogen addition, while the functional redundancy was in the treatment. The reason was that
functions were largely determined by the environment and type of ecosystem, and were less sensitive
to taxonomic variations (Louca et al., 2018), which actually were considered as complementary to
functional community structure within the functional groups (Louca et al., 2016). Stimulators only
triggered community changes, and the broad functions may be more functionally redundant and thus
better buffered against taxonomic shifts caused by biotic or abiotic disturbance (Blanco et al., 2015),
or adaptions to selective pressure through physiological changes and genetic evolution respectively
(Schimel et al., 2007). Anantharaman et al. (2016) observed no correlation between number or
relative abundance of microorganism controlling the specific step of a pathway and total energy
yields associated with that step, in river aquifer system. This decoupling between microbial functions
and community compositions was also observed in engineered system with controlled environments,
where overall functionality was maintained while dominant microorganisms changed
(Vanwonterghem et al., 2016), and taxonomic turnover might only weakly affect micro-ecological
functioning (Langenheder et al., 2005). Therefore, the main driver for biodegradation was the
enhance of functions by artificially added strains or nutrients, e.g., genes in pathways of metabolism
in this study, in both bioaugmentation or biostimulation processes.

The abundant carbohydrate metabolism, amino acid metabolism, lipid metabolism, xenobiotics
biodegradation and metabolism, and metabolism of terpenoids and polyketides could explain the
high efficiency of 1,4-dioxane degradation like previous bioaugmentation strategy (Chi et al., 2018),
and this could be related to some specific compounds (e.g., toluene, steroid, benzoate, Xylene, styrene,
etc.) degradation function genes (level 3) or horizontal transfer genes Bai et al. (2016). However,
lipid metabolism, xenobiotics biodegradation and metabolism, and metabolism of terpenoids and

polyketides decreased along with time, indicating the elimination of xenobiotic compounds as well
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as by-products, since these functional genes were indicators of the presence of xenobiotics and their
metabolites (Bai et al., 2014, Li et al., 2016). However, the abundant membrane transport pathway
containing ABC transporters at the end demonstrated the potential substrates transport across cellular
membranes as well as cell viability and growth (Lyons et al., 2017). Moreover, the more bioavailable
substrate produced in the early bioaugmentation process could also be easier utilized by the
microbiomes, that also enhanced these gene pathways (Lyons et al., 2017). The fluctuations of
pathways on level 2 under oxygen stimulated condition indicated the wide consumptions of nutrient
and oxygen during biostimulation process that could not specially benefit 1,4-dioxane
biodegradation, such as increasing specific genes (e.g., xenobiotics degradation genes), and the slow
decreasing trend of 1,4-dioxane could be attributed to the entire higher gene expression or bacterial
growth. However, the accumulated genes in lipid metabolism, xenobiotics biodegradation and
metabolism, and metabolism of terpenoids and polyketides was found after nutrient addition, and
this validated that not only propane, but also nutrient could increase bioavailability and
biodegradation rate by stimulate native propanotrophs in microcosms.

The network analysis only showed few connections between microbes and pathways or
monooxygenases, further confirming the decoupling between microbial compositions and functions.
Moreover, even with the stable abundances of specific enzymes under propane and nutrient
conditions, the activities might depend on bioavailable phosphate and nitrogen, that explains the high
1,4-dioxane removals.

5.5 Conclusions

1,4-Dioxane is expected to be present in groundwater from numerous historical industrial

releases, and this study demonstrated and evaluated effective strategies using metabolic or co-

metabolic bioaugmentations, as well as propane and nutrient spiked biostimulations.
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Pseudonocardia dioxanivorans CB1190 as well as Rhodococcus ruber ENV425 resulted in rapid
biodegradation of 1,4-dioxane to below detection limits within 7 days, and biostimulation with
propane only caused 1,4-dioxane removals after sufficient nutrient was added, while oxygen spikes
couldn’t enhance 1,4-dioxane biodegradation efficiently even with extra nutrient. Genes regarding
to 1,4-dioxane degradations, dxmB, aldH, and prmA, were all stimulated to express after nutrient
addition, while biomass was reduced in bioaugmentation conditions. Microbial community analysis
pictured that augmented genera Pseudonocardia and Rhodococcus were overwhelmed by other
native bacteria over time with Pseudonocardia being replaced faster than Rhodococcus, and various
bacterial groups became predominant over time in the biostimulated microcosms, while after
nutrients were added, genera Mycobacterium and Methyloversatilis were accumulated in propane-
stimulated microcosms when microbiomes distributed similarly in microcosms that were stimulated
by oxygen and supplemented with nutrients. Functional potential analysis showed enhanced genes
allocation for different pathways directly involved in metabolism after bioaugmentation or nutrient
addition, while functional redundancy was predicted to happen in the rest of treatment process.
Nutrients and bioaugmentation induced community dynamics and metabolic interplay might be
involved in accelerated bioremediation, that have been reported in bench or pilot scale studies, while
this study firstly used sequencing technology to profile the overall molecular mechanisms behind
the treatment process, and pinpointed functional bacteria, metabolic pathways, and microbial

trajectories, that could improve remediation decision-making and regulate further engineered work.
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Chapter 6 Treatment Trains for 1,4-Dioxane and Co-Contaminants’ Degradation
6.1 Introduction

1,4-Dioxane soil and groundwater contamination, caused by improper disposal and historical
usage, has been a growing concern in recent decades (Suthersan et al., 2016). 1,4-Dioxane widely
worked as the solvent and stabilizer for 1,1,1-trichloroethane (TCA) (Mobhr et al., 2010), but was
also found to be associated with trichloroethylene (TCE) (Anderson et al., 2012), and 1,1-
dichloroethene (1,1-DCE) (Adamson et al., 2015) in contaminated aquifers. Conventional
treatment methods such as air stripping and soil vapor extraction are largely ineffective because
1,4-dioxane is highly polar and has high aqueous solubility (Mohr et al., 2010). Biodegradation of
1,4-dioxane has been reported in several laboratory studies (Mahendra and Alvarez-Cohen, 2005,
2006, Vainberg et al., 2006, Mahendra et al., 2007, Li et al., 2010, Lan et al., 2013, Sekar et al.,
2016, Zhang et al., 2017). Recent studies describe that 1,4-dioxane biodegradation may play a
significant role in natural attenuation in several contaminated aquifers (Adamson et al., 2015, Li
et al., 2015), and a former landfill site (Gedalanga et al., 2016). However, the abundance of 1,4-
dioxane biodegrading bacteria were low in both sewage treatments plants (Gedalanga et al., 2014)
and natural groundwater (Sei et al., 2010), meaning that intrinsic biodegradation is likely to require
a significant time investment if used as part of a long-term site management strategy (Adamson
et al., 2015). Additionally, co-occurring chlorinated volatile organic compounds (CVOCs) and
heavy metals (Cd(I1), Cu(lIl), and Ni(ll)) inhibited the biodegradation of 1,4-dioxane (Mahendra
et al., 2013, Pornwongthong et al., 2014, Zhang et al., 2016). The properties of soil and
groundwater with comingled 1,4-dioxane and CVOC plumes pose unique challenges to engineered

1,4-dioxane remediation processes due to scale- (Lobo et al., 2014) and cost- (Choi et al., 2017)
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limitations of chemical oxidation technologies and negative impacts of chlorinated solvents on
microorganisms that can perform bioremediation processes (Zhang et al., 2016).

Currently, ex-situ 1,4-dioxane treatments have focused on various methods, such as
bioaugmented sorption (Myers et al., 2018), and abiotic method, such as advanced oxidation
processes (AOPs), which are capable of generating hydroxyl radicals (*OH) as potent and
nonselective oxidants (Chitra et al., 2012, Eberle et al., 2016) and can take advantage of the
aqueous miscibility of 1,4-dioxane. Importantly, AOPs may provide oxygen and decrease the
concentrations of co-contaminants (Eberle et al., 2016), both of which could benefit aerobic
microorganisms. However, there are critical limitations for full scale practical application, such as
the consumption of oxidative reagents and the need for additional energy inputs in the form of UV
radiation sources (Choi et al., 2017). Catalytic oxidation attempts to address these limitations by
the addition of inorganic catalysts that speed up oxidation rates and reduce the overall supply of
any additives or irradiation for oxidants (Choi et al., 2017). To date, the developed materials
including Ti/lrO>—Ta20s (Jasmann et al., 2017), Pt/Ce0,-ZrO2-Sn02/SBA-16 (Choi et al., 2017),
Pd/Al;0s (Feng et al., 2017), and photocatalytically active TiO2 (Barndok et al., 2016) have been
tested in 1,4-dioxane ex-situ remediation. Additionally, Tungstated zirconia (WOx/ZrO) has
improved activity and higher stability than previously studied catalysts (Soultanidis et al., 2010),
without the requirement of a precious metal or a light source, and has been used to treat 1,4-dioxane
with hydrogen peroxide (H20:) by activating H20- into reactive oxygen species on its metal oxide
surface and reacting with 1,4-dioxane co-adsorbed to Lewis-acidic sites on the catalyst surface
(Adamson et al., 2017).

Treatment train technologies provide many alternatives for the remediation of sites with

complex soil or groundwater contamination (Lobo et al., 2014). To date, oxidative-biological (Xu
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et al., 2016, Wang et al., 2017, Medina et al., 2018, Miao et al., 2019) and electrochemical-
biological (Lobo et al., 2014, Jasmann et al., 2017) treatment strategies have been studied in soil
and groundwater contaminations. However, given the broad physicochemical properties of
contaminant mixtures and microbial communities across different sites, applying general
decontamination methods achieve cost-effective remediation management becomes very
challenging. This problem is especially difficult when attempting to include bioremediation steps
that generally rely on a recovery in the functionality of the soil microbial community for optimal
performance (Lobo et al., 2014). The concept of a treatment train with oxidation and catalysis
processes has rarely been applied in soil and groundwater 1,4-dioxane remediation that could
optimize use of both oxidants and catalysts. To date, coupling chemical oxidation and
bioremediation has produced successful results indicating improved remediation efficiencies for in-
situ remediation of soil contaminated with diesel (Kim and Lee, 2012, Sutton et al., 2014), as well
as polycyclic aromatic hydrocarbons (PAHs) (Medina et al., 2018). However, few studies have
examined the behavior of systems that combine the technologies for treating emerging contaminants,
such as 1,4-dioxane and CVOC mixtures. There are several factors that could influence the
performance of a combined oxidation-biodegradation treatment train, including the soil type (Sutton
et al., 2014), decreases in the persistence of oxidants, and the generated radical species in the
presence of oxidized molecules (Deng et al., 2015). Although more efficient H.O2 use and higher
1,4-dioxane degradation activity were achieved, the performance of WO,/ZrO, under CVOCs
stress as well as its further impacts on biodegradation are still unknown. Therefore, a novel
synergistic catalysis-biodegradation treatment train was considered to target 1,4-dioxane and

CVOCs mixtures.
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The responses of indigenous microorganisms to treatment trains are not well understood in
soil and groundwater. Closing this knowledge gap is important, because these microbes act as
environmental indicators and are responsible for fundamental ecosystem processes and potential
natural attenuation of environmental contaminants. Therefore, potential shifts in microbial
community due to the application of an oxidation/catalysis/biodegradation treatment train must be
considered and thoroughly evaluated before further in-situ deployment of this promising strategy
(Chen et al., 2016). Additionally, environmental constraints can trigger a microbial response
observable through different forms among the community. Microbial community analysis can
provide comprehensive insights into the compositions of microorganisms and the microbial
responses to contaminants and the reagents used during treatment. Based on metagenomics,
microbial community analysis allows a realistic assessment of individual or combined impacts of
oxidants, catalysts, and contaminants on microbial communities, and consequently leads to a better
environmental risk assessment (Simonin and Richaume, 2015). This analytical method has been
widely used in the fields of wastewater treatment (Miao et al., 2015), soil bioremediation (Lefevre
etal., 2016), and in treatment efforts that target various contaminants, such as CVOCs mixed with
metals (Nemecek et al., 2016). However, microbial community analysis has not been widely
applied to emerging contaminants, especially on 1,4-dioxane and its co-contaminants. Moreover,
environmental assessments of soil remediation by conventional chemical oxidation with respect to
microbial ecology are rare (Chen et al., 2016) and limited to the combined treatment train
technologies.

With the aim of filling the engineered technological and analytical gaps described above, this
chapter evaluated oxidation-catalysis, oxidation-biodegradation, and catalysis-biodegradation

treatment trains in ex situ bench-scale microcosms constructed using actual contaminated soil and
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groundwater, with the objectives to (1) analyze the diversity and microbial community
composition shifts during each step in the treatment train, (2) identify microbes that could act as
key indicators in different conditions or treatment phases, (3) determine the relationships among
the targeting functions, contamination removals, and microorganisms, and (4) explore microbial
dynamics, co-occurrence and co-exclusion patterns among microbial taxa in the biodegradation
process. By addressing the above questions, this study will validate a proposed novel engineered
1,4-dioxane remediation technology and provide comprehensive insights into molecular
mechanisms to guide the application of in-situ remediation management strategies.
6.2 Materials and Methods
6.2.1 Site Identification and Contaminants

Groundwater and soil samples were taken from a site located in the southern United States
where groundwater and soil are impacted by previous military and industrial activities including
vapor degreasing. Contaminants of concern (COCs) include COVCs, such as TCA, TCE, 1,1-
dichloroethane (1,1-DCA), 1,2-dichloroethane (1,2-DCA), 1,1-dichloroethene (1,1-DCE), and cis-
1,2-dichloroethene (cis-DCE), and emerging contaminant 1,4-dioxane. Concentrations of COCs at
temporary and permanent monitoring wells in the vicinity of the proposed demonstration area are

summarized in Table 6.1.
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Table 6.11. Groundwater concentrations in the vicinity of the demonstration area (Courtesy:

AECOM 2014).

Groundwater Concentrations (July-August 2013) (ug/L)

cocC

TWA43 TW44 TW45 8MNW17 8MNW20 8MNW54*
TCE 14,700/15,700 486 J 7.12 7,080 17,400/17,000 1,310
TCA 164/156 <0.5 <0.5 67.3 4.23/4.18 91.5
1,4-DX 620/680 91 62/63 270 147/145 3511
cDCE 120/119 0.822 F 19.9/18.9 69.1 31.4/30.6 105 M
1,1-DCE 3,600/3,630 7.07 18.6/17.1 1,720 2,330/2,910J 296 F
1,1-DCA 7.26/6.54 5.77 68.2/65 8.59 3.96/3.87 6.81
1,2-DCA <5 4.04F <5 13.2 37.3/36.3 24.4
Notes:
*Monitoring well BMNW54 installed adjacent to location of temporary well TW43.
/ denotes duplicate sample
DCA  dichloroethane
cDCE cis-1,2-dichloroethene
F qualifier indicating concentration in excess of detection limit and below reporting limit
J qualifier indicating estimated concentration
M qualifier indicating matrix effect

6.2.2 Microcosm Constructions and Conditions

The bench scale microcosm study was conducted in 250 mL glass bottles with screw-cap

Mininert™ valves, containing 50 mL groundwater and 10 g soil that collected from the site. Two

levels of contaminants (500 and 5000 ug/L) were spiked individually and in mixtures to mimic

natural conditions (Table 6.2). These two levels were selected because they represent a low-to-

moderate concentration and a high concentration, respectively, using typical contaminated

groundwater plume concentration ranges for 1,4-dioxane and CVVOCs described in Adamson et al.

(2015). This resulted in four sets of microcosms, including high 1,4-dioxane high CVOCs (H-DX/H-

CV), high 1,4-dioxane low CVOCs (H-DX/L-CV), low 1,4-dioxane low CVOCs (L-DX/L-CV), and

low 1,4-dioxane-only (L-DX). A bioaugmentation set (Bioaug) was also prepared as a positive

biodegradation control by adding 1,4-dioxane metabolizing and mineralizing bacterial strain

207



Pseudonocardia dioxanivorans CB1190 (CB1190) (Mahendra and Alvarez-Cohen, 2005, 2006,
Mahendra et al., 2007) and incubated with high 1,4-dioxane and low CVVOCs initial concentrations.
A heat-sterilized control set was also prepared to correct for abiotic loss corrections.

Table 6.12. Initial 1,4-dioxane and CVOCs concentrations under each condition. The 1,4-dioxane
concentration were measured using GC-MS and GC-FID, while the CVOCs were calculated prior

to the study based on dilutions.

Contaminant Mixtures Abbreviation 1’1;12;3%”8 (;;I;LE) u l(:gzc):#E C'S(igZ/L?SE
High DX/High CvOC H-DX/H-CV 7300 + 430 5000 5000 5000
High DX/Low CVOC H-DX/L-CV 6980 + 410 500 500 500
Low DX/Low CVOC L-DX/L-CV 1130+ 70 500 500 500

Low DX Only L-DX 1080 + 80 0 0 0
Bioaugmentation Bioaug 6660 + 720 500 500 500

* Concentrations were measured on GC-MS and GC-FID.
# Concentrations were calculated based on dilution from stock CVOCs solutions.

6.2.3 Combined Oxidation and Catalysis (OC) Treatment Train

The oxidation phase involved amending site materials with H2O.. With H20- as the oxidant
treating site groundwater and soil, microcosm bottles also contained 100 mg FeSOs - 7H20, and 10%
sulfuric acid was used to adjust pH value to 4.5. Partial 1,4-dioxane removals were achieved after
incubating at room temperature for 12 hours with 100 rpm agitation, and some 1,4-dioxane was
available for the subsequent treatment step. The H>0O> oxidation process was quenched with NaOH
after 12 hours. The original site aqueous 1,4-dioxane concentration was 404.7 ug/L (the results of
H20 dose tests are listed in Table 6.3) and the optimal dose of H.O> was 0.96 mM for the unamended

groundwater and soil mixture samples.
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Table 6.13. Optimization test of hydrogen peroxide.

8MNW54 + TW1

Hydrogen Peroxide Added Percent Degradation

77.62 mM Full
38.81 mM Full
19.40 mM Full
9.55mM Full
4.78 mM Full
1.19mM 90.0%
1.07 mM Full
0.96 mM 71.4%
0.96 mM 59.4%
0.84 mM 47.7%
0.48 mM 30.8%
0.06 mM None

The catalysis treatment portion was conducted with tungstated zirconia of one composition (20
wt% WOz supported on ZrO> (i.e. 20 g WOs per 100 g of total WO3 and ZrO.), commercially
available from MEL Chemicals, "WOx/ZrO,") (Heck et al., 2018). The bottles were then dosed with
1600 uL 30% H203, and the bottles stirred for another 24 hours (Adamson et al., 2017).

The sampling timeline of this study was shown in Table S4. Briefly, the slurry samples under
each condition were collected before oxidation (original state, Control), post-oxidation state (OC1),
and post-catalysis state (OC2). At each time point, liquid (200 pL, stored at -20°C) and mixed soil-
water samples (300 pL, stored at -80°C) were collected from each microcosm for later 1,4-dioxane

and total nucleic acid analysis.
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6.2.4 Combined Oxidation and Biodegradation (OB) Treatment Train

Hydrogen peroxide (H202) was selected as the oxidant, and the optimal dose for unamended
groundwater and soil mixture slurry was 0.96 mM (dose tests prior to microcosms are summarized
in Table 6.3). The microcosms were first established with different concentrations of 1,4-dioxane
and CVOCs, then H.O, was added and oxidation process conducted with continuous 100 rpm
agitation at room temperature with pH at 4.5 (100 mg FeSOs - 7H20 and 10% sulfuric acid),
simulating the Fenton type reaction. The oxidation process lasted for 12 hours based on the dose test
to achieve expected partial 1,4-dioxane removals (~50%), then was quenched with NaOH, and the
remaining 1,4-dioxane in the microcosms was incubated for following 9-week biodegradation
process (30°C, 150 rpm shaking). CB1190 was added before and after oxidation process, and ~5000
ug/L 1,4-dioxane was added in microcosms whenever 1,4-dioxane dropped below detection limit
during the incubation period, to maintain bacterial viability and test the reproducibility in CB1190-
augmented bottles.

Four time points were selected during the combined treatment train for DNA extraction (300
uL slurry), including before oxidation (OB1) and after oxidation (OB2, day 0), middle of
biodegradation (OB3, day 17) where 1,4-dioxane was first depleted and second batch of CB1190
was added, and the end of biodegradation (OB4, day 63).

6.2.5 Combined Catalysis and Biodegradation (CB) Treatment Train

The doses of H202 and WOx/ZrO, were first tested on natural slurry (Table 6.4). Briefly,
significant (> 10%) degradation of 1,4-dioxane was observed for doses greater than 155 uM H20-
and higher catalyst concentrations appeared to be more useful for 1,4-dioxane degradation.
Therefore, a catalyst dose of 8 gcat/L and H20> dose of 310 puM, which achieved a ~20% reduction

in the 1,4-dioxane concentration, were chosen for the microcosms.
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Table 6.14. Catalyst and H.O> dosing experiments on 1,4-dioxane.

WOx/ZrOZ (gcat L-l)
H202 (LM)

2 4 8

0 0%
4.78 %
9.55 9%
19.4 %
38.81 7%
77.62 4%

155 13% 11% 11%

310 13% 21%

In the microcosms, 400 mg of WO«/ZrO; catalyst (20% WOy, w/w) was added along with
1600 pL 30% (w/w) H20: in each bottle, and stirred for 24 hours, then quenched with NaOH. 500
ML samples of soil-groundwater slurry were collected before (CBO0) and after (CB1) the catalysis
phase, 200 pL of which was used for 1,4-dioxane measurements, and the remaining was used for
total nucleic acids extraction. Afterward, the same microcosm bottles were continuously incubated
at 30°C and shaken at 150 rpm for 17 weeks to represent a subsequent biodegradation phase.
Samples were collected at the middle (day 63, CB2) and the end (day 119, CB3) of the
biodegradation phase. For the bioaugmentation condition, CB1190 was added at the middle of
biodegradation phase, immediately before the CB2 sampling.

6.2.6 Analytical Methods for 1,4-Dioxane and CVOCs

1,4-Dioxane (1-1000 pg/L) was monitored using an Agilent 6890 gas chromatograph equipped
with an Agilent 5973 mass spectrometer (GC-MS) and a Supelco SPB-1 Sulfur column (30 m x 0.32
mm id x4 pm). The collected aqueous samples were prepared for GC-MS analysis using a frozen
micro-extraction procedure as previously described (Li et al., 2011), and 5 pL of processed sample
was injected into the GC-MS equipped with a pulsed split-less injection with an inlet temperature of

150°C, 77 kPa, a pulsed pressure of 170 kPa for 2 min, and a purge flow of 15.0 mL/min. The oven
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temperature was initially held constant at 35°C for 5 min, then increased to 100°C at a rate of
20 °C/min, and further increased to 275°C at a rate of 50°C/min. The mass-selective detector (MSD)
was operated with an electron multiplier (EM) offset of 400 and EM voltage of 2000. The MS
quadrupole was set to 150°C with a source for 230°C (Zhang et al., 2016).

1,4-Dioxane concentrations were measured using a Hewlett-Packard 6890 gas chromatograph
equipped with a flame ionization detector (GC-FID) (Hewlett-Packard, Atlanta, GA) with a
Restek® Stabilwax-DB capillary column (30 m x 0.53 mm ID x 1 um; Restek, Bellefonte, PA) as
described in Pornwongthong et al. (2014). Briefly, liquid samples (100 puL) were collected and
filtered through 0.2-pm-pore Fisherbrand nylon syringe filters. 2 pL of the filtrate was directly
injected into the GC-FID. The injector and detector were maintained at a temperature of 220°C
and 250°C, respectively. The oven was programmed to rise from 80°C to 140°C at a ramp rate of
20°C/min, and held for 1 minute at 140°C. The 1,4-dioxane retention time was approximately 3.5
minutes.

A Varian 3500 capillary gas chromatograph equipped with an ECD was used to quantify TCE,
TCA, and 1,1-DCE (100-5000 pg/L; Agilent DB-5 capillary column, 30 m x 0.25 mm X 0.25 um).
Samples were analyzed by direct headspace injection (50 pL) to the injection port (260°C), with the
detector was kept at 310°C. The oven temperature was held at 35°C 30 min with a column flow rate
0f 9.6 mL/min. Samples containing cDCE (ranging from 500 to 5000 pg/L) were analyzed by GC-
FID by direct headspace injection (10 pL). The flow rate was 1.7 mL/min. The oven temperature
was initially held at 100°C for 1 min and then increased at a thermal incline of 25°C /min and held

at a final temperature of 150°C for 30 s (Zhang et al., 2016).
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6.2.7 DNA Extraction, PCR Amplification and lllumina Miseq Sequencing

FastDNA™ Spin Kit for Soil (MP Biomedicals, USA) was used to extract DNA from stored
slurry according to the manufacturer’s instructions and microspectrophotometry (NanoDrop® ND-
1000, NanoDrop Technologies, Willmington, Delaware, USA) was used to measure the
concentration and purity of extracts (Miao et al., 2015).

Universal 16S rRNA gene was amplified to quantify total bacterial biomass in microcosms, and
the CB1190-like 16S rRNA gene was used to quantify the abundance of the 1,4-dioxane metabolizer
Pseudonocardia dioxanivorans CB1190 or closely related bacteria (Gedalanga et al., 2014).
Reactions were conducted using a StepOnePlus thermocycler (Life Technologies, Carlsbad,
California, USA) with a total reaction volume of 20 pL, containing g°PCR Master Mix (10 pL, 2x
Luminaris Color HiGreen-HIROX, Thermo Scientific, Waltham, Massachusetts, USA), forward (0.5
uL, 10 uM) and reverse primers (0.5 uL, 10 uM) (Table 5.5), 7 uL of ddH20, and 2 uL of DNA
template. The annealing temperatures for both genes were 60°C and 50°C, respectively, and melt-
curve analyses at 81.5-83.6°C were considered to ensure specificity of amplification to target genes,
with genome DNA of Pseudonocardia dioxanivorans CB1190 as standard in qPCR.

Table 6.15. Primer sequences and annealing temperatures.

. s as Do s s Annealing
Gene For-Primer (5°—3”) Rev-Primer (5°—3’) temperature (°C)
dxmB/dioxane
monooxygenase CCAAACGGGCGTCAGTCAT AGAACGTGCGCTCCCAAAG 60
(DXMO)
aldH/aldehyde
dehydrogenase ACCAAGGACCTCACCTCGTA AACGGATGCGCGTTGTTC 60
(ALDH)
CB1190-like 16S CCAAACGGGCGTCAGTCAT AGAACGTGCGCTCCCAAAG 60
rRNA
Uriversal 165 ATGGCTGTCGTCAGCT ACGGGCGGTGTGTAC 53
16S rRNA gene TCGTCGGCAGCGTCAGATGTGTATAA GTCTCGTGGGCTCGGAGATGTGTATAAGA 55
V3-V4 region GAGACAGCCTACGGGNGGCWGCAG GACAGGACTACHVGGGTATCTAATCC

The hypervariable V3-V4 regions of 16S rRNA gene (Table 6.5) were chosen to be sequenced

on the Illumina Miseq platform (Klindworth et al., 2013). Each condition had triplicate DNA
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samples from triplicate microcosm bottles, respectively. The three DNA samples were mixed and
analyzed via duplicate PCR reactions. Thus, each condition had two PCR products. The PCR
reaction system was 50 uL containing 2 x EasyTaq® PCR SuperMix (25 pL), forward primer (2 pL,
10 uM) and reverse primer (2 uL, 10 uM), 40 ng sample genomic DNA and 21 pL double deionized
H-0, with annealing at 55°C. PCR products were sent to Laragen, Inc. (Culver City, California) for
further purification and additions of sample specific dual-index barcodes, then pooled and run
Illumina Miseq sequencing, using MiSeq v3 reagents to generate paired 300-bp reads.
6.2.8 Bioinformatics and Statistical Analyses

The generated sequences of 16S rRNA genes were grouped and preprocessed in Mothur
software (v 1.40.0), and quality controlled the assembled paired-end reads with criteria: (i) an
average quality cutoff at Q30; (ii) ambiguous bases at 0 (Chao et al., 2016); (iii) minimum length at
400 bp (Schloss et al., 2009). The chimeras were detected and identified by using “chimera.vsearch”,
and assembled reads that aligned and classified to chloroplasts, mitochondria, or Eukaryota based
on Silva database were discarded by using “remove.lineage”. Finally, the number of remaining
quality-controlled reads in each sample were normalized to 30,000, and all datasets have been
submitted to Metagemonics Rapid Annotation using Subsystem Technology (MG-RAST) server.
The normalized sequences were further clustered into different operational taxonomic units (OTUs)
with command “cluster.split” at 0.03 cutoff (97% similarity), producing a total of 3412 OTUs after
removing singletons (an OTU with one read), and the taxonomy of each OTU was blast against Silva
database by using “classify.otu”.

The a-diversity indices (Shannon, Chaol, ace, etc.) were calculated by the “summary.single”,
and the relative abundance of taxa was calculated in each sample. UniFrac distances metrics

(weighted and unweighted) calculated by “unifrac.weighted”, was used to indicate pairwise
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similarities among samples, and triplicates of each sample were shown by using principal
coordinates analysis (PCoA).

The cluster analysis (CA) was also based on average relative abundance of 97% similarity
OTUs (0.97-0OTUs), and data were clustered using the Clara algorithm (Kaufman and Rousseeuw,
2009). This method was based on partitioning around medoids (PAM), which refers to an object
within a cluster minimizing the sum of dissimilarities among all cluster observations, and can show
distinct discontinuities among samples.

The linear discriminant analysis (LDA) effect size (LEfSe) method was used to determine the
taxa that were most likely to explain differences among groups, with consideration of standard tests
for statistical significance, as well as additional tests encoding biological consistency and effect
relevance (Segata et al., 2011), and the determining taxon was defined as the representative
biomarker of the specific group.

The microbial functions were predicted by using Tax4Fun (ARhauer et al., 2015) based on
generated OTUs table and OTUs taxonomy, with R package “tax4fun”. Pathways and genes related
to 1,4-dioxane and CVOCs degradation in KEGG ortholog were searched and picked manually with
enzyme commission (EC) number.

Network analysis based on correlations, which was previously applied to study microbial co-
occurrence/co-exclusion species-species associations (SSA) patterns (Chao et al., 2016, Ju et al.,
2017), was calculated using an average relative abundance of 97% similarity OTUs (0.97-OTUs).
The algorithm was based on the non-parametric Spearman’s rank correlation with strict coefficients
at £ 0.6 and significant cutoff p-value at 0.01 (Barberan et al., 2012). Random incidence (R%) and
observed incidence (O%) of taxa co-occurrence were statistically checked on order level based on

previous methods (Ju and Zhang, 2015). The O% was defined as ratio of the number of observed
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edges (Eo) between two orders to total number of edges (E), and the R% was conducted by following

formula:

R_2><N1><N2
T Nx(N—-1)

Where N1 and N represented orderl’s and order2’s OTUs’ number in the network, and N is
total nodes in the network. The ratio of O% to R% (O/R), was used as criteria of nonrandom SSA
between two different orders (Ju et al., 2017).

Supervised regression model based on machine learning is a powerful tool to explore the
patterns in complicated datasets, and can predict treatment process utilizing the microbial
community, as well as implicit the community development in the course of time. 1,4-Dioxane
and CVOCs prediction models were constructed by the Random Forest (RF) regression as a
function of the changes in OTUs abundances data (Metcalf et al., 2016, Belk et al., 2018). Four
sampling points were categorized by numbers (CBO=day 0, CBl=day 1, CB2=day 63, and
CB3=day 119). Sample replicates belonging to the same conditions were pooled together to train
the model, and 10-fold cross-validation (CV) was performed to tune and evaluate the models
(Metcalf et al., 2016), then the model was tested by randomly picked samples. The accuracy of
models is measured as R? and mean absolute error (MAE) (Belk et al., 2018). Multiple conditions
were picked with purposes to train the regression models, and the remaining condition(s) were
used to test the model or to be predicted. The modeling results were compiled and graphics were
generated in R environments following previous work (Belk et al., 2018).

All visualizations were made by using R (v 3.4.0) with packages “phyloseq” (McMurdie and
Holmes, 2013) for PCoA, “ComplexHeatmap” (Gu et al.,, 2016) for heatmap organization,

“factoextra” and “cluster” (Miao et al., 2017) for cluster analysis (CA), “Hmisc” (Miao et al., 2017)
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for correlation analysis. The circular networks were visualized by Gephi (v 0.9.2) (Bastian et al.,
2009).
6.3 Results
6.3.1 Oxidation and Catalysis Treatment Train
6.3.1.1 1,4-Dioxane Removal and Gene Abundance Changes in OC Train

1,4-Dioxane concentrations under H-DX/H-CV and H-DX/L-CV conditions were spiked to
6759 and 7358 pg/L, respectively, and were 1109 and 1002 pg/L for L-DX/L-CV and L-DX
conditions, respectively (Figure 6.1). However, the 12-hour oxidation process degraded 87.44%,
85.13%, 85.83%, and 84.56% 1,4-dioxane under H-DX/H-CV, H-DX/L-CV, L-DX/L-CV, and L-
DX conditions, respectively, indicating the high efficiency of oxidation on different levels of 1,4-
dioxane, even with the presence of the CVOC:s. In the following catalysis process, catalyst was added
with more dose of H20», and reacted for 24 hours, then ~20% of remaining 1,4-dioxane was removed.
All conditions showed similar 1,4-dioxane removals, even various initial CVOCs concentrations.
The overall degradation rates were promising (~90%), confirming the high efficiency of coupled
treatment technologies for 1,4-dioxane degradation, even with the presence of CVOCs or various

initial 1,4-dioxane levels.
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Figure 6.56. Removal performances of 1,4-dioxane in microcosms constructed from well
8MNWS54 during oxidation-catalysis treatment train under different 1,4-dioxane and CVOCs
concentrations. The solid line belonged to left Y-axis indicating 1,4-dioxane concentrations, and
the dot line belonged to right Y-axis indicating 1,4-dioxane removals after each treatment process.
Each condition was conducted with triplicate microcosms.

The inhibitory impacts of chemical reactions on biomass quantities were clear under H-DX/H-
CV and H-DX/L-CV conditions, while under L-DX/L-CV and L-DX conditions, more
microorganisms survived after catalysis (Figure 6.2). This indicated that the catalysis to treat higher
concentration of 1,4-dioxane exhibited more pressure on microbiomes. To predict potential
biodegradation, CB1190-like rRNA genes were quantified, which originally were 10? copies/mL
slurry, but were nearly obliterated during oxidation process, indicating their vulnerability to peroxide

and the cessation of 1,4-dioxane biodegradation processes.
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Figure 6.57. Total bacterial 16S rRNA gene (A) and CB1190-like 16S rRNA gene (B) abundance
under different conditions during oxidation-catalysis process. Y-axis is in log scale.
6.3.1.2 Microbiome Distributions and Biodiversity Shifts

While 1,4-dioxane removals were not distinguished among different conditions, dominant
microorganisms were differentiated during the process. Phylum Proteobacteria were most abundant
before treatment (72.44%), but were sequentially decreased after the oxidation and catalysis
processes under all conditions, except for L-DX, where Proteobacteria were kept at 59% (Figure
6.3). Both phyla Actinobacteria (12.62%) and Firmicutes (0.56%) abundance increased after the
oxidation process, but decreased during the catalysis process. However, after the oxidation process,
Firmicutes abundance increased less under L-DX condition comparing with other conditions, and
Actinobacteria showed larger increases in low 1,4-dioxane concentration microcosms comparing
with high 1,4-dioxane concentration microcosms. In contrast, Bacteroidetes (10.60%) abundance
initially decreased during the oxidation process (less than 3% under each condition), but increased
after the catalysis process. Interestingly, Cyanobacteria (0.03%) abundance did not increase until
after the catalysis process under CVOCs-spiked conditions, while kept marginal abundance under
the low 1,4-dioxane-only condition during whole train, demonstrating the selective impacts of

CVOCs on Cyanobacteria in microcosms.
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Figure 6.58. Relative abundance of all taxa on phylum level at each time points under all
conditions. Control is original state, OC1 is post-oxidation state, and OC?2 is post-catalysis state.
On further taxonomic classification level (Figure 6.4), genus Pseudomonas was dominantly
abundant, occupying 46.78% before treatments, but decreased to below 5% after the oxidation
process and below 1% after the catalysis process under all conditions. This indicates that the
chemical reactions had a larger impact on Pseudomonas distributions than those imposed by the
presence of either 1,4-dioxane or CVOCs. Some originally minor genera showed tolerant capabilities
to oxidation, such as Massilia (0.01%), Rhodococcus (6.93%), Paenibacillus (0.01%),
Pseudarthrobacter (0.45%), and Williamsia (0.91%), all of which increased after oxidation but
decreased after catalysis. However, 1,4-dioxane and CVOCs were involved in the oxidative
tolerance, as Massilia increased to 47.54% and 1.17% under H-DX/H-CV and L-DX conditions,
respectively, indicating that high concentrations of 1,4-dioxane, CVOCs and oxidant facilitated the

survival of Massilia. However, Rhodococcus had the highest relative abundance under L-DX
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condition compared with other conditions after oxidation, showing opposing trends with Massilia,
demonstrating sensitivity of Rhodococcus to high doses of 1,4-dioxane and CVOCs combinations.
The genera that increased after the catalysis process were defined as catalyst-tolerant
microorganisms, including Cylindrospermum (0.01%), Novosphingobium (0.50%), Lacibacter
(1.90%), Sphingomonas (2.66%), and Devosia (0.23%). Similar to oxidative tolerance, 1,4-dioxane
and CVOCs also had associated impacts on catalyst-tolerant microorganisms, such as
Cylindrospermum and Novosphingobium, that favored high 1,4-dioxane and CVVOCs concentrations,
while Lacibacter had no clear trends. Genera Sphingomonas (2.66%) and Devosia showed potential
simultaneous oxidative and catalyst tolerances through their stability after oxidation and increased
abundance after catalysis, but both preferred relatively lower CVOCs exposure. Interestingly, under
the L-DX condition, genus Pseudarthrobacter also demonstrated catalyst-tolerance, but was

suppressed after catalysis under all other conditions.
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Figure 6.59. Trends of dynamics of microbial community with the 30 most abundant genera at
each time point under all conditions. Control is original state, OC1 is post-oxidation state, and
OC2 is post-catalysis state.

The biodiversity plotted by rarefaction curves under each condition was used to show direct
microbial community shifts during the treatment train associated with 1,4-dioxane and CVOCs
(Figure 6.5). Under H-DX/H-CV condition, biodiversity was reduced directly after oxidation process,
and remained unchanged after catalysis, while diversity under H-DX/L-CV and L-DX/L-CV
conditions maintained constant levels after oxidation, but decreased after catalysis. However, under
L-DX condition, biodiversity was stimulated after oxidation process and decreased after catalysis,

but remained higher than the initial diversity.
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Figure 6.60. Rarefaction curves (average OTUSs) during oxidation-catalysis treatment train under
different 1,4-dioxane and CVOCs concentrations.
6.3.1.3 Microbial Community Dynamics and Representative Biomarkers

Based on taxonomic classification, specific microorganisms varied under different conditions
along with the OC treatment train. Thus, the overall relationships based on a cluster analysis (CA)
were used to describe condition-microorganism similarity. Microbial communities were clearly
differentiated by oxidation and catalysis treatments (Figure 6.6), while within the same treatment
process, L-DX condition stood out from the other conditions, becoming an individual cluster. This
separation demonstrated the community was also determined by the concentrations of 1,4-dioxane
and CVOCs. Indeed, CVOCs could be the potential driver for this structural shift. In addition, all

OC2 samples were in greater proximity than the OC1 or Control samples, indicating the stronger
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impact of the oxidation process on structural shift beyond the differences induced by different 1,4-
dioxane and CVOCs levels. Moreover, principal coordinates analysis (PCoA) on weighted and
unweighted Unifrac distances between states also showed that communities shifted away from
original state, and segregated after different treatment states (Figure 6.7). Similar to cluster analysis,
microbial compositions under L-DX condition were isolated from other conditions after the
oxidation process. PCoA analysis also demonstrated that the H-DX/H-CV condition (Figure 6.7,
green triangles) was different than H-DX/L-CV and L-DX/L-CV conditions, which were observed
to be in closer proximity on cluster analysis. This pattern in the PCoA results further highlights the
impact of CVOCs within the same treatment. In addition, the oxidation process had similar impacts
to the microbial communities in terms of both microbial membership (unweighted, Figure 6.7B) and
abundance (weighted, Figure 6.7A), while the catalysis process had a greater impact on microbial
membership as evidenced by less separation of the L-DX condition in the weighted analysis (Figure
6.7A) compared to the unweighted analysis (Figure 6.7B). This is consistent with the cluster analysis

that showed that close grouping of all post-catalysis treatments (Figure 6.6, OC2).
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Figure 6.61. Cluster analysis among samples at each time point under all conditions during
oxidation-catalysis treatment train (average OTUs). All samples were classified to OTUs level and
pooled together to show integral shift among conditions and time points. Control is original state,

OCl1 is post-oxidation state, and OC2 is post-catalysis state.

PCoA on weighted-UniFrac distance P T D e TS ILCE M CTp ¢ M

uuuuuuuu

00 02 04 & " m
Axis.1 [525%] L

Figure 662 Dynamics of microbial community at each time point under all conditions at the 0.97-
OTUs level during oxidation-catalysis treatment train. PCoA biplots show weighted (A) and
unweighted (B) UniFrac distances were namely qualitative (i.e., phylogeny) measures of microbial
dynamics with and without quantitative (i.e., abundance) measures.

LEfSe was used to highlight the representative microbes in different groups (states or
conditions). When focusing on treatment states, genus Pseudomonas was identified as the biomarker
at original state, while Massilia, Rhodococcus, Williamsia, and Paenibacillus were found
accumulated at post-oxidation state, and Sphingomonas, Brevundimonas, and Devosia were selected
after catalysis process (Figure 6.8 and 6.9). Furthermore, based on the biomarkers highlighted in
each treatment state, the comparison among conditions showed that L-DX had 29 unique biomarkers,
more than other conditions (Figure 6.10), explaining the isolation of L-DX on PCoA and CA.
Similarly, unique enriched genera were found under specific conditions (Figure 6.11 and 6.12).

LEfSe covered the whole microbial community based on 0.97-OTUs classification, thus statistically
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showed not only dominant microorganisms, but also included minor representative microbes with

their higher taxonomic ranks.
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Figure 6.63. Taxonomic cladogram obtained using LEfSe analysis of the 16S sequences indicating
the phylogenetic distribution of microbial lineages associated with the three treatment states, and
only the taxa meeting a significant LDA threshold value of >4 are shown. Differences are
represented in the unique color of each state (green for original state, blue for post-oxidation state,
red for post-catalysis state, and yellow nonsignificant), and highlighted taxa indicate enrichment
of that taxa within the treatment state that corresponds to the highlighting color (shading and label).
Circles represent phylogenetic levels from phylum to species (OTUs) inside out, and each circle’s

diameter is proportional to the taxon’s abundance.
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Figure 6.65. Histogram of the LDA scores computed for taxon differentially abundant among
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Figure 6.66. Taxonomic cladogram obtained using LEfSe analysis of the 16S sequences indicating

the phylogenetic distribution of microbial lineages associated with each time point under specific

condition, and only the taxa meeting a significant LDA threshold value of >4 are shown.

Differences are represented in the unique color of each time point under specific condition, and

highlighted taxa indicate enrichment of that taxa within the treatment state that corresponds to the
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Figure 6.67. Histogram of the LDA scores computed for taxon differentially abundant among
specific conditions after each treatment state. LEfSe scores can be interpreted as the degree of
consistent difference in relative abundance between taxa in the two groups of analyzed microbial
communities. Only the taxa with meeting a significant LDA threshold value of >4 are shown.
6.3.2 Oxidation and Biodegradation Treatment Train
6.3.2.1 Microcosm Performance and Biomarker Detection

H>0O> was an effective oxidant for the 12-hour oxidation period under each condition, and high
1,4-dioxane reductions between 80%-82% were achieved except for the H-DX/H-CV condition
where only 50% of the 1,4-dioxane was removed (Figure 6.13). In the H-DX/H-CV condition, 9.45%
of the initial TCA remained after oxidation, while CVOCs were completely removed after 12-hour
oxidation in all other conditions. The biodegradation phase following the AOP phase lasted for
another 9 weeks, and 1,4-dioxane was stable in each non-bioaugmented microcosm, without
apparent indigenous 1,4-dioxane removals. Under bioaugmentation, 1,4-dioxane was spiked to 2919
ug/L at day 17 (OB3) after the initial dose of 1,4-dioxane had been depleted, and CB1190 (1:10 v/v)
was added at same time. 1,4-Dioxane was monitored to below detection continuously at days 30, 42
and 63 (OB4), respectively, and both 1,4-dioxane and CB1190 had to be spiked again at days 30 and
42, respectively (Figure 6.13). No significant 1,4-dioxane removals were observed during the

treatment train under each condition in the heat-sterilized abiotic control microcosms (Table 6.6).
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Figure 6.68. Removal performances of 1,4-dioxane in microcosms constructed from well
8MNWS54 during oxidation-biodegradation process under different 1,4-dioxane and CVOC
concentrations. The left Y-axis indicates high level of 1,4-dioxane and connects with H-DX/H-
CV, H-DX/L-CV, and Bioaug. The right Y-axis indicates low level of 1,4-dioxane and connects
with L-DX/L-CV and L-DX.

Table 6.16. 1,4-Dioxane concentrations in heat-sterilized abiotic control microcosms during the

treatment train under each condition.

1,4-dioxane concentrations (ng/L)

Conditions Before After Day 7 Day21  Day35  Day49 Day 63
oxidation oxidation

H-DX/H-CV 4892 2505 2548 2883 2887 2589 2568

H-DX/L-CV 4780 605 620 691 617 664 642

L-DX/L-CV 287 35 41 50 48 40 40

L-DX only 234 31 42 35 39 39 40
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The biomarker genes dxmB and aldH were only observed in the bioaugmentation microcosms,
and were consistent with spiked CB1190 at each feeding time point. In addition, both dxmB and
aldH were inhibited by three to four orders of magnitude directly after the oxidation phase, but
increased during the post-AOP biodegradation phase and reached to 3.75 x 108 copies/mL and 2.22

x 10° copies/mL, respectively (Figure 6.14).
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Figure 6.69. Biomarkers dxmB (encoding DXMOQ) and aldH (encoding ALDH) gene abundance

under bioaugmentation condition during oxidation-biodegradation process.
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6.3.2.2 Associations among Microcosm Performances and Microbial a-Diversity

Both Spearman’s rank and Pearson’s linear correlations showed no significant connections
among biodiversity, richness, and 1,4-dioxane concentrations (Table 6.7). However, the Shannon
index indicated that biodiversity under all conditions was reduced significantly (p-value < 0.05)
during the oxidation phase, except for the H-DX/H-CV condition (Figure 6.15, Table 6.8).
Afterwards, during the first stage of the biodegradation phase from OB2 (day 0) to OB3 (day 17),
the biodiversity was relatively stable under H-DX/H-CV, H-DX/L-CV and L-DX/L-CV, but
increased significantly under L-DX and Bioaug conditions. Rapid and significant increases of
biodiversity were observed after 9-week incubation of biodegradation from OB3 to OB4 (day 63)
under all conditions.

The richness metrics represented by the Chaol index and observed species (0.97 OTU) depict
the change of species along with treatment trains, both of which kept decreasing from OB1 to OB3
under all conditions with CVOCs. Under low 1,4-dioxane-only condition, the richness of microbial
community started to recover from OB2 to OB3, which occurred earlier than in microcosms with

CVOCs (Figure 6.15, Table 6.8).
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Figure 6.70. Trends of dynamics of microbial community richness, diversity and most abundant
50 species (0.97-OTUs) at each time points under all conditions. OTUs information are listed in
Table S8. Phylum information are in left column as, P: Proteobacteria, A: Actinobacteria, C:

Cyanobacteria, F: Firmicutes, and B: Bacteroidetes.
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Table 6.17. Pearson and Spearman correlations between richness/diversity and 1,4-dioxane under different conditions.

. HH HL L LL Bioaug
Methods Indices
R p-value R p-value R p-value R p-value R p-value

invsimpson 0.412 0.588 0.229 0.771 -0.294 0.706 -0.017 0.983 0.540 0.46

b shnnon 0.318 0.682 0.196 0.804 -0.016 0.984 0.102 0.898 -0.070 0.93
earson

Chaol -0.096 0.904 -0.063 0.937 -0.084 0.916 -0.225 0.775 0.102 0.898

sob 0.014 0.986 -0.027 0.973 -0.097 0.903 -0.179 0.821 -0.276 0.724

invsimpson 0.4 0.6 0.4 0.6 0.4 0.6 0.6 0.4 -0.4 0.6

shnnon 0 1 0.8 0.2 0.4 0.6 0.6 0.4 0.4 0.6
Spearman

Chaol 0.4 0.6 0 1 0.8 0.2 0 1 0.2 0.8

sob 0 1 0.6 0.4 0.8 0.2 0.6 0.4 0.8 0.2
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Table 6.18. Differences of richness and biodiversity between each consecutive time points under each condition. The “obs” is observed

species, and the “Chao” is Chao 1 index.

HH_obs OB1 0oB2 OB3 HH_Chao OoB1 0oB2 OB3 HH_shannon OoB1 0oB2 OB3

0oB2 0.31 OB2 0.502 0oB2 0.165

OB3 0.06 0.39 OB3 0.904 0.557 OB3 0.009 0.566

oB4 0.24 0.06 0.01 OB4 0.341 0.183 0.284 OB4 0.565 0.077 0.002
AUG_obs OB1 OB2 OB3 AUG_Chao OB1 OoB2 OB3 AUG_shannon OB1 0oB2 OB3

0oB2 0.002 OB2 0.013 0oB2 0

OB3 0.002 0.841 OB3 0 0.26 OB3 0.035 0

oB4 <0.01 <0.01 <0.01 OB4 0.098 <0.01 <0.01 oB4 <0.01 <0.01 <0.01
HL_obs OB1 0OB2 OB3 HL_Chao OBl 0B2 OB3 HL_shannon OBl 0OB2 OB3

0B2 0.004 OB2 0.663 0oB2 <0.01

OB3 <0.01 0.119 OB3 0.047 0.018 OB3 0.61 <0.01

OB4 <0.01 <0.01 <0.01 OB4 0.002 0.006 <0.01 OB4 0.066 <0.01 0.04

L_obs OB1 0oB2 OB3 L_Chao OB1 0oB2 OB3 L_shannon OoB1 0oB2 OB3

0oB2 <0.01 OB2 0 0oB2 0

OB3 0.034 0.008 OB3 0.046 0.042 OB3 0.003 0

oB4 <0.01 <0.01 <0.01 OB4 <0.01 <0.01 <0.01 oB4 <0.01 <0.01 0.001
LL_obs OB1 OB2 OB3 LL_Chao OBl 0B2 OB3 LL_shannon OBl OB2 OB3

0B2 0.263 OB2 0.867 OoB2 0.001

OB3 0.055 0.345 OB3 0.292 0.313 OB3 <0.01 0.014

OB4 <0.01 <0.01 <0.01 OB4 <0.01 0.006 <0.01 OoB4 <0.01 <0.01 <0.01
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6.3.2.3 Taxonomic Profiles Shift in Treatment Trains

The taxonomic classification showed that the most abundant phyla before oxidation were
Proteobacteria, Actinobacteria, Firmicutes, Cyanobacteria, and Bacteroidetes (Figure 6.16). The
relative abundance of Proteobacteria (class Gammaproteobacteria) was reduced during the oxidation
phase under all conditions, except H-DX/H-CV, where Proteobacteria (class Betaproteobacteria)
increased by 10% with decreasing Actinobacteria. Under Bioaug, H-DX/H-CV, and H-DX/L-CV
conditions, Proteobacteria decreased at OB3, but increased with low 1,4-dioxane-only spikes. When
comparing conditions with the same initial 1,4-dioxane concentration, the presence of lower levels
of CVOCs induced a rebound of Proteobacteria (class Alphaproteobacteria) at OB4, which was in
contrast to the trend observed at higher CVOC levels. Phylum Actinobacteria was observed to
increase during the biodegradation phase under Bioaug and H-DX/H-CV conditions, but was found
to decrease under L-DX condition. Phylum Firmicutes carrying the class Bacilli showed opposite
trends to Proteobacteria along with treatment trains under each condition, and only accumulated
under H-DX/H-CV condition at OB4. Phylum Cyanobacteria carrying the class Gloeobacteria
accumulated after oxidation at OB2 and only continuously increased under H-DX/H-CV conditions,
while Phylum Bacteroidetes carrying the classes Sphingobacteriia and Cytophagia was abundant

after biodegradation at OB4.
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Figure 6.71. Taxonomic classification on phylum level at each time point under all conditions.
Since Proterobacteria occupied at least 30% in each sample, the relative abundance (Y -axis) started
from 30% for higher resolution for low-abundant phyla.

At genus and species (0.97-OTUs) levels (Figure 6.15), some originally highly abundant genera
were inhibited by the oxidant exposure, and continued to decrease for the duration of the incubation,
including Pseudomonas, Massilla, Aquabacterium, Variovorax, and an unclassified genus in
Pseudomonadaceae. Genus Pseudomonas was the dominant microorganism at the beginning, but
inhibited by the chemical oxidation phase, and kept decreasing during the biodegradation phase.
Interestingly, two main OTUs in Pseudomonas showed opposite responses to oxidation:
Pseudomonas cerasi 58 (OTU1) was reduced while Pseudomonas azotoformans NBRC 12693
(OTUG6) increased; but both OTUs decreased at OB3 and OB4. Genus Ralstonia was the only
abundant genus demonstrating oxidative tolerance and increased in abundance after oxidation under

all conditions, while decreasing relatively during the post-AOP phase. Other genera demonstrating
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oxidative tolerance were only observed under specific conditions, such as Pelomonas under Bioaug,
H-DX/H-CV, and L-DX/L-CV; Janthinobacterium under Bioaug and L-DX/L-CV; Streptococcus
under Bioaug and H-DX/L-CV; Gloeobacter under Bioaug, H-DX/H-CV, and L-DX/L-CV, etc.
Notably, genus Mycobacterium, which was dominant under L-DX condition at OB2, showed early
inhibition under H-DX/H-CV condition, but grew abundant again during the biodegradation phase
for the H-DX/H-CV condition. Moreover, during the initial stage of biodegradation from OB2 to
OB3, various genera recovered in distinct ways from prior exposure to oxidant radicals. Along with
the post-AOP burst of biodiversity, more genera thrived and interacted during the 7-week incubation,
showing different responses to operational conditions, and abundant Cupriavidus, Pseudolabrys,
Sphingomonas continued to accumulate through OB4 under all conditions. Pseudonocardia
dioxanivorans CB1190 was spiked at OB1 but was expected to be inhibited after oxidation. During
the biodegradation phase, CB1190 was still a minor member of the overall microbial population,
reaching to 23.67% at OB4 even after second spike at OB3 (day 17) to reach 32.80%.
5.3.2.4 Microbial Population Dynamics Linked to Treatment Trains

The microbial community shifted rapidly along with time during the whole treatment train
incubation. Results indicate that time was a better variable for explaining the dynamics of the
microbial community (Figure 6.17B, 6.17D, color-coded) than the presence and/or concentration or
co-contaminants (Figure 6.18). PCoA biplots based on Unifrac distances described that both
microbial membership (unweighted) and abundance (weighted) developed along with treatment
trains under different conditions. Furthermore, the oxidation phase clearly influenced the microbial
community both in terms of membership and abundance. The bacterial membership (unweighted,
Figure 6.17C, 6.17D) seemed to separate more apparently than bacterial abundance (weighted,

Figure 6.17A, 6.17B) during the biodegradation phase, and this was consistent with the Venn
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diagram showing that more species were identified at OB4 (Figure 6.19). When taking the conditions
into consideration, the community in H-DX/H-CV condition (triangles in Figure 6.17A and 6.17C)
changed more slowly than in other conditions, while the community in the L-DX condition (cross in
Figure 6.17A and 6.17C) evolved relatively faster compared to other conditions. Moreover, the
members at OB3 tended to merge with OB2 (Figure 6.17D), while the abundances were in relative
proximity to OB4 (Figure 6.17C), indicating the unstable impacts under different conditions.
Interestingly, microbiomes at OB4 showed more clear boundaries among conditions, and the linear
connections based Pearson correlation showed that samples at OB4 only had solid connections
within same conditions (purple in Figure 6.20A). Additionally, impact from oxidation reduced the
connections among samples under different conditions when comparing between OBL1 (green in
Figure 6.20A) and OB2 (thinner edge of blue in Figure 6.20A), while the signs of recovery could be
found at OB3 (orange in Figure 6.20A), since more connections were re-built. The cluster analyses
based on unsupervised classification (ungrouped) depicted the relative distance of each sample, and
microbial community structure showed deviations under different conditions at OB4 with relatively
further shifts than the rest of the samples (Figure 6.20B). In clustered samples collected at OB1, OB2
and OB3, samples belonging to OB2 and OB3 were closely related regardless of the conditions

(Figure 6.21).
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Figure 6.72. Dynamics of microbial community at each time point under all conditions at the 0.97-
OTUs level. PCoA biplots show weighted (A and B) and unweighted (C and D) UniFrac distances
were namely qualitative (i.e., phylogeny) measures of microbial dynamics with and without
quantitative (i.e., abundance) measures. (A and C) The samples were colored by time and shaped

by conditions. (B and D) The samples were only colored by time.
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Figure 6.73. Dynamics of microbial community at each time point under all conditions at the 0.97-
OTUs level. PCoA biplots showed weighted (Upper) and unweighted (Lower) UniFrac distances
were namely qualitative (i.e., phylogeny) measures of microbial dynamics with and without

quantitative (i.e., abundance) measures. All samples were colored by conditions.
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Figure 6.74. Number of species (0.97-OTU) in one sample or shared among couples of samples.

Pink is OB1, green is OB2, purple is OB3, and yellow is OB4.
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Figure 6.75. Network and cluster analyses among samples at each time point under all conditions.
(A) The node in network are colored by each time point, and the connections represented a strong
(R > 0.6) and significant (p-value < 0.01) correlations. The thickness of each edge is proportional
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6.3.2.5 Co-Occurrence and Co-Exclusion Patterns in the Combined Treatment Trains

In networks constructed based on the OTUs that totaled over 1% in all samples, only the strong
(coefficients > 0.6 or < -0.6) and significant (p < 0.01) correlations were presented, which generally
indicated the role of cooperative and competitive relations in guiding community dynamics. The
output positive network contained 711 pairs of Spearman correlations between 168 OTUs (Figure
6.22), while the negative had 69 strong pairs between 51 OTUs (Figure 6.23). The OTUs in the
positive network (co-occurrence) were mainly distributed into 12 phyla, which was consistent with
the trend of taxonomic classification that Proteobacteria (54.17%), Actinobacteria (13.10%),
Firmicutes (14.29%), Cyanobacteria (2.98%), and Bacteroidetes (8.33%) were the top five most
abundant phyla. Among them, Proteobacteria had 220 connections and 142 of 220 were intra-phylum
(within phylum) pairs, and this ratio were 22 of 83 and 11 of 76 for Firmicutes and Actinobacteria,
respectively (Figure 6.22A). When compared against the network grouped by phyla (Figure 6.22A),
most niches were occupied by multiple interacted phyla, except for module 111 where mostly matched
a whole part of Proteobacteria. For example, phyla Proteobacteria and Cyanobacteria (OTU13, 25,
69, 88, and 95, yellow in Figure 6.22A) shared in same niche (Module V), and module Il contained
Proteobacteria, Firmicutes (OTU32, 48, 50, 58, 70, green in Figure 6.22A), and Actinobacteria
(OTUY, 28, 37, 87, 153, orange in Figure 6.22A). Moreover, the co-exclusion pattern showed
unmodularized distribution of phyla, demonstrating the inter- or intra-phylum competitions within
community. OTU60 (Comamonadaceae_unclassified), 72 (Ramlibacter), 73 (Hydrogenophaga),
and 138 (Comamonadaceae_unclassified) belonging to Proteobacteria showed competitions with
Proteobacteria OTU23 (Pelomonas), respectively, occupying the Module Il in negative networks

(blue in Figure 23B). Moreover, OTU6 (Pseudomonas) and 19 (Janthinobacterium) in
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Proteobacteria had more dense negative connections (large nodes in Figure 6.23A) with inter- or

intra-phylum OTUs in Module 111 (purple in Figure 6.23B).
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Figure 6.77. Correlation-based network analysis of species co-occurrence patterns in all samples,
with significant (p-value < 0.01) and strong correlations (R > 0.6) between 0.97-OTU. The size of
each node (0.97-OTUs) is proportional to the number of connections, and the thickness of each
edge between two nodes is proportional to the strength of correlation. Left: network colored by
phylum, number of OTUs follows label; Right: network colored by modules calculated by Gephi
modularity toolkit, and nodes within the same module were more densely connected together than

to the rest of the network.
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Figure 6.78. Correlation-based network analysis of species co-exclusion patterns in all samples,
with significant (p-value < 0.01) and strong correlations (R < -0.6) between 0.97-OTU. The size
of each node (0.97-OTUs) is proportional to the number of connections, and the thickness of each
edge between two nodes is proportional to the strength of correlation. Left: network colored by
phylum, number of OTUs follows label; Right: network colored by modules calculated by Gephi
modularity toolkit, and nodes within the same module were more densely connected together than
to the rest of the network.

Detailed network and statistical analyses were applied to the microbial community under
Bioaug condition to explore the connections of bioaugmented CB1190 with other OTUs, coupled
with incidence analysis to reveal the observed/random connections. The output network was
constructed with 405 pairs of strong connections among 81 OTUs, in which 356 pairs were positive
and 49 pairs were negative (Figure 6.24A). The spiked CB1190 removed 1,4-dioxane efficiently
Ralstonia,

and showed negative correlations with species belonged to Gloeobacter,

Mycobacterium, Janthinobacterium, etc. (Figure 6.25). Moreover, the CB1190 strongly connected
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with a few co-occurring genera (i.e., Cupriavidus), that were observed to share in the same module,
indicating their close interactions (Figure 6.24B). This was also confirmed by incidence analysis
between OTUs from different orders. CB1190’s higher rank taxon Pseudonocardiales tended to co-
occur with Rhizobiales (O/R = 4.33), Bacillales (O/R = 4.00) and Sphingobacteriales (O/R = 3.00)

(Table 6.9).

Figure 6.79. Correlation-based network analysis of species co-occurrence patterns under Bioaug
condition, with significant (p-value < 0.01) and strong correlations (R > 0.8) between 0.97-OTU.
The thickness of each edge between two nodes was proportional to strength of correlation. Left:
network colored by orders having connections with CB1190 (Red); Right: network colored by

modules calculated by Gephi modularity toolkit.
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Figure 6.80. Significance of correlation among species under different conditions. * indicates
p<0.05, and ** indicated p<0.01. The top 30 abundant species under Bioaug condition were

pooling together and calculated with Spearman’s rank correlation coefficient.
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Table 6.19. Incidence of significant (P-value < 0.01) and strong (Spearman’s rank correlation >
0.6) co-occurring patterns between 0.97-OTUs in bioaugmentation condition. The observed co-
occurring incidence (O%) of two orders (i.e., nodes; N) was calculated as the relative percentage
of the number of observed edges (Eo) between them in total number of edges (E) in the network,
while the random co-occurring incidence (R%) was theoretically calculated by considering the

taxa frequencies (i.e., n(N1) and n(N2)) and random associations. Over 2 edges were listed.

Nodes Affiliation Positive SSA Network (N=81, E=405)

N1 N2 Eo N2 N1 R O O/R

Pseudonocardiales | Rhizobiales 13 12 2 0.74% | 3.21% | 4.33
Burkholderiales 2 16 2 0.99% | 0.49% | 0.50
Bacillales 5 5 2 0.31% | 1.23% | 4.00
Bacilli_unclassified | 2 3 2 0.19% | 0.49% | 2.67
Sphingobacteriales | 3 4 2 0.25% | 0.74% | 3.00
Streptomycetales 2 1 2 0.06% | 0.49% | 8.00
Sphingomonadales | 2 4 2 0.25% | 0.49% | 2.00
Rhodospirillales 2 4 2 0.25% | 0.49% | 2.00

6.3.3 Catalysis and Biodegradation Treatment Train
6.3.3.1 Coupled Catalysis-Biological Treatment and Biomarker Analysis

The 24-hour catalysis phase removed ~20% 1,4-dioxane under all conditions as expected
(Figure 6.26); meanwhile, over 60% TCE, 50% 1,1-DCE, and 50% cis-1,2-DCE were also
removed (Figure 6.26, Table 6.10). Even though the reaction was completely quenched in the
catalysis phase, 1,4-dioxane concentrations decreased continuously in the first two weeks of

biodegradation, and higher 1,4-dioxane degradation rates were found with lower CVOC
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concentrations, but without apparent decreasing trends after a 17-week biodegradation period.

However, at the end of biodegradation phase, TCE and cis-1,2-DCE were removed to below

detection limits, and 1,1-DCE was only present under the H/H condition. The Bioaug condition

only showed removal of 1,4-dioxane after CB1190 was added at day 63, where 1,4-dioxane started

to drop from 5000 pg/L to below 1000 pg/L in four weeks, and slowly declined to below 4 pg/L.

The dxmB gene was negatively detected in naturally simulated conditions, while aldH gene was

detected at relatively low levels before CB1190 spikes (Figure 6.27). After the addition of CB1190,

both dxmB and aldH gene abundances increased from day 63 to day 91 and remained stable

afterward, with aldH showing higher abundances than dxmB during the second half of the

biodegradation phase.
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Figure 6.81. Removal

performances of 1,4-dioxane in microcosms during catalysis-

biodegradation process under different 1,4-dioxane and CVOCs concentrations. The left Y-axis

indicates high level of 1,4-dioxane and connects with H-DX/H-CV, H-DX/L-CV, and Bioaug. The

right Y-axis indicates low level of 1,4-dioxane and connects with L-DX/L-CV and L-DX. The red

array indicates the end of catalysis phase, and the green array indicates the CB1190 spikes.

Table 6.20. CVOCs concentrations after catalysis phase and biodegradation phase.

TCE (pg/L) 1,1-DCE (pg/L) cis-1,2-DCE (pg/L)
Conditi Before After After Before After After Before After After
onditions
catalysis catalysis Biodegradation | catalysis catalysis Biodegradation | catalysis catalysis Biodegradation
(CBO) # (CB1) * (CB3) * (CBO) # (CBL)* (CB3)* (CBO) # (CB1) * (CB3) *
H-DX/H-CV | 5000 1054+77 | BD 5000 22024315 12904470 5000 1976+208 | BD
H-DX/L-CV | 500 34+25 BD 500 45+35 BD 500 14+5 BD
L-DX/L-CV | 500 115463 BD 500 174+100 BD 500 272+118 BD
Bioaug 500 107+33 BD 500 152+47 BD 500 154+40 BD
* Concentrations were measured on GC-MS or GC-FID.
# Concentrations were calculated based on dilution from stock CVOCs solutions.
BD: Below detection
1.00E+07 -
3 3
£ 1.00E+06 _ I I
& T -
2 B
& 1.00E+05
o
S’
¥ 1.00E+04
=
=
T 1.00E+03
=
=
< 1.00E+02
2] I
g I
O 1.00E+01
1.00E+00
0 7 21 33 49 63 77 91 105 119
Time (Day)
dxmB waldH

Figure 6.82. Abundances of biomarker genes, dxmB encoding dioxane monooxygenase (DXMO)

and aldH encoding aldehyde dehydrogenase (ALDH), under bioaugmentation condition during

catalysis-biodegradation process. CB1190 was spiked at day 63.
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6.3.3.2 Microbial Community Dynamics during the Treatment Train

The whole treatment train was composed of five conditions that were monitored at four time
points, and the Unifrac distance including membership (unweighted) and abundance (weighted)
shown on PCoA displayed more differences over time (Figure 6.28, color-coded) than among
conditions (Figure 6.28, shape-coded). This was also consistent with ENVFIT analysis that only
time variables showed significant influences on both membership (R? = 0.89, P-value = 0.001) and
abundance (R? = 0.80, P-value = 0.001). The original (CBO) and post-catalysis (CB1) microbes
distributed separately, and microbes were more proximal from week 9 (CB2) to week 17 (CB3)
than that from post-catalysis (CB1) to week 9 (CB2), demonstrating the relatively stronger shift of
the microbial community right after the catalysis. The abundances of microbes under the three
non-bioaugmented but CVOC-containing conditions were clustered together, demonstrating the

potential control of CVOCs on the growth of microbes at the late biodegradation stage.
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Flgure 6.83. Dynamlg;b;‘ssr::croblal comfnumty at (;ach time p0|;1t under aArIs::g:cgllltlons at the 0.97-
OTUs level. PCoA biplots showing weighted and unweighted UniFrac distances were namely
qualitative (i.e., phylogeny) measures of microbial dynamics with and without quantitative (i.e.,

abundance) measures. The samples were color-coded by treatments (time) and shape-coded by

contaminants (conditions).
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Inoculation of CB1190 under the Bioaug condition also changed the abundance of microbes
because its high abundance helped it to dominate the microbial community and compress the
relative abundances of other microbes. However, even with the impact of CB1190 on the
community, the microbial memberships were similar to those observed in the other conditions.
When compared without phylogenetic information, all naturally simulated conditions were
adjacent in the second biodegradation stage, based on Bray-Curtis distances (Figure 6.29).
Moreover, no representative taxa were differently distributed among different naturally simulated
conditions when LEFSE analysis using Kruskall-Wallis test (with strict Wilcoxon test), while
representative microbes were differentiated when grouped by treatment phases (Figure 5.30 and

5.31).
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Figure 6.84. Dynamics of microbial community at each time point under all conditions at the 0.97-
OTUs level. PCoA showing Bray-Curtis distances, and the samples were color-coded by

treatments (time) and shape-coded by contaminants (conditions).
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Figure 6.85. Taxonomic cladogram obtained using LEfSe analysis of the 16S sequences indicating
the phylogenetic distribution of microbial lineages associated with the three treatment states, and
only the taxa meeting a significant LDA threshold value of > 4 are shown. Differences are
represented in the unique color of each condition, and highlighted taxa indicate enrichment of that
taxa within the treatment state that corresponds to the highlighting color (shading and label).

Circles represent phylogenetic levels from phylum to species (OTUs) inside out, and each circle’s
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diameter is proportional to the taxon’s abundance. The annotations reach to genus level, more

representative taxa were listed in Figure 6.31.
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Figure 6.86. Histogram of the LDA scores computed for taxon differentially abundant among

specific conditions after each treatment state. LEfSe scores can be interpreted as the degree of
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consistent difference in relative abundance between taxa in the two groups of analyzed microbial
communities. Only the taxa with meeting a significant LDA threshold value of >3 are shown.
6.3.3.3 Temporal and Conditional Distributions of Bacteria

The microbial community under the Bioaug condition showed signs of change due to the
influence of CB1190 which was added at day 63 (20.16%), but dropped to 17.18% by the end of
the biodegradation phase (Figure 6.32), even playing a large role in 1,4-dioxane biodegradation.
Under the four naturally simulated conditions, Pseudomonas, Ralstonia, and Perlucidibaca were
the main genera before treatment and then reduced by the catalysis phase. However, Pseudomonas
was able to recover during the biodegradation phase, eventually becoming dominant, especially
under the L-DX only condition. More genera, such as Sphingomonas, Rhodococcus, Lacibacter,
Rhizobacter, Arenimonas, Aeromicrobium, and Mesorhizobium, thrived after the catalysis phase,
demonstrating their potential catalysis-tolerances in the microcosms, but then decreased by the end
of the biodegradation phase. After the completion of the biodegradation phase, Ramlibacter and
Methylobacillus were found to accumulate under all conditions, while Pseudarthrobacter was only
more abundant under the L-DX only condition. Additionally, the specific 1,4-dioxane and CVOC
combinations and levels promoted specific microbes, e.g., both Ohtaekwangia and Rhodoplanes
increased during biodegradation under both H/H and L/L conditions, and both Bradyrhizobium
and Acidovorax preferred higher 1,4-dioxane during the biodegradation phase. The diversity and
richness of the microbial community were stable after the catalysis phase, but increasing under all
conditions during the first stage of biodegradation (Figure 6.32), and the remaining 1,1-DCE under

the H/H condition further reduced the richness during the second stage of biodegradation.
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Figure 6.87. Trends of dynamics of microbial community richness, diversity and most abundant
30 species (0.97-0TUs) at each time points under all conditions.
6.3.3.4 Predictive Functional Features of the Bacterial Community

Tax4Fun was used in this study to find and identify a total of 6317 functional genes and 279

pathways based on KEGG databases. In non-metric multidimensional scaling (NMDS) of various
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distances methods, both pathways and genes were only differentiated by the catalysis phase, but
did not show differentiation when compared with samples from later time points (green in Figure
6.33). The methane metabolism pathway was more abundant than toluene degradation pathway,
as well as COVCs related pathways, while their abundances were stable during the treatment

process (Figure 6.34).
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Figure 6.88. Dynamics of functions at each time point under all conditions at the 0.97-OTUs level.
NMDS showing various distance methods, and the samples were color-coded by treatments (time)

and shape-coded by contaminants (conditions).
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Figure 6.89. Relative abundance of 1,4-dioxane and CVOCs biodegradation related pathways
under different conditions during the treatment train. The “Reads number” is the relative
abundance multiplying the normalized total reads number of each sample (16000).
The genes encoding enzymes of interest, haloalkane dehalogenase, cytochrome P450 family
125, alkane 1-monooxygenase, haloacetate dehalogenase, and phenol 2-monooxygenase were
abundant under the Bioaug condition (Table 6.11). The enzymes under the L-DX only condition
showed increased abundance after the catalysis phase (e.g., cytochrome P450 family 125,
haloacetate dehalogenase, and haloalkane dehalogenase), indicating elevated biodegradable
potentials during the first 2 weeks of biodegradation phase. The decreasing functional features
during the remaining biodegradation phase could be explained by the reduction in biodegradable

substrates. The relative abundances of methane monooxygenases were stable during the treatment
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train, and toluene monooxygenases were dominated by proteins A and E, both of which peaked in
the first stage of biodegradation and reduced by the end, and the general monooxygenase
[EC:1.14.13.-] abundance was only elevated under the Bioaug condition due to the addition of

CB1190 (Table 6.11).
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Table 6.21. Relative abundance of 1,4-dioxane and CVOCs biodegradation related genes under different conditions during the treatment

train. The “Reads number” is the relative abundance multiplying the normalized total reads number of each sample (16000).

Enzymes CB0_AUG CB1 AUG CB2 AUG CB3 AUG
alkanal monooxygenase alpha chain [EC:1.14.14.3] 0.00 0.00 0.00 0.00
alkanal monooxygenase beta chain [EC:1.14.14.3] 0.03 0.02 0.02 0.02
alkane 1-monooxygenase [EC:1.14.15.3] 1.90 1.24 2.20 1.72
cytochrome P450 / NADPH-cytochrome P450 reductase [EC:1.14.14.1 1.6.2.4] 0.94 1.05 1.24 1.16
cytochrome P450 monooxygenase 0.05 0.03 0.02 0.02
cytochrome P450, family 142, subfamily A, polypeptide 1 0.92 0.75 1.66 1.16
cytochrome P450, family 51 (sterol 14-demethylase) [EC:1.14.13.70] 0.86 0.72 1.51 1.05
haloacetate dehalogenase [EC:3.8.1.3] 1.72 1.79 2.02 1.91
haloalkane dehalogenase [EC:3.8.1.5] 2.87 3.01 3.94 3.54
2-haloacid dehalogenase [EC:3.8.1.2] 2.53 2.80 2.35 2.54
methane monooxygenase component A alpha chain [EC:1.14.13.25] 0.35 0.42 0.53 0.45
methane monooxygenase component A beta chain [EC:1.14.13.25] 0.22 0.26 0.32 0.28
methane monooxygenase component A gamma chain [EC:1.14.13.25] 0.01 0.01 0.02 0.02
methane monooxygenase component C [EC:1.14.13.25] 0.19 0.14 0.17 0.16
methane monooxygenase subunit A [EC:1.14.13.25] 0.03 0.00 0.02 0.02
methane monooxygenase subunit B [EC:1.14.13.25] 0.10 0.03 0.02 0.03
methane monooxygenase subunit C [EC:1.14.13.25] 0.22 0.07 0.09 0.10
phenol 2-monooxygenase [EC:1.14.13.7] 0.88 1.23 1.31 117
phenol hydroxylase P3 protein [EC:1.14.13.-] 0.71 0.50 0.40 0.43
toluene monooxygenase system protein A [EC:1.14.13.-] 0.33 0.28 0.30 0.29
toluene monooxygenase system protein B [EC:1.14.13.-] 0.04 0.03 0.03 0.04
toluene monooxygenase system protein D [EC:1.14.13.-] 0.08 0.07 0.07 0.07
toluene monooxygenase system protein E [EC:1.14.13.-] 0.23 0.19 0.18 0.19
monooxygenase [EC:1.14.13.-] 3.94 3.29 5.73 4.37
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Enzymes CB0_HH CB1_HH CB2_HH CB3_HH

alkanal monooxygenase alpha chain [EC:1.14.14.3] 0.00 0.00 0.00 0.00
alkanal monooxygenase beta chain [EC:1.14.14.3] 0.03 0.02 0.03 0.02
alkane 1-monooxygenase [EC:1.14.15.3] 1.93 0.95 0.81 0.64
cytochrome P450 / NADPH-cytochrome P450 reductase [EC:1.14.14.1 1.6.2.4] 0.87 0.99 0.98 1.11
cytochrome P450 monooxygenase 0.05 0.03 0.04 0.03
cytochrome P450, family 142, subfamily A, polypeptide 1 0.86 0.41 0.11 0.11
cytochrome P450, family 51 (sterol 14-demethylase) [EC:1.14.13.70] 0.83 0.42 0.09 0.09
haloacetate dehalogenase [EC:3.8.1.3] 1.58 1.59 1.83 1.79
haloalkane dehalogenase [EC:3.8.1.5] 2.83 2.76 2.09 2.30
2-haloacid dehalogenase [EC:3.8.1.2] 2.32 2.60 3.37 3.39
methane monooxygenase component A alpha chain [EC:1.14.13.25] 0.32 0.33 0.35 0.37
methane monooxygenase component A beta chain [EC:1.14.13.25] 0.21 0.21 0.23 0.24
methane monooxygenase component A gamma chain [EC:1.14.13.25] 0.01 0.01 0.01 0.02
methane monooxygenase component C [EC:1.14.13.25] 0.19 0.13 0.16 0.13
methane monooxygenase subunit A [EC:1.14.13.25] 0.03 0.01 0.01 0.01
methane monooxygenase subunit B [EC:1.14.13.25] 0.09 0.05 0.13 0.09
methane monooxygenase subunit C [EC:1.14.13.25] 0.23 0.11 0.35 0.23
phenol 2-monooxygenase [EC:1.14.13.7] 0.83 1.08 0.79 0.81
phenol hydroxylase P3 protein [EC:1.14.13.-] 0.78 0.51 0.69 0.49
toluene monooxygenase system protein A [EC:1.14.13.-] 0.34 0.29 0.32 0.26
toluene monooxygenase system protein B [EC:1.14.13.-] 0.04 0.04 0.05 0.04
toluene monooxygenase system protein D [EC:1.14.13.-] 0.09 0.07 0.09 0.07
toluene monooxygenase system protein E [EC:1.14.13.-] 0.24 0.21 0.23 0.18
monooxygenase [EC:1.14.13.-] 3.84 2.28 1.50 1.46
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Enzymes CB0O_HL CBLHL CB2 HL CB3 HL

alkanal monooxygenase alpha chain [EC:1.14.14.3] 0.00 0.00 0.00 0.00
alkanal monooxygenase beta chain [EC:1.14.14.3] 0.04 0.01 0.02 0.02
alkane 1-monooxygenase [EC:1.14.15.3] 1.22 0.68 0.92 0.65
cytochrome P450 / NADPH-cytochrome P450 reductase [EC:1.14.14.1 1.6.2.4] 0.83 0.88 1.19 1.26
cytochrome P450 monooxygenase 0.06 0.02 0.03 0.03
cytochrome P450, family 142, subfamily A, polypeptide 1 0.05 0.25 0.42 0.21
cytochrome P450, family 51 (sterol 14-demethylase) [EC:1.14.13.70] 0.06 0.24 0.37 0.19
haloacetate dehalogenase [EC:3.8.1.3] 1.66 1.37 1.97 1.90
haloalkane dehalogenase [EC:3.8.1.5] 1.85 2.26 2.54 2.73
2-haloacid dehalogenase [EC:3.8.1.2] 2.94 2.80 3.42 3.54
methane monooxygenase component A alpha chain [EC:1.14.13.25] 0.25 0.32 0.42 0.40
methane monooxygenase component A beta chain [EC:1.14.13.25] 0.17 0.20 0.27 0.25
methane monooxygenase component A gamma chain [EC:1.14.13.25] 0.01 0.02 0.02 0.02
methane monooxygenase component C [EC:1.14.13.25] 0.20 0.09 0.14 0.13
methane monooxygenase subunit A [EC:1.14.13.25] 0.04 0.00 0.01 0.01
methane monooxygenase subunit B [EC:1.14.13.25] 0.13 0.03 0.10 0.12
methane monooxygenase subunit C [EC:1.14.13.25] 0.32 0.08 0.27 0.27
phenol 2-monooxygenase [EC:1.14.13.7] 0.73 1.03 0.96 0.83
phenol hydroxylase P3 protein [EC:1.14.13.-] 0.93 0.30 0.48 0.38
toluene monooxygenase system protein A [EC:1.14.13.-] 0.37 0.19 0.27 0.22
toluene monooxygenase system protein B [EC:1.14.13.-] 0.05 0.03 0.03 0.03
toluene monooxygenase system protein D [EC:1.14.13.-] 0.10 0.05 0.07 0.05
toluene monooxygenase system protein E [EC:1.14.13.-] 0.28 0.12 0.18 0.14
monooxygenase [EC:1.14.13.-] 1.62 1.57 1.63 1.89
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Enzymes CBO L CB1 L CB2 L CB3 L

alkanal monooxygenase alpha chain [EC:1.14.14.3] 0.00 0.00 0.00 0.00
alkanal monooxygenase beta chain [EC:1.14.14.3] 0.04 0.02 0.03 0.03
alkane 1-monooxygenase [EC:1.14.15.3] 1.22 1.24 1.09 0.84
cytochrome P450 / NADPH-cytochrome P450 reductase [EC:1.14.14.1 1.6.2.4] 0.91 1.14 0.82 0.91
cytochrome P450 monooxygenase 0.06 0.03 0.03 0.02
cytochrome P450, family 142, subfamily A, polypeptide 1 0.13 0.80 0.13 0.12
cytochrome P450, family 51 (sterol 14-demethylase) [EC:1.14.13.70] 0.14 0.73 0.14 0.12
haloacetate dehalogenase [EC:3.8.1.3] 1.72 1.80 1.44 1.52
haloalkane dehalogenase [EC:3.8.1.5] 2.03 3.27 2.08 2.21
2-haloacid dehalogenase [EC:3.8.1.2] 3.15 2.60 2.32 2.63
methane monooxygenase component A alpha chain [EC:1.14.13.25] 0.27 0.40 0.23 0.26
methane monooxygenase component A beta chain [EC:1.14.13.25] 0.19 0.25 0.16 0.17
methane monooxygenase component A gamma chain [EC:1.14.13.25] 0.01 0.02 0.02 0.02
methane monooxygenase component C [EC:1.14.13.25] 0.19 0.13 0.15 0.13
methane monooxygenase subunit A [EC:1.14.13.25] 0.03 0.01 0.04 0.03
methane monooxygenase subunit B [EC:1.14.13.25] 0.06 0.05 0.07 0.05
methane monooxygenase subunit C [EC:1.14.13.25] 0.17 0.13 0.18 0.13
phenol 2-monooxygenase [EC:1.14.13.7] 0.69 1.08 0.78 0.81
phenol hydroxylase P3 protein [EC:1.14.13.-] 0.88 0.40 0.62 0.47
toluene monooxygenase system protein A [EC:1.14.13.-] 0.36 0.28 0.31 0.25
toluene monooxygenase system protein B [EC:1.14.13.-] 0.05 0.03 0.05 0.04
toluene monooxygenase system protein D [EC:1.14.13.-] 0.10 0.07 0.08 0.06
toluene monooxygenase system protein E [EC:1.14.13.-] 0.27 0.18 0.22 0.17
monooxygenase [EC:1.14.13.-] 1.75 3.32 1.56 1.61
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Enzymes CBOLL CBLLL CB2LL CB3LL

alkanal monooxygenase alpha chain [EC:1.14.14.3] 0.00 0.00 0.00 0.00
alkanal monooxygenase beta chain [EC:1.14.14.3] 0.04 0.02 0.02 0.02
alkane 1-monooxygenase [EC:1.14.15.3] 1.26 0.99 1.01 0.86
cytochrome P450 / NADPH-cytochrome P450 reductase [EC:1.14.14.1 1.6.2.4] 0.91 0.95 1.03 1.08
cytochrome P450 monooxygenase 0.07 0.04 0.04 0.04
cytochrome P450, family 142, subfamily A, polypeptide 1 0.07 0.45 0.35 0.22
cytochrome P450, family 51 (sterol 14-demethylase) [EC:1.14.13.70] 0.09 0.40 0.31 0.18
haloacetate dehalogenase [EC:3.8.1.3] 1.70 1.64 1.86 1.76
haloalkane dehalogenase [EC:3.8.1.5] 1.88 2.98 2.34 2.38
2-haloacid dehalogenase [EC:3.8.1.2] 3.06 291 3.19 3.06
methane monooxygenase component A alpha chain [EC:1.14.13.25] 0.27 0.28 0.36 0.31
methane monooxygenase component A beta chain [EC:1.14.13.25] 0.19 0.18 0.23 0.20
methane monooxygenase component A gamma chain [EC:1.14.13.25] 0.01 0.01 0.01 0.01
methane monooxygenase component C [EC:1.14.13.25] 0.21 0.13 0.15 0.15
methane monooxygenase subunit A [EC:1.14.13.25] 0.03 0.00 0.01 0.01
methane monooxygenase subunit B [EC:1.14.13.25] 0.06 0.10 0.13 0.17
methane monooxygenase subunit C [EC:1.14.13.25] 0.19 0.20 0.33 0.39
phenol 2-monooxygenase [EC:1.14.13.7] 0.70 0.99 0.86 0.80
phenol hydroxylase P3 protein [EC:1.14.13.-] 0.99 0.53 0.58 0.55
toluene monooxygenase system protein A [EC:1.14.13.-] 0.40 0.30 0.31 0.29
toluene monooxygenase system protein B [EC:1.14.13.-] 0.05 0.04 0.05 0.04
toluene monooxygenase system protein D [EC:1.14.13.-] 0.11 0.08 0.08 0.07
toluene monooxygenase system protein E [EC:1.14.13.-] 0.31 0.21 0.21 0.19
monooxygenase [EC:1.14.13.-] 1.57 2.39 2.25 1.86
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6.3.3.5 Species-Species and Genera-Functions Associations

The correlations between predicted functional features and the top 20 abundant genera under
four naturally simulated conditions were used to show potential carriers of specific genes (Figure
6.35). The dominant Pseudomonas showed significant positive correlation with genes encoding
toluene and alkanal monooxygenases alpha and beta chains, while negatively with cytochrome
P450 families. However, Sphingomonas, Rhodococcus, and Lacibacter were positively correlated
with genes encoding cytochrome P450 families and negatively correlated with toluene and alkanal
monooxygenases. For CVOC-related functional enzymes, haloacetate and haloacid dehalogenases
were positively correlated with Ramlibacter, Methylobacillus, Bradyrhizobium, and Acidovorax,
while haloalkane dehalogenase was mainly positively correlated with Sphingomonas,
Rhodococcus, and Methylobacillus. Additionally, alkanal monooxygenases correlations were only
significantly positive with Pseudomonas and Variovoras, but tended to be negative with other

genera, and the dehalogenases were significantly and widely distributed in various microbes.
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Figure 6.90. Significance of correlation among genera under biostimulated conditions. * indicates
p<0.05, and ** indicated p<0.01. The top 20 abundant genera under biostimulated condition were
pooling together and calculated with Spearman’s rank correlation coefficient.

Co-occurrence and co-exclusion were represented by positive and negative Spearman’s
correlations, respectively, and the network among species (OTUs) only incorporated taxa under
mimic-natural conditions in the biodegradation phase (CB1-CB3). The strong (p > 0.8) and
significant (P-value < 0.01) positive correlations consisted of 112 nodes and 377 edges, including
9 modules (modularity = 0.583) (Figure 6.36D). Module 11, VIII, and IX were isolated without
any edges to other modules, but occupied with different phyla (Figure 6.36A). Phylum

Proteobacteria mainly occupied module 11, 1V, V, and IX, and shared modules II, IV, V with
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Actinobacteria and module VI with Bacteroidetes. Interestingly, module IV and VI had no direct
connections with module 1l and V; even Proteobacteria spread in these modules. The most
abundant genus Pseudomonas (OTU1, 2, 3) distributed in three modules (11, V, IX) and mainly
connected with Ramlibacter (OTU9, 15), Acidovorax (OTUS8), Bradyrhizobium (OTU12),
Variibacter (OTU45, 92), Methylobacillus (OTU10), and Rhizobium (OTU31, 56). However,
Sphingomonas (OTU14, 18, 35, 48, 64, 145), Rhodococcus (OTUS), and Lacibacter (OTU7) were
found co-occurring in module 1V and VI. Additionally, Acidovorax (OTUS8), Bradyrhizobium
(OTU12), and Variibacter (OTU45, 92) were the densely connected nodes within module V, while
Sphingomonas (OTU35) was the bridge between module IV and VI (Figure 6.36B). Furthermore,
the peak abundance of each OTU was used to show the abundance trends among CB1, CB2, and
CB3. The OTUs peaking at CB1 mainly distributed in module 1V, VI, and VII, while OTUs with
peak abundance at CB2 and CB3 were mixed and spread in module Il and V, indicating that
abundance of species changed less in the second stage of biodegradation (Figure 6.36C). The
negative strong (p < - 0.8) and significant (P-value < 0.01) correlations contained 56 nodes and
112 edges, and were separated into 7 modules (modularity = 0.408) (Figure 6.37C). Genera
Pseudomonas (OTU1) and Sphingomonas (OTU18) were in the same module I, and negatively
connected, indicating their potential competition, that were also observed between Pseudomonas
(OTU1L) and Rhizobacter (OTU13) in module 11, Rhizobium (OTU31) and Rhizobacter (OTU13)
in module 11, as well as Sphingomonas (OTU35) and Ramlibacter (OTU9) in module I. Besides,
Sphingomonas (OTU35) also negatively connected with Pseudarthrobacter (OTUG) in different

modules (Figure 6.37B).
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Figure 6.91. Correlation-based network analysis of species co-occurrence patterns in

biostimulated samples from CB1 to CB3, with significant (p-value < 0.01) and strong correlations

(R > 0.8) between 0.97-OTUs. The size of each node (0.97-OTUs) is proportional to the number

of connections, and the thickness of each edge between two nodes is proportional to the strength
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of correlation. A: network colored by phylum; B: network colored by genus; C: network colored
by rankings of average relative abundance of an OTU at three time points; D: network colored by
modules calculated by Gephi modularity toolkit, and nodes within the same module were more

densely connected together than to the rest of the network.
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Figure 6.92. Correlation-based network analysis of species co-exclusive patterns in biostimulated
samples from CB1 to CB3, with significant (p-value < 0.01) and strong correlations (R < -0.8)
between 0.97-OTUs. The size of each node (0.97-OTUs) is proportional to the number of
connections, and the thickness of each edge between two nodes is proportional to the strength of
correlation. A: network colored by phylum; B: network colored by genus; C: network colored by
modules calculated by Gephi modularity toolkit, and nodes within the same module were more
densely connected together than to the rest of the network.
6.3.3.6 Predictions of Microbial Community Dynamics Using Random Forests

The relative abundance of all OTUs were used to construct RF regression models, that were
utilized to predict the distributions of microbes during the treatment process, and the ideal
distribution should be on the diagonal where prediction days are equal to actual days. When putting
H/H and H/L conditions together as the training dataset and data in L/L and L-DX only conditions
using as input (R?=0.63, MAE = 20.82), the first two time points (day 0 and 1) were beyond the
diagonal, and samples at day 63 and 119 were predicted below the diagonal and near to each other
(Figure 6.38A), and the similar prediction (R?=0.67, MAE=19.27) was obtained after switching
the training and testing datasets (Figure 6.38B). However, when only inputting Bioaug samples
into the naturally simulated model, microbes were predicted to be consistent during the
biodegradation phase, showing the potential impacts and dominance of spiked CB1190 in the
microbial community (Figure 6.39A). The sooner stabilization of microbial community was also

predicted by using model with naturally simulated data (Figure 6.39B).
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Figure 6.93. Random Forest regression models built from relative abundance of all microbes
(OTUs) in the entire microbial community under different 1,4-dioxane concentrations. A: Model
was trained on samples belonged to high-level 1,4-dioxane conditions and tested on samples
belonged to low-level 1,4-dioxane conditions; B: Model was trained on samples belonged to low-
level 1,4-dioxane conditions and tested on samples belonged to high-level 1,4-dioxane conditions.

CBO=day 0, CB1=day 1, CB2=day 63, and CB3=day 119.
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Figure 6.94. Random Forest regression models built from relative abundance of all microbes
(OTUs) in the entire microbial community under different contaminated conditions. A: Model was
trained on biostimulated samples and tested on Bioaug samples. B: Model was trained on
biostimulated samples and tested on randomly picked samples. CBO=day 0, CB1=day 1, CB2=day
63, and CB3=day 119.
6.4 Discussion
6.4.1 Oxidation and Catalysis Treatment Train

This study explored the efficiency of a combined oxidation and catalysis treatment train for
combined 1,4-dioxane and CVVOC contaminations. The oxidation process could rapidly removal 85%
of initial 1,4-dioxane regardless of CVOC presence or concentration, even higher than the 50%
removal target, validating that hydroxyl radicals decomposed from H2O- could destroy the structure

of 1,4-dioxane (lIkehata et al., 2016). The oxidation process was conducted at pH 4.5, which
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additionally promoted the activity of WOx/ZrO», and some potential catalyst inhibitors (such as thiols)
were mineralized to less deactivating species (Adamson et al., 2017).

Even though the microcosms had similar removal performances after each treatment process,
the residual amount of 1,4-dioxane varied under different conditions, because of the different initial
concentrations, that would induce shifts in the microbial community. Moreover, Eberle et al. (2016)
found that 1,4-dioxane had lower degradation rate than TCE, but higher than 1,1,1-TCA when using
peroxone activated persulfate, indicating the potential of residual CVOCs in the microcosms that
could be another driver of microbial shifts. The biodiversity directly showed microbial responses to
treatment trains, and oxidation-depressing diversity was only found under the H-DX/H-CV
condition. This was consistent with a previous study showing that in-situ chemical oxidation (ISCO)
could reduce soil diversity (Munakata-Marr et al., 2011, Medina et al., 2018), and peroxide used as
a disinfection reagent could reduce diversity in wastewater treatment (Yang et al., 2017). However,
the relatively weak impacts of oxidation were found under H-DX/L-CV and L-DX/L-CV conditions,
where the biodiversity was as high as the original state, indicating the adverse impact of CVOCs on
diversity during oxidation in this study, consistent with a previous study that found lower
biodiversity in perchloroethene (PCE) contaminated wells (Munakata-Marr et al., 2011).
Furthermore, a lower dose of H2O> applied in microcosms may be insufficient to induce obvious
diversity reductions but may be sufficient with 1,4-dioxane and CVOCs to reduce biomass based on
16S rRNA gene copies. Chen et al. (2016) demonstrated that even the addition of 3% peroxide
seemed to cause slight reductions in microbial abundance. In addition, biodiversity increased after
oxidation under the L-DX condition similar to H20. treatment of diesel-contaminated soil (Chen et
al., 2016), which might increase oxidant-tolerant bacteria by horizontal gene transfer (HGT)

(Wilson and Metcalf, 2005). Sutton et al. (2014) also indicated that bacterial diversity could
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temporarily increase with the addition of Fenton's reagent. The two-day catalysis process decreased
biodiversity under all conditions, indicating that the added catalyst could not only further remove
contaminant mixtures, but also simultaneously eliminate fragile microorganisms.

The change of dominant bacteria under different conditions during treatment trains help explain
the changes of biodiversity. Genus Pseudomonas is generally the dominant bacteria in soil, and it is
known to be capable of co-metabolizing cis-DCE and TCE (Li et al., 2015), while some species such
as P. aeruginosa (Santiago et al., 2016) and P. plecoglossicida (Li et al., 2015) have been found to
be inhibited by H>O.. The oxidation stimulated genus Massilia was enriched after the oxidation
process based on taxonomic classification and LEfSe, confirming its oxidative tolerance. The further
enrichment of Massilia under H-DX/H-CV condition also showed potential tolerance to 1,4-dioxane
and CVOCs, which was also reported with reductive dehalogenation (Xu et al., 2018). Another
oxidative tolerant genus Rhodococcus found during this study was previously reported to have
oxidative tolerance conferred by the KatA catalase gene (Bidaud et al., 2012). Moreover, as a co-
metabolizer, Rhodococcus could degrade 1,4-dioxane with tetrahydrofuran (THF) as a primary
carbon source (Inoue et al., 2016). Thus, Rhodococcus had higher abundance under lower CVOCs
spiked conditions. Similarly, genus Rhizobacter as a plant growth promoter could express ROS-
scavenging enzymes (Gururani et al., 2013), but was only enriched under L-DX condition, indicating
weak CVOC tolerance. Meanwhile, Paenibacillus and Bacilli, which can resist peroxide by forming
endospore (Dingman, 2011) and secreting bacillithiol (Handtke et al., 2014) respectively, also
showed CVOC tolerance, due to their enrichment after oxidation under H-DX/H-CV condition.
However, Williamsia was capable of oxidative tolerance but less CVOC tolerance in this study under
L-DX condition. Genera Cylindrospermum and Novosphingobium showed catalyst tolerance based

on the accumulated abundance after catalysis process, who were also reported to work as biocatalysts
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(Hall and Bell, 2015). However, the lower relative abundance of these two genera under L-DX
condition suggest their potential CVOC tolerance. Genera Sphingomonas and Devosia were
confirmed catalyst tolerant by both relative abundances and LEfSe, and both have been reported to
carry dehydrogenases as biocatalysts (Zheng et al., 2017). Also, these two genera were enriched
under L-DX condition after the catalysis process, which is inconsistent with their previous
characterizations as chlorinated organic pollutant degraders (San Miguel et al., 2014), and may be
caused by the added catalyst and intermediates after oxidation process. Thus, the community during
the post-treatment state had a higher potential for CVOC degradation compared with the original
microbiome. In addition, studies have shown that the Genera Cylindrospermum and
Novosphingobium demonstrate nitrogen fixing (Padhy et al., 2014) and aromatic hydrocarbons
degrading (Fida et al., 2017) characteristics, respectively. Under the H-DX/L-CV and L-DX/L-CV
conditions, complex impacts on the microbial community were observed with no clear patterns,
possibly due to accumulation of unknown degradation byproducts and intermediates that differed
when compared with other conditions. Thus, fewer genera were highlighted by the LEfSe under H-
DX/L-CV and L-DX/L-CV conditions.

The cluster analysis and PCoA clearly demonstrated the treatment train and CVOC impacts on
the microbial community. Chen et al. (2016) reported that peroxide showed weak adverse effects on
native microbes, but when coupled with 1,4-dioxane and CVOCs, as done in this study, peroxide
may drive the microbial community shifts. The initially spiked 1,4-dioxane and CVVOCs could be
transformed into bioavailable products after exposure to peroxide, which could be used by some
non-dominant microbes (Chen et al., 2016). Moreover, Eberle et al. (2016) confirmed that the
degradation rate followed the sequence TCE > 1,4-dioxane > 1,1,1-TCA, thus L-DX condition

without any CVOCs had no CVOCs-degradation products to stimulate microbes, and induced the
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isolation of microbiomes under L-DX condition that was observed in the cluster analysis and PCoA.
This mechanism could explain community shifts after the catalysis process due to residual 1,4-
dioxane and CVOCs, as well as oxidation-produced byproducts, which could be further degraded by
microbes. Because the catalysis process was also initialized by H20», the differences in microbial
community changes between treatments might be related to the different peroxide concentrations,
which has been reported by Richardson et al. (2011) when using persulfate in phenanthrene
contaminated soil. Furthermore, microbiomes under L-DX after catalysis tended to approach the
other conditions in cluster analysis, which may be due to catalyst impacts and the lower substrate
amounts, and the self-rebound or recovery of the microbial community after oxidation, that have
been observed after peroxide (Chen et al., 2016) and Fenton (Laurent et al., 2012) oxidation. This is
in line with the PCoA based on unweighted Unifrac, that membership under L-DX condition were
controlled more by the catalysis process, and approached the other conditions. While microbial
abundances shown on weighted Unifrac PCoA depended more on the amount of substrates, since
the L-DX group were still highly separated from other conditions. The multidimensional analysis
showed a connection with LEfSe, in that more enriched unique genera were found under the L-DX
condition that led to increased community diversity, but higher taxonomic ranks were shared in the
rest conditions.
6.4.2 Oxidation and Biodegradation Treatment Train

Bioremediation is generally inhibited by co-contaminate CVOCs; with only a few specific
bacterial taxa reported to metabolize or cometabolize 1,4-dioxane being unaffected. In this study,
chemical oxidation as a non-selective treatment demonstrated 50-80% 1,4-dioxane removal
regardless of the initial CVOCs stress. Post-oxidation bioaugmentation with 1,4-dioxane degrader

Pseudonocardia dioxanivorans CB1190 (CB1190) removed the remaining 1,4-dioxane. TCE and
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DCE were rapidly removed during the 12 hours oxidation phase, while 1,4-dioxane was depleted by
70-80%. This is consistent with oxidation studies that 1,4-dioxane was more difficult to degrade than
chlorinated solvents (Eberle et al., 2016), but hydroxyl radicals generated during H20:
decomposition could destroy the structure of 1,4-dioxane (Ikehata et al., 2016). H.O> alone has been
reported to be not as effective compared with O3/H.0. and UV/H.O. technologies (lkehata et al.,
2016, Andaluri and Suri, 2017), but a dose of 0.96 mM successfully achieved the treatment goal for
the biodegradation phase that followed oxidation. 1,1,1-TCA was only detected post-oxidation under
the H-DX/H-CV condition. This condition also exhibited lower 1,4-dioxane removals, indicating
lower susceptibility of TCA to chemical oxidation (Eberle et al., 2016) and its negative impact on
1,4-dioxane degradations. During the following 9-week biodegradation phase, the treatment
objective of nearly complete 1,4-dioxane removal was accomplished only under the
bioaugmentation condition (Bioaug), while no statistically significant 1,4-dioxane degradation was
observed for the remaining non-bioaugmented conditions.

The systems that were bioaugmented with CB1190 degraded 1,4-dioxane completely, which is
supported by the detection of dioxane monooxygenase (DXMO) encoding gene dxmB and aldehyde
dehydrogenase (ALDH) encoding gene aldH (Gedalanga et al., 2014). This is consistent with the
findings of Kim and Lee (2012) that biodegradation as a second step will achieve higher efficiency
due to the addition of microorganisms expressing the appropriate biodegradative enzymes, which
is in line with the objective of bioaugmentation. Unfortunately, both dxmB and aldH were not
detected in the native samples during the incubation process, indicating a general lack of 1,4-
dioxane degraders in the indigenous microbiomes in site materials. Both biomarker genes were
detected in recent work that tracked a CVOC-free 1,4-dioxane plume with reasonable accuracy,

and strongly suggested that the presence of these biomarkers was associated with 1,4-dioxane and
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that microorganisms containing these biomarkers were degrading 1,4-dioxane (Gedalanga et al.,
2016). The incomplete removals under non-bioaugmented conditions can likely be attributed to
insufficient time to grow a sufficient population, in part because the initial abundance of
metabolizing or co-metabolizing 1,4-dioxane degraders was low. In addition, the oxidation process
may have released dissolved organic carbon (DOC) that was preferentially biodegraded by
microorganisms over 1,4-dioxane; this process has been reported in oil-contaminated soil (Sutton et
al., 2014). Moreover, the oxidation process appears to have inhibited intrinsic microorganisms
which potentially biodegrade 1,4-dioxane due to microbial mortality and inactivation in the
presence of hydroxyl radicals (Silva-Castro et al., 2013), and has been similarly reported for a
diesel-contaminated site (Chen et al., 2016). 1,4-Dioxane oxidation by-products, including
formaldehyde and glycolaldehyde, were reported to have geno- and cyto-toxicity (Li et al., 2018)
that can also impact native bacteria as well as affect public and ecological health. By reducing the
oxidant dose and thus reducing the expense and potential inhibitory effects associated with an
oxidation-only treatment approach, the results of this study demonstrated that an oxidation-
bioaugmentation strategy is able to completely remove 1,4-dioxane while reducing the economic
and environmental concerns.

The biodiversity and richness generally decreased immediately after oxidation under each
condition, and this pattern is consistent with previous studies that report dramatic declines in
species richness and diversity after AOPs (Silva-Castro et al., 2013, Medina et al., 2018). However,
the H-DX/H-CV condition showed no significant change, which could be related to the higher
residual levels of 1,4-dioxane and TCA, indicating weaker oxidative effects on the microbial
community in the presence of background 1,4-dioxane and TCA. The continuously decreasing

biodiversity and richness were detected under H-DX/H-CV, H-DX/L-CV and L-DX/L-CV
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conditions, and Medina et al. (2018) also found the similar post-oxidation decreases even for 1
month, while microorganisms under L-DX condition showed rapid recovery from OB2 to OB3.
This comparison demonstrated that the initial CVOCs had negative impacts on the recovery of the
microbial community even after the oxidation phase, potentially due to the accumulation of
epoxide intermediates or byproducts of oxidized CVOCs (Li and Zhu, 2016). Moreover, the spiked
CB1190 improved the richness and diversity even under Bioaug condition, showing the potential
co-occurrence of species in the microcosms. A notable recovery of richness and diversity under
all conditions was observed in the 9-week incubation, and this could be attributed to the adaption
of functional microorganisms to the highly bioavailable oxidative products (Silva-Castro et al.,
2013), and diverse communities tended to stabilize and contributed to ecosystem functions and
service (Bell et al., 2005). This general decreasing-increasing biodiversity trend is consistent with
previous studies with different oxidants, such as Fenton (Laurent et al., 2012), permanganate
(Luhrs et al., 2006) and persulfate (Richardson et al., 2010), where microbial populations and
diversity were reduced after oxidation, but recovered during post-treatment periods. Additionally,
the oxidation phase might also induce mutations in microorganisms which could be transferred by
horizontal gene transfer (HGT) and increase the community’s overall tolerance to chemical
oxidation (Wilson and Metcalf, 2005).

For the dynamics of taxonomic classification, taxa responded differently with various initial
1,4-dioxane and CVOCs. Members of Proteobacteria, especially the class Betaproteobacteria,
were found to increase only under H-DX/H-CV condition, in line with the resistance to chlorinated
compounds (Kao et al., 2016). However, both Beta- and Gamma-proteobacteria fluctuated during
the post-AOP process, while only Alphaproteobacteria showed the same increasing trend after

oxidation under all conditions, and dominated at OB4, indicating higher competitive capability.
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The remaining TCA after oxidation under H-DX/H-CV induced slower recoveries of Firmicutes
and Actinobacteria compared with other conditions, and inhibited Bacteroidetes, which thrived at
OB4 under other conditions, indicating weak competition and sensitivity to chlorinated
compounds (Lin et al., 2016). Furthermore, Cyanobacteria showed general tolerance to oxidative
stress with increasing abundance, because they are equipped with glutaredoxin enzymes,
ferredoxin enzymes, and fur-like regulators (Cassier-Chauvat and Chauvat, 2015). Interestingly,
Firmicutes and Actinobacteria demonstrated oxidative tolerance with backgrounds of high 1,4-
dioxane and low CVOCs, respectively. Bioaugmented CB1190 (belonging to Actinobacter) had
simplified the composition and driven the change of phyla.

More specific to the genera level, some originally highly abundant genera, including
Pseudomonas, Massilla, Aquabacterium, and Variovorax, were inhibited by the oxidation phase
and decreased further in biodegradation phase, indicating that those genera were unable to
overcome oxidative stress (Medina et al., 2018). However, the dominant Pseudomonas were
composed of two main OTUs that showed opposite trends, and Pseudomonas azotoformans strain
NBRC 12693 thrived after oxidation, which has been reported to have oxidative tolerance, while
both Pseudomonas strains were inhibited during the biodegradation phase, indicating the co-
exclusion with other microorganisms. Many more genera were found to resist oxidation, i.e.,
Ralstonia, Gloeobacter, Pelomonas, and Streptococcus, etc. Among them, Ralstonia was reported
as a plant pathogen, and carries oxidative stress response regulator, OxyR, which was essential for
the hydrogen peroxide stress response (Flores-Cruz and Allen, 2011). In addition, Ralstonia was
also enriched in the dioxane-degrading consortia (He et al., 2017), which may also have been
selected because of the remaining 1,4-dioxane. However, the substance and species information

was uncertain in microcosms, and the CVOCs and chemical oxidation process might have impacts
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on monooxygenase expression. Thus, the presence of Ralstonia does not necessarily indicate
removal of 1,4-dioxane in this study. Gloeobacter belonging to Cyanobacteria was reported to be
able to persist in CIO> conditions (Walden et al., 2015), and was confirmed to have tolerance to
oxidation in this study. Moreover, along with the surge of biodiversity, more genera were classified
during the 9-week incubation, represented by Afipia, Pseudolabrys, Sphingomonas, and
Cupriavidus, etc. He et al. (2017) reported Afipia and Cupriavidus were enriched together from
uncontaminated soil by using 1,4-dioxane, indicating the selection and stimulation of these
microorganisms during our study by the remaining 1,4-dioxane in the microcosms, as well as their
abilities to outcompete other microbes for resources. Despite Afipia sp. D1 demonstrated ability to
degrade 1,4-dioxane as the sole carbon and energy source (Sei et al., 2013), the species in Afipia
information was uncertain and accumulated genus Afipia in this study might need an extended
incubation period. Besides, Pseudolabrys, Sphingomonas, and Cupriavidus were ubiquitous in
hydrocarbon-rich soil, and identified as hydrocarbon degraders (Aislabie et al., 2006, Yang et al.,
2014, Medina et al., 2018). These thriving genera imply that the remaining 1,4-dioxane and
oxidized DOC provided rich carbon sources for competitive microorganisms. These types of
detailed taxonomic information can help further evaluation of remediation work, and serve as a
foundation for future ecosystem research.

The whole dynamic change and succession of microbial community during the combined
treatment trains under each condition could also be explained by using analogous r/K-strategy
(Medina et al., 2018), which described the relatively fast/unstable/competitive (r-Strategist) and
slow/stable/equal (K-Strategist) growth conditions of microorganisms (Cycon et al., 2013). In this
study, dominant microbes after oxidation at OB2 had higher resistance capability and less

competition, identifying the K-Strategists under each condition. Afterward, the community
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transferred from K- to r-strategy because of the initial adaption and competition during the early
part of the biodegradation process. Samples from OB2 to OB3 were weak (thinner edges) or
disordered connected, e.g., OB2_LL connected OB3_HH, OB2_L connected OB3_AUG, and this
indicated an unstable or erroneous development of microbial community. More importantly, with
the different levels of 1,4-dioxane and CVOCs, their degradation intermediates with various
concentrations and compositions would also induce the versatile r-Strategists under different
conditions, explaining the uneven distribution of microbial community and rebound of biodiversity
at OB3. This was also defined as intermediate disturbance hypothesis (IDH), that intermediate
levels of disturbance under different conditions would create patches at different levels of
succession, promoting coexistence of microbes and competitors at the specific regime (Roxburgh
etal., 2004). At the end of treatment train, more thriving genera/species increased and outcompeted
weak ones after 9-weeks, and tended to be equitable with the indicator of higher richness and
biodiversity, showing the signs of K-Strategy (Cycon et al., 2013). Moreover, samples within each
condition at OB4 had stronger connections that were shown on thinner edges (Figure 4A), and
connected with same condition samples at OB3 (e.g., OB3_L and OB4_L), but less connections
with other samples, indicating the relatively stable status of microbial community at OB4.

Based on the dynamic successions, PCoA showed that the microbiomes under all conditions
followed temporal succession and shared relatively similar developments of compositions and
diversities along with operations. The membership of community (unweighted-Unifrac) at
different time points grouped separately, and was evident with the biodiversity, indicating the
deviation of microbiomes were more dependent on treatment progress. However, when the
abundances of the community were taken into account, more overlaps were observed among

groups, explicating that the successions were intercepted slightly by the different conditions within
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the timelines. Thus, the populations followed the treatment trains changes that were relatively
independent of the contaminant concentrations. This chronological change was defined as a
deterministic process, and Vanwonterghem et al. (2014) similarly suggested that deterministic
processes drove the community assembly with highly synchronized population dynamics in three
individual cellulose-degrading bioreactors. Moreover, Ju et al. (2017) also described that the
operating time, rather than physicochemical conditions (e.g., VFAs and NH4-N) and operational
parameters (i.e., SRT and OLR) directed the community variations and shifting trends. However,
the level of contaminants could also play minor roles in determining and differentiating the
detailed microbial progress just within the deterministic process. Interestingly, based on the
weighted-Unifrac PCoA, samples at OB4 seemed to group along with the different conditions.
Thus, cluster analysis grouping samples based on the relative dissimilarity showed that the
microbial community developed in different ways at the end of biodegradation, as compared with
other time points. This confirms that the richness and biodiversity thrived and blossomed, and also
illustrates the impacts of conditions on the evolution of microbiomes. In addition, community at
OB2 and OB3 tended to cluster together, indicating the transferred period of the system, partly in
line with the above K-r transition. And the competition during the transition was also reflected in
the network, that OTUs belonged to the same taxa were forcedly adaptive to different niches, and
the turnover of OTUs among different niches, implicating the competition in guiding the structures
(Ju et al., 2017). Moreover, co-exclusion was found even within same phylum, reflecting
competition among these microorganisms for limited resources of essential growth factors
(Nielsenetal., 2012). The inter-species co-occurrences could be due to the enzymatic associations
within distinctive pathway modules, which has been revealed in carbohydrate metabolisms in

wastewater treatment plants (Xia et al., 2015). Besides, inter-taxa connections in the same niche
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were promoted with co-existences and interactions. Ju and Zhang (2015) suggested that inter-taxa
co-occurrences among taxonomically distanced bacteria in activated sludge could be explained as
species interactions (i.e., commensalism or mutualism). Phyla Cyanobacteria and Proteobacteria
contained genes for sulfur compounds oxidation, that were found to co-occur in oxygenated
environments (Wasmund et al., 2017), similar to oxidation condition in this study. Co-occurring
multispecies were studied to make efficient use of limited resources through metabolite exchange
due to temporal variation in nutritional availability, then provided a survival or thrived
environments and enabled coexistence in diverse niches (Zelezniak et al., 2015). Thus, various
competitions and metabolically complementary developments of microorganisms emerged during
biodegradation phase (Li et al., 2018).

Under the Bioaug condition, the inoculated CB1190 removed 1,4-dioxane efficiently and
showed negative correlations with species belonging to Gloeobacter, Ralstonia, Mycobacterium,
Janthinobacterium, and Variovorax, etc., and the network analysis showed that CB1190 only had
strongly positive connections with a few co-occurring taxonomically distanced genera (i.e.,
Cupriavidus) at the same modularity, demonstrating the valuable information that CB1190 and its
distinct microorganisms were closely bound ecologically (Li et al., 2018). Coupled with the
decreasing relative abundance, the survival and growth of CB1190 were compressed by other self-
adaptive bacteria, even with additional CB1190 amendments, and this was partially agreeable with
the inter-genera competition theory and the highlights of niche differences, which was reported in
soil environment (Barberan et al., 2012). More importantly, in this study, the strong inter-order co-
occurrence correlations implicated and projected the survival of pure and mixed bacterial cultures

applied for bioaugmentation into specific environmental biogeochemical conditions.
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6.4.3 Catalysis and Biodegradation Treatment Train

1,4-Dioxane and CVOCs have been widely reported co-contaminants in groundwater plumes
across multiple contaminated sites (Adamson et al., 2015), and the inhibitory impact of
individual/mixed CVVOCs on the biodegradation Kinetics of 1,4-dioxane has also been studied (Zhang
et al., 2016). Therefore, the concept of the treatment train with combined catalytic oxidation and
biological degradation mechanisms was used in this study, in order to reduce 1,4-dioxane and
CVOC levels before biodegradation. The WOx/ZrO,-H>0- system used 310 uM H2O> to achieve
~20% 1,4-dioxane removals, which is a lower dosage than would be needed for pure H20:
oxidation to achieve equivalent 1,4-dioxane removals (Miao et al., 2018). Andaluri and Suri (2017)
also found that the oxidative efficiency of H.O alone for 1,4-dioxane was lower than that of the
Os/H20:> process. Moreover, 1,4-dioxane decreased continuously even after the quench of the 24-
hour catalytic oxidation phase, indicating the potential photoactivity of WO,/ZrO, (Cheng et al.,
2016). Similarly, chlorinated compounds were also mainly degraded by hydroxyl radicals, which
was observed during electrochemical oxidation (Jasmann et al., 2017). More importantly,
chlorinated compounds have been reported to be degraded using SO4> /Fe,O3 catalysts (Zhang et al.,
2018) and persulfate oxidation (Chang et al., 2018), but this study is the first to demonstrate TCE,
1,1-DCE, and cis-1,2-DCE catalysis by WOx/ZrO>. The higher removal efficiency of TCE than that
of 1,4-dioxane was in line with the findings of Eberle et al. (2016) that TCE had a higher oxidative
degradation rate than 1,4-dioxane. However, 1,1-DCE accumulated in the microcosms at higher
levels than cis-1,2-DCE, suggesting that some combination of limited 1,1-DCE catalytic
degradation occurred and/or 1,1-DCE was produced as a byproduct of TCE degradation.
Furthermore, TCE and cis-1,2-DCE were completely degraded during the biodegradation phase

under all conditions, indicating that aerobic bacteria removed these CVOCs by utilizing dissolved
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oxygen from decomposed H2O- (Li et al., 2015) and potential photoactivity. The increasing gene
abundances of dxmB and aldH in the first four weeks after the CB1190 spike corresponded to the
metabolism of 1,4-dioxane, and the higher aldH abundance indicated the availability of a diversity
of carbon sources (Gedalanga et al., 2014). However, the non-detection of genes dxmB and aldH
in naturally simulated microcosms indicates a lack of intrinsic 1,4-dioxane metabolizers.
Additionally, the potential intrinsic 1,4-dioxane-co-metabolizing bacteria could have been reduced
by the catalysis process and inhibited by produced hydroxyl radicals (Silva-Castro et al., 2013).
The biodegradation of CVOCs is likely related to the intermediates produced during the catalysis
phase, which acted as carbon sources to induce co-metabolism of CVOCs over 1,4-dioxane, that
has been observed during the oxidation-bioremediation of a diesel-contaminated soil (Sutton et al.,
2014).

The in-depth microbial community analysis explored the behavior of microbial communities
under different 1,4-dioxane and CVOCs conditions over time. The original dominant genera,
Pseudomonas and Ralstonia, were described by Sheu et al. (2018) to biodegrade chlorinated
compounds in soil. However, both of these were reduced but not completely eliminated by the
catalysis phase due to their weak peroxide tolerances or potentially lower oxidative stress
regulators. However, the higher recovery of Pseudomonas during the biodegradation phase under
the L-DX only condition suggests that Pseudomonas could consume the catalysis-produced
intermediates, due to carrying alkanal monooxygenases alpha and beta chains, but had weak
CVOC tolerances in this study. Genus Sphingomonas replaced Pseudomonas as the dominant
genus after the catalysis phase, which was reported to remain active even after 500 mg/L H.0>
exposure (Dziga et al., 2018). Genera Sphingomonas and Rhodococcus were also reported to

increase after chloropicrin fumigation in soil remediation, and thus utilized for the biodegradation of
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toxic environmental contaminants (Li et al., 2017), that might be as hosts of cytochrome P450
families. However, genera Rhodococcus and Variovorax were found to be abundant after the first
9-week stage of the biodegradation phase, potentially due to their capabilities for co-metabolizing
CVOC (Sercu et al., 2013), and they positively correlated with different enzymes. Moreover,
Ramlibacter and Methylobacillus, both of which belong to Betaproteobacteria with many members
that can degrade light hydrocarbons, increased during the biodegradation phase, and were
identified in olive mill wastewaters (Kavroulakis and Ntougias, 2011), demonstrating potential
consumptions of catalytic transformation products. Overall, besides the previously mentioned
bacteria, the microbes that were enriched after 17 weeks of incubation were generally more capable
of utilizing catalysis-produced intermediates and 1,4-dioxane/CVVOC biodegradation products, e.g.,
Ohtaekwangia in hydrocarbon degradation (Ma et al., 2015), Acidovorax in carbon tetrachloride
and trichloroethylene degradation (Kwon et al., 2016), and Bradyrhizobium in chlorinated
compounds remediation (Krzmarzick and Novak, 2014), showing strong potential for long-term
natural attenuation after engineered remediation. Even with the increasing absolute degradation
gene abundances, the relative abundance of CB1190 decreased during the second stage of
biodegradation, attributed to the potentially weak competition capability of CB1190 with other
native microbes (Miao et al., 2019).

The stimulated biodiversity after catalytic oxidation was inconsistent with previous work that
species richness and diversity dramatically declined after AOPs (Medina et al., 2018), which could
be attributed to the lower dosage of H.O> used in this study. On the other hand, WOx/ZrO, and
H20, might selectively impact the microbes that were the most abundant in the original microbial
community (Pseudomonas), allowing the tolerant species to survive and increase in abundance to

the point of detection, resulting in the compensation of microbial diversity (Miao et al., 2018),
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identified by more representative microbes after catalysis on LEFSE analysis. The continuously
increasing biodiversity in the first stage of biodegradation can be attributed to the generation of
catalytic byproducts with enhanced solubility and biodegradability (Zhu et al., 2015) as well as
reduced toxicity (Carboneras et al., 2018) that could better support microbial growth. The
remaining CVVOCs or degradation products under H/H conditions inhibited microbial richness and
diversity during the second stage of biodegradation, and Liu et al. (2018) also observed decreasing
diversity in vinyl chloride enriched groundwater. Tardy et al. (2014) suggested that biodiversity
might increase with available soil resources, and enhanced functional and structural stability,
explaining the CVOCs removals under lower H/H, H/L, and L/L-DX conditions. Overall, the
biodiversity under each condition was enhanced after the whole treatment train, leading to a more
stable microbial ecosystem in the soil for long-term resistance to future contaminant shocks.

The predicted functional features were not separated over the course of time except for the
catalysis phase, and this was described as the functional redundancy that increased functional
stability (Vanwonterghem et al., 2014), reflected on the stable abundances of pathways. The
significant correlations between dehalogenases and multiple genera indicated the presence of
widespread CVOC degradation potential, as well as the presence of phylogenetically distinct
microbes that were able to fulfill the same functional group with potential functional redundancy
(Myers et al., 2018). The high abundance of methane metabolism and methane monooxygenases
could be attributed to ubiquitous methane-oxidizing bacteria (e.g., Proteobacteria), and catalytic
oxidation improved bioavailability and oxygen content (Chen et al., 2018). Although 1,4-dioxane
can be degraded by monooxygenase-containing bacteria (Mahendra et al., 2007), mesophilic
methanotrophs, which are also known for cometabolic oxidation of halogenated compounds

(Weigold et al., 2016), can rapidly oxidize TCE but not 1,4-dioxane during natural attenuation or
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enhanced biodegradation (Hatzinger et al., 2017). The increasing abundance of chloroalkane and
chloroalkene degradation in CVOC-containing conditions indicates a potential pathway for CVOC
degradation, which has been previously identified as abundant in PCE/TCE-contaminated
groundwater (Kao et al., 2016), and chlorinated hydrocarbon-contaminated sites (Kappell et al.,
2014). Specifically, high abundances of haloalkane, haloacetate, and 2-haloacid dehalogenases could
correspond to the existence of CVOCs (Weigold et al., 2016) and potential oxidative intermediate
haloacetic acids from TCE (Chang et al., 2018). Moreover, cytochrome P450 family was found to
carry peroxidase (Hrycay and Bandiera, 2012) that made it abundant, except for the H/H condition
where CVVOCs negatively impacted cytochrome P450. However, the remaining catalysts may also
destroy cytochrome P450 (Hrycay and Bandiera, 2012) and contribute to its decreasing trends
during the biodegradation phase. The stable abundances of methane and toluene monooxygenases
had no improvement on 1,4-dioxane removals, likely due to the impacts of CVOCs on
monooxygenase-driven degradation (Zhang et al., 2016) or invalidly expressed monooxygenases to
1,4-dioxane degradation (Mahendra and Alvarez-Cohen, 2006).

Although specific microbes changed among different conditions, a common temporal
succession pattern in microbial assembly (including memberships and abundances) was shared
across conditions over time, indicating the population dynamics in the complex community were
mainly synchronized over time (Vanwonterghem et al., 2014), which is consistent with the findings
from Ju et al. (2017) that shifts in the microbial community present an anaerobic biogas digestor
were more dependent on operating time rather than physiochemical and operational parameters.
This niche-based (e.g., nutrient/substrate availability, environmental selection, biological
competition) deterministic temporal succession (Jiao et al., 2017) is supported by the PCoA and

NMDS analyses that showed that microbes were temporally clustered. In addition, the LEFSE

294



analysis could only pick up changes in representative microbes between phases instead of between
conditions. The initial catalysis phase removed contaminants to different levels, and microbes were
separately clustered (CBO vs. CB1), depicting the catalysis impact on microbial deterministic
succession. Shi et al. (2018) also found the deterministic process in places with distinct
environments that contained a few interchangeable bacteria. In the following first stage of the
biodegradation phase, microbes were separated because of the access to the remaining oxidative
products, while community compositions approached each other in similarity during the second
stage, indicating the slow succession that could be attributed to decreasing availability of carbon
sources, which has also been observed in microbial communities after heat disturbance (Jurburg et
al., 2017). Moreover, the L-DX only condition exhibited the most dissimilar community post-
treatment train, indicating that CVOCs can play minor roles in determining and differentiating the
individual microbial progress just within the deterministic process. Vanwonterghem et al. (2014)
indicated that even if microbial communities had minor differences at the specific time point, the
communities as a whole would still follow similar trajectories, and Jiao et al. (2017) also observed
similar dynamic patterns of microbial communities induced by individual or mixed contaminants
(e.g., phenanthrene, n-octadecane). Furthermore, the microbes from CB1 to CB2 were dominated
by r-strategists (fast/unstable/competitive condition) that led to relatively faster succession,
because of the shocks caused by the H20- or the photoactivity of the remaining WO/ZrO,. After
this step, the increasing stability indicated by higher biodiversity and slower deviations between
microbial communities indicated that the microcosms were occupied by K-strategists
(slow/stable/same condition) (Jurburg et al., 2017) from CB2 to CB3. The gradual shift from r- to
K-strategists along successional gradients has recently been shown for microbes in mercury-

(Tardy et al., 2014) and hydrocarbon-contaminated (Medina et al., 2018) soils. Additionally, the
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predictions from RF models also support the deterministic succession that the more similar
distributions at day 63 and 119 indicates slower succession compared to the first stage of succession.
The predicted microbes under the Bioaug condition were stable from day 63 to 119, showing the
potential impacts and dominance of spiked CB1190 in the microbial community, and (Jiao et al.,
2017) also reported that temporal microbial turnovers were mainly controlled by abundant bacteria
which was mainly driven by deterministic processes.

Combined with taxonomy and functions, the dominant taxa might contribute primary
functions in the community, while the rare/minor microbes could act as a source of functional
diversity (Jiao et al., 2017). Pseudomonas, the dominant genus that rebounded during the
biodegradation phase, was observed to co-occur with a diversity of minor community members,
which is consistent with flower microbiota where the most prominent microbe co-occur with minor
members (Shade et al., 2013). This inter-genera co-occurrence could be attributed to microbial
interactions (e.g., commensalism or mutualism) (Ju and Zhang, 2015). Moreover, the minor
microbes (e.g., Bradyrhizobium and Variibacter) also appear to be crucial in the co-occurring
network by constructing connections among genotype-specific microbes, a pattern that has also
been observed in lettuce root microbiota (Cardinale et al., 2015). Genera Sphingomonas,
Rhodococcus, and Lacibacter were phylogenetically distinct and positively correlated in networks
and identified catalytic tolerant in relative abundances, as determined by their functional relevance
(Cardinale et al., 2015) in microcosms and confirmed by their carrying dehalogenases and
cytochrome P450, simultaneously. Thelusmond et al. (2016) also reported that Sphingomonas and
Rhodobacteraceae were linked to carbamazepine degradation. This phenomenon might result from
their sharing the similar niches (e.g., environmental conditions), similar to what has been observed

at a uranium contaminated site (Myers et al., 2018). Furthermore, Pseudomonas (OTUl) &
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Sphingomonas (OTU18) and Pseudomonas (OTU1) & Rhizobacter (OTU13) were co-exclusive
with each other and inter-taxa co-exclusion were prevalent in taxonomically distinct species (Ju and
Zhang, 2015). The predicted functional feature showed that Pseudomonas (toluene
monooxygenase) carried different genes from Sphingomonas (cytochrome P450) and Rhizobacter
(methane monooxygenase), respectively, suggesting that the hosts might not carry toluene and
alkanal monooxygenases with cytochrome P450 simultaneously. However, these enzymes were
functionally equivariant, and fierce competition would happen among these microbes for limited
nutrients, carbon substrates (e.g., 1,4-dioxane, CVOCs, and intermediates in this study), or other
factors (Ju and Zhang, 2015). The network analysis also supports the deterministic process observed
in this study that ecological niches, bacterial interactions, microbial competitions, and substrate
availabilities, etc. could guide the community assembly and dynamics (Vanwonterghem et al., 2014).
Additionally, the microbial turnovers (peaked abundances) along with time from Module 111, V,
VI to Modules | and 1V in the co-occurrence networks suggested the gradual microbial shifts
during the biodegradation phase, which highlights the role of interspecies competition for
resources in intensifying community dynamics. These shifts have also been observed in anaerobic
biogas digesters (Ju et al., 2017) and heat disturbed soil (Jurburg et al., 2017). The 1,4-dioxane and
the CVOC-mediated deterministic process could also be related to high biodiversity, both of which
corresponded to the microbial stability and high CVOCs removals.
6.5 Conclusions

In this study, 1,4-dioxane removal with co-contaminant CVOCs by novel oxidation-catalysis
treatment train was achieved, and the effects of those contaminant levels and treatments on microbial
community were evaluated. The oxidation process removed 85% of initial 1,4-dioxane under all

conditions, and subsequent catalysis step extended the removal to 90%. The overall microbial
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community analysis based on multidimensional analyses directly showed that H>O2 and WO/ZrO-
caused population shifts away from the original community even with similar high removals. The
taxonomic classification combined with LEfSe was used to determine the predominant microbes
during the treatment train, and confirmed the potential oxidative tolerant genera, such as Massilia
and Rhodococcus, as well as WO/ZrO; tolerant genera Sphingomonas and Devosia. The oxidation-
catalysis treatment train shows promising results for future in-situ and ex situ field applications. This
study is the first to assess microbiome shifts associated with an oxidation-catalysis treatment train
for 1,4-dioxane and CVOC removal, and provides valuable guidance for the regulation and
optimization of post-treatment bioremediation or microbial community recovery in groundwater and
soils contaminated with solvent mixtures.

Chemical oxidation followed by bioaugmentation completely degraded 1,4-dioxane even in the
presence of CVOC mixtures, confirming the effectiveness of treatment trains. Shifts in microbial
community structures were in the course of treatment process, and influenced by contaminant
concentrations at individual time points, and accompanied by r-K strategy transitions. Various
microbial groups recovered after exposure to peroxide, a microbicide, and evolved during the
biodegradation with deterministic factors, including competition, interaction and niche
differentiation. Biodiversity and richness were inhibited right after oxidation process, but increased
again during subsequent biodegradation process. It is important to consider the impact of abiotic and
biological remediation technologies on the microbial ecology to predict success of short-term active
treatment as well as long-term passive attenuation processes.

This study also evaluated the impacts of combined catalysis and biodegradation treatment
trains for removing 1,4-dioxane and CVOCs on the microbial community under a selected set of

contamination conditions. The data suggests that 1,4-dioxane degradation by CB1190 could be
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catalytically enhanced, while CVOCs could be continuously removed during the post-catalysis
biodegradation phase by intrinsic microbes regardless of the initial concentrations. This combined
technology is an innovative approach to simultaneously degrade refractory pollutants using a
combination of bioaugmented and intrinsic microbes that may serve as a promising alternative in-
situ remediation strategy for practitioners. Moreover, the microbial community analysis indicated
a more stable structure under all conditions after the treatment train with a higher biodiversity of
microbes with biodegradation capabilities. The predicted functional features found that reads
belonging to monooxygenases remained constant during the biodegradation phase while reads
belonging to dehalogenases increased, and this pattern corresponded to increasing CVOC
removals. The population dynamics followed deterministic temporal succession even under
different contamination conditions, which was supported by the PCoA analysis and random forests
models. The network analysis further emphasized deterministic factors, such as ecological niches
or microbial competitions, overwhelmed contaminants combinations matrix, dominating and
guiding the microbial assembly. The above findings offer novel insights into the ecological
mechanisms underlying the effects of 1,4-dioxane and CVOCs on short-term and long-term
remediation performance. Combined, the compositions of bacterial communities, as well as the
associations among the members of those communities, established in this study could serve as

the theoretical foundation for improved treatment applications.
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Chapter 7 Conclusions and Future Work
7.1 Summary

This research comprehensively evaluated bioremediation of 1,4-dioxane and co-contaminants
impacted groundwater and soil in bench- and pilot-scale studies, and revealed the molecular
mechanisms behind the biodegradation processes by using next-generation sequencing
technologies.

The multiple lines of evidence (MLOE) framework outlined in this research combined new
technologies with traditional data analyses and successfully demonstrated that intrinsic
biodegradation of 1,4-dioxane occurred at a landfill site. Molecular biological tools demonstrated
that microorganisms capable of metabolizing 1,4-dioxane as well as methanotrophs capable of co-
metabolizing 1,4-dioxane were present and abundant at the site. Notably, the detections of dioxane
monooxygenase (dxmB) and aldehyde dehydrogenase (aldH) genes tracked the shrinking 1,4-
dioxane plume with reasonable accuracy, strongly suggesting that the presence of 1,4-dioxane
stimulated these markers and implying the microorganisms were degrading 1,4-dioxane. The
detections of genes coding for soluble methane monooxygenase (SMMO) were widespread and
non-specific to 1,4-dioxane, which was expected because co-metabolism is stimulated by the
primary substrate (in this case, methane) rather than by the degradation of the co-metabolic
substrate. Compound-specific stable isotope analysis (CSIA) implied a weak enrichment of *3C in
1,4-dioxane as it was depleted with distance downgradient and provided additional evidence that
a biochemical degradation process was active at this site. Coupled with the historical data that
demonstrated that 1,4-dioxane concentrations and plume mass had declined, the results from this

case study confirmed that intrinsic biodegradation of 1,4-dioxane was occurring at that site.
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This research supported the first attempt of pilot-scale in-situ bioaugmentation to biodegrade
1,4-dioxane with well-characterized 1,4-dioxane-metabolizing bacteria Pseudonocardia
dioxanivorans CB1190. The feasibility study indicated that injected CB1190 cells (> 10’
copies/mL) were distributed at least 10 feet away from the injection well and followed preferential
pathways, while only low cell densities were detected, supported by biomarker genes abundances
and transcripts either in groundwater (< 242 copies/mL), or on Biotrap beads (122-674
copies/beads), or in the soil (141-433 copies/g). The second phase was implemented with higher
injection cell density, along with oxygen and diammonium phosphate nutrient sources. However,
the abundance and activity of the injected CB1190 steadily decreased in groundwater plume over
8 weeks, resulting in low to no 1,4-dioxane degradation after 6 weeks of the study. Subsequently,
in-situ bioreactor (ISBR) contained CB1190-augmented Bio-sep beads were used on site and
achieved stable CB1190 abundance and activity over 6 months. During this time, 1,4-dioxane was
removed from 2.5 pg/bead to below 0.5 pg/bead, and the 1,4-dioxane in groundwater was degraded
to below 30-50 pg/L. Thus, this step wise pilot study validated the feasibility of in-situ
bioaugmentation by injecting liquid CB1190 culture as well as placing a bioreactor embedded with
CB1190-augmented beads, while the long-term operation may be needed to obtain continuous 1,4-
dioxane removal through ISBR.

In another project, effective remediation strategies using bioaugmentation with 1,4-dioxane-
metabolizing or co-metabolizing bacteria, as well as oxygen, propane, and nutrient biostimulation
were evaluated. Both bioaugmentation cultures degraded approximately 90% 1,4-dioxane in 1.5
days, with 1,4-dioxane falling below detection limits (< 4 pg/L) within 7 days. On day 15, 1,4-
dioxane was added again but was undetectable by day 30. However, biostimulation with propane

resulted in 1,4-dioxane removal only after sufficient nutrients were added, but oxygen amendments
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did not stimulate 1,4-dioxane biodegradation even with added nutrients. Genes related to 1,4-dioxane
degradation, dxmB, aldH, and prmA, were all upregulated after nutrient addition. Microbial
community analysis showed that augmented genera Pseudonocardia and Rhodococcus were
overwhelmed by other native bacteria over time with Pseudonocardia being outcompeted faster than
Rhodococcus. After nutrient addition, the genera Mycobacterium and Methyloversatilis accumulated
in propane-stimulated microcosms, but microbiomes distributed similarly in microcosms that were
stimulated by oxygen and supplemented with nutrients. The predicted functions indicated that the
gene allocation for xenobiotics metabolism and lipid metabolism was enhanced when high 1,4-
dioxane degradation rates were observed, while the overall profiles of functions under
bioaugmentation and biostimulation conditions depicted the similar pathway abundances over time.
This indicated the potential functional redundancy and decoupling between metabolic functions
and taxonomic community, and explained the community restoration and low 1,4-dioxane removal
performances.

Several laboratory-scale treatment trains were tested that applied short-term chemical reactions
to 1,4-dioxane and chlorinated solvent contaminated groundwater and soil prior to bioaugmentation
processes. The combined chemical treatments were first tested so that the oxidation process removed
85% of initial 1,4-dioxane under all conditions, and subsequent catalysis step extended the removal
to 90%. The overall microbial community analysis based on multidimensional analyses directly
showed that H202 and WO,/ZrO- caused population shifts away from the original community even
with similar high removals. The biodiversity was changed depending on the contaminant levels
after oxidation process, while WO./ZrO- catalysis reduced biodiversity across all conditions. The

taxonomic classification combined with Linear discriminant analysis Effect Size (LEfSe)
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confirmed the potential oxidative tolerant genera, such as Massilia and Rhodococcus, as well as
WO,/ZrO> tolerant genera Sphingomonas and Devosia.

The effectiveness of oxidation-bioaugmentation treatment trains was also revealed by the
complete removal of 1,4-dioxane in the presence of chlorinated volatile organic compounds
(CVOCs). The shifts in microbial community structures occurred in the course of time. They were
influenced by contaminant concentrations only at individual time points and accompanied by r-K
strategy transitions. Various microbial groups recovered after exposure to peroxide, a microbicide,
and evolved during the biodegradation with deterministic factors, including competition, interaction,
and niche differentiation, which were also reflected by increased biodiversity during the post-
oxidation biodegradation process.

The catalysis-bioaugmentation treatment train showed the similar efficiency towards 1,4-
dioxane and CVVOC degradation, indicating that 1,4-dioxane biodegradation by CB1190 could be
catalytically enhanced, while CVOCs could be continuously removed during the post-catalysis
biodegradation phase by intrinsic microbes regardless of the initial concentrations. Moreover, the
microbial community analysis indicated a more stable structure under all conditions after the
treatment train with a higher biodiversity of microbes with biodegradation capabilities. The
composition of microbiomes tended to be similar regardless of complex contaminants during the
post-catalysis biodegradation phase, indicating a r-K scheme transition attributed to the shock
experienced during catalysis and the subsequent incubation. The predicted functional features found
that reads belonging to monooxygenases remained constant during the biodegradation phase while
reads belonging to dehalogenases increased, and this pattern corresponded to increasing CVOC
removals. The population dynamics followed deterministic temporal succession even under different

contamination conditions, which was supported by the PCoA analysis and random forests models,
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that microbial community tended to be similar during the biodegradation process. The network
analysis further emphasized deterministic factors, such as ecological niches or microbial
competitions, overwhelmed contaminants combinations matrix, dominating and guiding the
microbial assembly. The above findings offered novel insights into the ecological mechanisms
underlying the effects of 1,4-dioxane and CVOCs on short-term and long-term remediation
performance.

Collectively, this research comprehensively evaluated natural and enhanced bioremediation
technologies at 1,4-dioxane contaminated sites and validated the 1,4-dioxane degradation by
metabolic and co-metabolic bioaugmentation as well as oxygen-, propane-, nutrient-amended
biostimulation from both bench- and pilot-scale studies. Additionally, chemical treatment followed
by bioaugmentation was developed as an effective synergistic treatment for 1,4-dioxane in the
presence of high CVOC concentrations. Besides, applying parallel sequencing technologies
revealed the microbial community and function as well as molecular mechanisms, and assessed
the microbial ecology along with the ongoing and post-remediation processes. These results will
be valuable for predicting treatment synergies that lead to cost savings and improve remedial
outcomes in short-term active remediation as well as long-term changes to the environmental
microbial communities.

7.2 Significance of the Research

This research systematically explored monitored natural attenuation, bioaugmentation, and

biostimulation strategies for 1,4-dioxane treatment, across bench- to pilot-scale studies, coupled

with microbial community and function analyses, explicating the following insights.
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1. Advanced molecular biological tools, including biomarkers of 1,4-dioxane metabolism, and
improved compound-specific stable isotope analysis (CSIA) techniques are critical and
accurate in demonstrating intrinsic degradation for 1,4-dioxane.

2. The first pilot-scale Pseudonocardia dioxanivorans CB1190 bioaugmentation effort validated
the applicability of in-situ metabolic biodegradation of 1,4-dioxane and provided important
design and selection considerations for future full-scale demonstration at various contaminated
sites.

3. Various investigations of 1,4-dioxane-metabolizing and co-metabolizing bacteria, as well as
doses of oxygen, propane, and nutrients in laboratory-scale reactors provided quantitative data
for design and decision-making for full-scale ex-situ bioreactors and in-situ bioremediation
applications.

4. The treatment trains indicated that oxidation-catalysis, oxidation-bioaugmentation, and
catalysis-bioaugmentation could completely remove 1,4-dioxane even in the presence of
chlorinated compounds.

5. Analyses of microbial community structure before, during, and after active remediation are
valuable for identifying functionally-important bacteria, metabolic pathways, and microbial
trajectories and for predicting treatment synergies that lead to cost savings and improved
remedial outcomes in short-term active remediation as well as long-term changes to the
environmental microbial communities.

7.3 Directions of Future Research

7.3.1 Field-scale Applications and Long-Term Monitoring

The results of our bench-scale microcosms and pilot-scale demonstrations indicated that

bioremediation should be considered as an alternative to or in conjunction with other abiotic
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remediation strategies. Bioaugmentation with CB1190 or other 1,4-dioxane-metabolizing bacteria
can be viable, especially in in-situ or ex-situ bioreactors. The ISBR technology showed promising
results in the in-situ pilot test, which could be scaled-up and applied more widely in the
remediation of various contaminant mixtures. While metabolic degradation approach has the
advantages of supporting the growth of bacteria involved in bioremediation, generation of non-
toxic terminal products, and lower requirements of substrate addition, co-metabolism-based
processes might be preferred in dilute plumes or when 1,4-dioxane concentrations are very low.
Since biostimulation with propane and nutrients was tested successfully in the bench-scale
microcosms, propane biosparging should be considered as an option for in-situ 1,4-dioxane
treatment in groundwater, even though this approach was not very effective in previous work
(Lippincott et al., 2015, Chu et al., 2018). Other liquid or gaseous organic substrates, such as
methane, ethane, butanol, or various ethers should be evaluated for inducing 1,4-dioxane co-
metabolism in laboratory as well as field settings.

A comprehensive monitoring program is necessary to track not only the contaminant
removals, but also changes in bacterial population, activity, and community structure. As long-
term monitoring data become available to better support degradation processes using a multiple
lines of evidence (MLOE) framework, community analysis can reveal the dominant microbiomes
in natural or engineered conditions that impact or are impacted by environmental factors.

7.3.2 Microbial Community and Function Analysis at Post in-situ Treatment Sites

Any in-situ treatment, including biotic and abiotic strategies, will be in contact with the
indigenous microbes living in the 1,4-dioxane contaminated soil and groundwater, which are key
drivers in various fundamental biogeochemical processes as well as decontaminating processes.

However, conventional in-situ remediation process pays more attention to eliminating the
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pollutants, which would decide the success of the engineered work. However, the goals of
remediation are not only to remove pollutants from soil and groundwater but also to restore the
capacity of the soil ecology to function at its potential (Epelde et al., 2009). Thus, post-treatment
revisit focusing on microbial diversity, core microbes, and functions in the former remediated areas
could re-evaluate the ecological health from the microbial point of view. Moreover, the post-
treatment dynamic changes of microbial community will suggest the new isolates or consortia for
future bioremediation work targeting the sites with similar characteristics.
7.3.3 Nexus of -Omics Technologies, Microbiology, and Biochemistry

Even as the metagenomics technologies along with bioinformatics tools have been rapidly
developed, some limitations might still hamper the normal use of metagenomics. In the current
blooming usage of “-omics”, microbial community profiled by 16S rRNA sequencing is the
quickest and cheapest avenue. However, a complete and “all-in-one” analysis of phylogenetic and
functional shifts in polluted ecosystems is needed because datasets only reflect the taxonomic and
the functional diversity of microbial communities, while the interactions among community
members are usually highly dynamic over time (Prosser, 2015, Bouhajja et al., 2016). However,
metagenomics alone will always describe the taxonomic and functional abundances of
communities with specific research objectives (Bouhajja et al., 2016). To address this issue,
Franzosa et al. (2015) suggested to combine different “-omics” approaches, such as
metatranscriptomics to analyze the mRNA of a community by cDNA massive sequencing (Prosser,
2015), metaproteomics to analyze the protein composition (Pan and Banfield, 2014), and using
metabolomics to analyze the metabolite in the pathway (Longnecker et al., 2015). The synergistic
“-omics” could provide a global overview of the nature, the evolution and the expression of

microbial catabolic pathways in polluted environments (Bouhajja et al., 2016).
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More generally, the full exploitation of the potentials of meta-omics will also require multiple
and creative benchmarking methodologies and reverse engineering of reference soils, among other
reductionist and holistic approaches (Nesme et al., 2016). The increasing number of novel putative
protein sequencing revealed and annotated in metagenomic reads are emphasized in the diversity
and richness of environmental functions, which however lack evidence of their actual function due
to the limited number of reference proteins in databases. Therefore, conventional microbiology
(isolation and cultivation of pure strains) and biochemistry (characterization of proteins), to
validate the actual functions of annotated sequencing in the experiments, are also need to couple
with “-omics”. Bioremediation-related engineered work can benefit from these rare proteins

expressed in species adapted to contaminated environments.
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