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ABSTRACT

Vinyl chloride (VC) is a human carcinogen and common groundwater
contaminant in the United States. Some of the indigenous bacteria can utilize VC for their
growth, which is important for bioremediation. As previous studies have been majorly
focused on VC-degrading bacteria in pure cultures, we initiated the study to investigate
the microbial community structure and interactions in more complicated systems, such as
mixed-pure cultures and groundwater enrichment cultures. Finally, we extended our study
into the field by investigating the diversity and abundance of functional genes in VC-
assimilating pathways at six contaminated sites.

In our first study, Nocardioides was found to be the most dominant genus in
Carver groundwater enrichment cultures via stable-isotope probing and 16S rRNA gene
amplicon Illumina sequencing. As cross-feeding was observed, in the second study,
mixed-pure culture experiment was conducted to explore the potential effects of VC-
assimilating Nocardioides on other bacteria, which showed VC cometabolizer
Mycobacterium strain JS622 would take up carbon from VC to sustain their growth when
mixed with VC-assimilating Nocardioides sp. strain JS614. The third study was
conducted with a different groundwater source from Fairbanks, AK, which again showed
Nocardioides 1s dominant in the microbial community. A novel VC-assimilating
Nocardioides sp. bacteria was isolated, named XL1. The putative genome of XL1
extracted from enrichment culture metagenome was 99% to 100% identical to strain
JS614, with a plasmid genome bin similar to strain JS614 plasmid pNOCAUO1, though the
morphology of strain XL1 was distinct from strain JS614. About 90% of the plasmid

contigs could be mapped onto Nocardioides sp. strain JS614 plasmid with 100% identity,
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containing known aerobic ethene and VC degradation pathway genes encoding alkene
monooxygenase and epoxyalkane: coenzyme M transferase (EaCoMT). Glutathione
synthase and glutathione S-transferase genes, possibly involved in epoxide detoxification,
were found in Polaromonas, Mesorhizobium and Pseudomonas-affiliated genome bins.
The study also showed cultures adapted to VC faster after amended with ethene. The in-
situ study (the fourth study) revealed 192 different EaCoMT T-RFs from six chlorinated
ethene contamination sites via T-RFLP analysis, implicating higher EaCoMT diversity
than previously known. Phylogenetic analysis revealed that a majority of the 139 cloned
sequences (78.4%) grouped with EaCoMT genes found in VC- and ethene-assimilating
Mycobacterium strains and Nocardioides sp. strain JS614. EaCoMT gene abundance was

positively correlated with VC and ethene concentrations at the sites studied.
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PUBLIC ABSTRACT

Vinyl chloride (VC) is a human carcinogen and common groundwater
contaminant in the US. Bacteria in nature can utilize VC for their growth, which is
important for bioremediation. As previous studies have been focused on pure VC-
degrading bacteria, we initiated the study to investigate more complicated systems, such
as mixed-pure cultures and groundwater enrichment cultures. Finally, we extended our
study into the contaminated sites by investigating the diversity and abundance of
functional genes related to VC assimilation.

In our study, microbial community could adapt to VC faster after feeding ethene.
Nocardioides was found to be the most dominant genus in three groundwater enrichment
cultures from contaminated sites in Carver, MA and Fairbanks, AK. A novel VC-
assimilating Nocardioides bacteria was isolated, named XL1. It also contains a plasmid
nearly identical to Nocardioides sp. strain JS614, which bears known genes encoding the
key enzymes in VC-assimilating pathway: alkene monooxygenase and epoxyalkane:
coenzyme M transferase (EaCoMT). There were other bacteria abundant in the cultures,
including Polaromonas, Mesorhizobium and Pseudomonas, which have glutathione S-
transferase that could also detoxify VC epoxide. The in-situ study revealed 192 different
EaCoMT types from six chlorinated ethene contaminated sites via T-RFLP analysis,
implicating higher EaCoMT diversity than previously known. A majority of the EaCoMT
recovered from the environment are similar to those in Mycobacterium strains and
Nocardioides sp. strain JS614. EaCoMT gene abundance was positively correlated with
VC and ethene concentrations at the sites studied. Overall, these findings provides

scientific basis for VC bioremediation practice.

Vi
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CHAPTER I. RESEARCH OVERVIEW AND HYPOTHESES

Many pollutants can be degraded through microbial activities at contaminated
sites, the process of which is referred to as natural attenuation. It is a cost-effective and
environmental-friendly approach for remediation. Cleaning-up of vinyl chloride (VC) in
groundwater is one of the examples. From previous lab-scale studies, under aerobic
condition, VC can be cometabolized and even assimilated by etheneotrophs, which use
ethene, a co-occurring compound with VC at most contaminated sites, as a growth
substrate. However, previous aerobic VC-degradation studies have only focused on pure
etheneotroph cultures. The microbial community structure and interaction within
complex enrichment culture has never been investigated. Therefore, the main objective
of my PhD study is to capture the taxonomy and functional changes of microbial
community during adaption to VC and explore alternative VC degradation
pathways. Our central hypothesis is that as a complex microcosm adapting to ethene and
finally to VC as the sole carbon source, microbial diversity will decrease to form a
specialized system, in which bacteria responsible for VC-assimilation will dominate, and
other bacteria playing roles as scavengers or partially degrading VC and its epoxides will
also remain in the culture.

We tested our central hypothesis by the accomplishing the following specific
aims:

1. Design Stable Isotope Probing (SIP) experiment to identify
VC-assimilating bacteria (VC-assimilator) in contaminated groundwater
enrichment cultures (Chapter III).

We performed SIP experiment on groundwater enrichment cultures to
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identify bacteria able to up-take *C from *C,-VC. We hypothesized that some
previously found VC-assimilators would be seen in the enrichment cultures, e.g.
Nocardioides and Mycobacteria, and they would be able to up-take >C. However,
we also hypothesized that some bacteria enriched in the culture will not be able to
take '°C, as they might be scavengers.

2. Investigate the interaction between VC-cometabolizing
bacteria (VC-cometabolizer) and VC-assimilator by using pure cultures of
known bacteria (Chapter 1V).

We used mixed pure cultures (VC-assimilators and cometabolizers) to test
up-take of °C from "*C,-VC. Our hypothesis was VC-assimilator could up-take
C, whereas VC-cometabolizers could not up-take '>C within a short period of
time.

3. Study taxonomy and functional changes of microbial
community while adapting to ethene and VC using metagenomic sequencing
(Chapter V).

We took a closer look at the ethene and VC-assimilating cultures by
sequencing the whole metagenome of the cultures. We hypothesized that we could
find the pathway of scavengers and potentially some novel VC-degradation
pathways.

4, Isolate VC-assimilators (Chapter V).

We isolated bacteria that are able to grow on ethene and VC. We
hypothesized that novel VC-assimilator could be discovered in our cultures. They

may have the functional genes encoded on a plasmid similar to known VC-
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assimilators.

As the genes related to VC-assimilation will be identified during achieving of the
previous specific aims, we will further investigate whether these gene are prevalent at
contaminated sites and try to correlate it with VC degradation rates in-situ. To do that, we
conducted:

5. Investigation on the diversity and abundance of functional

genes related to VC-assimilation at contaminated sites (Chapter VI).

Our hypothesis was that the functional genes involved in VC-assimilating
process (e.g. etnE) exist at contaminated sites; the abundance of functional genes
is positively correlated with ethene and VC concentration and attenuation rates at

contaminated sites.
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CHAPTER Il. BACKGROUND

2.1 Vinyl chloride

2.1.1 Physicochemical properties

Under standard conditions, VC is a colorless and flammable gas with a sweet
odor. It is very volatile (vapor pressure=2.66 x 103 mmHg, Henry’s Constant 0.0278
m’-atmmol " at 25 °C)' and of low water solubility (0.11 g/100 mL at 25 °C). It is

heavier than air (0.9106 g cm™) and is soluble in almost all organic solvents.

2.1.2 Toxicity

Vinyl chloride is a known human carcinogen and common groundwater
contaminant. VC toxicity stems from its oxidized form, chlorooxirane, which is a highly
reactive epoxide that can form DNA adducts and cause mutation *. Chlorooxirane can be
readily formed in human body through the initial metabolism of VC by cytochrome P450
in the liver. It has a low maximum contaminants limit (MCL) in drinking water (2 ppb,

compared to 5 ppb of PCE and TCE)’.

2.1.3 Sources

VC is naturally occurring, however at very low concentration. It has been
proposed as generated during the oxidative degradation of organic matter in soil, for
example, in a reaction between humic substances, chloride ions and an oxidant (ferric
ions or hydroxyl radicals)’. Most VC occurrences are considered as through
anthropological processes. It is most commonly produced as monomer of polyvinyl

chloride for plastic production.
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The major source of VC in groundwater is from anaerobic dechlorination of
tetrachloroethene (PCE) and trichloroethene (TCE) at contaminated sites’. PCE and TCE
are chlorinated solvents widely used in civilian, industrial and military services. These
chemicals were usually disposed in underground storage tanks, which might have erosion
problems, and in some cases the chemicals were inappropriately disposed directly onto
the ground. The chemicals travel into groundwater plume and form dense non-aqueous
phase liquid (DNAPL) below groundwater, where PCE and TCE can be reduced to VC
and ethene (ETH) by bacteria such as Dehalococcoides spp. ' through the following

processes:

H, H, H, Hp
Cl Cl \ H /C| \ H\ /H \ H\ H \ H

4 - - _