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ABSTRACT OF THE DISSERTATION

CHARACTERIZATION OF BACTERIAL PROCESSES IN
THE SUBSURFACE AND THE ATMOSPHERE

by EUN KYEU SON
Dissertation Director:

Donna Fennell

This dissertation describes research that seeks to expand understanding of bacterially-
mediated biotransformation in subsurface groundwater and the atmosphere. In the first
study a highly tetrachloroethene (PCE)-enriched culture, RU11/PCE was developed from
contaminated aquifer materials. Denaturing gradient gel electrophoresis (DGGE), 16S
rRNA clonal library analysis, and direct sequencing of 16S rRNA, sod and gyrB genes
revealed a single bacterial species, Dehalococcoides, in the RU11/PCE culture. However,
because the 16S rRNA, sod and gyrB genes of the Dehalococcoides spp. are highly
conserved, the possibility that more than one strain of Dehalococcoides was present
could not be conclusively eliminated. The reductive dehalogenase gene profile of the
RUI11/PCE culture was different than that of other previously reported Dehalococcoides
pure cultures and unlike other chloroethene-respiring Dehalococcoides spp., RU11/PCE

grew on PCE, TCE, cis-1,2-DCE or VC.
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The second study addressed the hypothesis that the air contains an active
microbial ecosystem. Rotating bioaerosol bioreactors were manufactured to keep bacteria
suspended in the presence of a volatile substrate while measuring their activity. A qPCR
method was developed and used along with an ATP assay, microscopy, and plate counts
to enumerate airborne bacteria. Although the gas-phase reactors could retain bacteria and
volatile substrates for days, results using live aerosolized Xanthobacter autotrophicus and
Bacillus subtilis indicated no growth. In tests with X. autotrophicus, no culturable cells
were recovered under any condition. B. subtilis aerosols from dilute substrate yielded
higher culturability than aerosols from distilled water with no TSB substrate. Lack of
culturability occurred despite presence of airborne bacteria over time, as measured by
qPCR and ATP.

Techniques were also developed to characterize microbial communities in
atmospheric samples. The bacterial components of a pooled sample of atmospheric water
collected in the vicinity of Oklahoma City, OK were analyzed using DGGE and clone
library analysis. From DGGE analysis, six out of eight strains detected belong to the
phyla of Actinobacteria, Firmicutes, Proteobacteria and Bacteriodetes. In clone library
analysis, 12 bacterial strains were identified (from 78 total) with dominant occurrence of
the genera, Sphingomonas, Pedobacter, and Curtobacterium spp. The bacterial

populations detected from the two methods were composed of strains of diverse origins.
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Chapter 1

Overview

Microorganisms, especially the bacteria, are ubiquitous in all parts of the
biosphere including the soil, the ocean, fresh water, hot springs, other living organisms,
high in the atmosphere and deep inside rocks within the Earth's crust (Madigan et al.,
2003; Stolp, 1988). Bacteria are critical to biogeochemical cycling in Earth’s ecosystems
through metabolic or cometabolic activities such as oxidation of organic matter, fixation
of carbon and nitrogen, oxidation and reduction of metals, and halogenation and
dehalogenation of organic compounds (Bowers et al., 2009; Christner et al., 2008;
Madigan et al., 2003). Recent studies indicate that airborne bacteria may extend the reach
of known microbial processes to the atmosphere where they play a role in cloud
formation and precipitation (Bowers et al., 2009; Christner et al., 2008; Madigan et al.,
2003).

This dissertation describes research that sought to expand understanding of
bacterially-mediated biotransformation in two microbially challenging environments, the
subsurface groundwater and the atmosphere. Of the many ecosystems on Earth,
oligotrophic groundwater and the atmosphere are among the more recent environments to
be recognized as habitats that support diverse microbial communities that have evolved
special features for life. These environments are linked by the hydrologic and

biogeochemical cycles that characterize planetary processes. One of the main properties



in common between the groundwater (Bekins, 2000) and atmospheric ecosystems is the
paucity of vitally important resources to support life. In other ways, the groundwater and
atmosphere are very different environments. In the groundwater environment, interstices
between the grains of aquifer fill or rocks provide a niche for specific bacteria that, in
turn, control hydrogeochemistry, affect geologic processes, and are now recognized to
have great impact on human activities (Bekins, 2000). The Earth’s groundwater is a
major bacterial ecosystem estimated to contain approximately 2.5 x 10 bacterial cells
(Whitman et al., 1998). Further, bacteria in aquifers are isolated and may have very long
residence times (Bekins, 2000).

In contrast, bacteria in the atmosphere are present in lower numbers. Air contains
about 1x10* to 1x10° bacterial cells per m’ (Lighthart, 2000; Griffin et al., 2001).
Considering the volume of the troposphere (circa 8x10' m®) this could account for
approximately 1x10%* to 1x10* bacterial cells in the aerosolized state. Further, bacteria
are continually reintroduced or reseeded into the atmosphere by a variety of processes
and have on average very short residence times of hours or days (Lighthart, 2000; Griffin
etal., 2001).

Microorganisms are reversibly attached to subsurface particles, which causes a
retardation of their transport velocity with respect to groundwater flow velocity. The
survival time of bacteria and viruses in groundwater is different for the specific species
and for the specific groundwater environment (Pekdeger and Matthess, 1983). Unpolluted
groundwater systems have scarce trophic resources, and most of the organic matter
entering groundwater habitats is mineralized by microorganisms (Bekins, 2000).

Anaerobic microbial degradation of recalcitrant organic pollutants is of great



environmental and human significance. In particular, hydrocarbons and halogenated
compounds have been found to be transformed and even mineralized in the absence of
oxygen (Loffler and Edwards, 2006; van Pee and Unversucht, 2003). The isolation of
previously unknown anaerobic hydrocarbon-degrading and reductively dehalogenating
bacteria during the last decades provided ultimate proof for the importance of these
processes in nature (Holliger et al., 2003; Loffler, 2003).

The groundwater ecosystem portion of this dissertation addressed bacterially-
mediated reductive dechlorination of common groundwater pollutants, the chloroethenes.
Reductive dechlorination has been studied and applied for in sifu remediation of
chloroethene-contaminated groundwater plumes (Loffler et al., 2003). Through
bacterially-mediated reductive dechlorination, tetrachloroethene (PCE) has been shown
to be successively reduced to trichloroethene (TCE), the dichloroethene (DCE) isomers
(cis-DCE, trans-1,2-DCE and 1,1-DCE), vinyl chloride (VC) and finally ethene, a
nontoxic end product (Freedman and Gossett, 1989). The discovery of bacteria that use
chloro-organic compounds as electron acceptors for energy production enabled a better
understanding of the major factors controlling the fate of chloroethenes in contaminated
groundwater aquifers (Hendrickson et al., 2002; Loftler et al., 2003).

The atmospheric ecosystem portion of this dissertation addressed the hypothesis
that air is an active microbial ecosystem by examining the potential for bacteria processes
in air and characterizing bacteria in atmospheric water droplets. It has long been thought
that air is not a medium of growth for microorganisms, but rather is a passive carrier of
particulate matter, dust, and droplets which include microorganisms either alone, or

associated with the other particles (Lighthart, 2000). In still air, particles tend to settle



quickly to the Earth’s surface leaving the air fairly free of microorganisms. The air after
heavy rain is also depleted of microorganisms. Development even of the slightest air
currents however, can keep microorganisms suspended in air for protracted periods of
time. In general, the air above the warmer regions of Earth harbors a greater number of
microorganisms than the air above cooler regions, provided adequate humidity is present
(Lighthart, 2000).

The aerosolized microorganisms and their ultimate fate in the atmosphere is
governed by a complex set of conditions including sunlight, temperature, humidity, the
size of microbe laden particulates, degree of susceptibility or resistance of a particular
microbe to the new physical environment, and the ability of the microbe to form resistant
spores or cysts (Madigan et al., 2003; Mohr, 2002). Most studies on aerobiology have
been focused on identifying microbial species, determining their concentrations and
elucidating their transport dynamics in the outdor and indoor air (Stetzenbach et al.,
2004). Recent work has focused on public security and safety concerns such as detection
of Bacillus anthracis and other human pathogens (Agranovski et al., 2004; Beamer et al.,
2004; Higgins et al., 2003). The notion that bacteria in the atmosphere may be active or
that they may initiate or mediate specific processes that influence the broader
atmospheric environment is a more recent idea that has attracted scientific investigation
(Deguillaume et al., 2008).

Microbial biotransformation is chemical transformation made by a microorganism
on a chemical compound. Microorganisms utilize chemical compounds as their source of
energy, carbon and nutrients for biosynthesis. Sometimes biotransformation occurs

fortuitously during microbial activities. Recent methodological breakthroughs in genomic,



metagenomic, proteomic, bioinformatic and other high-throughput analytical methods
have enabled detailed insights into biotransformation, transformation pathways and the
ability of environmentally relevant microorganisms to adapt to diverse environmental
conditions (Kerkhof and Haggblom, 2008).

In the field of environmental microbiology, genome-based global studies open a
new era, providing new information to delineate the extent and versatilibility of
biochemical pathways relevant to biotransformation, and providing new insights into the
physiological and metabolic adaptation of microorganisms to changing environmental
conditions at the molecular level. By increasing our understanding of different pathways
and regulatory networks of microorganisms in particular environments and for particular
compounds, functional genomic and metagenomic approaches are able to accelerate the
development of bioremediation and biotransformation technologies (Kerkhof and
Hiaggblom, 2008). In this dissertation, molecular methodological approaches were
utilized to characterize and identify bacterial processes in the subsurface and the
atmosphere.

The overall objective of this dissertation was to expand understanding of
bacterially-mediated biotransformations in two microbially challenging environments, the
subsurface and the atmosphere. This dissertation is divided into two separate studies.

The goal of the first study, described in Chapter 2, was to enrich for, isolate and
characterize dechlorinating bacteria from a PCE-contaminated aquifer located beneath
the Busch Campus of Rutgers University in Piscataway, NJ. The specific objectives were

to:



(1) establish enriched cultures from aquifer material utilizing PCE and VC as the
primary electron acceptors;

(2) identify bacteria present in the original aquifer material and the enrichments
established on PCE and VC by using 16S rRNA gene-based community analyses;

(3) determine whether separate specific Dehalococcoides strains are associated with
the dechlorination of the separate chloroethenes;

(4) determine whether reductive dehalogenation is growth—linked and quantify
growth yields on the different chloroethenes; and

(5) characterize the distribution of reductive dehalogenases associated with the

enrichments.

The overall goal of the second study, described in Chapter 3, was to develop
methods to enable investigation of whether bacteria are capable of metabolism and/or
growth while airborne and to apply molecular DNA-based methods to characterize
bacteria in air and atmospheric water droplets. The specific objectives were to:

(1) develop methods to determine if airborne microorganisms degrade volatile organic
compounds present in the air;

(2) develop methods to determine if airborne bacteria multiply under some
circumstances;

(3) determine whether airborne bacteria respond to changes in humidity, temperature or
presence of chemical substrates; and

(4) utilize molecular methods to characterize bacterial communities in an atmospheric

water sample.



This dissertation is composed of four chapters. Chapter 1 describes the overview
for the dissertation. Chapter 2 addresses characterization of a highly tetrachloroethene
(PCE)-enriched culture developed from a subsurface environment and designated
RU11/PCE, which dehalorespires PCE, TCE, cis-DCE and VC to ethene. Chapter 3
describes the development and characterization of compact rotating bioaerosol bioreactor
system and the techniques developed to characterize and identify microbial components

in atmospheric samples. Finally, Chapter 4 summarizes the conclusions from this work.



Chapter 2

Characterization of a Novel PCE-Enrichment Culture from

PCE-contaminated Groundwater and Sediments



1. Introduction

1.1 Rationale

Halogenated compounds are present naturally in the environment. More than
3,800 living organisms or natural abiotic processes produce halogenated compounds
(Asplund and Grimvall, 1991; Gribble, 2003; Keppler et al., 2002). Biologically,
halogenated compounds can be produced by seaweed, corals, algae, jellyfish, sponges,
fungi, bacteria, insects, and mammals (Asplund and Grimvall, 1991; Gribble, 1996; van
Pee and Unversucht, 2003). In nature there also exist fungi and bacteria which can
degrade halogenated compounds (Héggblom et al., 2003). Thus, a biogeochemical cycle
exists in which natural halogenated organic compounds are formed, transformed and
degraded (Héggblom et al., 2003). The fate of anthropogenic halogenated pollutants is
controlled in part by this cycle.

In the last century, large amounts of halogenated organic compounds have been
produced anthropogenically and used for industrial and agricultural applications.
Tetrachloroethene (PCE) and trichloroethene (TCE) have been among the most
extensively used halogenated compounds. Their major applications are as dry cleaning
solvents and metal degreasers. These compounds have been released to the environment
by inappropriate disposal and accidental leakage and as a consequence, chlorinated
ethenes are among the most widely distributed soil and groundwater contaminants in the
US (NRC, 2004). Initially, pump and treat methods were adopted to remediate
chlorinated ethene contaminated sites (Abelson, 1990). However, pump and treat is
expensive and often ineffective, and may be most useful for controlling contaminant

migration (Christ et al., 2005).



10

Biological reductive dechlorination has been developed and applied for in situ
remediation of chloroethene-contaminated groundwater plumes (Loffler et al., 2003).
Through bacterially-mediated reductive dechlorination, PCE has been shown to be
successively reduced to TCE, the dichloroethene (DCE) isomers (cis-1,2-DCE, trans-1,2-
DCE and 1,1-DCE), vinyl chloride (VC) and finally ethene, a nontoxic end product
(Freedman and Gossett, 1989). The discovery of bacteria that use chloro-organic
compounds as electron acceptors for energy production enabled a better understanding of
the major factors controlling the fate of chloroethenes at contaminated sites (Hendrickson
et al., 2002; Loffler et al., 2003). Currently, the metabolic reductive dechlorination
process is a major focus of bioremediation approaches to contain or remediate
chloroethene-contaminated groundwater both in the dissolved and non-aqueous phases
(Ellis et al., 2000; Lendvay et al., 2003; Major et al., 2002).

Numerous studies have reported microbial isolates which dehalogenate
chlorinated ethenes (Loffler et al., 2003). Some anaerobic dechlorinating bacteria (e.g.,
Desulfuromonas, Sulfurospirillum  multivorans, and Dehalobacter) reductively
dechlorinate PCE and TCE to the toxic intermediate cis-DCE (Loffler et al., 2003). To
date, all scientific studies indicate that reductive dechlorination from cis-DCE to ethene is
achieved exclusively by the Dehalococcoides group of bacteria (He et al., 2003a; He et
al., 2003b; Hendrickson et al., 2002; Maymo-Gatell et al., 1997; Sung et al., 2006b). The
absence of Dehalococcoides spp. at contaminated sites was shown to result in
accumulation of the toxic dechlorination daughter products, cis-DCE or VC, as a result of
incomplete dechlorination (Hendrickson et al., 2002). Dehalococcoides ethenogenes

strain 195 was the first Dehalococcoides isolate described and this organism
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dechlorinates PCE to ethene, although the final dechlorination step from VC to ethene is
cometabolic (Maymo-Gatell et al., 1997). Dehalococcoides sp. strain BAV1 was the first
isolate shown to be capable of obtaining energy from reductive dechlorination of VC (He
et al., 2003b). Strain BAV1 utilizes all DCE isomers and VC as electron acceptors and it
cometabolizes PCE and TCE in the presence of DCE isomers or VC (He et al., 2003b).
Dehalococcoides sp. strain GT can reduce TCE, cis-DCE, and VC as electron acceptors
and it dechlorinates PCE cometabolically (Sung et al., 2006b). No single isolate has been
found that grows on all four chloroethene compounds.

Despite the observed variety of metabolic functions, Dehalococcoides strains
share highly similar 16S rRNA gene sequences. The 16S rRNA gene sequences of strain
BAV1, strain FL2 and Dehalococcoides sp. strain CBDBI1, an isolate that uses
chlorinated benzenes as growth-linked electron acceptors (Bunge et al., 2003), are greater
than 99.9% identical over 1400 bp. Further, the 16S rRNA gene sequences of strain FL2,
strain GT, and strain CBDBI1 are identical to that of KB-1/VC, a Dehalococcoides strain
found in a highly enriched TCE-to-ethene-dechlorinating culture (Duhamel et al., 2004).
Because of the highly conserved nature of the 16S rRNA gene, phylogeny alone is an
inadequate predictor of the metabolic activities of Dehalococcoides.

The inadequacy of the 16S rRNA gene for characterizing dehalogenating potential
has resulted in development of alternative methods for characterizing the
Dehalococcoides species present at a site. Interest has focused instead on characterization
of strains by assessing the presence of functional genes that encode for reductive
dehalogenases, the enzymes that catalyze the removal of halogens from halogenated

electron acceptors. To date, the primary functional genes that have been investigated are
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tceA, pceA, bvcA, and verA, the genes encoding for dehalogenases that dechlorinate TCE,
PCE, VC, and VC, respectively. Recently, quantitative polymerase chain reaction (qPCR)
analysis protocols have been developed for detection and enumeration of the reductive
dehalogenase genes, and this has provided important information about different
dehalogenating cultures (He et al., 2005; Magnuson et al., 2000b; Ritalahti et al., 2006b).
There is still a great deal that is not known about the dechlorinating bacteria, in
particular the Dehalococcoides. More information about specific strains found in
contaminated environments and the reductive dehalogenases associated with these strains

is needed to fully understand their presence and activity in the environment.

1.2. Objectives and experimental strategy
The overall goal of this study was to enrich for, isolate and characterize

dechlorinating bacteria from a PCE-contaminated aquifer located beneath the Busch
Campus of Rutgers University in Piscataway, NJ. The specific objectives were to:

(1) establish enriched cultures from aquifer material utilizing PCE and VC as the
primary electron acceptors;

(2) identify bacteria present in the original aquifer material and the enrichments
established on PCE and VC using 16S rRNA gene based community analyses;

(3) determine whether separate specific Dehalococcoides strains are associated with
the dechlorination of the separate chloroethenes;

(4) determine whether reductive dehalogenation is growth-linked and quantify

growth yields on the different chloroethenes; and
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(5) characterize the distribution of reductive dehalogenases associated with the
enrichments.

Initial enrichment cultures were developed from groundwater and aquifer
sediment using PCE and VC as the primary electron acceptors. A highly enriched PCE-
dechlorinating culture, designated RU11/PCE, that exhibited growth-linked reductive
dechlorination on PCE, TCE, cis-DCE, and VC was ultimately developed. During
reductive dechlorination of PCE and TCE to ethene by RU11/PCE, little accumulation of
the toxic intermediates cis-DCE and VC was observed. Cloning and sequencing of 16S
rRNA genes, denaturing gradient gel electrophoresis analyses of PCR amplified 16S
rRNA genes (PCR-DGGE), and sequencing of 16S rRNA genes directly from genomic
DNA extracted from the enriched culture, were used to verify purity of the
Dehalococcoides-containing RU11/PCE enrichment culture. Quantitative PCR was used
to estimate the growth yields for subcultures amended with each of the chlorinated

ethenes and to investigate dehalogenating abilities of Dehalococcoides in the enrichment.
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2. Literature Review

2.1. Chlorinated ethenes

PCE and TCE have been used extensively for dry cleaning and mechanical
degreasing since the 1930s (NRC, 2004) because of their desirable physico-chemical
characteristics. However, frequent use, improper disposal practices and accidental
releases of these chlorinated solvents have resulted in the widespread contamination of
subsurface environments (Lee et al., 1998; Loffler and Edwards, 2006; Stroo et al., 2003).
In the environment, biotic and abiotic transformation of PCE and TCE often resulted in
accumulation of more toxic products such as cis-DCE, trans-1,2-dichloroethene (trans-
DCE) and VC (Bradley, 2003). As a result, chlorinated ethenes, PCE, TCE, DCE isomers,
and VC, have been among the most common contaminants found in groundwater and
aquifer sediments (Lee et al., 1998; NRC, 2004).

Because of the toxicity and suspected carcinogenicity of chlorinated ethenes, the
U.S. Environmental Protection Agency (EPA) established regulatory standards for these
compounds in the late 1980s (ATSDR, 1997a; ATSDR, 1997b). The current drinking
water maximum contaminant levels (MCLs) for PCE, TCE, cis-DCE, and trans-DCE are
5 ppb, 5 ppb, 70 ppb, and 100 ppb, respectively (US EPA;
http://www.epa.gov/safewater/contaminants.2009). PCE and TCE have been found in
771 and 852 sites of the 1,430 National Priorities List sites identified by the EPA,
respectively (ATSDR, 1997a; ATSDR, 1997b).

Freedman and Gossett first reported that under anaerobic conditions, PCE and
TCE can be reductively dechlorinated in a stepwise manner to ethene as shown in Figure

2.1 (Freedman and Gossett, 1989).
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Figure 2.1. Anaerobic reductive dechlorination pathway of chlorinated ethenes showing

the stepwise removal of chlorine and the requirement for an electron source (Freedman

and Gossett, 1989).

Each of the successive dechlorinating steps requires two electrons (for one
chlorine which is replaced by one hydrogen atom), and therefore constitutes a reductive
reaction. Intermediates in the pathway include TCE, DCE isomers, and VC (Fetzner,
1998; Freedman and Gossett, 1989; Lee et al., 1998). The cis-DCE 1is toxic and a
suspected carcinogen (ATSDR, 1996) and VC is a proven human carcinogen (ATSDR,
2006). Hence, incomplete dechlorination may not achieve detoxification of chloroethene-
contaminated sites, unless the cis-DCE and VC are subsequently degraded or removed by
other processes. Because of its status as a known human carcinogen, VC is the highest
ranked organic compound on the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) priority list (ATSDR, 2007).

PCE and TCE are dense non aqueous phase liquids (DNAPLs). Remediation of
PCE and TCE is challenging because of their volatility, low aqueous solubility,

hydrophobicity, and the maintenance of a separate DNAPL phase in the subsurface



16

(Christ et al., 2005; Mercer and Cohen, 1990). Traditionally, pump and treat methods
were adopted to remediate contaminated sites (Abelson, 1990). Pump and treat
remediation consists of pumping the contaminated water out of the aquifer and treating it
ex situ via air stripping, activated carbon sorption, or other means (Durant et al., 2004;
NRC, 2004). These methods are expensive and often ineffective, especially where
contaminant concentrations are low. Furthermore, because pump and treat technology is a
method that remediates only the plume of dissolved contaminant in the aqueous phase, it
can not treat the DNAPL phase or the reservoir of contaminant sorbed to the aquifer
material (Christ et al., 2005). In most cases in contaminated groundwater, pure DNAPL
serves as a continuous contaminant source (EPA, 2003), along with contaminants which
have sorbed to clays in the aquifer and later diffuse back into the dissolved phase (EPA,
2003; Parker et al., 2008). Additional physicochemical remediation methods are
numerous and include surfactant flushing, soil vapor extraction, chemical oxidation and

reduction by metallic iron (EPA, 2003; NRC, 2004).

2.2. Biological transformation of chlorinated ethenes
Chlorinated ethenes may be aerobically degraded and anaerobically dechlorinated
by microorganisms. For example, VC is mineralized to carbon dioxide by aerobic
bacteria such as Mycobacterium sp. (Hartmans and De Bont, 1992), Rhodococcus sp.
(Malachowsky et al., 1994), Actinomycetales sp. (Phelps et al., 1991), Nitrosomonas
(Vannelli et al., 1990) and Pseudomonas sp. (Verce and Freedman, 2000; Verce et al.,
2000). Polaromonas sp. strain JS666 utilizes cis-DCE as a sole carbon and energy source

under aerobic conditions (Coleman et al., 2002). Methanotrophic microorganisms also
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utilize monooxygenases to cometabolically oxidize TCE through the formation of
epoxide at expense of methane (Verce and Freedman, 2000; Vogel et al., 2002). The
disadvantage of aerobic co-metabolic degradation is the need for a co-substrate. Further,
since DCE or VC are usually produced in anaerobic zones, contaminant migration to
areas of higher redox potential is needed before these aerobic processes could occur.

PCE and TCE can be reductively dechlorinated under anaerobic conditions to
sequentially form less chlorinated daughter products. During metabolic microbial
reductive dechlorination, chlorinated organic compounds serve as terminal electron
acceptors in a respiratory process carried out by specialized bacteria (for reviews see
(Loffler and Edwards, 2006; Loffler et al., 2003)). Reductive dechlorination couples the
reduction of chlorinated compounds to the oxidation of suitable substrates (i.e. electron
donors). Complete dechlorination of PCE to ethene results in contaminant detoxification,
since ethene is considered an environmentally acceptable and safe product. Biological
dechlorination utilizing microbial populations has been studied and applied for in situ
remediation of chloroethene-contaminated groundwater plumes extensively in the last
decade (Loffler and Edwards, 2006).

Respiratory reductive dechlorination is a process in which microorganisms are
able to use chlorinated compounds as electron acceptors in their energy metabolism
(Holliger et al., 2003). Over the last two decades, considerable effort has been devoted to
identifying and isolating microorganisms capable of metabolic reductive dechlorination.
Numerous bacterial isolates capable of dechlorinating chlorinated compounds have been

reported (Holliger et al., 2003).
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Anaerobic microorganisms, such as methanogens (Cabirol et al., 1998; Fathepure
et al., 1987), sulfate reducers and homoacetogens (Egli et al., 1988; Terzenbach and Blaut,
1994), can also reductively dechlorinate PCE and TCE in a cometabolic process. Metal
containing enzymes such as vitamin B12, coenzyme F430 and hematin in methanogens
and sulfate reducers can additionally catalyze reductive dechlorination of chlorinated
ethenes (Gantzer and Wackett, 2002).

Isolated chlororespiring bacteria which gain energy from the process (see Table
2.1) are members of phylogenetically diverse bacterial groups including the Low G+C
Gram positives, O-proteobacteria, e-proteobacteria, and green non-sulfur bacteria or
chloroflexi. Most of the anaerobic dechlorinating bacteria that have been isolated (e.g.,
Desulfuromonas,  Sulfurospirillum  multivorans, and Dehalobacter) reductively
dechlorinate PCE and TCE to the toxic intermediate cis-DCE. Desulfitobacterium sp.
strain PCEI is a Gram-positive bacterium that can dechlorinate PCE to TCE and small
amount of DCE (Gerritse et al., 1996). This strain has a wide substrate range and can
utilize hydrogen, lactate, pyruvate, butyrate, formate, ethanol and serine as electron
donors; and PCE, 2-chlorophenol, 2.4,6-trichlorophenol, 3-chloro-4-hydroxy-
phenylacetate, sulfite, thiosulfate, fumarate, cysteate, and isothionate as electron
acceptors (Gerritse et al.,, 1996). Desulfitobacterium sp. strain Vietl has a similar
substrate range as strain PCE1 and is not affected by 2-bromoethanesulfonic acid (BES)
(Loffler et al., 1997). Strain PCE-S utilizes PCE, TCE, sulfite, and fumarate as electron
acceptors using formate and pyruvate as electron donors. Desulfitobacterium frappieri

strain TCE1 also has a similar substrate range as strain PCE1 (Gerritse et al., 1999).
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Dehalobacter restrictus strain PERK23 is a strictly hydrogenotrophic bacterial
species, which transforms PCE or TCE to cis-DCE (Holliger et al., 1993). Acetate is
required as a carbon source and the addition of thiamine, cyanocobalamin, arginine,
histidine and threonine were necessary for growth (Holliger et al., 1998). Dehalobacter
sp. strain TEA uses H, as an electron donor and acetate and carbon dioxide as carbon
sources. This strain was isolated from an anaerobic attached-attached film reactor with
charcoal attachment media and inoculated with contaminated groundwater. Its 16S rRNA
gene sequence is 99.7% identical to the sequence of strain PERK23 (Wild et al., 1996).

Clostridium bifermentans strain DPH-1, a Gram-positive anaerobic bacterium,
dechlorinates PCE and TCE to cis-DCE and uses H,, glucose, and yeast extract as
electron donors (Chang et al., 2000).

Desulfuromonas  chloroethenica strain TT4B  (Krumholz, 1997) and
Desulfuromonas michiganensis (Sung et al., 2003) dechlorinate PCE and TCE to cis-
DCE using acetate as the electron donor. Desulfuromonas michiganensis strain BB1 and
strain BRS1 were isolated from pristine river sediment and chloroethene-contaminated
aquifer material, respectively (Sung et al., 2003). Besides PCE and TCE, strains BB1 and
BRKI1 can reduce ferric iron, sulfur, fumarate and malate as electron acceptors. They use
acetate, lactate, pyruvate, succinate, malate and fumarate as electron donors (Sung et al.,
2003).

Sulfurospirillum multivorans (formerly Dehalospirillum mutivorans), a Gram-
negative spirillum, dechlorinates PCE and TCE to cis-DCE using H, or formate as

electron donors and acetate as a carbon source. Sulfurospirillum multivorans can use
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fumarate, arsenate, selenate and nitrate as electron acceptors (Neumann et al., 1994;
Scholz-Muramatsu et al., 1995).

Current information suggests that reductive dechlorination of cis-DCE to VC and
ethene is mediated exclusively by the Dehalococcoides spp. (see Table 2.2).
Dehalococcoides spp. are strict hydrogenotrophic bacteria which can dechlorinate all
chlorinated ethenes as well as other halogenated compounds as electron acceptors.
Dehalococcoides ethenogenes strain 195 was the first Dehalococcoides isolate described,
and to date is the only one to dechlorinate PCE to ethene, although the final
dechlorination step from VC to ethene is cometabolic (Maymo-Gatell et al., 1997). This
strain exhibits a wide substrate range, including chlorobenzenes, chlorophenols,
polychlorinated dibenzo-p-dioxins and furans, polychlorinated biphenyls and
polybrominated diphenyl ethers (Fennell et al., 2004; Fung et al., 2007; He et al., 2007;
He et al., 2006; Liu and Fennell, 2008). Indeed, in general, Dehalococcoides populations
show a remarkable range of dechlorinating capabilities. Dehalococcoides sp. strain
CBDBI1 can dechlorinate chlorinated benzenes (Adrian et al., 2000) and polychlorinated
dibenzo-p-dioxins (Bunge et al., 2003). Dehalococcoides sp. strain BAV1 was the first
isolate capable of obtaining energy from VC reductive dechlorination (He et al., 2005).
Strain BAV1 utilized all DCE isomers and VC as electron acceptors and cometabolized
PCE and TCE in the presence of DCE isomers or VC (He et al., 2003b). Dehalococcoides
sp. strain VS also grew on VC (Cupples et al., 2003). Isolate FL2 can dechlorinate PCE
to ethene, though the PCE-to-TCE and VC-to-ethene steps are cometabolic and require

the presence of one of the growth-supporting electron acceptors TCE, cis-DCE, or trans-
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1,2-dichloroethene (#rans-DCE) (He et al.,, 2003b). To date, however, no single
Dehalococcoides isolate has been found to grow on all four chloroethene compounds.
Because of the differing physiological capabilities of the dehalogenating bacteria,
it is likely that in the environment a variety of strains co-exist to completely dechlorinate
the chloroethenes (Loffler and Edwards, 2006). Indeed Dehalococcoides spp. with
different substrate ranges and other strains such as Dehalobacter sp. may compete for
both electron donors and acceptors while bringing about dechlorination of environmental

contaminants (Becker, 2006).



22

"pa1sa) J0u sem CH q

"PajENSUOWP A[[BI0AINDIUN U3Q 10U SBY UONBULIO[YIIP SANINPAI 0) PAUI[ YIMOILD)

(9661 “A1IeDON

UOISIAIpqnNS-A

puE BULIRYS) PIeROY ADA-S10 01 4Dd .1-SIN urens suelawo|bbe Js10eqosiug
‘8119)08q010IJ
(€00T “1# 19 unhing)
Awmm wmwﬂﬂﬂﬂwﬂ H ADA-S19 01 4Dd sueJidsaiojey wnjjndsoinyng  UOISIAIpQNS-3
-Z[OYDS ‘661 H qDd-S19 01 4Dd SUBJOAINW WN||1A1dSOINYINS  “BLI1OBQO310I]
“I® 39 uuBWNAN])
(29007 “[¢ 10 Fung) ‘T “o1e1008 ADA-S19 01 4Dd 7S urens 1A3]A0| 18108099
(£00T “'Te 30 Sung) Slakhls 40d-s10 01 40d 1S¥d urens sisusuebIyoIw SeuowoIn)Nnsa@  UOISIAIPQNS-Q
(£00T “[& 3 Bung) 5 ‘1
(1661 ZjoqunTy) 9)e1008 ADd-s19 03 4Dd [dd urens sisusuebiydiw Seuowolnnsa@  ‘ervioeqoaloid
Q181008 ADA-S19 01 4Dd d.1.1 urens edluaylsoiojyd seuowoanijnssg
(0002 T2 10 Suey)) ‘H d0d-s19 03 dDd THJ( urens suejusuwiiajigq wniprnsold —
(8661 ‘e 12 1031[[0H) ‘H d0d-S10 03 4Dd €C-ddd urens snjoLsal Js1oeqoreysdg .
(L61 “ﬁ..:w o Hommﬂod ‘H D1 01 dDd [19IA urens “ds wniis1oeqollynseq omsod-weID
(100T “1® 32 BWIRANG) I+D MO
‘H d0d-S19 03 4Dd [SA Urens ssusiujey wniisioeqoiynssg
sIouop
RN KJIA}OR UONRULIOIYI9( wsuedio o3eoury
UondH
((cooz

‘19]1J077) woJ) parepdn pue paidepe) ‘dds sep1022000eYs@ U] J8Y10 Saye|osi Bulreuliojyosp-30d Padull-ymmols 1'g a|gel



23

paulwJalep 10U ‘aN

(00Z “e , _
19 [sweynq) ausyle anN OA 30a-s10 301 OA/T-gM ulens
(99002 . - ,
“le 38 Bung) ausyla SUON OA ‘30Q-T'T ‘30a-S19 ‘301 19 urens
(c00Z “e , - _
19 s91ddn)) ausyla an OA ‘30Q-T'T ‘30a-S19 ‘301 SA urens
(ago0z ““1e
ﬁ.wﬁ%m_mwm ausyl3 321 ‘30d DA ‘IDA-T'T ‘3DQ-suedy ‘30Q-s1d TAVE urens
(ec002 . . _ _
“[2 18 8H) CIIEINERGY)Y A ‘30d 30Q@-sues} ‘30a-s1d ‘301 214 utens
(L66T
eI 191D auaye ‘DA DA ‘30Q-suen 30a-T'T '30Q-S19 ‘301 ‘30d G6T Urens
-owAe)
s1onpoud Sauayla pajeuliojyo s101daooe uoa09|3 uress
gEN|
pus JoleN pazijogelswo)d auUaY1a pareulIojyd a1jogeIsiN S9p1022090|eyYag
((9002

‘spJempT pue 19140 7) wouj pardepe) sausyls pareuliojys Bulreuriojyosp surels saploadodojeyaq Jo sainadold ‘2z a|gel



24
2.3. Reductive dehalogenases

Transformation of chlorinated ethenes during microbial reductive dechlorination
is catalyzed by a novel class of redox enzymes, the reductive dehalogenases (RDases)
(Loffler et al., 2003). A variety of RDases with a wide range of substrate specificities
have been purified and characterized from a number of halorespiring microorganisms.
PCE-to-cis-DCE reductive dechlorinating enzyme systems and/or the encoding genes
have been characterized from Sulfurospirillum multivorans (Neumann et al., 1996;
Neumann et al., 1998), Dehalobacter restrictus (Maillard et al., 2003; Schumacher et al.,
1997), Desulfitobacterium sp. strain PCE-S (Miller et al., 1997), Clostridium
bifermentans (Okeke et al., 2001), and Dehalococcoides ethenogenes strain 195
(Magnuson et al., 2000; Magnuson et al., 1998; Nijenhuis and Zinder, 2005). All
characterized reductive dehalogenases share common features in that they have iron
sulfur binding motifs and a corrinoid cofactor, and a twin arginine transport (TAT) signal
peptide sequence that is targeted for excretion to the periplasm (Berks et al., 2000).
Physiological studies of whole cells and cell extracts have suggested that the expression
of different dechlorinating enzymes depends on the type and concentration of the initial
dechlorinating substrate (Gerritse et al., 1999; Nijenhuis and Zinder, 2005).

In addition, several RDase genes involved in chlorinated ethene dechlorination
have been identified in Dehalococcoides spp. A TCE-to-VC RDase (TceA) was
identified and characterized from Dehalococcoides ethenogenes strain 195 (Magnuson et
al., 2000). This RDase reductively dechlorinates TCE, cis-DCE, and 1,1-DCE at rates of

5 to 12 pmol/min, dechlorinates VC and frans-DCE at much lower rates and cannot

dechlorinate PCE (Magnuson et al., 2000). The gene encoding the TCE RDase, tced, was

identified in Dehalococcoides ethenogenes strain 195 and Dehalococcoides sp. strain
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FL2 (He et al., 2005). A cis-DCE-to-ethene RDase (VcrA) was partially purified from
strain VS (Muller et al., 2004), and the gene encoding for this RDase (vcrd) was also
identified in strain GT (Sung et al., 2006b). The bvcA gene, implicated in VC-to-ethene
reductive dechlorination was detected in strain BAV1 and several VC-respiring mixed
cultures (Krajmalnik-Brown et al., 2004). Low growth yields of dechlorinating
microorganisms, and the hydrophobic nature and oxygen sensitivity of RDases have
made purification of chlorinated ethene RDases laborious and impractical. Large amounts
of information on the dechlorinating activities can be obtained using molecular
investigations of the RDase genes associated with chlorinated ethene dechlorination
processes. Identification of RDase genes has allowed for the development of RDase
gene-targeted molecular tools specific to critical dechlorination steps and more accurate
characterization of the metabolic activity of the Dehalococcoides population (Holmes et
al., 2006; Ritalahti et al., 2006). In addition to the RDase genes whose functions are
known, multiple nonidentical putative RDase genes have also been described (Holscher
et al., 2004; Kube et al., 2005; Seshadri et al., 2005; Waller et al., 2005). The genome
sequences of strain 195 and strain CBDBI revealed 17 (Seshadri et al., 2005) and 32
putative RDase genes (Kube et al., 2005) respectively. For strains BAV1 and FL2, 11
and 14 putative RDase genes, respectively, have been found (Holscher et al., 2004;
Krajmalnik-Brown et al., 2004).

The molecular characteristics of isolated dehalogenases, including the presence of

cofactors, are summarized in Table 2.3.
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Table 2.3. Characteristics of reductive dehalogenases and reductive dehalogenase

genes. Adapted and updated from (Holliger et al., 2003)

Enzyme Organisms Cofactors Ref.
PCE RDase  PceA Dehalococcoides Corrinoid® (Magnuson
ethenogenes 195 Fe/S et al., 1998)
PCE/TCE PceA- Sulfurospirillom 1 Corrinoid™® (Neumann et
RDase Sm multivorans 8Fe/8Sb al., 1996)
1 Corrinoid *>¢
PceA-Dr Dehalobacter restrictus 4Fe/4S° (Maillard et
1 Corrinoid™® al., 2003)
Desulfitobacterium  sp.  8Fe/8S* (Miller et al.,
PCE-S Corrinoid® 1998)
(Okeke et
Clostrium bifermentans al., 2001)
TCE RDase  TceA Dehalococcoides Corrinoid * (Magnuson
(tceA) ethenogenes 195 Fe/S et al., 2000b;
Magnuson et
al., 1998)
3- Desulfomonile tiedjei Heme® (Nietal.,
chlorobenzen 1995)
e RDase
0- CprA Desulfitobacterium 1 Corrinoid®® (van de Pas
chlorophenol dehalogenans 1 4Fe/4S°¢ etal., 1999)
RDase 1 3Fe/3S¢
1 Corrinoid®
Desulfitobacterium 12Fe/138¢ (Christiansen
hafniense et al., 1998)
VC RDase BvcA Dehalococcoides sp. (Krajmalnik-
(bved)  BAVI B“’X)%Zg al,
VC RDase VcerA Dehalococcoides sp. VS (Muller et
(verd) al., 2004)

* Indicated by photo-reversible inhibition of the reduced enzyme by iodo-alkanes.

® Quantified by analysis of cobalt content and by extraction of corrinoid from purified enzyme

followed by spectroscopic analysis.

¢ Determined by EPR spectroscopy.

¢ Quantified by atomic absorption spectroscopy and by standard procedure for acid-labile sulfide.

¢ Indicated by optical spectroscopic analysis.
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2.4. Bioremediation of chlorinated ethene contaminated sites

Bioremediation is a remediation technique that utilizes living organisms such as bacteria,
fungi or plants as the catalysts for detoxification reactions that attempt to return the
natural environment altered by contaminants to a satisfactory state. Bioremediation can
be divided into three categories: natural attenuation, biostimulation, and bioaugmentation.
As a result of recent successes, bioremediation is becoming increasingly accepted as a
viable remediation strategy (William and Ronald, 2006). Dechlorinating microorganisms
are native to many sites contaminated with chlorinated ethenes, but the dechlorinating
bacteria are often patchily distributed throughout the aquifer and/or are present in very
low numbers (Fennell et al., 2001; Lendvay et al., 2003; Major et al., 2002).

At sites where native dechlorinators occur, lack of electron donors, and/or
unfavorable geochemical conditions such as non-neutral pH or oxidative redox potential
may limit reductive dechlorination and remediation of the sites. Biostimulation has been
implemented successfully at the field scale by amending organic or inorganic substrates
to promote complete dechlorination of PCE or TCE to ethene (Lendvay et al., 2003).
Many organic substrates such as alcohols, organic acids, vegetable oil and complex
organic materials, have been proposed and employed as biostimulatory agents (William
and Ronald, 2006). Degradation of these compounds induces anaerobiosis and their
fermentation supplies H, and acetate which may be used as electron donors by
dechlorinating bacteria. However, this approach may be insufficient to sustain desirable
dechlorination rates and only works at sites where native dechlorinators, especially
Dehalococcoides spp., which are known to carry out complete dechlorination to ethene,

are present.
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As an alternative approach, robust PCE-to-ethene dechlorinating consortia may be
grown ex situ, transported to the contaminated site, and injected into the subsurface in a
process called bioaugmentation (He et al., 2003a). This approach, which is usually
accompanied by biostimulation, has been implemented at numerous sites (Lendvay et al.,
2003) and bioaugmentation inocula are commercially available  (Bio-Dechlor
INOCULUM from Regenesis, http://www.regenesis.com/products/bioAug/biode; KB-1®

from SiREM, http://www.siremlab.com/kblguarantee, 2009). Application of

bioaugmentation requires techniques that minimize exposure of the bioaugmentation
inoculum to air (Durant et al., 2004). Another challenge for successful bioaugmentation
is the effective distribution of the dechlorinating bacteria throughout the targeted
remedial zone. Adhesion, attachment, and colonization of bacteria in subsurface
environments should be wunderstood for successful application. Successful
bioaugmentaion with a Dehalococcoides-containing culture (KB-1) was reported in a
pilot scale field test (Major et al., 2002). In that study, it was demonstrated that the
augmentation of the culture to the contaminated site, where only incomplete
dechlorination of chlorinated ethenes had been detected, resulted in the stimulation of
dechlorination beyond cis-DCE to ethene.

Inoculation of dechlorinating cultures (Adamson et al., 2004), and a combination
of physicochemical remediation and bioaugmentation using Dehalococcoides-containing
cultures (Amos et al., 2007) were shown to be effective in DNAPL source zone
remediation. Approaches to analyzing biodegradation potential of the contaminated sites
have also been developed. Bioremediation techniques such as natural attenuation,

biostimulation and bioaugmentation, require assessing and monitoring of the microbial
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populations of interest to inform site management to achieve successful bioremediation.
The presence, growth, and distribution of microorganisms in the sites can be monitored
through cultivation-based methods and molecular analysis techniques. Cultivation
methods are useful to study the physiology and biochemistry of microorganisms,
however, these methods are limiting because these require more time and labor and can
be biased by the type of cultivation media and methods used (Amann et al., 1995).
Cultivation methods usually underestimate the native microbial populations because less
than 10% of microorganisms in the natural environment are thought to be culturable

under laboratory conditions (Amann et al., 1995).

2.5. PCR analysis of dechlorinating microbial populations

The application of cultivation-independent molecular biological tools has been
adopted and has improved the monitoring of microbial contaminant detoxification
processes during bioremediation. Nucleic acid-based molecular biological tools allow for
specific and sometimes quantitative detection of key bacteria involved in detoxification
processes (Loffler and Edwards, 2006). The most common target for nucleic acid-based
analyses is the bacterial rRNA gene (SERDP and ESTCP, 2005). Phylogenetic
information obtained from 16S rRNA gene analysis, however, is not useful for prediction
of metabolic function in Dehalococcoides spp. because the strains share highly similar
16S rRNA gene sequences. For example, the 16S rRNA sequences of strain BAV1, strain
FL2 and strain CBDBI1 are greater than 99.9% identical (Adrian et al., 2000; He et al.,
2003b; He et al., 2005). Further, the 16S rRNA gene sequences of FL2 and CBDBI1 are

identical to that of KB-1/VC, a highly enriched TCE-to-ethene-dechlorinating strain
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(Adrian et al., 2000; Duhamel et al., 2004; He et al., 2005). When 16S rRNA gene-
targeted molecular biological tools fail to provide phenotypic information, alternative
targets for identification are needed. Use of reductive dehalogenases genes such as fce4,
bvcA, and verA associated with chlorinated ethene transformation has allowed for design
of molecular biomarkers specific to critical dechlorination steps (Holmes et al., 2006;
Ritalahti et al., 2006). Both 16S rRNA gene-based and functional gene-based analyses
have been used to understand microbial processes involved in contaminant detoxification
and have further enhanced the ability of site managers to effectively implement reliable,
cost-effective bioremediation approaches (Fennell et al., 2001; Himmelheber et al., 2007;
Rahm et al., 20006).

Although specific genes can be used as molecular biomarkers indicating
metabolic potential, detection of genes does not always indicate that the desired
metabolic activity is occurring or that the target populations are active. Unlike DNA
detection, detection of RNA is considered to be a more direct measure of microbial
activity (Loffler and Edwards, 2006). In RNA biomarker analysis, functional gene
transcription is monitored by detecting or enumerating messenger RNA (mRNA)
transcripts. Typically, mRNA is extracted from sample material and then converted to
cDNA by reverse transcription (RT) (Johnson et al., 2005; Lee et al., 2006) and the
characterization of cDNA via a variety of analyses then proceeds as with DNA. The lack
of established protocols for RNA biomarker analysis either from field or laboratory
samples and concerns related to mRNA stability make interpreting and comparing results
from RNA biomarker analysis difficult. Detailed studies are needed to address the current

limitations of RNA biomarker analysis and to increase the resolution and applicability of
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this approach. Despite the current limitations, RNA-targeted molecular biomarkers have
already proven useful in laboratory experiments and current studies are evaluating the
applicability of RNA-targeted molecular biomarkers for field assessment and determining
in situ microbial activity (Amos et al., 2008).

PCR protocols have been designed that specifically amplify the 16S rRNA gene
of many dechlorinating organisms, including Dehalococcoides spp. (Fennell et al., 2001;
He et al., 2003b; Hendrickson et al., 2002; Loffler et al., 2000), Desulfuromonas spp.
(Loffler et al., 2000), Sulfurospirillum spp. (Ebersole and Hendrickson, 2005),
Dehalobacter spp. (Loffler et al., 2000), and Desulfitobacterium spp. (el Fantroussi et al.,
1997). Additional protocols have been designed to specifically target RDase genes
including pcedA of Sulfurospirillum multivorans (Regeard et al., 2004), pceA of
Dehalobacter restrictus (Regeard et al., 2004) and tced of Dehalococcoides ethenogenes
strain 195 (Krajmalnik-Brown et al., 2007; Magnuson et al., 2000; Regeard et al., 2004).
Application of direct PCR (Fennell et al., 2001) or nested PCR (Loffler et al., 2000) with
DNA extracted from bacterial cultures, groundwater samples, or sediments provides
specific information regarding the presence or apparent absence of a particular organism
or biomarker gene, and thus gives an indication of the likelihood of specific
dechlorinating activity.

While conventional PCR can provide only qualitative information, quantitative
PCR (gPCR) analysis provides an additional level of precision by enumerating target
genes. qPCR analysis is similar to PCR, but the reaction components also include a
fluorescent reporter. During qPCR, the fluorescence increases at each amplification cycle,

and the amount of fluorescence can be correlated to the number of initial target genes
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present in the PCR reaction. Many qPCR protocols have been developed for specific
detection and quantification of dechlorinating organisms, including Dehalococcoides spp.
(He et al., 2003b; Holmes et al., 2006; Ritalahti et al., 2006; Smits et al., 2004),
Dehalobacter spp.(Smits et al., 2004), Desulfitobacterium spp.(Smits et al., 2004) and
Geobacter spp. (Duhamel and Edwards, 2006). Protocols have also been designed to
quantify RDase genes such as tced, bvcA, and verA (Holmes et al., 2006; Ritalahti et al.,
2006). gPCR analysis has a dynamic range spanning six to eight orders-of-magnitude and
is generally as sensitive as direct PCR and sometimes nested PCR. Recently qPCR
analysis has extended to quantify RNA biomarkers via reverse transcription (RT)-qPCR
analysis (Johnson et al., 2005; Lee et al., 2006; Rahm et al., 2006).

Dehalococcoides species are difficult to both obtain and grow in pure culture, and
so are often studied as members of consortia using molecular techniques. In particular, a
significant number of qPCR assays targeting Dehalococcoides spp. have been reported
(He et al., 2003b; Holmes et al., 2006; Ritalahti et al., 2006; Smits et al., 2004). Initial
qPCR methods targeted the 16S rRNA gene, however, because strains with the same 16S
rRNA gene sequence can have different dehalogenating abilities, reductive dehalogenase
genes are now used as the most appropriate qPCR target (Lee et al., 2008; Sung et al.,
2006b). Quantitative PCR has been critical to our current understanding of
Dehalococcoides populations; it has provided information on their growth characteristics,
dehalogenating abilities and effective use in bioremediation efforts. Future qPCR
research directions will likely involve method standardization, as well as continued

research on the functional genes associated with Dehalococcoides populations.
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3. Materials and Methods

3.1. Chemicals

PCE (>98% purity), TCE (>98% purity), butyric acid (>99% purity), and sodium
lactate (>99% purity) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
The cis-DCE was obtained from Supelco Co. (Bellefonte, PA, USA). Gaseous VC
(>99.5% purity) was obtained from Fluka Chemical Corp. (Ronkonkoma, NY, USA), and
methane (99% purity) and ethene (99% purity) were purchased from Matheson
(Matheson Tri-Gas, Inc., Montgomeryville, PA, USA). Prepurified N, and a 70% N»/30%
CO, gas mixture purchased from Air Gas (Piscataway, NJ, USA) were used as anaerobic

purge gases.

3.2. Analytical procedures

Chlorinated ethenes, ethene and methane were determined using a Agilent
Technology 6890N (Agilent Technologies, Inc. Santa Clara, CA, USA) gas
chromatograph (GC) with a flame ionization detector (FID). 100 pL headspace samples
were injected into the GC-FID equipped with a GS-GasPro capillary column (30 m x
0.32 mm L.D.; Agilent Technologies, Inc. Santa Clara, CA, USA) with helium as the
carrier gas at constant pressure (19 PSI). The oven temperature was programmed to hold
at 50°C for 2 min, increase to 180°C at 15°C/min, and then hold at 180°C for 2 min.
Retention times of individual standard compounds were 0.9, 1.6, 6.0, 10.4, 11.3 and 13.5
min for methane, ethene, trans-DCE, cis-DCE, 1,1-DCE, TCE and PCE, respectively.
The major DCE isomer detected throughout this study was cis-DCE; only trace amounts

of trans-DCE or 1,1-DCE were detected in initial microcosms, and these were not
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quantified. Calibration for cis-DCE, TCE, and PCE was performed using aqueous
external standards prepared by adding a known mass of a methanol stock solution
containing PCE, TCE and cis-DCE, in known gravimetric concentrations, to 100 mL of
autoclaved groundwater and sediment mixture. The gaseous VC, ethene, and methane
were added to these external standards via a gastight syringe at atmospheric pressure, and
the concentrations added were determined by the ideal gas law (Freedman and Gossett,
1989).

Organic acids (lactate, butyrate, and acetate) were quantified using a Beckman
Coulter® System Gold™ high performance liquid chromatography (HPLC) (Beckman-
Coulter, Inc., Fullerton, CA). Aqueous samples (I mL) were centrifuged and the
supernatant was filtered (0.2 um) into HPLC vials. Samples were analyzed with an HPX-
87H column (Bio-Rad, Hercules, CA, USA) using a flow rate of 1 mL/min, 0.005 mM
sulfuric acid as the eluent, and a UV detector at a wavelength of 210 nm. Calibration
curves for the organic acids were prepared using a dilution series over a concentration

range from 0.1 to 10 mM for each compound.

3.3. Enrichment set-up and growth conditions
The chloroethene-dechlorinating microbial enrichments were derived from
groundwater and sediment retrieved from an aquifer. Groundwater and sediments were
obtained from a PCE-contaminated fractured rock aquifer on the Rutgers University
Busch Campus in Piscataway, NJ. This site is part of the Brunswick (Passaic) formation
that makes up much of northern New Jersey [http://www.state.nj.us/dep/njgs/]. Sterile

polyethylene tubing was extended into a groundwater, monitoring well screened at 15 ft
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below ground surface. During groundwater pumping, the tubing was extended to the
bottom of the well to obtain fine sediments that accumulated there. Groundwater and
sediment were collected in autoclaved amber glass jars that were filled to overflowing,
sealed with a positive meniscus to exclude air, and refrigerated at 4°C until use. Based on
visual observation, the samples consisted of less than approximately 1% volume to
volume (vol/vol) sediment, with the remainder groundwater.

For preparation of enrichment cultures, approximately 100 mL of the groundwater
with 1% sediment (vol/vol) was transferred to pre-autoclaved 160 mL serum bottles in a
glove bag (Cole-Parmer, Vernon Hills, IL, USA) purged with N, (prepurified grade).
Serum bottles were sealed with Teflon®-lined butyl rubber stoppers (Supelco Inc.,
Bellefonte, PA, USA) and aluminum caps (Supelco Inc.) in the glove bag. A total of 15
bottles were set up and divided into five different treatments (Table 2.4). Lactate and
butyric acid (2.5 mM final concentration each) were added as electron and hydrogen
donors. Sterile controls were prepared by autoclaving microcosms for 40 min at 120 °C
over three successive days. Chlorinated ethenes, ethene and methane were present in the
microcosms upon setup because of the contamination and dechlorination products
originally present in the groundwater aquifer. Concentrations of chlorinated ethenes in
microcosms were measured weekly by analyzing headspace samples using a GC-FID as
described in section 3.2. After complete dechlorination of all the initially present
chlorinated ethenes, electron acceptor (2 pL of neat PCE or 5 mL of VC) and electron
donors were amended to the microcosms, according to the protocol (Table 2.4).

After complete dechlorination of amended PCE or VC and depletion of electron

donors, PCE or VC-dechlorinating microcosms were transferred (10%, vol/vol) to sterile
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anaerobic defined mineral medium that had been purged with N,-CO; (70:30 vol/vol).
The mineral salts medium contained the following (per liter): 1 g of NaCl, 0.5 g of
MgCl,-6H,0, 0.5 g of KH,PO4, 0.2 g of NH4CI, 0.3 g of KCI, 0.015 g of CaCl,-2H,0,
and 1 mg of resazurin (Loffler et al., 1996). After the medium was boiled and cooled to
room temperature under N, purging, NaHCO3 (30 mM final concentration) was added to
the medium, and the pH was checked to ensure it was 7.2 to 7.3. Next, 90-mL portions
were dispensed into 160-mL bottles purged with N»-CO; (70:30, vol/vol) and the bottles
were sealed with Teflon-coated butyl stoppers, autoclaved for 45 min, and cooled to
room temperature (Fennell et al., 2001). Routinely, L-cysteine (0.5 mM final
concentration) and Na,S 9H,O (0.4 mM final concentration) were added as reductants.
Each transfer culture received 1 mg/mL of ampicillin and 0.25 mM 2-
bromoethanesulfonic acid (BES) to inhibit the growth of Gram-positive and certain
Gram-negative bacteria, and methanogens, respectively (Maymo-Gatell et al., 1997). As
an electron acceptor, 4 uL of neat PCE or 5 to 10 mL of gaseous VC resulting in 40 umol
PCE or 80 to 160 pmol VC per bottle, respectively, was added. Finally, inoculum (10%,
vol/vol) was added to each bottle. Transferred cultures were incubated in the dark at 25°C
without shaking. Sequential transfers (10%, vol/vol) from VC-to-ethene-dechlorinating
microcosms to a defined medium, as described, over approximately 4 years (3 transfers)
continued to dechlorinate VC to ethene. Sequential transfers (10%, vol/vol) from PCE-to-
ethene-dechlorinating microcosms to a defined medium, as described, over
approximately 4 years (11 transfers) yielded a sediment-free, non-methanogenic, ethene-

producing enrichment culture, referred to as RU11/PCE.
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Table 2.4. Protocol for initial microcosms prepared in triplicate.
Electron donors®

PCE? a
Bottle set (Lactate and (0.2-0.3 Ve Autoclaved
Butyrate mM) (1.5 mM)
1.5 mM, each)

Autoclaved control No No No Yes
Live control No No No No
Electron donors only Yes No No No
Electron donors + PCE Yes Yes No No
Electron donors + VC Yes No Yes No

* electron donors and PCE/VC were added only after the initially present chloroethenes
were dechlorinated

3.4. DNA isolation

Genomic DNA for molecular analyses was collected from duplicate 1 to 5 mL
culture samples that were removed from the enrichment cultures using a sterile syringe
equipped with a 25 G sterile needle and pre-flushed in sterile, anoxic N,-CO; (70:30,
vol/vol). For preparation of genomic DNA from the original groundwater, 400 mL of
groundwater was processed to recover cells. Cells were harvested using either filtration
onto a 0.2 um membrane filter (SUPOR 200, Pall Gelman, East Hills, NY, USA) or by
centrifugation at 16,000 X g for 20 minutes at 4 °C. The filtered cells were washed twice
with 10 mL of sterile distilled water. The harvested cells were frozen at —20 °C until
DNA extraction. Microbial genomic DNA was extracted from frozen cells using a MoBio
Ultraclean DNA extraction kit (Mo-Bio Inc., Solana Beach, CA, USA), as recommended
by the manufacturer with the following modifications. The cells collected through
centrifugation were resuspended in 1 mL of a bead-beating solution included in the kit

and the cell suspension was transferred to bead-beating tubes. Atthe end of the extraction
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process, DNA was eluted from the spin filters with 30 puL of sterile water instead of the
elution buffer provided with the kit. The reproducibility of this DNA extraction method
was evaluated by extracting replicate samples. The eluted DNA was stored at —20 °C

until use.

3.5. PCR methods for 16S rRNA, housekeeping genes and reductive dehalogenase
genes
Genomic DNA from the initial microcosms was used as the template with PCR
primer pair Bac27{/Bac1527f (Table 2.5), targeting the universal bacterial 16S rRNA
gene, using PCR conditions as follows: initial denaturation at 94°C for 5 min, followed
by 30 cycles of 94 °C (60 s), 55 °C (45 s), and 72 °C (90 s), with a final extension at 72
°C for 7 min (Loffler et al., 2000). Nested PCR with the PCR primers Dhc 730f/Dhc
1350f targeting the Dehalococcoides 16S rRNA gene (Fennell et al., 2001), was
performed using as template the amplicons from the PCR of the genomic DNA from
initial microcosm under the following conditions: initial 94 °C denaturation step (3 min),
followed by 30 cycles of 94 °C (45 s), 58 °C (30 s), and 72 °C (90 s), with a final
extension at 72 °C for 7 min (Table 2.5). Each 25 uL PCR reaction mixture contained the
following: 1x PCR buffer (USB Corporation, Cleveland, OH, USA), 2.5 mM of MgCl,
(USB), 20 nmol of deoxynucleoside triphosphate (USB), 10 pmol of each primer, 1.5 U
of Taq polymerase (USB), and 1 to 4 pL of template DNA. All Primers were obtained
from Integrated DNA Technology (Coralville, IA, USA).
A PCR approach was utilized to investigate the purity of 11™ generation PCE-

amended cultures (RU11/PCE) using bacterial housekeeping genes. PCR primer pairs
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were utilized to amplify the RNA polymerase gene, rpoB; the ATP synthase delta subunit
gene, atpD; the superoxide dismutase gene, sod; the DNA repair protein gene, recA; and
the DNA gyrase subunit B gene, gyrB (Table 2.6). PCR primer pairs were designed
using PrimerQuest (Integrated DNA Technology, Coralville, IA, USA) The thermal
cycler program was as follows: initial denaturation at 94 °C for 5 min, followed by 30
cycles of 94 °C (45 s), 60 °C (45 s) for rpoB, atpD, and recA genes and 58 °C for the sod
gene, and 72 °C (60 s), with a final extension at 72 °C for 3 min. The thermal cycle for
the gyr B gene was as follows: initial denaturation at 94 °C for 5 min, followed by 30
cycles of 94 °C (60 s), 60 °C (60 s), and 72 °C (120 s), with a final extension at 72 °C for
7 min. Each 25 pL PCR reaction mixture contained the following: 1x PCR buffer (USB
Corporation, Cleveland, OH, USA), 2.5 mM of MgCl, (USB), 20 nmol of
deoxynucleoside triphosphate (USB), 10 pmol of each primer, 1.5 U of Taq polymerase
(USB), and 1 of template DNA. The PCR amplicons were purified and sequenced to
determine whether more than one gene, and thus more than one strain, was detected.

PCR for detecting dehalogenase genes (fced, verA , bvcA and specific RDase
genes found in the KB-1 culture) was also performed using genomic DNA from our
enrichment cultures after five, eight and 11 generations, as template. The PCR primer
information for RDase gene detection is summarized in Table 2.7. The thermal cycler
program was as follows: initial 94 °C denaturation step (3 min), followed by 30 cycles of
94 °C (30 s), 60 °C (45 s), and 72 °C (120 s), with a final extension at 72°C for 5 min
(Waller et al., 2005). Each 25 pLL PCR reaction mixture contained the following: 1x PCR

buffer (USB Corp.), 2.5 mM of MgCl, (USB), 20 nmol of deoxynucleoside triphosphate
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(USB Corp.), 10 pmol of each primer, 1.5 U of Taq polymerase (USB), and 1 to 2 pL of
template DNA.

An aliquot of each PCR product was electrophorized on a 1.2% agarose gel,
stained in 0.1% ethidium bromide solution and visualized using UV on a Molecular
Imager Gel Doc XR system (Bio-Rad Laboratories, Hercules, CA, USA). Gels were
analyzed against a size standard to determine if the correct fragment size had been
amplified under each condition. Some of the RDase PCR amplicons showing positive

bands on the gels were purified and sequenced for identification.
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Target gene

Primer Sequence (5 — 3”) (expected amplicon size) Ref.
Bac27f AGAGTTTGATCMTGGCTCAG B:Ifée“al I6SIRNA e
Univl527r  AAGGAAGGTGWTCCARCC & 1991)
(1500 bp)
: (Fenne
Dhc730f  AAGGCGGTTTTCTAGGTT ?gg‘gggf“gj:s Il et
Dhcl350r  GGTTGGCACATCGACTTC 8 al,
(630 bp) 2001)
Table 2.6. Primer sequences used for analysis of bacterial housekeeping genes.
Target gene
Primer Sequence (5" — 3") (expected amplicon Ref.
size)
Dehalo rpoBf ~ TRGCCTTTATGAGCTGGCAGGGTT ~ Datteial RNA o
Dehalo rppoBr  TTTGTCACCCACTGAAACCTTGCG 1(‘"’5 O—‘(/) bp) & study
Bacterial DNA
Dehalo recAf CAACAYATTATTGCCCAGGCCCAA  repair protein This
Dehalo recAr AATTCGGCTCCTGAAAGGRGGA gene study
(500 bp)
Dehalo atpDf TAACGTGYTGGGTGAASCTCTGGA f‘ﬁf:sael ‘tg This
Dehalo atpDr  AACAGGAGCACGTCCTGTCTTTCT (g]OO bp) & study
Bacterial
Dehalo sodf = TACCAGCTCTGGGAARCNGACTTT  superoxide This
Dehalo sodr CGTTTNAGYCCGTAATCTGTCA dismutase gene  study
(200 bp)
. (Yama
UP-1 GAAGTCATCATGACCGTTCTGCAY- Bacterial DNA moto
) GCNGGNGGNAARTTYGA gyrase subunit B and
UP2r AGCAGGGTACGGATGTGCGAGCCR- gene Haraya
TCNACRTCNGCRTCNGTCAT (1100 bp) ma

1995)




42

Table 2.7. Primer sequences used for detection of reductive dehalogenase genes

Primer Sequence (5 — 3”) Target gene
(expected Ref.
amplicon size)
tceAf GCTTTGGCGGTGATGATAAG tced (Ahn et
tceAr TCCACCACCCATCGAGTTAT (212 bp) zgzjé)
tceA 797r ACGCCAAAGTGCGAAAAGC tced (Magnus
tceA 2490r TAATCTATTCCATCCTTTCTC (1732 bp) Og(;’(t) g)l
bvcAf TGCCTCAAGTACAGGTGGT bvcA (Krajmal
bvcAr ATTGTGGAGGACCTACCT (839 bp) nik-
Brown et
al.,
2004)
vcrABf CTATGAAGGCCCTCCAGATGC verAB (Muller
verABr GTAACAGCCCCAATATGCAAGTA | (1482 bp) ;E) gi‘)
rdhA1 246f ATCGGAGCTGCACAAGTAGG rdhAl
rdhA1 336r TCTTGTGAGCGGTGTCTTTG (90 bp)
rdhA2 720f CAAAGGAGATGTTCCGGTGT rdhA2
rdhA2 985r CAGGTGGAAAAGACCGGTTA (265 bp)
rdhA3 1149f CATTCTCCGGGAAGAAAACA rdhA3
rdhA3 1379r CCAGGCTTCCTTGTCTTCAG (230 bp)
rdhA4 754f TTGTTATGCCGCCAATATGA rdhA4
rdhA4 925r TCTATCCATTTCGCCCAGAC (170 bp)
rdhAS 1017f GATGCAGGCATTTACCGTTT rdhAS5
rdhAS5 1137r GTCTCTTTGCCTTCGGTCAG (120 bp)
rdhA6 318f ATTTAGCGTGGGCAAAACAG rdhA6
rdhA6 555r CCTTCCCACCTTGGGTATTT (215 bp)
rdhA7 1391f GCTAAAGAGCCGTCATCCTG rdhA7
rdhA7 1539r GCAGTAACAACAGCCCCAAT (150 bp) (Z\t/zlller
rdhA8 845f CCCAAGGTAGGTGTGCAGAT rdhAS8 2005'3
rdhA8 1016r CCCGGTTAGTTACCCCGTAT (160 bp)
rdhA9 251f CTGACCTTGAAACCCCTGAA rdhA9
rdhA9 425r TTGCCACCCATTTCCATATT (170 bp)
rdhA10 710f GCTGAAACACCCACCAAACT rdhA10
rdhA10 860r CGACAAAGGGGAATCTTTGA (150 bp)
rdhA11 429f TAATGGCAACCGGAGGTAAG rdhAll
rdhAl1l 609r TCTACCGGTATGGCCTGAAC (180 bp)
rdhA12 864f AGGAGTTCCTGTGGGGACTT rdhAl2
rdhA12 994r TTTGGGGGTCATAACTGCTC (130 bp)
rdhA13 1356f CAGGGTACCTGTCCCTTCAA rdhAl3
rdhA13 1493r AGGGTTCTTCCGTCCGTACT (140 bp)
rdhA14 642f GAAAGCTCAGCCGATGACTC rdhAl4
rdhA14 846r TGGTTGAGGTAGGGTGAAGG (200 bp)
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3.6. PCR-denaturing gradient gel electrophoresis (PCR-DGGE)

PCR-DGGE was performed for bacterial community analysis of the original
groundwater and for enrichments after 5, 8 and 11 transfers. PCR-DGGE was also
performed for the 11™ generation subcultures tested for growth on all the chloroethenes
(see section 3.8). Universal bacterial 16S rRNA genes and Dehalococcoides-specific
16S rRNA genes were amplified using the Bac338f-GC and Univ519r primer sets and the
Dhc1f-GC and Dhc259r primer sets, respectively (Table 2.5). Each 50 uL PCR contained
the following (all reagents from USB Corp., Cleveland, OH, USA): 1x PCR buffer, 2.5
mM of MgCl,, 20 nmol of deoxynucleoside triphosphate, 10 pmol of each primer, 1.5 U
of Taq polymerase, and 2 to 4 uL of template DNA. The thermal cycling program was as
follows: initial denaturation for 5 min at 94 °C; 25 cycles of 94 °C for 30 sec, 55 °C for
30 sec, and 72 °C for 30 sec; and a 7 min final extension at 72 °C. The expected PCR
amplicon size was verified with agarose gel electrophoresis on a 1.2% gel prior to DGGE.
DGGE of PCR-amplified fragments was performed on an 8% polyacrylamide gel with a
30 to 60% urea-formamide gradient for 4 h at 150 V and 60°C with the DCode mutation
detection system (Bio-Rad Laboratories, Hercules, CA, USA).

The gel was stained in 0.1% ethidium bromide solution and visualized using UV
on a Molecular Imager Gel Doc XR system (Bio-Rad Laboratories). Each prominent
band detected in the DGGE gel was excised using a sterile razor. Using the excised gel
fragments as DNA template, a second PCR-DGGE was performed under the same
conditions described above and the purity of each band was confirmed by noting a single

DNA band after repeating the DGGE using the same conditions.
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Table 2.8. Primer sequences used for PCR-DGGE analysis.

Primer Sequence (5" — 3") Target Ref.
gene
(expected
amplicon
size)
Bac338f CTCCTACGGGAGGCAGCAG 200 bp (Nakat
Bac338f-GC  CGCCCGCCGCGCCCCGCGCCLCATCCCGC- suet
CGCCCCCGCCCTCCTACGGGAGGCAGCAG %bOa)
Univ519r ATTACCGCGGCTGCTGG
Dhclf GATGAACGCTAGCGGCG 200 bp (Duha
Dhcl{-GC CGCCCGCCGLCGLCGLCGGLCEGGCEGGGLEG- mel et
GGGGCACGGGGGGGATGAACGCTAGCG- ;)O 4)
GCG
Dhc259r CAGACCAGCTACCGATCGAA

3.7. Quantitative PCR (qPCR)

Segments (V3 region) of bacterial 16S rRNA genes and Dehalococcoides-specific
16S rRNA genes were amplified by using primer sequences (Bac338f/Univ519r and
Dhc1f/Dhc259r) shown in Table 2.8. Primers were obtained from Integrated DNA
Technology (Coralville, IA, USA). Approximately 200 to 250-bp fragments of the 16S
rRNA gene from 338 to 519 and 1 to 259 (according to Escherichia coli position)
repectively, were amplified using the universal primers and Dehalococcoides spp.
specific primers. The PCRs were performed in a total volume of 24 pL reaction mixture
containing 12.5 mL of 2 x iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA) [containing: the hot-start enzyme, iTagTM DNA polymerase; SYBR PCR
buffer; dNTP mix; SYBR I; 20 nM fluorescein for dynamic well factor collection; and
6 mM MgCl2], 0.2 uM forward primer and 0.2 uM reverse primer. One pL of the DNA
sample was added to each PCR mixture. The standards and the samples were included in

duplicate for each run. The amplification reaction was performed with an iCycler iQTM
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thermal cycler (Bio-Rad Laboratories) using the following program: 10 min at 94 °C; 40
cycles of ( 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s). Data analysis was performed
using iCycler iQTM Real-Time Detection system software (Bio-Rad Laboratories). All
reactions were analyzed by melting curve measurement by a 0.5 °C per cycle decrease
from 94 °C to 72 °C, following the amplification steps, to confirm that only one PCR
product was synthesized. Standard curves for universal bacterical qPCR and
Dehalococcoides-specific qPCE were prepared with a dilution series of quantified
genomic DNA from Psuedomonas fluorescens and Dehalococcoides ethenogenes strain
195, repectively. The linear range for quantification was 10% to10’ gene copies pL' DNA.
Genome and genomic analyses demonstrated previously that the 16S rRNA gene exists as
a single copy on Dehalococcoides spp. genomes (Kube et al., 2005; Ritalahti et al., 2006;

Seshadri et al., 2005).

3.8. Dechlorination yield determination

Triplicate RU11/PCE subcultures were set up for each treatment amended with
either PCE, TCE, cis-DCE or VC as the only halogenated substrate in 60 mL serum
bottles with 34 mL of 0.5 mM acetate-amended medium containing 0.4 to 6 mM of each
chlorinated ethene and 400 umol of H,. After two to three hours of equilibration time,
10% (vol/vol) inoculum was added and initial gas chromatography measurements were
performed. Duplicate 1 mL culture samples were removed for DNA extraction.
Headspace samples were monitored by gas chromatography every 3 to 4 days. After the
chlorinated ethenes were consumed, duplicate 1 mL of culture samples were again

removed for DNA extraction.
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4. Results

4.1. Dechlorination in Rutgers University, Busch Campus groundwater
microcosms
Figure 2.2 shows the dechlorination of chlorinated ethenes observed in an initial
replicate microcosm from each of the five sets of microcosm bottles (triplicates for each
treatment) established as shown in Table 2.4. On Day 0, microcosms contained PCE and
cis-DCE that were present in the original groundwater. In the microcosms to which
lactate and butyric acid had been added as electron donors, the original PCE was
dechlorinated to ethene by the first observation point (Day 14). Note that TCE was
detected in only trace amounts during dechlorination of the PCE and is not displayed in
Figure 2.2. The only DCE isomer detected in the microcosms both in the original
groundwater and as a product of dechlorination of added PCE was cis-DCE. Little
dechlorination was observed in live controls not receiving electron donors or in
autoclaved controls in which all live microorganisms had been killed. The microcosms to
which no electron donor was added remained pink, indicative of oxidized conditions.
This suggests that the original groundwater as collected from the well may have
contained inadequate electron donor to drive reductive processes in the microcosms.
Methane production was observed in the electron donor-amended microcosms. PCE and
VC added to the PCE- and VC-amended microcosms on Days 40 and 110 were
subsequently dechlorinated to ethene. The rate of PCE and VC dechlorination after re-
amendment on Days 40 and 110 were comparable, which suggested that VC

dechlorination to ethene might not be rate-limiting for this microbial population. These
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results show that a robust dechlorinating population already existed at the site which was

highly contaminated with PCE.
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Figure 2.2. Dechlorination profiles from a replicate groundwater microcosm of each
treatment established using sediment-groundwater mixtures from a contaminated aquifer
at Rutgers University, Piscataway, NJ. (A) Autoclaved controls; (B) live control; (C)
electron donors only control; (D) electron donors plus PCE; and (E) electron donors plus
VC. Electron donors were lactic and butyric acids. PCE 4; TCE (not shown); cis-DCE

A ; VC O; ethene []; methane *.
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4.2. Development of PCE- and VC-enrichments

Enrichment cultures were continually re-amended with either PCE or VC and
transferred to fresh medium periodically as described in section 3.3, and maintained for
over 4 years in defined mineral medium. A total of 3 transfers were accomplished for the
VC-amended enrichments, which dechlorinated VC to ethene stoichiometrically, but
these were not characterized in further detail beyond the second transfer. A total of 11
serial transfers, resulting in a dilution factor of 10" were performed for the PCE-
amended enrichments. The 11™ generation culture, designated RUI11/PCE
stoichiometrically dechlorinated all chlorinated ethenes, from PCE to VC, completely to
ethene in the presence of hydrogen as an electron donor and with acetate as a carbon
source.

To control microbial activities other than dechlorinating bacteria, 2-
bromoethanesulfonic acid (BES) and ampicillin were added from the time of the third
transfer onward. BES is a structural analog to coenzyme M, the cofactor required for the
terminal step in methanogenesis, and thereby inhibits this process (Gunsalus et al., 1978).
Ampicillin is a bacterial inhibitor of peptidoglycan cross-linking (Madigan et al., 2003),
but perhaps because of the Dehalococcoides spp.” unique cell wall structure (Maymo-
Gatell et al., 1997), ampicillin had no impact on dechlorination rates. Similar to cultures
containing Dehalococcoides spp. reported previously, neither 2-bromoethanesulfonic acid
(BES) nor ampicillin affected dechlorination activities, at the concentrations used in this
study. Methanogenesis activity present in the initial microcosms was inhibited, and
eventually excluded by amendment with BES at each transfer. PCE dechlorination

proceeded in the absence of methanogenesis and at increasing rates in the 10% (vol/vol)
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transfer cultures. Numerous attempts were made to isolate PCE- and VC-dechlorinators
using dilution to extinction methods, but these methods were not successful and have not

been described.

4.2. Community analysis of original groundwater and the dechlorinating cultures

To characterize the microbial community composition of the original groundwater
and the enrichment cultures, PCR-DGGE of bacterial 16S rRNA gene fragments was
used. In DGGE, each band in a lane theoretically represents a different organism in the
culture. However, in general, one organism may have multiple 16S rRNA gene copies
with slightly different sequences, which may cause multiple bands for one organism.
Further heteroduplexes, which occur during re-annealing of two very similar DNA
strands amplified during PCR, could also result in multiple DGGE bands for the same
strain (Ferris and Ward, 1997).

Bands of DNA detectable by eye were excised, reamplified using the same
primers (Table 2-5), and sequenced. The sequences were compared to known sequenced
strains or phylotypes using BLASTN
[http://blast.ncbi.nlm.nih.gov.ezproxy.lib.utexas.edu/Blast.cgi]. Figure 2.3 shows the
results of the DGGE profile and the DNA sequences associated with each DGGE band
from the original groundwater. The results indicate relatively low complexity in the
bacterial community present in the original groundwater and sediments.
Dehalococcoides-like bacteria were detected by PCR using Dehalococcoides-specific
PCR primers in the original microcosms and in first-generation transfers enriched on PCE

and VC (Figure 2.4).
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The bacterial communities as assessed by DGGE in second generation PCE- and
VC-amended enrichment cultures are shown in Figure 2.5. The results revealed that
these early enrichments (second generation) contained only a few species of bacteria,
since few bands were detected. Bacteria closely related to D. ethenogenes strain 195,
Dehalococcoides strain BAV1 and Dehalococcoides strain CBDB1, based on 16S rRNA
gene sequences, were detected in these second generation enrichments. An interesting
observation was that two distinct bands corresponding to two separate Dehalococcoides
spp. were detected in the second generation enrichment cultures maintained on PCE or
VC (Figure 2.5).

After 11 transfers, DGGE analysis of the RU11/PCE enrichment using universal
PCR primers for bacteria, 338f and 519r, yielded a single DNA band. Further, DGGE
analysis with the Dehalococcoides-specific primers 1f-GC and 259r yielded a single band.
The results shown in Figure 2.6 suggest that the RU11/PCE culture was composed of
one genus of bacteria, Dehalococcoides, and only one Dehalococcoides 16S rRNA gene

was present in the culture.
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DGGE Closest isolate/clone %
band (accession no.) identity
A Uncultured Actinobacterium clone 99%
LT1bF12 (FJ916787.1)
A B Rhodoferax ferrireducens 99%
B (AM265401.1)
C Iron-reducing bacterium enrichment 99%
C culture clone FEA 2 D7
D (FJ802334.1)
E D Uncultured Dehalococcoides sp. clone 99%
c7 (EU700504.1)
g E Uncultured beta proteobacterium 99%
clone TH_ 26 (EU980181.1)
F Uncultured Methylophilus sp. clone 99%
GOBB3-CL233 (AF448465.1)
G Pseudomonas sp. (AF105382.1) 98%

Figure 2.3. PCR-DGGE profile and DGGE band sequencing results of original
contaminated groundwater recovered from an aquifer underlying Rutgers University,
Piscataway, NJ. Seven bands were excised and their sequences obtained (approximately

150 bp).
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3000 bp

800 bp
700 bp

500 bp

Figure 2.4. PCR amplification of genomic DNA from initial microcosms (A, B, C, and
D) and 1* generation transfers (E and F) of groundwater from a contaminated aquifer at
Rutgers University, Piscataway, NJ using primers targeting Dehalococcoides spp. M,
100 bp DNA molecular marker; A, electron donor; B, electron donor + PCE; C, electron
donor + VC; D, live control microcosms; E, PCE-amended 1* generation transfer; F, VC-

amended 1% generation transfer; G, positive control for PCR; and H, negative control.
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DGGE Closest isolate/clone %
band  (accession no.) identity
A Uncultured Geobacter sp. clone 97%

(EU266833.1)

B Dehalococcoides ethenogenes 98%
195 (CP000027.1)

C Dehalococcoides sp. BAV1 98%
(CP000688.1)

D Uncultured Firmicutes 96%
bacterium (CU920003.1)

E Uncultured planctomycete clone 97%

JY1a (DQ393189.1)

Figure 2.5. PCR-DGGE profile and DGGE band sequencing results of second
generation enrichments of groundwater and sediment recovered from an aquifer
underlying Rutgers University, Piscataway, NJ. Twelve bands were excised and their

sequences obtained (approximately 150 bp).
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(A)

PCE TCE cDCE VC

Dehalococcoides

(B)

PCE TCE cDCE VC

Dehalococcoides

Figure 2.6. PCR-DGGE of genomic DNA from RU11/PCE cultures using primers
targeting general bacteria using a universal bacterial primer pair (A) and
Dehalococcoides spp. using a Dehalococcoides-specific primer pair (B). PCR amplicons

were separated on 8 % acrylamide gels with a 20-60% denaturing gradient.
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4.3. Detection of reductive dehalogenase genes

Primers for fourteen distinct reductive dehalogenase genes from the KB-1 culture
(Waller et al., 2005) were used for screening RDase genes in the fifth, eighth and 11"
(RUI11/PCE) generation enrichment cultures. As reported in (Waller et al., 2005), each of
these RDase genes were found to be highly similar to previously identified RDase genes
in one or more Dehalococcoides strains. Sequences with over 99% identity on a
nucleotide basis differ by only one or two amino acids in the enzyme. The KB-1 culture
shares nine highly similar RDase genes with strain CBDBI, eight with strain FL2, three
with strain 195, and two with strain BAV1 (Waller et al., 2005).

The RU11/PCE culture contained ten RDase genes highly similar to those found
in the KB-1 culture, five highly similar to those found in strain FL2, four highly similar
to those found in strain CBDBI, three highly similar to those found in strain 195 and one
highly similar to those found in strain BAV1. With genomic DNA from the 8" generation
PCE enrichment culture, two more RDase genes (rdh3 and rdh8 as denoted for the KB-1
culture) were detected; however these apparently disappeared through transfer and were
not detected in RUI11/PCE. These results suggest that multiple RDases existed
simultaneously in the original groundwater and initial microcosms.

Among the three Dehalococcoides reductive dehalogenase genes most well
characterized, only the vcrd gene, involved in VC dechlorination in strain VS, was
detected in the RU11/PCE culture. Amplification of genomic DNA from subcultures of

RUI11/PCE that were established for determining growth yields (PCE-, TCE-, cis-DCE-

and VC-amended as described in sections 3.8 and 4.4) with verd specific primers
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yielded products of the expected size (1458 bp). Sequence analysis confirmed high
similarity (99%) to the vcrd gene of strain VS (Muller et al., 2004).

In contrast, no PCR product was detected using genomic DNA from RU11/PCE
as the template for the bvcA primer pair (bvcAF/bvcAR) (Krajmalnik-Brown et al., 2004)
or the fceA primer pair (tceAF/tceAR and tceA 797F/tceA 2490R) (Ahn et al., 2008;
Magnuson et al., 2000). The KB-1 rdhA6 gene (bvcA-like gene) was also not detected in
RUI11/PCE. However, in fifth generation PCE-enrichments bvc4 was detected using the
bvcA primer pair (bvcAF/bvcAR). These data suggest that there were at least two distinct
Dehalococcoides strains present in the initial microcosms and that one strain containing
the bvcA-like gene was diluted out and excluded over the four years of enrichment and

transfer.

4.4. Use of bacterial housekeeping genes to assess purity of RU11/PCE

Based on the inconclusive nature of the 16S rRNA gene analysis and the
dehalogenase gene anaylses we also assessed culture purity using the bacterial
housekeeping genes: RNA polymerase gene, rpoB; ATP synthase delta subunit gene,
atpD; superoxide dismutase gene, sod; the DNA repair protein gene, recA; and the DNA
gyrase subunit B gene, gyrB. PCR analyses using primers targeting ropB, atpD and recA
were unsuccessful using genomic DNA from the RU11/PCE culture. The PCR targeting
the sod gene and the gyrB gene generated a single DNA band. The PCR amplicons were
purified and sequenced. The DNA fragments were 98 to 99% identical to the sod genes

and the gyrB gene from strain BAV1 and strain CBDB1.
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M  rdhAl rdhA2 rdhA3 rdhA4 rdhA5 rdhA6 rdhA7 rdhA8 rdhA9 rdhA10 rdhAll rdhAl12 rdhAl3 rdhAl4d

Figure 2.7. PCR amplification of genomic DNA from the 11™ generation PCE-amended
enrichment (RU11/PCE) using primers targeting reductive dehalogenase genes in

Dehalococcoides strain KB-1. M is the 100 bp DNA molecular marker.
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(C) cis-DCE-amended
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Figure 2.8. Dechlorination profiles from RU11/PCE subcultures amended with different
chloroethene substrates. (A) PCE-amended; (B) TCE-amended; (C) cis-DCE-amended;

and (D) VC-amended subculture. PCE 4; TCE <; cis-1,2-DCE A; VC O; ethene [1.

Symbols are averages of triplicates and error bars are one standard deviation.
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4.4. Growth yield

The growth yields on chlorinated ethenes for the Dehalococcoides sp./spp. present
in the RU1L1/PCE culture were determined using qPCR. As shown in Figure 2.8,
subcultures dechlorinated their respective substrates (PCE, TCE, cis-DCE and VC) to
ethene. A lag of approximately six days occurred prior to substantial dechlorination of
cis-DCE.

Using qPCR the average cell yields (Dehalococcoides16S tRNA gene
copies/umol CI” produced) were determined to be (1.06 + 0.25) x 10° for PCE, (0.76 +
0.16) x 10® for TCE, (0.75 + 0.28) x 10® for cis-DCE, and (6.16 + 1.26) x 10" for VC,
when using Dehalococcoides-specific primers. Growth yields measured using universal
bacterial primers were similar to those from Dehalococcoides-specific qPCR. On an
electron equivalent or CI™ basis, the yields on all the chlorinated ethenes were similar,
indicating that the Dehalococcoides strain(s) in this enrichment culture gained energy for

growth from all dechlorination steps from PCE to ethene (Table 2.9).
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Table 2.9. Comparison of yields of RU11/PCE on chloroethene substrates.

Bacterial Dehalococcoides Dehalococcoides
Subst  Strain/ 16S rRNA 16S rRNA 16S rRNA Ref
-rate  Culture gene copies/pumol gene copies/pmol gene copies/pmol Cl- ’
chlorinated ethene chlorinated ethene a
RU11/
PCE PCE (3.05+£0.45)x 108  (4.25£0.98)x 108  (1.06 £0.25)x 108  This study
RU11/
TCE PCE (1.81+0.48)x 108 (2.33+£0.47)x 108  (0.76+0.16) x 108  This study
RU11/
DCE PCE (1.31+0.60)x 108 (1.49+£0.56) x 108  (0.75+0.28) x 108  This study
RU11/
VC PCE (9.70 £ 6.37)x 107 (6.16£1.26)x 107  (6.16 £ 1.26) x 107  This study
(Cupples
VvC VS - (52+1.5)x108 (52+1.5)x108 etal.,
2003)
VC  BAVI - (6.3 +0.3) x 107 (63+03)x 107  (Heetal,
2003a)
KB- (Duhamel
Ve - (5.6+1.4)x108  (5.6+1.4)x108 etal.,
1/vC 2004)
vec  GT - (25+0.13)x 108 (25+0.13)x 108  (Sunget
al., 2006b)

* for VC dechlorination, moles of ethene produced are equal to the moles of CI” produced.
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5. Discussion

A new Dehalococcoides-containing culture, designated as RUI11/PCE, was
established from chloroethene-contaminated groundwater and sediments from a
contaminated aquifer underlying the Busch Campus of Rutgers University in New
Brunswick, NJ. Similar to other Dehalococcoides isolates, this highly purified culture
required hydrogen as an electron donor and used either acetate or lactate as carbon source.
Importantly, the RU11/PCE culture is able to carry out the complete PCE-to-ethene
reductive dechlorination pathway and gain energy from dehalorespiration of all of four
chlorinated ethenes.

Upon initial set up of the original groundwater microcosms from which
RUI11/PCE was developed, complete dechlorination of PCE to ethene was observed.
Further, Dehalococcoides sp. was detected in the original microcosms using PCR, and
community analysis by PCR-DGGE revealed the presence of multiple Dehalococcoides
spp. in second generation enrichments. The groundwater community also contained
phylotypes closely related to Pseudomonas sp. (AF105382), Rodoferrex ferrireducens
(AM265401), and Dehalococcoides sp. (EU700504), among other bacterial species. The
original microcosms were methanogenic, but this activity was selectively lost over
several generations by the addition of BES. Thus, the original groundwater community
was indicative of reduced, favorable conditions for dechlorinating bacteria.

Over 11 generations, PCE-amended cultures were enriched and community
analysis by PCR-DGGE and direct DNA extraction and sequencing, revealed one 16S
rRNA gene in the culture while complete dechlorination of PCE to ethene was

maintained. Measurements of the growth yield of RU11/PCE on the chlorinated ethenes
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confirmed that this culture can grow on all four chlorinated ethenes (Table 2.6). The
growth yields on PCE, TCE, cis-DCE and VC were comparable to those reported
previously for other Dehalococcoides strains and ranged from approximately 0.6 x 10°
to 1 x 10® 16S rRNA gene copies/umol CI', for VC and PCE, respectively. Growth yields
of Dehalococcoides organisms on chlorinated ethenes were determined using qPCR
approaches because their fastidious growth, small cell size, and disk-shaped morphology
impair traditional procedures (e.g., microscopic counts, protein measurements,
determining dry weight, etc.) to estimate biomass.

We measured both Dehalococcoides specific 16S rRNA gene copy numbers and
universal bacterial 16S rRNA gene copy numbers in RUI1/PCE during the subculture
experiments to determine growth yield (Table 2.6). The qPCR results indicate that the
number of total bacterial 16S rRNA gene copies were similar to that of total
Dehalococcoides 16S TRNA gene copies, confirming the purity of the culture with
respect to the presence of bacteria other than Dehalococcoides and confirming the
cellular yield on each of the chloroethenes. This analysis also suggested that the
Dehalococcoides sp. or spp. in RU11/PCE contain a single 16S rRNA gene, as has been
reported for other strains.

The Dehalococcoides bacteria have been divided into three subgroups, Victoria,
Pinellas and Cornell by Hendrickson et al. (Hendrickson et al., 2002) based on 16S rRNA
gene sequence differences. However, with the currently limited physiological information
available for each of the strains, it is not obvious that this grouping reflects the similarity
of physiological properties of the Dehalococcoides members. For example the 16S rRNA

gene sequence of strain CBDBI, of the Pinellas subgroup, which was isolated on
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chlorobenzenes and dehalorespires polychlorinated dibenzo-p-dioxins is 100% identical
to that of strain FL2, a TCE and DCE dehalorespirer (Adrian et al., 2000; Sung et al.,
2003). Further information is needed regarding the functionality of each strain as
represented by the presence and expression of their suite of multiple dehalogenase genes,
in order to better classify these organisms (Holscher et al., 2004).

The difficulty in culturing and isolating Dehalococcoides populations has
hindered a comprehensive understanding of their distinctive characteristics. In this study,
the purity of the RU11/PCE enrichment culture was examined through DNA-based
approaches. We performed 16S rRNA gene based analyses using genomic DNA from the
culture including direct sequencing, qPCR and PCR-DGGE. Like others, we also found
that 16S rRNA gene-based analyses were not effective for unequivocally proving the
purity of a Dehalococcoides culture. In our efforts to isolate a new strain of
Dehalococcoides, we derived a culture that contained a single 16S rRNA gene sequence
which is identical to that of strain CBDBI, strain GT and KB-1/VC over 1500 bp.
Obviously, all 16S rRNA gene-based assays would detect a single sequence and suggest
culture purity. Unfortunately, as mentioned above strains of Dehalococcoides with
different functional abilities can have identical 16S rRNA gene sequences. We further
assesses culture purity using bacterial housekeeping genes (rpoB, atpD, sod, recA and
gyrB). PCR using the primers targeting ropB, atpD, and recA was unsuccessful using the
genomic DNA from RU11/PCE as template. PCR targeting the sod gene and gyrB gene
yielded amplicons. The sod gene and gyrB gene DNA fragments from RU11/PCE were
98 to 99% identical to the sod gene and gyrB gene from strain BAV1 and strain CBDBI.

According to the GenBank database, two physiologically different Dehalococcoides
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strains, CBDB1 and BAV1, share 99% identical sequences in rpoB, recA, atpD, gyrB
and sod genes. Because strain BAV1 and strain CBDBI share such highly similar
sequences over the amplified region using the sod and gyrB primers, information on
purity with respect to whether one or more Dehalococcoides strains were present in
RU11/PCE was unsuccessful using this approach.

RU11/PCE contains RDase genes that are highly similar to those in strain CBDB1,
FL2, BAV1, 195 and mixed cultures KB1 and VS. In combination with previously
reported RDase gene sequences, these results suggest that a pool of Dehalococcoides
RDase genes exists and that each strain shares some of theses genes.

Interestingly, we observed the apparent lack of tce4 in RU11/PCE, similar to
strain GT, implying that this strain has a different PCE or TCE RDase (Sung et al.,
2006b). In a study of the transcriptional expression of the RDase-encoding tce4 and vcrA
genes (Lee et al., 2006), a significant fraction of the TCE dechlorination activity appeared
to come from non-tceA reductases. Besides RDases from non-Dehalococcoides spp., it is
possible that multiple Dehalococcoides reductases other than fceA and vcrA are
participating in chlorinated ethene reduction. Annotation of the strain 195 genome
revealed 17 intact putative RDases (Seshadri et al., 2005), however the actual role and
importance of each of these reductases is not yet fully understood. A transcriptional
analysis of the Dehalococcoides-containing enrichment culture KB-1 provided evidence
that multiple RDase homolog genes were transcribed in the presence of chlorinated
organics (Waller et al., 2005). Therefore multiple RDases may be involved in chlorinated

ethene reduction and to fully understand the reactions a more global transcription analysis
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is required. Further, a recent study found that less than 50% of Dehalococcoides in field
samples could be accounted for by the three known RDases (Ritalahti et al., 2006).

Summarizing the results from 16S rRNA analyses, functional gene screening, and
growth yield measurements, it is most likely that RU11/PCE culture is composed of a
single strain of Dehalococcoides which shows unique functionality to dechlorinate and
grow on all chloroethenes. Even if this culture is not a pure culture, its dehalogenase gene
profile indicates that RU11/PCE contains a novel Dehalococcoides strain or strains which
is not overlapping with previously reported Dehalococcoides isolates/ cultures (Waller et
al., 2005).

Future investigation of RU11/PCE is warranted. Its ability to dechlorinate PCE
completely to ethene would be useful for bioaugmentation purposes. Currently, strains
containing a VC RDase are highly desirable for bioaugmentation purposes, since VC is a
known human carcinogen and may drive management of contaminated sites. Areas to be
investigated should include expanding what is known about its substrate specificity for
RUI11/PCE and identifying the specific dehalogenases involved in dehalorespiration of
different compounds. Identification of genes specific for each substrate is of great need as

a site management and monitoring tool (Waller et al., 2005).
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Chapter 3

Detection of Bacteria in the Atmosphere and Development of

Methods for Measurement of Their Activity

Portions of this chapter concerning the design and characterization of the gas-phase
bioreactors appeared in Krumins, V., E.-K. Son, G. Mainelis, and D. E. Fennell. 2008.
Retention of Inactivated Bioaerosols and Ethene in a Rotating Bioreactor Constructed for

Bioaerosol Activity Studies. CLEAN - Soil, Air, Water, 36, 593-600.
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3-1. Development of Methods to Measure Bacterial Activity in Air

1. Introduction

1.1. Rationale

The study of airborne microorganisms and their effect on human health and the
environment is known as aerobiology. In recent years, aerobiology research has increased
primarily because of growing awareness of the variety of health problems potentially
caused by airborne microorganisms (Bitton, 2002). Microorganisms of terrestrial or
aquatic origin can be aerosolized by a variety of mechanisms (Mohr, 2002). Location and
environmental conditions such as humidity, density and temperature have a great
influence on the number and types of microorganisms in the air (Jones and Harrison,
2004). Aerial bacteria may exist as single cells; however they are more often associated
with bioaerosol particles consisting of aggregates of bacteria, cellular remains, fungal or
plant components, mineral dust and water (Stetzenbach et al., 2004). Liquid droplets
produced by water bodies may contain one or more bacteria depending on the droplet size.
Bioaerosols may range from 0.3 to 100 um in diameter (Stetzenbach et al., 2004).

The atmosphere is a harsh environment for microorganisms and death may occur
through desiccation, chemical reactions involving radicals, and UV damage. However,
association with other airborne particulate matter offers microbes some protection from
UV radiation (Lighthart, 2000). Because of the hostile nature of the atmospheric
environment, the traditional paradigm for air holds that it is an unsuitable growth medium
for bacteria and serves only as a transitory conveyor (Madigan at al., 2003; Mohr, 2002).
Most aerobiology research focuses on presence, transmission, and die-off of pathogenic

or allergenic microorganisms that affect humans, animals or plants (Stetzenbach et al.,
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2004). Recent work has focused on public security and safety concerns such as detection
of Bacillus anthracis and other pathogens (Agranovski et al., 2004; Beamer et al., 2004;
Higgins et al., 2003).

This study describes development of methods to determine whether airborne
bacteria could be metabolically active. There are several reasons that potential activity of
airborne bacteria has relevance. The atmosphere contains many compounds that are
known to support microbial growth. The estimated global emissions of non-methane
volatile organic compounds (VOCs) are estimated to be 142 Tg yr' (Pandis and Seinfeld,
1998). Air concentrations of VOCs are low, but significant enough to be of concern for
human health—100 pg L™ for butane (Pandis and Seinfeld, 1998); 30 pg m™ each for
benzene, toluene and xylenes (Schneider et al., 2001); and 21 pg L™ for acetic acid.
Aerial VOC concentrations are comparable to aqueous concentrations found in aquatic
oligotrophic environments (Hama and Handa, 1980) known to support diverse bacterial
communities (Page et al., 2004; Pearce, 2003; Stockner et al., 2005). Bacterial growth
was supported by VOC substrates that partitioned into liquid growth medium from
ambient air (Geller, 1983). Similarly, organic compounds may be concentrated on
aerosolized particles via sorption or condensation (Saxena and Hildemann, 1996), and
this mechanism could increase the availability of aerial substrates to airborne
microorganisms. Indeed, the fine particulate matter found in air, PM10 and PM2.5
(diameters less than 10 pm and 2.5 um, respectively), consist of 20 to 50 % hydrophobic
and hydrophilic organic compounds, many of which are known bacterial substrates

(Saxena and Hildemann, 1996).
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Are the ubiquitous and varied b _
Smin =K—— Equation (3-1.1)
. . . Hmax — b
organic compounds in air present at
Where:
concentrations which can support K- half.velocity coefficient (mg-L-)):
) ) . b= decay coefficient (d!); and
bacterial life and growth? Equation (3- Hye = maximum specific growth rate (d-1).

1.1) is a simplification of the Monod kinetic model that may be used to describe the
minimum substrate concentration (Sy,;,) that will support bacterial growth (Rittmann and
McCarty, 2001). Using parameters (K = 2.8 to 37 pg L™; b=0.002 hr''; and pmay = 0.4
hr'") for aerobic toluene degradation under substrate limited conditions (Button et al.,
1981; Duetz et al., 1994), results in an Sy, of approximately 0.02 to 0.2 pg L. These
concentrations are similar in order of magnitude to that of many VOCs found in bulk air,
as mentioned above. Degradation of combinations of substrates may proceed at levels
below individual S, values, indicating that bacteria have the ability to conserve energy
from combinations of substrates that individually have concentrations less than Spin
Harms, 1996; Kovarova-Kovar and Egli, 1998; Namkung and Rittmann, 1987).

Very little is known about the growth and activity of microorganisms in the air.
Key questions include whether a) airborne bacteria are active and b) airborne bacteria
degrade contaminants or incorporate carbon or nutrients. A series of experiments in the
1970s that were intended to determine the risk of biocontamination of the gaseous Jovian
atmosphere by space probes sent from Earth examined reproduction of airborne bacteria.
Glucose transformation (Dimmick et al., 1975), incorporation of thymidine (Straat et al.,
1977) and cell doubling (Dimmick et al., 1979a; Dimmick et al., 1979b) were observed in
aerosolized Serratia marcescens bacteria suspended in rotating drum aerosol chambers.

To our knowledge, these are the only studies to have focused on bacterial growth and
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activity in situ in the bulk aerial environment, albeit in a model system. Investigation of
microorganisms collected from the atmosphere in cloud droplets is more prevalent. For
example, Sattler et al. (Sattler et al., 2001) have reported that bacteria in cloud droplets
could grow at temperatures of 0°C and estimated that carbon processing by cloud-borne

bacteria could range from 1 to 10 Tg yr™.

To the best of our
knowledge, there has been no
exploration of  microbial
activity and growth in natural
bulk air. This activity could
be especially important in
atmospheric ~ environments
rich in organic pollutants. Air
contains about 1x10* to 1x10°
bacterial cells m™ (Bauer et

al., 2002; Griffin et al., 2001;

Lighthart, 2000; Sahu et al., Transport of living
L microbes from
2005). Considering  the landfwater to the

atmosphere

volume of the troposphere

(circa 8x10' m®) this could | Figure 3-1.1. Proposed fates and roles of
microorganisms in the atmosphere.

account for approximately

1x10% to 1x10* total bacterial cells in the acrosolized state. These populations are
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comparable to bacterial quantities present in the gut of certain animal species such as
termites or swine (Whitman et al., 1998). The latter ecosystems have a significant impact
on carbon cycling in the global environment and thus it is anticipated that bacteria in the
airborne state may also have a similar impact (Figure 3-1.1). Emerging atmospheric and
climate research suggests that airborne microorganisms could influence atmospheric
chemistry, physics and climate during long-range vertical and horizontal transport

(Deguillaume et al., 2008).

1.2. Objectives and experimental strategy

In most, if not all of the ecological niches on Earth, bacteria are the primary
mediators of biological processes and have great impact on the Earth’s environment
(Whitman et al., 1998). The activity of bacteria in groundwater and sediments, for
example in degradation processes, is known to have tremendous impact on the human
environment. The enrichment of bacteria from soils, sediment or groundwater is
performed using microcosms or enrichment cultures containing inoculum from the
affected environmental medium. These studies have resulted in discovery of novel
bacteria occupying specific niches and novel biological activities that have great impact
on environmental quality. A variety of microbiological and molecular techniques may be
used to identify and assign activity to specific community members.

This study addressed the hypothesis that air contains an active microbial
ecosystem. The presence of bacteria and presence of suitable substrates at concentrations
conducive to their growth create a possibility of an active living ecosystem, and not just a

collection of dormant cells that are passively transported. Could an enrichment approach
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also be applied to air to study the bacterial community? The overall goal of the study was
to develop methods to enable investigation of whether bacteria are capable of metabolism
and/or growth while airborne. The specific objectives were to:

(1) develop methods to determine if airborne microorganisms degrade volatile organic
compounds present in the air;

(2) develop methods to determine if airborne bacteria multiply under some
circumstances; and

(3) determine whether airborne bacteria respond to changes in humidity, temperature or
presence of chemical substrates.

To achieve the objectives of the study, compact rotating bioaerosol bioreactors
were developed to keep bacteria suspended for days while measuring their activity. The
reactor design is a rotating drum system similar to that described by Goldberg et al.
(Goldberg et al., 1958); however, the bioreactor was rolled in a rack, rather than being
mounted on a rotating shaft. This adaptation allowed for use of off-the-shelf drums with
minimum modification: the only requirement was that the drum has a circular cross-
section. As a result, the bioreactors in this study were relatively inexpensive
(approximately US$2000 per reactor).

The reactor system was also equipped with a virtual impactor positioned at the
reactor inlet to have the capability to increase the particle concentration when filling the
reactor. Concentrating the bioaerosol particles from ambient air would increase the
concentration of bacteria inside the reactor and would thus increase the sensitivity of
activity tests with ambient airborne bacteria. The effectiveness of the concentrator in

filling the reactors was tested with ambient air.
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We evaluated the capability of the reactors to retain ethene (a model VOC) and a
bioaerosol of inactivated (killed) Pseudomonas fluorescens bacteria (ATCC 13525).
Ethene was chosen as a model compound because of its relevance as an atmospheric
VOC (Altuzar et al., 2005; Baker et al., 2008; Smidt et al., 2005), its biodegradability by
bacteria, including Pseudomonas species (Ginkel and Bont, 1986; Koziollek et al., 1999;
Shennan, 2006; Verce et al., 2001), its small size (and thus suitability for testing the
ability of the reactor to maintain integrity), its expected low reactivity with reactor
components, and the relatively simple and in-house analytics needed for its detection.
Ethene is produced biogenically by plants, has anthropogenic origins as a combustion by-
product, and undergoes destructive reactions with NOy, ozone, atomic oxygen and
hydroxyl radicals in the atmosphere (Altuzar et al., 2005; Baker et al., 2008; Pandis and
Seinfeld, 1998; Smidt et al., 2005). In terrestrial and aquatic environments ethene is used
as a sole carbon and energy source under aerobic conditions by certain species of bacteria
(Ginkel and Bont, 1986; Koziollek et al., 1999; Shennan, 2006; Verce et al., 2001). P.
Sfluorescens (ATCC 13525) (Stanier et al., 1966) is a widely-distributed Gram-negative
bacterium and was chosen as a model bacterial species because of its availability, ease of
growth and our past experience working with this strain as a bioaerosol (An et al., 2006;
An et al., 2004; Yao and Mainelis, 2006; Yao and Mainelis, 2007).

To test airborne bacterial growth and activity in the bioreactor system, two
microorganisms were chosen as model microbes: Gram-negative, ethene-degrading
Xanthobacter autotrophicus (ATCC BAA-1158) and Gram-positive Bacillus subtilis
(obtained from US Army Edgewood Laboratories). X. autotrophicus was isolated from

soil and is known to utilize ethene and propene (Van Ginkel et al., 1987). B. subtilis is a
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common soil bacteria, which has been widely studied for a variety of purposes and which
is often used as a model microorganism in aerobiological studies (An et al., 2004; Wang
et al,, 2001; Yao et al., 2005). X. autotrophicus was aerosolized in the presence or
absence of gaseous ethene as a carbon source and B. subtilis was aerosolized in the
presence or absence of aqueous diluted tryptic soy broth (TSB) as a nutrient and carbon
source.

Finally, a quantitative polymerase chain reaction (QPCR) method was developed
and used along with an ATP assay, acridine orange staining and microscopy, and
traditional plate counts to enumerate bacteria in the airborne state within the reactors

under different conditions.
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2. Literature Review

2.1. Bioaerosols

Biological aerosols (bioaerosols) are collections of biological material in the air.
Bioaerosols may be single microorganisms or aggregates of microorganisms attached to
solid or liquid particles suspended in the air (Stetzenbach et al., 2004). Bioaerosols can
consist of bacteria, yeasts, fungi, spores of bacteria and fungi, microbial fragments, toxins,
metabolites, viruses, parasites and pollen (Matthias-Maser and Jaenicke, 1995; Matthias-
Maser et al., 2000). Microorganisms in bioaerosols may attach to dust particles or may
survive as free floating particles surrounded by a coating of dried organic or inorganic
material. Bioaerosols are typically 0.3 to 100 um in diameter; however, particles of size
fraction 0.5 to 5.0 um generally remain in the air longer, whereas larger particles are
deposited on surfaces more rapidly (Mohr, 2002). Biological material makes up 10 to
28 % by volume of the total airborne particulate matter (Matthias-Maser et al., 2000). In
the atmospheric environment, particles may be characterized either as primary or
secondary aerosols, also in addition to being characterized according to size fraction.
Primary aerosols are those that are emitted from a source to the atmosphere, while
secondary aerosols are those formed from condensation of chemical species brought
about by chemical reactions in the gaseous phase. A recent measurement at Lake Baikal,
Russia reported that about 15 to 35 % of atmospheric aerosol is composed of primary
biological aerosols (Jaenicke, 2005). Further, the emission rate of primary biological
aerosols is estimated to be approximately 1000 Tg yr' compared with 3300 Tg yr'' for

sea salt and 2000 Tg yr’' for mineral dust (Jaenicke, 2005).
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Several studies have reported that a major fraction of biological aerosols consists
of fungal spores. The mass concentration and characteristic cell concentration of fungal
spores is roughly 10* cells m™ or 1 pg m> (Bauer et al., 2008; Elbert et al., 2007). The
concentration of airborne bacteria is estimated to be 10* to 10° cells m™ (Lighthart, 2000),
far lower concentrations than those found in the ocean or freshwater bodies. Bauer et al.
(Bauer et al., 2002) showed that the average mass concentrations of bacteria amounted to
just 0.01 % of the organic carbon in cloud, snow, rain and aerosol samples. Bacteria
range from 0.25 to 5 um in diameter and are commonly spheres (cocci), rods (bacilli) or
spirals (Lighthart and Mohr, 1994). The physical behavior of airborne bacteria in the
atmosphere is determined by their aerodynamic diameter defined as the diameter of the
equivalent particle, which behaves in the same way as the particle in question but is
spherical and has a density of one g m™ (Jones and Harrison, 2004).

A survey of the culturable airborne bacteria at four different locations in Oregon,
USA, identified the majority of bacteria at inland sites as being associated with particles
with greater than 3 um aerodynamic diameter (Shaffer and Lighthart, 1997). Association
of living cells with other particles may influence the length of time that the cell remains
viable, in addition to controlling the time that a particle remains suspended in the
atmosphere. The interaction of a particle with its environment depends on its surface area,
while its ability to sustain damage depends on its volume, resulting in smaller aerosols
being more susceptible to environmental damage such as oxidation, irradiation,
desiccation and dehydration due to increase in the surface area (Jones and Harrison,

2004).
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2.2. Atmosphere as a substrate sink for airborne bacteria

Global emissions of non-methane volatile organic compounds (VOCs) are
estimated to be 142 Tg yr’' (Pandis and Seinfeld, 1998). Concentrations of various VOCs
have been widely measured in outdoor air and vary substantially on a geographical,
temporal and seasonal basis. In a study of VOC measurement in 28 US cities, ethane
varied from 560 to 8740 pptv; combined benzene, toluene, ethylbenzene, and xylene was
1 to 4 ppbv; and isoprene was up to 2590 pptv (9). Benzene was reportedly present at up
to 3 ppbv and toluene at up to 7 ppbv in some urban environments (Schneider et al.,
2001). Ethene was reported to be from less than 1 ppbv to greater than 60 ppbv (Altuzar
et al., 2005; Baker et al., 2008; Smidt et al., 2005). Concentrations of carboxylic acids
may be higher, for example 8500 ppmv acetic acid was reported (Saxena and Hildemann.,
1996). The fine particulate matter (PM) found in air, PM10 and PM2.5 (diameters less
than 10 and 2.5 um, respectively), consist of 20 to 50 % hydrophobic and hydrophilic
organic compounds, many of which are bacterial substrates (Saxena and Hildemann,
1996).

In many cases, the concentrations of VOCs in the atmosphere noted above are low
relative to concentrations that may be encountered in terrestrial aquatic environments,
especially near sources of contamination. However, VOCs likely sorb onto particles or
dissolve into water droplets, therefore increasing their concentrations in airborne particles
relative to that in the bulk air (Saxena and Hildemann, 1996). Even at the lower
concentrations observed in the aerial environment there is precedent from literature
regarding terrestrial aquatic environments that suggest that these lower concentrations

could support bacterial activity. A study on the dissolution of atmospheric organic carbon
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into sterile mineral medium demonstrated that the dissolution rate of airborne organic
carbon and the concentration of dissolved organic carbon (DOC) achieved were enough
to support the growth of oligotrophic bacteria (Geller et al., 1983). It is possible, therefore,
that atmospheric background levels of VOCs either directly adsorbed to bacterial cells or
to hydrometeors containing cells may support metabolism of airborne microorganisms.
Indeed there have been several studies of microbial activity in cloud or fog droplets.
Fuzzi et al. (Fuzzi et al., 1997) identified three bacterial genera (Pseudomonas, Bacillus
and Acinetobacter) by using a culture-based method for samples of fog droplets and
reported that the concentration of airborne bacteria and yeasts was up to two orders of
magnitude greater in foggy conditions than in clear air conditions. Bacterial growth in
cloud droplets was estimated to account for carbon assimilation of 1 to 10 Tg yr™' (Sattler
et al., 2001). Bauer et al. (Bauer et al., 2002) estimated the average number of bacteria in
cloud water at Mount Rax in Austria during spring 1999 and 2000 as 5.9 x 10’ cells m™.
Amato et al. (Amato, 2007) identified diverse bacterial populations present in cloud
droplets. These authors speculated that cloud isolates could transform relevant
compounds at temperatures and environmental conditions relevant to the cloud
environment (Amato et al., 2007c). In a study on nitrogen processing in clouds, nitrifying
bacteria were detected in cloud droplets, which suggested that nitrogen biotransformation

could even occur in clouds (Hill et al., 2007).

2.3. Evidence for growth and activity of airborne bacteria
Most aerobiology research has focused on presence, transmission, and decay of

airborne pathogenic microorganisms or allergens which are involved in human health
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effects. Because of ultraviolet radiation, desiccating conditions, and the presence of free
radicals, the atmosphere is a harsh environment for microorganisms airborne and
microorganisms are mostly assumed to be inactive or resting (Gregory, 1973). Thus, the
possibility that bacteria suspended in natural ambient air can metabolize substrates, grow,
or divide has not been considered until very recently. However, most airborne bacteria
are present as aggregates in bioaerosols and the association with particles provides
bacteria with protection from UV damage and desiccation stress (Griffin et al., 2001;
Stetzenbach et al., 2004). Furthermore, aerial environments transiently contain moisture,
nutrients and many organic compounds (as mentioned in 2.2) that are known to support
microbial growth.

In the 1970s studies were carried out at the Naval Biomedical Research Facility to
evaluate the potential for bacterial survival in the Jovian atmosphere in an effort to
determine the risk that space exploration might infect Jupiter. It was shown that Serratia
marcescens was capable of glucose transformation (Dimmick et al., 1975), incorporation
of thymidine into DNA (Straat et al., 1977), and cell doubling (Dimmick et al., 1979a;
Dimmick et al., 1979b) while airborne. In these experiments, bacterial cultures and
solutions of nonvolatile substrates (glucose and thymidine) were aerosolized separately,
and the aerosols were mixed. Therefore the bacteria were only exposed to the substrates
if they collided with a substrate droplet at the time of aerosol mixing. To carry out such
experiments, the bacteria were kept airborne for several hours by using a slowly rotating
reactor design which allowed maintenance of particles airborne much longer than upflow
air reactors (Goldberg et al., 1958). In the original design, Goldberg et al. (Goldberg et al.,

1958) used 0.61 m long by 1.83 m diameter (1.6 m’) rotating reactors to maintain
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relatively constant airborne pathogen concentrations for animal exposure tests. A facility
containing eight 1.0 m’ rotating bioreactors was constructed at the Naval Biomedical
Research Facility for studies of pathogen survival and transmission (Goldberg, 1971). In
a variety of studies “Goldberg drum” designs have been used to study airborne
microorganisms (Cox, 1976; Griffiths et al., 2001), environmental effects on microbial
survival (Lighthart, 1973; Sattar et al., 1984; Songer, 1967), or to maintain relatively
constant bioaerosol concentrations for animal exposure studies (Goldberg, 1971).

Clouds, fog and rain can be a biologically favorable medium by protecting
airborne bacteria from desiccation. Recent studies demonstrated that viable
microorganisms are present in clouds, fog and rain and they have potential to influence
atmospheric physics and chemistry (Cote et al., 2008). Amato et al. (Amato, 2007)
identified 60 microbial strains from cloud water and showed their ability to degrade some
of main atmospheric organic acids to more volatile compounds. Furthermore, the
concentrations of adenosine triphosphate (ATP) in cloud water suggested that major
fraction of bacteria in clouds are metabolically active (Amato et al., 2007c). It has been
reported that aerosolized bacteria play an role in ice nucleation for precipitation by using
protein or proteinaceous compounds (Christner et al., 2008a).

The scientific information summarized above raises the possibility that the
presence of bacteria and sufficient concentrations of suitable substrates make the ambient
air an active ecosystem. Atmospheric bacteria may be metabolically active and air may
not be just a medium through which they are passively transported. If microbial

metabolism and/or growth do in fact occur, it would represent an unrecognized sink for
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environmental contaminants, could be a factor in the global carbon cycle and have great
implications for our understanding of the atmosphere as a part of the biosphere.
2.4. Microbiological analysis of bioaerosols

To elucidate the possibility of microbial growth and/or metabolism and the
potential role of airborne bacteria in atmospheric transformation, accurate and
reproducible identification and quantification methods of microorganisms in the air are
required. Various sampling and analytical methods have been utilized for air sampling
and analysis to provide information regarding concentration and composition of
microorganisms in bioaerosols.

Sample collection methods affect what type of sample analysis methods may be
subsequently utilized. Impaction, impingement, and filtration are the most common air
sampling methods (Bitton, 2002). Overall, impaction is the most frequently used method
for bioaerosol collection (Bitton, 2002; Buttner, 2002). Impaction is a method whereby
air is collected from the atmosphere and the flow is directed perpendicular to a collection
surface coated with agar, gelatin or other media (Bitton, 2002). The particles in the air are
propelled via momentum related to their mass to impact and be retained on the surface
collector. The impaction method allows culture-based analysis and usually has a very
low upper detection limit. During impingement sampling, air is forcibly bubbled through
a liquid and the aerosols are transferred into the liquid (Buttner and Stetzenbach, 1991;
Buttner and Stetzenbach, 1993). Because aerosols are collected in a liquid medium,
samples can be diluted and easily used for further analytical methods, including culture,
microscopy, immunoassay, flow cytometry and molecular methods (Buttner and

Stetzenbach, 1991; Buttner and Stetzenbach, 1993; Cox and Wathes, 1995). The filtration
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method collects airborne microorganisms from the air directly onto a filter or membrane
with a specific pore size. Filtration sampling is simple and the costs are low, but, this
method results in desiccation of vegetative bacterial cells which may be damaging and
preclude later culturing (Cox and Wathes, 1995).

Conventional methods for identifying and enumerating airborne bacteria and
other microorganisms rely on microscopic or cultural techniques (Buttner, 2002). These
conventional methods are time-consuming, laborious and sometimes inaccurate.
Microscopy is not species-specific and may be unreliable for detection of small and
nondescript microorganisms. Culture-based techniques are unsuitable for detection of
microorganisms that are slow growing or nonculturable in vitro and the choice of medium
may influence which species can grow (Cox, 1989). In many complex natural
environments, for example, less than one percent of the viable microbes present can be
cultured under standard conditions (Pace, 1997).

Recently, culture-independent molecular methods for microbial identification and
quantification have been developed and applied in the context of aerobiology (Alvarez et
al., 1994). As the potential of these techniques for detection of airborne microbes has
been recognized, there have been many reports on progress in this area (Stetzenbach et al.,
2004). DNA-based detection methods offer greater potential for sensitive and specific
detection, and some progress has been made in the detection of airborne bacteria using
these techniques (Mukoda et al., 1994; Schafer et al., 1998). Polymerase chain reaction
(PCR) amplification provides a qualitative and semi-quantitative assessment (Saiki et al.,
1985). Recently, real-time quantitative PCR using fluorogenic probes has been developed

and used for detection for airborne bacteria and fungi (Claudio Orlando et al., 1998;
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Cruz-Perez, 2001; Orlando et al., 1998)). Several molecular techniques use ribosomal
RNA (rRNA) gene sequences as tools for species identification by means of phylogenetic
sequence analysis or quantification of total bacterial/fungal population numbers
(Stetzenbach et al., 2004). Ribosomal RNA genes can also be quantified by real-time,
quantitative PCR methods directly from mixed-community DNA preparations
(Stetzenbach et al., 2004). Recently, Brodie et al. (Brodie et al., 2007) utilized gene chips,
clonal libraries and culture methods to enumerate diversity and fluctuation in air from an

urban environment.
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3. Materials and Methods

3.1. Test microorganisms

We used Pseudomonas fluorescens (ATCC 13525, American Type Culture
Collection, Manassas, VA), Xanthobacter autotrophicus (ATCC BAA-1158, American
Type Culture Collection, Manassas, VA) and Bacillus subtilis var. niger from the US
Army Edgewood Laboratories (Edgewood Research, Development and Engineering
Center, Averdeen Proving Ground, MD, USA) for the various experiments described in
this dissertation. The P. fluorescens and the B. subtilis var. niger used in our experiments
were cultured in Nutrient Broth (NB) and Trypticase Soy Broth (TSB) (Becton Dickinson
Microbiological System, Sparks, MD, USA), respectively at 37 °C. Xanthobacter
autotrophicus was maintained on NB. For live aerosol growth tests, X. autotrophicus was
transferred and grown in 160 mL serum bottles in minimal salts medium containing (per
L in deionized water): 1.55 g of K,POy4, 0.85 g of NaH,POy4, 2.0 g of NH4Cl, 0,075 g of
MgCl,.6H,0, 0.1 g of (NH4),SO4, 0.1 g of yeast extract, and 0.2 mL of a trace element
solution (Wiegant and De Bont, 1980). Gaseous ethene was added to the bottle headspace
to give a final concentration of approximately 43,000 ppmv (50,000 mg/m’) in the gas

phase and the cultures were incubated at 30 °C at 120 rpm.

3.2. Rotating bioreactors
3.2.1. Theory (Krumins et al., 2008)
One of the main challenges involved in studying potential metabolic activity of
airborne bacteria is the need to keep them airborne for a prolonged period of time, i.e.,

several days. Particles suspended in quiescent air will settle under the influence of gravity
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at a rate determined by the Stokes equation. In a rotating volume of air (as inside a
rotating drum), the direction in which the particles settle is constantly changing, so there
is no net downward motion of the particles. Rather, particles trace a circular orbit with
respect to the drum, the radius of which depends on the rotation speed of the drum and

the Stokes velocity of the particle as described by Goldberg (Goldberg, 1971):
ro= S 7 e Equation (3-1.2)

Where ry is the particle orbit radius (m);

d, 1s particle diameter (m);

g is the gravitational constant (9.81 m/s?);

p is the particle density (kg/m’);

C. is the slip correction factor (Gruel et al., 1987) (unitless, not included in

Goldberg’s (Goldberg, 1971) formulation);

u is dynamic viscosity of the air (Pa-s; approximately 1.83x10” Pa-s at 22°C);
and

w 1s the drum rotation rate (rad/s).

Particles located within one orbit radius of the drum wall at the start of rotation
will hit the wall and be lost, but the other particles remain suspended. Over time, these
particles will move outward under centrifugal force generated by the rotation of the drum

(Goldberg, 1971). The outward particle velocity caused by centrifugal acceleration is:

2
Vir) = mao € Equation (3-1.3)
3-m-p-d,

Where V'is the outward net radial particle velocity (m/s);

m 1is the particle mass (kg); and
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r is the radial distance of the particle from the drum center line (m).

Goldberg (Goldberg, 1971) reported that particles remain uniformly distributed
throughout the rotating drum volume. That simplification led to a first order decay model
for particle suspension that depends on the particle properties and rotation rate of the
drum:

2w’ t

C() = C(0) €Xp Equation (3-1.4)
Where C(t) is the concentration of particles (number/vol) of a given size at time ¢;
2

7 is relaxation time, defined as t = %IUCC (s); and Equation (3-1.5)

t is time (s).

Gruel et al. (Gruel et al., 1987) and Asgharian and Moss (Asgharian and Moss,
1992) pointed out that once a particle migrates to within 7y of the reactor wall, it will hit
the wall within the next revolution. In effect, the useful volume of the reactor is
decreased by a factor of 1-(R-rg)’/R’, which depends on the reactor diameter R, particle
properties, and the drum rotation rate. By including this factor, both groups calculated
the “optimal” rotation rate for maintaining particles in suspension. Asgharian and Moss
(Asgharian and Moss, 1992) determined that the optimal rotation rate for maintaining 1
um particles in a 1 m diameter drum for 96 hours is 0.30 rpm. However they also
indicated that retention of this particle size is fairly insensitive to rotation speed over a
wide range of w. It is worth noting that once the particles are lost to the wall, forces
required to detach them are substantial. According to Hinds (Hinds, 1999), adhesion
force for 1.0 pm particles is 10”7 N, while, for comparison, gravitational force is 5x10™"

N.
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3.2.2 Development of rotating bioreactors

A rotating bioaerosol bioreactor system was developed and characterized as part
of this study. This system, described in (Krumins et al., 2008) consisted of two stainless
steel drums (reactors) cradled between and rotated by two axles (Figure 3-1.2). The two
reactors (reactor 1 and reactor 2) were maintained at a constant temperature in a
controlled-environment chamber (model GC-96-CW, Environmental Growth Chambers,
Chagrin Falls, OH, USA). Humidity inside the reactors was adjusted during filling;
leakage of water vapor (humidity) in or out of the reactors was minimized by setting the
humidity control of the controlled-environment chamber to the desired humidity level in
the reactors.

Each reactor vessel consisted of a 0.32 m’ stainless steel open-head drum, 1.02 m
long by 0.66 m diameter. This was the largest size that could be purchased off-the-shelf
in stainless steel. An electrically conductive material was chosen in order to minimize
potential image forces due to the net negative charge carried by aerosolized bacteria
(Mainelis et al., 2001). A neoprene gasket was used to minimize leakage around the
interface of the lid and the rolled lip of the drum. Three holes were cut into the drum and
lid to allow for filling, sampling, and instrumentation. Two 21 mm diameter (1/2” NPT)
bulkhead fittings were installed, one in the drum bottom, and one located approximately
half-way radially from the center of the lid. A third 19 mm diameter hole was installed in
the lid for a duct-mounted temperature and relative humidity probe. A 21 mm cross
fitting was installed on the bulkhead in the drum lid. One port of the cross was fitted with

a Teflon®-lined septum, through which a needle attached to a syringe could be inserted
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for sampling or for injecting a VOC into the reactor. A second port was used for filling
the reactor. The final port of the cross was connected to the pressure tap of the pressure
transducer, located inside the electrical enclosure.

A 200 x 150 x 100 mm NEMA 1 electrical enclosure was mounted to the drum lid
and housed a battery-powered datalogger (model HOBO U12-013, Onset Inc., Pocasset,
MA, USA), a differential pressure transducer with a range of + 3.7 kPa (+ 15 in. H,O)
(model PX275-30DI, Omega Engineering Inc., Stamford, CT, USA), and a
temperature/humidity transmitter (model HX94CW, Omega Engineering Inc., Stamford,
CT, USA). The temperature/humidity probe was mounted through the lid into the drum.
The pressure and temperature/humidity transmitters were powered by two 6V batteries.

A major design feature distinguished this reactor system from that of Goldberg et
al. (Dimmick et al., 1979a; Goldberg et al., 1958). Rather than rotating about a shaft, the
reactors were cradled between two axles in a roller frame. Power from a 37 W (1/20 hp)
gear motor, with 90 rpm output, was transmitted through a V-belt drive to the drive shaft
(Figure 3-1.2). Urethane drive rollers (64 mm diameter) transferred rotational energy to
the reactors. Idler rollers spun freely on the other shafts. This adaptation could allow a
variety of reactors with round cross section to be rotated without modification (i.e.,
without installing and aligning a new shaft), although the rotation rate is related to the
reactor diameter.

In our experiments, the drum was set to rotate at 1.3 rpm, which would yield 1.0
percent loss of 1 um particles per day. Taking into account that an additional 0.3 percent
of the particles were removed per day during sampling, the resulting theoretical half-life

for 1 um particles was 54 days.
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Figure 3-1.2. Schematic of the rotating bioaerosol bioreactor system (drawing courtesy

of Dr.Valdis Krumins (Krumins et al., 2008).
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Before running the tests, the drums were opened and the interiors wiped clean
with 70 % isopropanol, then the lids were replaced and the drums were flushed with three

volumes of ambient air filtered through a 0.45 pm filter.

3.2.3. Bioreactor environmental conditions
Experiments were performed in a controlled-environment chamber (model GC-
96-CW, Environmental Growth Chambers, Chagrin Falls, OH, USA) with a 12 hr
light:dark cycle. The temperature was 22 °C for the ethene retention test and inactivated
bioaerosol particle suspension test, and 30 °C for the airborne bacteria growth test. The
relative humidity (RH) in the chamber was 70 % during all the tests with P. fluorescens
and X. autotrophicus, 30 % for the particle concentration tests and 85 to 90 % during the

tests with B. subtilis.

3.2.4. Incorporation of airborne particle concentrator in the bioreactor system

The use of airborne bacteria at their average natural ambient abundance levels of
10* to 10’ bacteria per m’, (Lighthart, 2000) in the 0.32 m® reactors could limit the extent
of detectable bacterial concentrations, bacterial community changes or VOC consumption
that could be observed. To increase the concentration of bacteria contained in natural air
and thus to increase sensitivity of detecting their activity we incorporated a particle
concentrator for filling the reactors with natural air. The concentrator is a virtual impactor
designed and constructed by Dr. Constantinos Sioutas of the Southern California Particle
Center, University of Southern California, Los Angeles, CA, USA (Kim et al., 2000). For

filling the reactor using the concentrator, a major flow of 95 L min™ was pulled through
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the virtual impactor using a pump while the product flow of 5 L min" enriched with

aerosol particles, was drawn through the reactor by a second vacuum pump.

3.2.5. Introduction to and recovery from reactors of aerosolized bacteria

For aerosolization, P. fluorescens and B. subtilis were grown overnight (not
exceeding 16 hours) in fresh medium for each experiment. X. autotrophicus was
transferred to minimal salts medium containing ethene, incubated for 2 to 3 days and then
the ethene degrading ability of the culture was checked by gas chromatography. The cells
were harvested by centrifugation at 7000 g for 5 min at 4 °C (BR4; Jouan, Winchester,
VA), and the pellet was resuspended in distilled water. After a second centrifugation, the
final pellet was resuspended with 50 mL of distilled water or a diluted growth medium.

The cell suspensions were acrosolized using a Collison nebulizer with 5 L min™
of 0.45 um filtered pre-purified nitrogen (Airgas East, Piscataway, NJ, USA). The flow
from the aerosolizer was mixed with 45 L min™ of 0.45 um filtered ambient air to dry the
airborne particles of associated water, which would affect particle sizes and
agglomeration. In the live aerosol test with B. subtilis, purified air (Airgas East,
Piscataway, NJ, USA) was used as a drying gas instead of ambient air. The bioaerosol
was delivered to the reactor through sterile 9.5 mm inside diameter Tygon® tubing. To
ensure even filling of the reactors, one reactor was filled for 3 minutes, followed by the
other reactor. Because the reactors were rolling during filling, the fill tubing was uncoiled
as it was switched from one reactor to the other every 3 min. Each reactor was filled for
a total of 30 minutes. Particle counts were measured immediately after filling, one hour

later, and every 24 hours thereafter. Air samples for particle counts were collected from
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each reactor by attaching a 9.5 mm sterile ID tube to the reactor outlet and collecting a 1
L sample at a 2.8 L min™' flow rate by the particle counter. During particle measurement,
the reactor rotation was not stopped.

The bioaerosols were sampled using a liquid impingement microbial sampler, the
BioSampler (SKC Inc., Eighty Four, PA), equipped with 5 mL sampling cup and
operated at a flow rate of 12.5 L min". The BioSampler has established performance
characteristics and features of higher collection efficiency for bacterial cells (Rule et al.,
2007). During each test, airborne bacteria were collected by the BioSampler into 5 mL of
sterile phosphate buffered saline (PBS) solution for 2 min. In our experiments the
bacterial concentration of the original liquid culture before aerosolization was determined
by spectrophotometry to be approximately 10° cells/mL.

After each air sample was collected from the bioreactor, the cell suspension in 5
mL PBS solution was processed as follows:

(1) 1 mL of sample suspension was transferred to sterilized microcentrifuge tubes
and a 0.1 mL aliquot was used to obtain 10 to 10~ PBS-based serial dilutions. Next, 0.1
mL of each of these dilutions was plated to obtain colony forming units (CFU) counts.

(2) 1 mL of sample suspension was transferred to sterilized microcentrifuge tubes
and used to prepare 10-fold water-based serial dilutions. Aliquots of these dilutions were
used to determine the concentration of collected bacteria using epifluorescence
microscopy following Acridine Orange staining.

(3) 1 mL of sample suspension was transferred to sterilized microcentrifuge tubes

and processed immediately for quantitative polymerase chain reaction (QPCR).
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(4) 1 mL of sample suspension was transferred to sterilized microcentrifuge tubes

and stored for ATP determination.

The portions of the collected suspension utilized for genomic DNA extraction or

cell lysis before the qPCR reaction and for ATP measurement were immediately

centrifuged at 16000 x g for 20 min at 4 °C.

3.3 Experiments performed in rotating bioreactors

A series of experiments were performed in rotating biological reactors to

characterize the reactors and to examine the activity of bacteria in the airborne state. An

experimental protocol describing an overview of these tests is shown in Table 3-1.1.

Table 3-1.1. Experimental protocol of studies performed in rotating bioreactors.

Question/Task Bacteria Substrate Assay
(1) Retention of volatile
organic substrates by None ethene VOC loss
rotating bioreactors
(2) Retention of Inactivated Pseudomonas none

aerosolized bacteria by
. . fluorescens

rotating bioreactors

(3) Culturability of

bacteria aerosolized with  Live Bacillus subtilis

and without substrate

(4) Activity and growth
of bacteria in the Live Xanthobacter
presence of volatile autotrophicus

growth substrates

(5) Activity and growth

of bacteria in the

presence of aqueous- Live Bacillus subtilis
phase dissolved

substrates

+ tryptic soy broth

+ ethene

+ tryptic soy broth

Particle loss

Bacterial
concentration

VOC loss

Bacterial
concentration

Bacterial activity

Bacterial
concentration
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3.3.1. Retention of volatile organic substrates by rotating bioreactors

Ethene was used to test the ability of the bioreactors to retain volatile organic
compounds. Ethene was selected as a model VOC because of its volatility and relatively
simple structure. One hundred eighty milliliters (180 mL) ethene (99%, Matheson Tri-
Gas, Inc., Montgomeryville, PA, USA) was injected into each reactor to produce a
gaseous concentration of 560 ppmv (650 mg m™). The rolling speed of the reactors was
1.3 rpm. The ethene concentration was monitored daily for 15 days. Triplicate 1 mL gas
samples for ethene analysis were removed via the sampling port without stopping the
drum rotation using a 1 mL series A-2 gastight syringe (VICI Precision Sampling, Baton
Rouge, LA).

The ethene content of gas samples removed from the reactors was determined
using an Agilent 6890 gas chromatograph equipped with a GS-GasPro (Agilent
Technologies, Inc. Santa Clara, CA) column (30 m x 0.32 pm L.D.) and a flame
ionization detector. The column was held at 50°C for 2 min. The integrated
chromatographic peak areas of the samples were compared to a five point linear
calibration curve. The ethene calibration curve was obtained by measuring the integrated
chromatographic peak area of ethene from 0.1 mL head space of 160 mL serum bottles

containing 500, 1000, 2500, 5000, and 7500 mg m” ethene at 22°C.

3.3.2. Retention of aerosolized bacteria by rotating bioreactors
Pseudomonas fluorescens cultures were used for particle suspension tests. The
bacteria were killed by addition of 3.7 % (final concentration, volume/volume) formalin.

The cells were then harvested by centrifugation, and the pellet was resuspended in sterile
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distilled water. This suspension was aerosolized using the system described in section
3.2.5. Particle counts were measured immediately after filling, one hour later, and every

24 hours thereafter, as described in section 3.4.1.

3.4. Analytical methods
3.4.1. Aerial particle counts
Particle counts were measured using a hand-held particle counter (ART
Instruments HHPC-6, Grants Pass, OR). Air samples were collected by attaching a 9.5
mm ID tube to the drum outlet and collecting a 1 L sample at a 2.8 L min”" flow rate.
During collection of air for particle counts from rotating reactors, the rotation was not

interrupted.

3.4.2. DNA sample preparation

The microcentrifuge tubes containing 1 mL airborne bacteria samples collected by
liquid impingement were subjected to centrifugation at 16000 x g for 20 min at 4 °C.
Supernatant was removed from the microcentrifuge tubes. A Mo-Bio Power Soil kit (Mo-
Bio Inc., Solana Beach, CA, USA) was employed to extract total DNA from the cell
pellet. The procedure was slightly modified from that provided by the manufacturer in the
following ways. The bacterial cell pellet was resuspended with a bead-beating solution
and transferred to a bead-beating tube. Cell lysis was initiated by addition of lysozyme
solution at a final concentration of 5 mg mL". The bead-beating tubes containing
bacterial cells and lysozyme were incubated for 30 min at 37 °C. Proteinase K (final

concentration, 2 mg mL™) and the C1 solution (SDS solution) from the Mo-Bio Power
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Soil kit were added to the tubes. The tubes were incubated for 30 min at 50 °C. For
further cell lysis, samples were subjected to three cycles of freezing at -80 °C, and
thawing at 65 °C. After the final cycle, the bead-beating tubes containing samples were
subjected to horizontal vortexing for 10 min. Nucleic acids were cleaned and
concentrated in accordance with the Mo-Bio DNA kit protocols. Final DNA was eluted in

30 pL of nuclease-free water.

3.4.3. Whole cell lysate preparation
To develop a more rapid bacterial DNA detection protocol, the results of DNA
quantification using DNA extract obtained using the Mo-Bio kit as described in section
3.4.2 or a whole cell lysate were compared. The whole cell lysate was prepared by
centrifuging the collected airborne bacterial cells (X. autotrophicus) and then
resuspending the cell pellet in 50 pL of nuclease-free water. Next, the cell suspensions
underwent three cycles of freezing at -80 °C, and thawing at 65 °C. Final cell lysis was

performed by heating the cells for 10 min at 94 °C.

3.4.4. Quantitative polymerase chain reaction analysis
A Bio-Rad 1Q-5 cycler system was used for qPCR analysis. A segment (V3
region) of the bacterial 16S rRNA gene was amplified by using the primer sequences
shown in Table 3-1.2. Primers were obtained from Integrated DNA Technology
(Coralville, IA, USA). A 200-bp fragment of the bacterial 16S rRNA gene bp 338 to 519
(according to Escherichia coli position) was amplified with the universal primers. The

PCR reaction was performed in a total volume of 24 pL reaction mixture using 12.5 mL
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of 2 x iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
[containing: the hot-start enzyme, iTaq'" DNA polymerase; SYBR PCR buffer; dNTP
mix; SYBR I; 20 nM fluorescein for dynamic well factor collection; and 6 mM MgCl,],
0.2 uM forward primer (Bac338f), and 0.2 uM reverse primer (Univ519r). One puL of the
DNA extract or whole cell lysate was added to the each PCR mixture. The standards and
the samples were included in duplicate for each run. The amplification reaction was
performed with a iCycler iQ™ thermal cycler (Bio-Rad Laboratories, Hercules, CA)
using the following program: 10 min at 94 °C; then 40 cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s. Data analysis was performed using iCycler iQ™ Real-Time
detection system software. All reactions were subjected to melting curve analysis using a
0.5 °C decrease from 94 °C to 72 °C following the amplification steps to confirm that
only one PCR product was synthesized.

As a standard for the qPCR assay, a fragment of the V3 region of the 16S rRNA
gene of P. fluorescens was amplified and pCR®2.1 vectors (Invitrogen, Carlsbad, CA)
containing the PCR amplicons were transformed into chemically competent E. coli,
TOP10 cells (Invitrogen, Carlsbad, CA), using a TOPO TA cloning kit (Invitrogen,
Carlsbad, CA), according to the manufacturer’s instructions. Transformed cells were
grown on Luria-Bertani agar plates at 37 °C overnight and plasmid vectors were
recovered from the transformed cells using QIAGEN plasmid purification kits (QIAGEN,
Valencia, CA). The concentration of plasmid DNA in the final eluate was determined by
imaging and analyzing electrophoretic gels using Quantity One 1-D gel analysis software
(Bio-Rad, Hercules, CA). These DNA solutions were used as standards of 10* to 10° gene

copies per uL. for qPCR.



102

Table 3-1.2. PCR primers used in quantitative analyses for airborne bacteria.

Target gene
Primer Sequence (5' — 3') (expected Ref.
amplicon size)
Bac338f CTCCTACGGGAGGCAGCAG 5\ (Nakatsu et al.,
Univ519r ATTACCGCGGCTGCTGG p
2000b)
®
Dependent TOPO™ TA
M13 -20f GTAAAACGACGGCCAGT upon insert Cloning
M13r TTCACACAGGAAACAG P (nvitrogen,
S1z¢€ Carlsbad, CA)

3.4.5. Culturable bacterial colony counts
Acrosol samples were serially diluted from 10~ up to 10> with sterile PBS
solution. A 0.1 ml volume of each dilution was plated in triplicate onto Trypticase Soy
Agar (TSA) or Nutrient Agar (NA) plates. The plates were incubated at 37°C for B.
subtilis or 30 °C for X. autotrophicus for 3 to 5 days and the number of colony forming

units (CFUs) was counted manually.

3.4.6. Total bacterial count by epifluorescence microscopy

Total numbers of bacteria in liquid suspensions were determined by
epifluorescence microscopy using an Axioskop 20 microscope (Carl Zeiss Inc.,
Thornwood, NY). For epifluorescence microscopy, two replicate slides were prepared by
filtering 1 mL aliquot of a selected dilution through a black polycarbonate filter (Fisher
Scientific, Suwannee, GA) and then staining with 1 mL of Acridine Orange solution
(Becton Dickinson Microbiology Systems, Sparks, MD) for 10 min. At least 20
microscopic fields were counted using an oil-immersion objective at X 1000

magnification.



103

3.4.7. ATP assay

A model 20/20" luminometer (Turner Biosystems Inc., Sunnyvale, CA) and
Promega BacTiter-Glo ATP Assay bioluminescence detection kit (Promega Corp.,
Madison, WI) was used as a sensitive and rapid method for quantifying ATP as described
in Seshadri et al. (Seshadri, 2008). The luminometer is capable of measuring as little as 3
amol of ATP. A 100 pL sample containing bacterial suspension of bioaerosols collected
in the BioSampler was treated with BacTiter-Glo™ to release the ATP from the cells
which in turn reacted with luciferin/luciferase present in the reagent to produce
luminescence. The luminometer response (RLU) was compared to a bacterial standard
curve established using acridine orange counts and the luminometer output (RLU) as

described in Seshardi et al. (Seshadri et al., 2008).

3.5. Data Analysis

The culturability of the aerosolized cells in each sample was evaluated by
comparing the culturable bacterial number, CFUs, to the total bacterial numbers
determined from the qPCR assay and from epifluorescence microscopy according to
Equation (3-1.6).

% Culturabilty = CFU x100 Equation (3-1.6)
total bacterial number

A t-test was performed using Microsoft Excel® to compare the culturability of
cells recovered from the gas-phase bioreactors from B. subtilis suspensions aerosolized

with or without TSB growth medium. A significance level of 0.05 was used.
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4. Results
4.1. Operation of Rotating Bioaerosol Bioreactors
4.1.1. Reactor environmental control (Krumins et al., 2008)

Data collected from the onboard dataloggers on reactor 1 for a control run in the
presence of inactivated bioaerosol are presented in Figure 3-1.3. Data were automatically
collected and stored at two minute intervals, but for clarity only every 60" reading for
pressure and every 120" reading for temperature and humidity are presented. The relative
humidity was 58.5 = 1.4 % (average + standard deviation) inside the reactor, while the
temperature was 21.94 £ 0.04 °C. On average, there was a slight positive pressure (+
0.039 + 0.018 kPa) inside the reactor relative to the chamber during the test. Data

collected during other control runs exhibited similar results (data not shown).

4.1.2. Ethene retention tests (Krumins et al., 2008)

The ethene concentration in reactor 1 during the control test with killed bioaerosol
is shown in Figure 3-1.4. Data are presented as averages of triplicate measurements +
one standard deviation for each time point. The data were fit with a first order loss model
(> = 0.59), with a loss constant, k, of 0.040 d'. The loss constants from two control tests
in reactor 2 were 0.055 d”' (r* = 0.45) and 0.059 d' (r* = 0.6). The average loss rate
constant estimated by fitting data from all three runs was 0.051 + 0.010 d”' (average +
standard deviation). Thus, abiotic loss resulted in an ethene half-life of 13.6 days, or

approximately 5.0 % of the ethene lost per day
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Figure 3-1.3. Temperature (°C) (O), relative humidity (%) (A), and pressure differential

between inside and outside (kPa) (X) in reactor 1 during test with inactivated
Pseudomonas fluorescens bioaerosol. Two-minute data recording interval. Every 60"
pressure differential reading and every 120™ temperature and humidity reading collected

are presented.
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Figure 3-1.4. Time course of ethene (mg/m’) in reactor 1 with inactivated Pseudomonas
fluorescens bioaerosols (®). Symbols are averages of triplicate measurements and error

bars are one standard deviation.
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4.1.3. Particle number increase with concentrator (Krumins et al., 2008)

The results of the particle concentrator test are shown in Table 3-1.3. The reactor
particle concentrations were increased over that of ambient air for all particle sizes when
the reactor was filled with air enriched by the particle concentrator. Particles greater than
or equal to the size of a common bacterial cell, approximately 0.5 pm, were increased in

concentration in the reactor at least 3- to 7-fold over ambient air concentrations.

4.1.4. Retention of airborne inactivated bacteria (Krumins et al., 2008)

The particle size distribution of P. fluorescens bioaerosols generated for the two
inactivated particle suspension runs is shown in Figure 3-1.5. The reactor filling
procedure produced a particle size distribution with a peak in the 0.5 to 0.7 um size range,
which is the approximate size of singlet P. fluorescens cells. The alternating filling
procedure described in 3.2.5 yielded highly reproducible results (Figure 3-1.5), with the
difference between particle counts in the two reactors for each particle size range less
than 5 um being less than approximately 5 %.

The particle retention over 14 days averaged from two control tests in each of the
two reactors (four tests total) is presented in Figure 3-1.6. All particle size ranges
demonstrated first-order (exponential) loss (> > 0.97 for all cases). The half-lives for the
given particle ranges are listed in Table 3-1.4 and presented graphically in Figure 3-1.7.
The theoretical retention of 1 pm particles based on (Equation (3-1.4)), and corrected by
the amount removed by sampling is also shown in Figure 3-1.6. The retention of
particles larger than 2 um was underestimated by (Equation (3-1.4)), while the retention

of particles smaller than 2 pm was overestimated (data not shown).
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Table 3-1.3. Particle counts in rotating reactor after one hour of filling using the
particle concentrator and one hour of rotation. Ambient concentrations are average
(number of particles/L + standard deviation) ambient readings taken at the start of
filling, after one hour of filling and after one hour of rotation. The reactor

concentration was measured after one hour of rotation.

) ) Particle Count (#/L) Factor of
Particle size range (um)
Ambient Reactor Increase
03-0.5 8140 + 1968 19504 2.4
0.5-0.7 850 + 308 2570 3.0
0.7-1.0 227 + 127 1075 4.7
1.0-2.0 196 + 74 1228 6.3
20-5.0 163 +43 1260 7.7

>5.0 237 104 4.5
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Figure 3-1.5. Initial particle size distribution [(particle number per liter) / (log (ratio of
upper (d2) to lower (d1) boundary in size range))] versus particle size during duplicate

control tests with inactivated Pseudomonas fluorescens bioaerosol in reactor 1 (A, A)

and reactor 2 (O, W).
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Figure 3-1.6. Average retention of different particle size ranges of inactivated

Pseudomonas fluorescens bioaerosol for duplicate control tests in reactor 1 and reactor 2,

Particle size range 0.3 to 0.5 pm (¢); 0.5 to 0.7 um (M); 0.7 to 1.0 um (A); 1.0 to 2.0

um, (X); 2.0 to 5.0 um (0); > 5.0 um (®). The solid line indicates the theoretical

retention of 1 um particles based on Equation 3, and corrected for the amount removed

by sampling. Data were collected immediately after filling the drum, after one hour of

rotation, and daily thereafter. Symbols are average results from reactor 1 and 2. For

clarity, error bars representing one standard deviation are included for the 0.3 to 0.5 um

and 1.0 to 2.0 pm particle size ranges only.
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Figure 3-1.7. Half-lives of particles in rotating reactors (0.66 m diameter drum, rotating
at 1.3 rpm) during control tests with inactivated bioaerosol of Pseudomonas fluorescens.
Symbols represent the average of four half-lives calculated from the time series of two
runs in each of two reactors. The symbols are averages of results from two reactors and

error bars represent one standard deviation.
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Table 3-1.4. Half life of particle retention in rotating reactors (days) for different
particle size ranges during control tests with inactivated Pseudomonas fluorescens

bioaerosol. Average (+ standard deviation) for two runs in each of two reactors.

Particle size range (um) Half life (days)
0.3t00.5 11.5+2.84
0.5t0 0.7 8.5+0.74
0.7t0 1.0 8.8+0.53
1.0 to 2.0 6.5+0.49
2.0t05.0 4.9 +0.65

>5.0 3.8+£0.85
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4.2. Development of a Quantitative Polymerase Chain Reaction (qQPCR) Method

A gPCR method was established using clones which contained a PCR amplified
segment of the V3 region of the 16S rRNA gene of P. fluorescens of 200 bp. The
detection limit of the qPCR method using the primers was determined by amplifying
serial dilutions of 10 to 10° copies of the clones. The minimal detection limit of the
method was defined as the amount of the template DNA at which the relationship
between the threshold cycle (Cr) and starting template DNA concentration became
nonlinear. Serial dilutions of DNA were added to PCR reactions as described in materials
and methods. Data analysis was performed using iCycler iQ™ Real-Time detection
system software (Bio-Rad, Hercules, CA).

The results are shown in Table 3-1.5 and Figure 3-1.8. The 16S rRNA gene copy
numbers were converted to the corresponding cell concentrations. The Cr value versus
DNA concentrations from 10° cells to 10° cells per PCR reaction was linear. At DNA
concentrations below 10° cells per reaction, this relationship became nonlinear, and the
resulting Crs were similar to the Cr observed in the no template control (NTC) to which
no template DNA was added. This suggested the presence of contaminating bacterial
DNA in the NTC. The minimum detection limit of the assay was thus determined to be
10° cells per reaction.

The amplified products were electrophorized on a 1.5 percent agarose gel using a
100 bp DNA ladder (Promega, Madison, WI) as a size standard. The products were
visualized under UV and the amplicon size was approximately 190 bp, as expected. In
addition, all qPCR reactions were followed by melt curve analysis which resulted in a

single thermal point at which the P. fluorescens amplicon was denatured, 85.5°C.
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The efficiency (£) of the qPCR amplification was calculated by the iQ software

according to Equation 3-1.7.

-1
E=-1+ 10[5101”] Equation (3-1.7)
where
C, :
slope = Equation (3-1.8)

log,, [DNAml.n.a ; ]

where DNA,,i1iq 1s the starting DNA concentration.

Theoretically when the DNA template is doubled at each amplification reaction, £
should attain a value of 100% and slope should be -3.32 for 1:10 serial dilutions (Ibekwe
and Grieve, 2003). In practice, slopes between -3.1 and -3.6 yielding reaction efficiencies
between 90 and 110% are typically acceptable. In our qPCR experiments, the slopes were
between -3.31 and -3.62. The coefficient of determination, R?, was approximately 0.99
for each analysis. The qPCR data from each analytical run were examined to determine

whether E and the R? value were in acceptable ranges.
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Table 3-1.5. Results of the gPCR assay using a standard curve developed from a

PCR amplified gene containing theV3 region of P. fluorescens 16S rRNA gene of
approximately 200 bp.

Cr for template bacterial cell number per 25 pL PCR reaction”

NTC® [1.33x10°[1.33x10%/1.33x107(1.33x 10°/1.33 x 10°|1.33 x 10*[1.33 x 10*|1.33 x 10?
27.68 6.48 9.76 12.59 15.89 19.96 23.89 26.39 27.06
(£0.22) | (£0.34) | (£0.14) | (£0.27) | (£0.71) | (£0.78) | (£ 1.21) | (£0.60) | (£0.39)

* Mean values, based on triplicate samples (+ standard deviation)

® NTC = no template control



116

cr

Cell concentration (cells/reaction)

Figure 3-1.8. A standard curve based on the inverse linear relationship of Cr versus
starting bacterial concentration as determined by the qPCR method (correlation
coefficient = 0.99). Crs were generated from PCR reactions with the template P.
fluorescens DNA serially diluted 1:10 from 10° cells to 10* cells per 25 pL reaction. Cr is
the cycle number when the threshold fluorescence is reached. Standard deviations from

three measurements are shown as error bars.
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4.3. Activity and growth of airborne bacteria
4.3.1. Culturability of aerosolized cells

The effect of aerosolization into the rotating bioreactors and the presence of
substrate on the culturability of X. autotrophicus and B. subtilis were determined.

In tests performed with X autotrophicus aerosolized into the gas-phase
bioreactors with or without the gaseous substrate, ethene, no culturable cells were
recovered from the bioreactors under any condition. This occurred even though the cells
were maintained in the reactors for periods of 7 to 9 days, as detected by recovery of
DNA (see section 4.3.1).

We aerosolized live B. subtilis cell suspensions into the bioreactors under two
different conditions: (1) B. subtilis cells resuspended in distilled water containing no
substrate and (2) B. subtilis cells resuspended in dilute TSB medium which contains
various growth substrates. In both cases B. subtilis was cultured and cells were harvested
and washed as described in section 3.2.5 before aerosolization. The aerosolized cells
were collected after aerosolization and prior to introduction into the reactor and were
further recovered from the reactor at various time points as described in section 3.2.5.
The concentrations of airborne B. subtilis in the samples were measured using three
different methods, qPCR, epifluorescence microscopy and CFUs, as described in section
3.3. B. subtilis is an endosprore-forming bacterium. Endospores were highly refractile
under light mycrospocy and resistant to basic aniline dye staining. In our experinments,
no endosprores were detected.

Figure 3-1.9 shows the concentrations of airborne B. subtilis cells from the two

cell suspensions at different sampling points. Total bacterial numbers were determined by
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qPCR assay and epifluorescence microscopy. These two assay methods yielded similar
results for bacterial concentrations of approximately 10° cells/L aerosol sample. Note that
CFUs indicate only the numbers of culturable cells recovered and not the total number of
cells. Little difference was observed between total cell concentrations in samples
recovered prior to introduction to the reactors and samples recovered directly from the
reactors one hour after filling for condition (1) where B. subtilis bioaerosols were
produced from distilled water with no substrate. In contrast, for condition (2) where B.
subtilis bioaerosols were produced from dilute TSB with substrate, the cell concentrations
in the bioaerosol samples recovered from the reactors after one hour were slightly
decreased (less than 1 order of magnitude) when compared to cell concentrations in the
samples taken prior to introduction to the reactors. This could be explained by the
presence of the TSB medium (containing salts, etc.) aerosolized with the cells. The
presence of TSB may have made the bioaerosols heavier, and thus the TSB produced
bioaerosols could have had a more rapid settling rate than those produced from distilled
water.

Aerosols from distilled water with no TSB substrate yielded 0.6 to 2 percent
culturability and aerosols from dilute TSB with substrate had a culturability of 3.3 to 9.3
percent. A t-test (p < 0.05) indicated that the difference between two sets, condition (1)

and condition (2), was statistically significant at the 95% confidence level.
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Figure 3-1.9. Concentrations of airborne B. subtilis recovered prior to entry into gas-
phase bioreactors and after recovery from gas-phase bioreactors where cells were (1)
aerosolized from suspensions containing no substrate (distilled water) or (2) with
substrate (dilute TSB). Total bacterial numbers were determined by qPCR (open bars)

epifluorescence microscopy (diagonally lined bars) and CFU analysis (black bars).
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4.3.2.Airborne bacterial growth tests

To test airborne bacterial growth, X. autotrophicus, and B. subtilis were used as
model microorganisms for Gram negative bacteria and Gram positive bacteria,
respectively. The reported doubling times of these microorganisms were 20 hrs for
ethene-degrading Xanthobacter strains (Ginkel and Bont, 1986) and two hrs for Bacillus
(Burdett et al., 1986). The half-life of bacterial sized particles (0.5 to 1 um) was eight to
nine days in the bioreactors during the characterization tests described in section 4.1.4.
We ran the tests with live bacteria for up to nine days by operating the bioreactors under
the conditions described in section 3.2.5 of the Materials and Methods and this time could
have accommodated approximately ten generations of X. autotrophicus or 100
generations of B. subtilis.

Aerosolized X. autotrophicus was grown on ethene, added to the bioreactors and
air samples were recovered over time and analyzed for ethene, cells and ATP as
described in the Materials and Methods. Two separate tests were performed with X.
autotrophicus.

Results from the first test with X. autotrophicus are shown in Figures 3-1.10 and
3-1.11. Figure 3-1.10 shows the recovery of DNA as enumerated by qPCR and bacterial
activity as ATP in the presence or absence of the substrate, ethene. Figure 3-1.11 shows
the loss of ethene over time in the ethene-amended reactor. The cell numbers and ATP
levels first decreased over the first four to six days, then increased until the last day of the
test, Day 9. These changes were observed regardless of the presence or absence of
ethene. The ethene content decreased over the nine day period with a first order rate loss

coefficient of 0.032 d'. This rate of loss was slower than that observed during the
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inactivated bioaerosol control tests (0.051 + 0.010 d™) (see section 4.1.2 and Figure 3-
1.4), although the starting ethene concentration was approximately one order of
magnitude higher (9000 mg m™) than the concentrations utilized during the control tests
(500 mg m>).

It is not known why the cell concentrations and ATP levels first decreased and
then increased during this test. One possibility is that cells that made an impact with the
reactor surface later dissociated from the surface and were reaerosolized. A second
possibility is that initially, cell loss occurred then later, cell growth occurred in the
reactors in the aerosolized phase. Because the phenomenon was observed in both
reactors with and without the added growth substrate, ethene, this possibility seems
remote.

The aerosolization tests performed with X. autotrophicus were therefore repeated
using two separate qPCR procedures to improve the rapidity and reliability of the
quantification method. ATP concentrations were not measured during this test. Figure 3-
1.12 shows the change in X. autotrophicus concentrations in the bioreactors over the
seven day incubation period. Regardless of the presence of the substrate, ethene, X.
autotrophicus concentrations decreased with incubation time. Comparison of bacterial
cell numbers in bioaerosols revealed that after seven days of incubation approximately
10 %, when analyzed by whole cell lysate method, or 30 to 40 %, when analyzed by
DNA extraction method, of the aerosolized X. autotrophicus remained in the aerosolized
state. For quantification, we recovered five liters of air from each reactor. However, over
time the bacterial load in the air samples recovered from the bioreactors evidently

became too low to obtain precise cell concentrations and on Day 5 and Day 7 the cell
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concentrations were only slightly higher or comparable to the detection limit of the qPCR
method (10°cells L™). The ethene concentration in the reactor to which ethene was added
is shown in Figure 3-1.13. The average rate loss constant for ethene was estimated by
fitting the data with a first-order kinetic model. The rate loss constant for ethene was
0.096 + 0.003 d”' which is statistically significantly higher than the rate of loss of ethene
during the inactivated bioaerosol control tests (0.051 + 0.010 d) (see section 4.1.2 and
Figure 3-1.4). Assuming that biotic loss was the difference between the ethene loss
observed during the live test, 0.096 d', and the abiotic ethene loss observed during the
control, 0.051 d”', the corresponding ethene loss per cell is represented by a kinetic rate
loss coefficient of 0.043 d'. After seven days, the average loss of ethene related to
biological activity could thus be approximately 270 mg m™>. Assuming the presence of
10° to 10* cells L™ of reactor (Figure 3-1.12), the ethene uptake rate would be 3.9 x 10°®
to 3.9 x 10” mg ethene cell” d”'. However, because the bacterial cell concentration data
indicate a steady loss of organisms, and were similar in treatments both with and without
amended ethene, it is not possible to determine whether growth occurred. Further, note
that culturable X. autotrophicus cells were at no time recovered from the bioreactors (see
section 4.3.1).

It is possible that cells which achieve impact with the reactor wall during the test
colonize and grow, and are responsible for ethene loss. To determine the effect of the
settled cells on ethene concentration, a blank control test followed the live bioaerosol test.
This test was initiated immediately upon conclusion of the live test by flushing the
reactors with 10 volumes of filtered air until the cumulative particle counts (< 5 um in

particle size) reached less than approximately 1000, and then re-amending the reactors
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with ethene. Ethene concentration monitored over an additional 5 days indicated there

was no change in ethene concentration by microbial activity (data not shown).
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Figure 3-1.10. (A) Change in bacterial cell concentration in the bioreactor determined
using qPCR method and (B) ATP measured in bioreactors over 9 days. The solid square
and the open square represent X. autotrophicus in the absence of substrate (ethene gas)
and X. autotrophicus in the presence of substrate (ethene gas). Symbols are averages of

triplicate measurements and error bars are standard deviation.
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Figure 3-1.12. Change in bacterial cell concentration in the bioreactor for 7 days
determined using qPCR method. The solid square and the star represent X. autotrophicus
in the absence of substrate (ethene gas) and X. autotrophicus in the presence of substrate
(ethene gas). (A) qPCR using DNA extract, (B) Whole cell gPCR. Symbols are averages

of triplicate measurements and error bars are one standard deviation.
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bioaerosols (®). Symbols are averages of triplicate measurements and error bars are one
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Freshly cultured B. subtilis was aerosolized with 10 X dilute TSB medium in the
reactor, incubated, and collected for 5 days. The change in cell concentration is shown in
Figure 3-1.12. During incubation in the rotating bioreactors, the cell concentrations
decreased. The starting cell concentration was slightly higher than for the experiments
with X. autotrophicus and precipitation of bacterial particles seemed to be faster than that
observed for X. autotrophicus. The difference in precipitation rate may be ascribed to the
difference in size of two strains of bacteria. B. subtilis is 1.0 to 3.0 um in diameter
whereas X. autotrophicus is 0.4 to 1.0 um in diameter (Van Ginkel et al., 1987). Further
for the B. subtilis aerosolization test, the bacterial suspension was aerosolized in the
presence of dilute TSB medium which contained a variety of mineral salts. These mineral
salts could be incorporated into particles with the bacteria, thus increasing the particle
size and leading to more rapid removal by centrifugal force.

The concentration of culturable bacteria was determined as described in section
3.4.5. Culturable cells (CFUs) of B. subtilis were recovered from the air samples
collected from the reactors one hour after filling, but at no other time point during this

experiment (see section 4.3.1).
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Figure 3-1.14. Change in B. subtilis cell concentration in the bioreactor for 5 days
determined using qPCR method. The solid diamond represent B. subtilis in the presence
of substrate (dilute TSB). Symbols are averages of triplicate analyses and error bars

represent one standard deviation.
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5. Discussion

This study concerned examination of the growth and activity of bacterial
bioaersols. As first steps in this project, methods were developed and tested to enable
measurement of growth and/or activity of live bioaerosols. To investigate whether
airborne bacteria are able to reproduce under selected conditions, first, we designed,
manufactured and tested rotating gas-phase bioreactors which can maintain bacterial cells
suspended as aerosols over periods of days. The objective was to attempt to determine
whether substrate loss, increasing bacterial populations, or increasing ATP levels could
be observed over time.

Through the time course study of settling of inactivated bacterial aerosols, the half
lives of particles with the size from 0.5 to 5.0 pm ranged from five to ten days (Table 3-
1.3). These times are theoretically long enough for viable cells to reproduce (i.e.
accommodate several doubling times for some bacterial cells). Particles the size of single
bacteria exhibited half lives of 8 to 9 days in the reactors. These half lives are near the
doubling time of 9.8 d for the ethene degrader Pseudomonas aeruginosa strain DL1
(Verce et al., 2001) and far in excess of the doubling times of 8 hrs for ethene-degrading
mixed culture K20 containing Mycobacterium and Corynebacterium strains (Koziollek et
al., 1999), and 20 hrs for ethene-degrading Xanthobacter strains (Ginkel and Bont, 1986).
The half lives are also similar to some reported atmospheric residence times of bacteria,
for example, during transport between continents (Griffin et al., 2001).

The patterns of difference between the theoretical retention based on Equation
(3-1.4), and corrected by the amount removed by sampling is similar to findings of

Dimmick and Wang (Dimmick and Wang, 1969) who observed less efficient retention of



132

particles in rotating drums than theoretically predicted. It is possible that the model
correctly predicts the behavior of individual particles, but that smaller particles coalesce
into larger ones, thus decreasing the half life of the smallest particle size ranges and
increasing the apparent half life of larger particles.

These reactors also showed good efficiency in retention of volatile gas (e.g.
ethene gas) with a daily loss less than 5%. Possible causes of ethene loss in the absence
of biological activity include leakage around the fittings inserted through the lid and
drum bottom, through sampling septa, around the gasket at the interface of the lid and
drum body, or by sorption to the relatively small amount of organic materials (the gasket
material) in contact with the gas inside the drum. A loss of 0.3 % per day was attributable
to the removal of 1 L of reactor volume each day for determination of the particle counts.

Throughout the reactor performance tests, pressure inside the reactor was
maintained positive. We speculate that the cyclical nature of the pressure differential
readings could have been caused by weather patterns or the idiosyncratic nature of the
overall operation of the facilities where the controlled-environment chamber was housed.

The results of the concentrator efficiency test indicate that the use of the particle
concentrator during experiments with live bioaerosols from natural air could increase the
concentration of bioaerosols collected significantly enabling us to better distinguish the
quantitative difference in bacterial populations.

Using the bioreactors described above, we performed growth tests of lab-
generated live bioaerosols from Gram-negative bacteria, X. autotrophicus, and Gram-
positive bacteria, B. subtilis. The incubation times of seven to nine days could have

theoretically accommodated approximately ten generations of X. autotrophicus or 100
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generations of B. subtilis. In general, we observed similar trends in cell numbers both in
bioreactors containing bacteria in the presence of substrate and in the absence of substrate,
regardless of the strains used (Figure 3-1.10, 3-1.12 and 3-1.14). The number of viable
or culturable, airborne cells, as well as particles, should theoretically decrease with time
in the reactors because of cell death and gravitational deposition of particles. If the rate of
biological decay were found to be less than that of mass loss, then new cells were being
formed (Hatch, 1969; Rosebury, 1947); if the rates were identical, then there was no net
death; and if the biological decay were greater than mass loss, then death of cells was
occurring. The disappearance of particles aerosolized from bacterial suspension in water
represents the actual particulate precipitation rate.

Based on the half lives observed in the control tests, bioaerosolized singlets of X.
autotrophicus should remain in air with a half-life of 8 to 9 days, assuming no growth is
occurring. Over a period of 9 days at least half of the starting airborne bacteria should
remain in suspended in the reactor. In the first aerosolization test of X. autotrophicus cell
numbers as measured by qPCR indicated an initial decrease followed by an increase in
cell numbers suspended in the reactors so that after 9 days approximately 100 % of the
bacteria remained in suspension. This phenomenon might have been thought related to
growth, however this was observed both in the presence and absence of the growth
substrate, ethene. Thus, the increase in cell numbers is likely not explained by growth but
perhaps by resuspension of the precipitated bacterial cells from the reactor wall.

During the second test with X. autotrophicus, only 10 to 40 % of the initial X.

autotrophicus concentration was detected in the airborne fraction after 7 days.
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For B. subtilis, a decrease of nearly two orders of magnitude larger cell loss was
observed over the course of the experiment. However, it should be noted that the
precipitation rate of bacterial cells in the presence of buffer is likely larger than in
distilled water, which is caused by increased particle size of aerosols in the presence of
buffer.

Early studies by Dimmick et al. on the ability of a selected microorganism,
Serratia marcescens, to survive when suspended in the aerosol state have described that
airborne bacterial cells could maintain metabolic functions (Dimmick et al., 1975), could
produce new DNA (Straat et al., 1977) and reproduce (Dimmick et al., 1979b). We
speculate that the reasons for different findings between these 1970s studies and our
experiment are different experimental conditions such as short aerosolization time (5
minutes), higher humidity and sampling over a far shorter incubation period of six to ten
hrs by Dimmick et al. (Dimmick et al., 1979b) versus seven to nine days in our study,
which could provide the higher possibility for bacteria of airborne state to survive. In
measurement of culturable bacteria recovered from our reactors, we observed significant
maintenance of culturability only after one hr, and only with B. subtilis.

In all the experiments with the aerosols from Gram-negative bacterium, X.
autotrophicus, we could not detect any CFUs from the reactor at any time points even
though DNA and ATP were recovered throughout the duration of the tests. A study
performed using three different Gram-negative bacterial aerosols (Heidelberg et al.,
1997) described the effect of aerosolization on the culturability and the viability of the
strains. It was observed that the culturability of the bacterial strains tested rapidly

decreased following aerosolization. This can be explained because bacteria exposed to
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the air may experience environmental stress mainly by desiccation. Microbial growth is
highly variable as a function of environmental conditions. Metabolism may occur in the
aerosol state at moderate temperature and high humidity (An et al., 2004; Dimmick et al.,
1975). In many previous studies, indirect or direct evidence for microbial growth and
activity were reported in very humid atmospheric condition, such as fog and clouds
(Amato et al., 2007a; Amato et al., 2005; Sattler et al., 2001).

Here the number of bacteria in the airborne state was determined using a standard
curve based on the concentration of serially diluted plasmid DNA containing partial 16S
rRNA gene fragments. However, previously it was demonstrated that standard curves
using DNA from different preparation methods could result in significant differences in
quantification of airborne bacteria (An et al., 2006). For example, quantification using a
standard curve based on CFUs significantly underestimated bacterial numbers when
compared to enumeration by an optical particle counter. Improved quantification was
achieved by using a DNA-based standard curve where the standard DNA was prepared or
recovered in the same way as the DNA from the air samples to be quantified (An et al.,
2006). Also, not knowing the exact number of 16S rRNA genes in any given species at
the time of sampling is a substantial limitation in use of universal bacterial primers
targeting the 16S rRNA gene. Further, PCR inhibition by co-extracted substances from
air samples, differential amplification, and formation of artifactual products would lead to
biased results in qPCR-based quantification (Stetzenbach et al., 2004; von Wintzingerode
et al., 1997). Thus, the validation of qPCR at different concentrations for the
quantification of airborne microorganisms should be determined by adopting a total cell

counting method with relevant airborne bacterial samples.



136

Although bacteria were apparently rendered nonculturable in the reactors, it is still
possible that they could be active. Use of a more direct, sensitive indicator of activity
may be needed to conclusively determine this. For example, use of labeled substrates (**C
or °C) could be used to allow detection of minute quantities transformation products
(e.g., '“CO,) or detection of labeled carbon in cells via stable isotope probing
(Radajewski et al., 2000) through detection of "*C labeled DNA produced as an
orgsanism metabolizes a specific labeled substrate. Further, a choice of a substrate that
produces a definitive, traceable reaction product during transformation would also be
useful. Also alternative bacterial cell detection methods can be developed. Rolling-circle
replication cycle can increase bacterial DNA amplification efficiency resulting in
providing higher sensitivity in the detection (Gusev et al., 2001).

To ensure greater activity of cells in the bioreactors, the optimization of
experimental conditions by varying environmental factors (e.g., RH, temperature, etc.),
should be the objective of future studies. Further, in natural air the organisms are likely in
association with other particulate matter, e.g. mineral dust or biogenic material, and this
association should provide some “protective” mechanisms. The effect of additional
aerosolized material will be investigated in future studies. Finally, use of natural,
concentrated bioaerosols as starting material in the reactors and measurement of their

activity must be investigated.
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3-2. Comparison of Denaturing Gradient Gel Electrophoresis and Clone
Library Analyses to Characterize Bacterial Diversity in a Pooled
Atmospheric Water Sample

1. Introduction

Although the atmosphere is a very harsh environment for microorganisms (Jones
and Harrison, 2004), microorganisms are ubiquitous there and may play crucial roles in
atmospheric chemistry and physics (Ahern, 2006; Amato, 2007; Deguillaume, 2008;
Junge, 2008). Microorganisms have been widely detected and characterized in air (Brodie
et al., 2007; Lighthart, 2000), cloud water (Sattler et al., 2001), fog droplets (Fuzzi et al.,
1997), hailstones (Harrison, 1898; Mandrioli P., 1973), snow (Calderon et al., 2002a) and
rain (Carpenter et al., 2000; Casareto et al.; Sattler et al., 2001). The total bacterial
concentration in clouds was estimated to range from about 10° to10’ cells mL ™" of cloud
water (Amato et al., 2005; Bauer et al., 2002; Sattler et al., 2001). Cultivable bacteria and
fungi were reported to be present high in the stratosphere (Imshenetzky et al., 1978).
Atmospheric transport is theorized to be one possible route for global distribution of even
very specialized extremophiles outside their niches to the broader environment (Marchant
et al., 2008)

Under atmospheric conditions, cloud water and fog droplets could provide a more
favorable temporary habitat for living airborne cells than air, where desiccation and
dehydration would be limiting factors for survival or growth. Microbial cell aggregation
and incorporation into cloud or fog droplets could decrease the sensitivity to desiccation
and microbial cells could have an increased possibility of being transported in a viable

state over greater distances. Clouds and fog may also provide a medium in which these
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cells can divide, as suggested by the findings of Dimmick et al. (Dimmick et al., 1979a;
Dimmick et al., 1979b), Fuzzi et al. (Fuzzi et al., 1997), and Sattler et al. (Sattler et al.,
2001).

Fuzzi et al. (Fuzzi et al., 1997) detected greater numbers of culturable bacteria and
yeasts in fog droplets when compared to ambient air at the same location, San Pietro
Capofiume in the Po Valley in northern Italy. The authors theorized that fog water
droplets were a growth medium for microbes and showed that fog water environmental
conditions such as pH and presence of lead had an effect on the numbers of cultivable
organisms recovered (Fuzzi et al., 1997). Bacterial growth was also observed by Sattler et
al. in supercooled cloud droplets collected at Mount Sonnblick, Austria. Doubling times
of 3.6 to 19.5 days were estimated for bacteria collected from the cloud water, based on
uptake of labeled thymidine at 0°C (Sattler et al., 2001). Amato et al. (Amato et al.,
2007c) characterized cloud droplet microbial communities collected at Puy de Dome in
France. In addition to identify specific organisms that were present, the quantification of
ATP in cloud water samples indicated that cloud microbial populations were
metabolically active (Amato et al., 2007c). Amato et al. (Amato et al., 2007a) also
showed that cloud populations could actively transform important atmospheric organic
compounds.

Until recently, it has been assumed that transformation of compounds in the
atmosphere occurred primarily via chemical and physical processes. Thus, research on
atmospheric chemistry has been focused primarily on abiotic photochemical or hydroxyl
radical reactions. Recently, Ariya et al. (Ariya et al., 2002) reported evidence that

microorganisms collected from air can efficiently transform dicarboxylic acids (DCA), an



139

important class of organic aerosols. Microbial activities in cloud water could have an
effect on the whole composition of cloud water via uptake and transformation of
chemical compounds present in the atmosphere (Amato et al., 2007a). Thus, a new
paradigm is emerging that microbiological and photochemical processes could act
concurrently or simultaneously in controlling the chemistry of cloud water and the
atmosphere at large (Deguillaume et al., 2008a).

To fully define the role of bacteria in the atmospheric processes, it is necessary to
obtain knowledge of bacterial diversity and activity in the atmosphere (Deguillaume,
2008). However, to date there has been only minimal and fragmentary information about
the diversity and structure of microbial communities in atmospheric water, in particular.
Fuzzi et al. described cultivable bacteria in fog water at low altitude and detected only
three genera, Pseudomonas, Bacillus, and Acinetobacter (Fuzzi et al., 1997). Amato et al.
detected a much more diverse population in tropospheric clouds and determined that the
cultivable fraction was only approximately 1% of the total bacterial population (Amato et
al., 2005). During more intensive investigation of the cultivable microorganisms present
in clouds, Amato et al. successfully cultivated and identified 71 bacterial, 42 fungal and
15 yeast strains from seven separate cloud sampling events (Amato et al., 2007b). Most
of the fungi isolated were of Cladosporium or Trametes affiliation, yeasts were of
Cryptococcus affiliation, and dominant genera of bacteria belonged Pseudomonas,
Sphingomonas, Streptomyces, Staphylococcus and Arthrobacter (Amato, 2007).

Detection and identification of microorganisms in the atmosphere have until
relatively recently relied on conventional methods such as microscopy and culturing

methods (Buttner, 2002). Further, collection of atmospheric water samples may require
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prohibitively expensive aircraft time and there are substantial limits on the microbial
density in those samples and on the sample volume that can be collected. For example,
Fleishauer et al. measured a peak liquid water content of 0.35 g m™ in midlevel mixed-
phase (ice and liquid) non-precipitating clouds over the Great Plains of the United States
and reported a literature review of estimates of the liquid water content of similar clouds
that ranged from nondetectable to 1.2 g m™ (Fleishauer, 2002).

Beginning more than a decade ago, however, molecular techniques have been
applied in aerobiology to overcome limitations on use of culture-based methods to
characterize the microbial populations in atmospheric samples. The use of nucleic acids
recovered from bioaerosols avoids the need for microscopy or culturing and enables the
detection of individual target organisms or genetic changes in microbial populations
(Angenent et al., 2005; Brodie et al., 2007; Calderon et al., 2002b; Stetzenbach et al.,
2004; Williams et al., 2001). Universal or gene specific primers are used for
amplification, identification and quantification of target microorganisms. Because
microbial genomes often contain more than one copy of specific genes, DNA-based
methods can be sensitive, which is important in atmospheric bioaerosol studies because
the microbial quantities sampled are often small (Stetzenbach et al., 2004).

Here we analyzed the bacterial components of a pooled sample of atmospheric
water using two different molecular methods—denaturing gradient gel electrophoresis
(DGGE) and clone library analysis—in which 16S rRNA genes were used for
identification. This study compared the bacterial phylotypes detected using these two

methods and compared the results to those from from previous studies.
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2. Materials and Methods

2.1. Atmospheric sampling

Samples were collected from June 19 to June 25, 2007 during the Cumulus
Humilis Aerosol Processing Study (CHAPS) Summer 2007 Atmospheric Science
Program Field Campaign which was funded by the Department of Energy. The primary
goal of the CHAPS campaign was “to characterize and contrast freshly emitted aerosols
above, within and below fields of fair-weather cumulus clouds. These observations will
be used to examine the aerosol optical properties and cloud nucleating properties from
both below-cloud and above-cloud, and how they differ downwind of a mid-size city
relative to similar aerosols in air less affected by emissions...” [Accessed on the internet

at http://asp.labworks.org/ June 2009].

Samples were obtained in the vicinity of Oklahoma City, OK, USA by Mr. John
Hubbe and Dr. Nels Laulainen of the Pacific Northwest National Laboratory (PNNL)
from an instrumented Grumman Gulfstream 159 (G-1) aircraft flying at elevations up to
8000 ft. The aircraft was equipped with a Mohnen slotted cloud water droplet collector
that was designed and machined at The State University of New York at Albany (Figure
3-2.1). The collector consisted of two 27.3 cm long Delrin® rods with a width of 0.94 cm
and a depth of 2.10 cm which extended upward from the top hatch of the aircraft. The
rods had a U-shaped notch through the entire length and these were positioned toward the
direction of flight. The rods extended through an aluminum bulkhead fitting through the
aircraft hatch and into the cabin. During flight, droplets that impacted the interior of the

notch on the exterior of the aircraft coalesced and ran down the notch where they were



142

collected in a sterile 200 mL polyethylene bottle inside the cabin. The droplet impactor
was expected to collect only water droplet sizes of 5 to 50 um.

The sampling campaign was carried out over several weeks in June and July. The
objective of the field campaign was sampling of cumulus-humilis clouds, however, a
series of rain events occurred during the sampling period. Thus rain clouds were sampled,
along with any rain droplets that may have entered the sampler. Further, the sampling
device was placed through the aircraft hatch prior to take-off. Thus, it is possible that
during sampling runs, the sampling device collected cloud droplets, particles from air that
were deposited on the impactor and rain droplets of the correct size.

Before sampling, all sample bottles were autoclaved and the droplet collector
components were rinsed with 70 % alcohol and dried completely in a sterile hood. Then
sterilized sampling bottles and the equipment were connected and covered to prevent
contamination, prior to overnight shipment to the sampling location. Each day, a sterile
sampling bottle was connected to the end of the sampling device prior to departure from
the aircraft hanger. After a day of sampling, the sample bottle was removed from the
collector and sealed with a sterile cap. Samples were shipped to Rutgers University on ice

and stored at 4 °C prior to DNA extraction.
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T T N W S T A

Figure 3-2.1. Photographs of the cloud water droplet sampler (photographs courtesy of

John Hubbe, PNNL).
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2.2. DNA extraction from cloud water

It was estimated that each sample bottle from cloud water collection contained
less than 1 mL liquid. Because of concern that an individual sample might not contain
enough biomass to accomplish DNA extraction, the 10 sample bottles containing cloud
water were pooled together in one bottle. The total liquid volume was approximately 8
mL. The sample bottles were additionally rinsed with approximately 10 mL of sterile
distilled water and the rinseate was added to the samples. Sterile distilled water was also
used to rinse sterile sample bottles that had not been used for sample collection and this
rinseate was use simultaneously as a negative control throughout the DNA extraction and
PCR-DGGE procedures to ensure that false positive bands were not produced during the
experiment.

Cells were harvested by filtration onto a 0.2 pm membrane filter (SUPOR 200,
Pall Gelman, East Hills, NY). A Mo-Bio Power Soil kit (Mo-Bio Inc., Solana Beach, CA)
was used to extract total genomic DNA from the cells collected on the membrane filter.
The procedure was slightly modified from that provided by the manufacturer in the
following ways. The cells collected onto the membrane filter were resuspended with a
bead-beating solution and transferred to a bead-beating tube. Cell lysis was initiated by
addition of lysozyme solution to a final concentration of 5 mg/mL. The bead-beating
tubes containing bacterial cells and lysozyme were incubated for 30 min at 37 °C.
Proteinase K (final concentration, 2 mg/mL) and the C1 solution (SDS solution) from the
Mo-Bio Power Soil kit were added to the tubes. The tubes were incubated for 30 min at
50 °C. For further cell lysis, samples were subjected to three cycles of freezing at -80 °C,

and thawing at 65 °C. After the final cycle, the bead-beating tubes containing samples
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were subjected to horizontal vortexing for 10 min. Nucleic acids were cleaned and
concentrated in accordance with the Mo-Bio DNA kit protocols. Final DNA was eluted in

30 pL of nuclease-free water.

2.3. PCR-denaturing gradient gel electrophoresis (PCR-DGGE)

Universal bacterial 16S rRNA gene fragments were amplified using the Bac338f-
GC clamp and Univ519r primer set listed in Table 3-2.1. Each 50 pL PCR reaction
contained the following (all reagents from USB Corp., Cleveland, OH): 1x PCR buffer,
2.5 mM of MgCl,, 20 nmol of deoxynucleoside triphosphate, 10 pmol of each primer, 1.5
U of Taq polymerase, and 2 to 4 pL of template DNA. The thermocycling program was
as follows: initial denaturation for 5 min at 94°C; 25 cycles of 94°C for 30 sec, 55°C for
30 sec, and 72°C for 30 sec; and a 7-min final extension at 72°C. The expected PCR
amplicon size was verified with agarose gel electrophoresis on a 1.2 % gel prior to
DGGE. DGGE of PCR-amplified fragments was performed on an 8 % polyacrylamide
gel with a 20 to 60% urea-formamide gradient for 4 h at 150 V and 60°C with the DCode
mutation detection system (Bio-Rad Laboratories, Hercules, CA).

The gel was stained in 0.1 % ethidium bromide solution and visualized using UV
on a Molecular Imager Gel Doc XR system (Bio-Rad Laboratories, Hercules, CA). Each
prominent band detected in the DGGE gel was excised using a sterile razor blade. Using
the excised gel fragments as DNA template, a second PCR-DGGE was performed under
the same conditions described above and the purity of each band was confirmed by

noting a single DNA band after repeating the DGGE using the same conditions.
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The bands resulting from the second round DGGE were then excised and the
DNA was reamplified using the Bac338f and Univ519r primer set (Table 3-2.1). The
resulting amplicons were purified using an UltraClean PCR Clean-Up kit (Mo-Bio Inc.,

Solana Beach, CA) and then sequenced by Genewiz (Genewiz Inc. South Plainfield, NJ).

2.4. Cloning of bacterial 16S rRNA genes from atmospheric water

16S rRNA gene fragment cloning was performed on the pooled atmospheric
water DNA samples using universal primers Bac27f and Bac907r (Table 3-2.1). The
PCR conditions were same as those described for PCR-DGGE in section 2.3 but with a
constant annealing temperature of 53°C and a total of 30 cycles. The PCR amplicons
were inserted into pCR®2.1 vectors (Invitrogen Corp., Carlsbad, CA) and the inserted
vectors were transformed into chemically competent Escherichia coli, TOP10 cells
(Invitrogen Corp., Carlsbad, CA), using a TOPO TA cloning kit (Invitrogen Corp.,
Carlsbad, CA), according to the manufacturer’s instructions. Transformed E. coli were
grown on Luria-Bertani agar plates at 37°C overnight and total of 100 clones containing
the inserted plasmid were picked. The picked clones were cultured in 5 mL of Luria-
Bertani broth and after 18 hrs of incubation at 37°C, plasmid vectors were recovered
from the transformed cells using a plasmid purification kit (QIAGEN Inc., Valencia, CA).

Clones were amplified with vector-specific primers M13f-20 and M13r (Table 3-
2.1). PCR was performed under the same conditions as those described above but with a
constant annealing temperature of 55°C and a total of 30 cycles. PCR products were
digested with a restriction enzyme, Hha 1. The 14 pL restriction digests contained 2.8 U

Hha I (New England Biolabs Inc., Ipswich, MA), 1.4 uL NE buffer 4™ (England Biolabs
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Inc., Ipswich, MA), 0.14 uL esa solution (England Biolabs Inc., Ipswich, MA), 7 uL PCR

product and 5.3 pL sterile water. The reaction mixture was incubated for 10 hrs at 37°C.

After incubation, restriction patterns of PCR products were visualized on a 1% agarose

gel under UV. Seventeen distinct digestion patterns were detected and 24 clones

(including representatives of the 17 unique clones) were selected for DNA sequencing.

The amplified inserts from the selected clones were purified using an UltraClean PCR

Clean-Up kit (Mo-Bio Inc., Solana Beach, CA) and then sequenced by Genewiz

(Genewiz Inc. South Plainfield, NJ).

Table 3-2.1. Primer sequences used in this study.

Target
Primer Sequence gene Ref.
size (bp)
Bac338f 5'-CTCCTACGGGAGGCAGCAG-3
Bac338f 5'-CGCCCGCCGCGCCCCGCEeeaETeecae- (Nakatsu et
GC Clam 200 al., 2000b)
P cGCCCCcCcGCCCTCCTACGGGAGGCAGCAG-3! "
Univa19r = 5 ATTACCGCGGCTGCTGG-3
(Lane,
Bac27f 5'-AGAGTTTGATC(C/A)TGGCTCAG-3' 1991)
900
Bac907r 5'-CCGTCAATTCMTTTGAGTTT-3' (Lane et al.,
1985)
M13£-20 5-GTAAAACGACGGCCAGT-3' Varied  Tnvitrogen
by insert Corp.

MI13r 5'-TTCACACAGGAAACAG-3' size

(Carlsbad, CA)
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3. Results and Discussion

3.1. Bacterial communities in atmospheric water identified using PCR-DGGE
analysis

The DGGE profile of 16S rRNA bacterial gene fragments amplified from DNA
extracted from the pooled atmospheric water sample is shown in Figure 3-2.1.

For the DGGE profile of the pooled atmospheric sample, approximately 13
distinct bands were observed visually in the DGGE image. This low number of
phylotypes suggests low community complexity; however, detection of only a few
bacterial strains could be caused by the expected low number of bacteria in the samples,
and by the relative insensitivity of DGGE analysis. If each < 1 mL sample contained a
bacterial content of 10° to 10° cells mL" as reported for cloud droplets (Sattler et al.,
2001), the number of cells in the pooled sample (8 mL) could be as low as 10* or as high
as 10°, while the corresponding mass of DNA could be 0.1 to 10 ng (Neidhardt and
Umbarger, 1996).

A small portion of the nine most prominent DNA bands observed in the
denaturing gradient gel (see labeled bands in Figure 3-2.1.) was excised and the
reamplified DNA fragments were sequenced and compared to known sequences in
Genbank using BLASTN [http://blast.ncbi.nlm.nih.gov.ezproxy.lib.utexas.edu/Blast.cgi]
(Table 3-2.2). Nine bands detected in the DGGE gel were shown to be closest matches
with eight different bacterial strains. Most of these phylotypes were associated with soil
or plant origin. The low identity percentile for these different phylotypes may be

attributed to the short sequence length (approximately 200 bp) analyzed for identification.
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Figure 3-2.2. DGGE profile of amplified 16S rRNA gene sequences of bacteria from a

pooled atmospheric water sample.
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3.2. ldentification of the bacterial communities in atmospheric water using clonal
library analysis

The 16S rRNA genes contained in the genomic DNA extracted from pooled
atmospheric water sample were amplified and cloned. Initially, 86 clones were subject to
restriction enzyme digestion and 17 unique digestion patterns were observed. A total of
24 samples, including one or more clones from each unique pattern, were selected for
DNA sequencing. Sequencing results were successful for 20 clones of the 24 clones and
the resulting sequences represented 12 of the 17 unique clones. In total, sequences were
obtained for 78 of the original 86 clones. The closest matching phylotype for each
sequence was obtained using BLASTN
[http://blast.ncbi.nlm.nih.gov.ezproxy.lib.utexas.edu/Blast.cgi; accessed on the internet
June 2009].

Table 3-2.3 shows the results of the clonal library analysis of the atmospheric
water sample. Strains detected in the atmospheric water were associated with phylotypes
originally detected in environments including soil, vegetation (grass and plants), marine
environments, extreme environments (frozen soil, clean room) and the air itself. A total
of 12 bacterial phylotypes were identified. The most abundant phylotypes (35.9 percent
of the clones) were related to Sphingomonas (Alphaproteobacteria). The most highly
detected phylotype was 99% similar over 900 bp to Sphingomonas aerolata strain NW12
an orange pigmented, psychrotolerant bacterial strain, isolated from room air (Busse et
al.).  The next most common phylotypes were related to Betaproteobacterium strain

HJ12 (13 clones 16.7 %) and Pedobacter koreensis strain PB92 (11 clones, 14.1 %).



152

"UOIIBIIJ1IUBPI JO) PASN BJ9M SBUOD 8/ JO [BI01 Y : ,,

(900Z “[e (wnis)oeqrIoblI) %66 (TTELOSTINY) .
19 |[eystely)  oebjeoloew sullew ©113]0Rg0oUNIY 0 TV1N ‘ds wniigioeqriobii4
(c00z “'Ie (e1216v) %66 (TCTYOTErY) 1922vT .
19 1puUaIyag) weld ©118)0RgOUIY 0 INSQ@ urens sisuajeid ©j02481gns
(866T "[e (wnigoziyy) %66 (T6SELECNV) T'6Y .
18 Buepn) awnbs| ueld eLIgloeqos10Adeyd]Y 0 -GSO 91e|0SI asusjIneny wniqoziyy
(666T 1219 (wnie)0eqOIdIN) %66 (T'€GELETINY) 9€-SO .
uuewnyas) a|qe|reAe jou ©119)0RgoUIOY 0 912|0SI ‘sUepAX0 WNLIB1IRJOIDIN
a|qe|rene (xelonorrep) %86 (T'6T725¢0Q) 92 y
J0U a|qe|reAe 10U el1910vq09101dRIag 0 -1\WvD urens snxopeted xelonolIeA
(¥66T “Ie (wnrsyoegonhix3) %66 (T'869288NV) 55O y
19 MOlied) a|qe|IeAe Jou SeINOIWLAIH 0 uress wnaijA19de wnrsdegqonbixgy
(5002 “Ie (seuowopnasd) %66 (TYZCTETAV) 9
13 ensin) wed elLIglorqOosI0IdRWWRS) 0 0ze4 ‘ds seuowopnasd
a]qe|Iene (wnuisloRgOUND) %86 (T'€GZ9€2N3) 9A utens ,
J0U weld ©113)0RgoUIOY 0 SusIoBJWNIJR|} WNLIBIORJOLIND
(8002 (4830BqOpPad) %/6 (TT5209943) -
“le 19 yoy) [10S sa1epolialoeg 0 269d Urel1s SISusal0y 1a10eqopad
(800Z “[e %66 (T'60VLECTAV) €T
19 eleuly) [10S el1910vq09101dRIEg 0 ZTCH wnuig)oeqosiod vleg
(9002 '(seuowoburyds) %66 (C7€8TSTOQ) y
“le 19 Ieg) 1504 ewad auldpe el1a10eqoa)0ldeyd)y 0 67-AdS.L "ds seuowobulyds
(T'ovz6eitY)
(e00z “'Ie ‘(seuowobuyds) %66 ZTMN urens 2
18 assng) e el1910RqO0a)0.deyd]Y elejoJse seuowobuiyds
(snuab) (‘ou uol1ssaaIe)
LJunod
1oy 92IN0S wnjAyd  Anuspl o 9UO0J9/a1e|0SI 1S8S0|D  8U0|D

‘SIsAjeue AJelqi| [euold wodj saniuspl aduanbas WNYJ S9TaYl pue sauojd anbiun Jo uosuedwod pue Arewwns ‘€'z-€ a|qel



153

3.3. Description of bacterial population in the atmospheric water sample

The results presented in Table 3-2.2 and Table 3-2.3 show that using bacteria-
specific primers only bacterial strains were detected using both methods; however, the
number and diversity of bacteria identified varied depending upon the detection method.
DGGE analysis detected fewer bacterial strains and with a lower percentage match to the
closest relative in Genbank, when compared to the clonal library method. Some strains
were detected using both methods, however, the results from the clonal library analysis
showed a broader spectrum of bacterial strains. A negative control (described in 2.2) was
employed to test whether false positive bands were produced through DNA extraction
and PCR processes. Results from PCR targeting the bacterial 16S rRNA gene showed no
band from the negative control.

Four genera, Rhizobium, Exiguobacterium, Pedobacter and Curtobacterium were
identified in common between the DGGE and clonal library methods. Pedobacter
(Amato, 2007) and Curtobacterium (Amato, 2007; Shaffer and Lighthart, 1997) have
been also identified in the previous studies of bacterial structure in atmospheric samples.
The most highly detected phylotype was 99% similar to Sphingomonas aerolata strain
NWI12, an orange pigmented, psychrotolerant bacterial strain, isolated from room air
(Busse et al., 2003). The second most common phylotypes were related to
Betaproteobacterium strain HJ12 (AY237409.1), a phylotype from Chinese soil (13
clones 16.7 %) and Pedobacter koreensis strain PB92 isolated from Korean soil (11
clones, 14.1 %) (Roh et al., 2008). Interestingly, Exiguobacterium acetylicum strain
KSC AKk2F, detected using both methods, was reported to be a alkalophile which was

isolated from a clean room environment (La Duc et al., 2007) by a cultivation method at
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pH 9 and thus, may not be retrieved using typical cultivation methods under neutral pH
conditions.

Alphaproteobacteria and Actinobacteia were the most abundant phyla (77%, 60
of 78 clones) in terms of number of clones identified and of genera represented, similar to
information reported in the previous studies (Ahern, 2006; Amato, 2007; Fuzzi et al.,
1997).

Interestingly, unlike previous reports (Ahern, 2006; Amato, 2007; Fuzzi et al.,
1997; Maron et al., 2005; Radosevich et al., 2002; Sattler et al., 2001) on microbial
composition in fog, cloud or rain water, the genus, Pseudomonas, was not dominant in
our results. This genus was not detected by the DGGE method and only 6 clones
matching this phylotype were observed by clonal library analysis. Gammaproteobacteria
have been reported in many airborne microorganism studies (Amato et al., 2005;
Radosevich et al., 2002). Particularly, Pseudomonas were found in many air samples,
which reflect the ubiquitous nature of this microorganism. Another finding different from
the previous reports is that the predominance of Gram-negative strains. From the DGGE
method, four bands out of six bands on the gel were identified to be related to Gram-
negative strains and in results from clone library analysis indicated that 63 clones among
a total of 78 clones (81 %) were matched to 16S rRNA genes from Gram-negative strains.
These results are in contrast to the previous studies detecting microorganisms in
atmospheric samples using cultivation methods, and could be explained by seasonal
selection of airborne bacteria. During the summer it was reported that Gram negative
bacteria may be more abundant in the air because they are more resistant to UV radiation

damage (Amato, 2007; Shaffer and Lighthart, 1997)
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In an extensive study of cultivable microorganisms in cloud water (Amato, 2007),
Amato et al. reported that a total of 71 bacterial strains (3 to 19 strains at each sampling
event) were isolated from seven sampling events. From a one pooled sample of which the
maximum bacterial quantity would be estimated to be 10° cells, in total, we retrieved
eight to 12 different bacterial strains. While the number of phylotypes identified was
relatively low in our first attempt at characterization of cloud bacteria, this proof of
concept for using the Mohnen slotted cloud water droplet collector to collect cloud or rain
borne bacteria at elevation may increase the possibility of obtaining more in situ
information related to microbial communities present in the atmosphere. Future work
should include repeated sampling of clouds and molecular characterization of cloud
microbes coupled to extensive cloud chemical and physical characterization performed
simultaneously during the Cumulus Humilis Aerosol Processing Study (CHAPS). Further,
detection of other informative molecular targets including ribosomal and message RNA,
proteins and ATP would better define activity in these microbial systems. If molecular
methods are used along with cultivation methods in the investigation of the microbial

structure of the atmospheric samples, more comprehensive information could be obtained.
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Chapter 4

Summary and Conclusions

This dissertation describes research that sought to expand understanding of
bacterially-mediated biotransformation in two microbially challenging environments,
subsurface groundwater and the atmosphere. These environments are both of critical
importance to human populations and are linked by the hydrologic and biogeochemical
cycles that characterize planetary processes.

The first research area, described in Chapter 2, addressed characterization of
dehalorespiring bacteria from a PCE-contaminanted groundwater aquifer in New Jersey.
As a results of this work over a four year period, a highly tetrachloroethene (PCE)-
enriched culture—designated as RU11/PCE—which dehalorespires PCE, TCE, cis-1,2-
DCE and VC to ethene was developed. Quantitative PCR results showed that the
RUI11/PCE culture is able to grow on all four chlorinated ethenes and has similar yields
on PCE, TCE, cis-1,2-DCE and VC (0.6 x 10* to 1 x 10* 16S rRNA gene copies/pmol
CI') as other Dehalococcoides strains.

PCR-denaturing gradient gel electrophoresis (PCR-DGGE), 16S rRNA clonal
library analysis and direct DNA sequence analysis of 16S rRNA gene and the superoxide
dismutase gene (sod) and the DNA gyrase subunit B gene (gryB) revealed only one
bacterial genus, Dehalococcoides, in the RU11/PCE culture. The 16S rRNA sequence

(~1.5 kb) of the culture is identical to that of Dehalococcoides sp. strain CBDBI, strain
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FL2, strain GT and highly enriched culture KB-1/VC. The RU11/PCE culture contained
ten RDase genes highly similar to those found in the KB-1 culture, five highly similar to
those found in strain FL2, four highly similar to those found in strain CBDBI, three
highly similar to those found in strain 195 and one highly similar to those found in strain
BAV1. Of the well-characterized reductive dehalogenase genes (bvcA, tceA and vcrA)
only the ver4 gene, involved in VC dechlorination in Dehalococcoides strain VS, was
detected in the RU11/PCE culture. These findings open the exciting possibility that a new
and novel strain of Dehalococcoides has been isolated—one that dehalorespires all the
chloroethenes and has a different functional gene assembly than current isolates.

However, since the Dehalococcoides spp. have high similarity not only in 16S
rRNA genes, but also in the sod, and gyrB genes between strains, it is remotely possible
that this culture could be composed of more than one Dehalococcoides strains and that
they have not been differentiated using these conventional, PCR-based phylogenic
analysis methods.

In Chapter 3-1, to address the hypothesis that the air contains an active microbial
ecosystem, we developed compact rotating bioaerosol bioreactors which were
manufactured to keep bacteria suspended for 5 to 10 days while measuring their activity.
The reactor design is a rotating drum system similar to that described by Goldberg et al.
with the modification of being rolled in a rack, rather than being mounted on a rotating
shaft. This adaptation allowed that the bioreactors in this study were relatively
inexpensive.

The bioreactor system was equipped with a virtual impactor positioned at the

reactor inlet to have the capability to increase the particle concentration when filling the
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reactor. Particles greater than or equal to the size of a common bacterial cell,
approximately 0.5 to 1.0 um, were increased in concentration in the reactor at least 3- to
7-fold over ambient air concentrations. Concentrating the bioaerosol particles from
ambient air could increase the concentration of bacteria inside the reactor and would thus
increase the sensitivity of activity tests with ambient airborne bacteria.

These bioreactors also showed good efficiency in retention of volatile gas (e.g.
ethene gas) with a daily loss less than 5% and a bioaerosol of inactivated (killed)
Pseudomonas fluorescens bacteria.

A quantitative polymerase chain reaction (qPCR) method using bacterial 16S
rRNA gene fragments was developed and used along with an ATP assay, acridine orange
staining and microscopy, and traditional plate counts to enumerate bacteria in the
airborne state within the reactors under different conditions.

The effect of aerosolization into the rotating bioreactors and the presence of
substrate on the culturability of X. autotrophicus and B. subtilis were determined. In tests
performed with X. autotrophicus, no culturable cells were recovered from the bioreactors
under any condition. B. subtilis aerosols from dilute TSB with substrate yielded
statistically higher culturability that aerosols from distilledwater with no TSB substrate at
the 95% confidence level.

We performed growth tests of lab-generated live bioaerosols from Gram-negative
bacteria, X. autotrophicus, and Gram-positive bacteria, B. subtilis. In the first
aerosolization test of X. autotrophicus cell numbers as measured by qPCR indicated an
initial decrease followed by an increase in cell numbers suspended in the reactors so that

after nine days approximately 100% of the bacteria remained in suspension. During the
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second test with X. autotrophicus, only 10 to 40% of the initial X. autotrophicus
concentration was detected in the airborne fraction after seven days. For B. subtilis, a
decrease of nearly two orders of magnitude larger cell loss was observed over the course
of the experiment.

Although bacteria were apparently rendered nonculturable in the reactors, it is still
possible that they could be active. Here we measured bulk loss of a primary substrate
(ethene) as a measure of activity. Use of a more sensitive indicator of activity is needed
to conclusively determine substrate use. For example, use of labeled substrates (‘*C or
13C) could be used to allow detection of minute quantities transformation products (e.g.,
14C0,) or detection of labeled carbon in cells via stable isotope probing through detection
of "°C labeled DNA. Further, a choice of a substrate that produces a definitive, traceable
reaction product during transformation would also be useful.

To ensure greater activity of cells in the bioreactors, the optimization of
experimental conditions by varying environmental factors (e.g., RH, temperature, etc.),
should be the objective of future studies. Further, in natural air the organisms are likely in
association with other particulate matter, e.g. mineral dust or biogenic material, and this
association should provide some protective mechanisms. The effect of additional
aerosolized material will be investigated in future studies. Finally, use of natural,
concentrated bioaerosols as starting material in the reactors and measurement of their
activity will be investigated.

In Chapter 3-2, we analyzed the bacterial components of a pooled sample of
atmospheric water collected in the vicinity of Oklahoma City, OK, USA using two

different molecular methods—denaturing gradient gel electrophoresis (DGGE) and clone
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library analysis—in which 16S rRNA genes were used for identification. This study
compared the bacterial strains from these two methods and compared the results from
previous studies.

From DGGE analysis, eight strains were detected and six of them belonged to the
phyla Actinobacteria, Firmicutes, Proteobacteria and Bacteriodetes. In clone library
analysis, 12 bacterial strains were identified with dominant occurrence of the genera,
Sphingomonas, Betaproteobacterium, Curtobacterium, and Pseudomonas. The most
highly detected phylotype (24 of 78 clones) was 99% similar to Sphingomonas aerolata
strain NWI12 (AJ429240.1), an orange pigmented, psychrotolerant bacterial strain,
isolated from room air (Busse et al., 2003). Interestingly, highly similar strains have been
isolated from cold environments. Strain Ant 20 (AF184221.1) was cultured from fuel
contaminated soils around Scott Base, Antarctica (Aislabie et al., 2000) and strain
M3C203B-B (AF184221.1) was isolated from a 4200 year old ice core from Taylor
Dome in Antarctica (Christner et al., 2001) . Other organisms closely related to this

clone were from clean room environments (Christine et al., 2007).

Interest regarding the potential role of microorganisms in atmospheric chemistry
is increasing. The results of this study, though preliminary, suggest that bacteria adapted
to the extreme environments of ice, clean room environments and air, such as the orange
pigmented Sphingomonas aerolata making up 30% of the clones recovered from the
Oklahoma atmospheric water sample, might be a good candidate for further pure culture
studies of activity of bacteria in air. This species might be found in Antarctic ice because

is has some adaption to survive and be transported long distances via the atmosphere.
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Such organisms might be good candidates for further testing for activity in the airborne
state.

Until relatively recently, detection of microorganisms in atmospheric samples are
focused on cultivable aerobes. If culture - independent, molecular methods are used in
combination with cultivation methods in the investigation of the microbial structure of
atmospheric samples, more comprehensive information of the microbial biota could be
obtained. Such information might allow for a detailed understanding of the role of
microorganisms in atmospheric environments.

Taken together, the results of these studies have highlighted the importance of the
study of bacteria in challenging environments. Continued understanding of environmental
processes mediated by bacteria could improve the chances for environmental restoration

or allow a greater understanding and prediction of atmospheric processes.



162

References

(1) Abelson, P.H. (1990) Inefficient remediation of ground-water pollution. Science, 250,
733.

(2) Adamson, D.T., Lyon, D.Y. and Hughes, J.B. (2004) Flux and product distribution
during biological treatment of tetrachloroethene dense non-aqueous-phase liquid.
Environ. Sci. Technol., 38, 2021-2028.

(3) Adrian, L., Szewzyk, U., Wecke, J. and Gorisch, H. (2000) Bacterial
dehalorespiration with chlorinated benzenes. Nature, 408, 580-583.

(4) Agranovski, LE., Safatov, A.S., Pyankov, O.V., Sergeev, A.N., Agafonov, A.P.,
Ignatiev, G.M., Ryabchikova, E.I., Borodulin, A.IL., Sergeev, A.A., Doerr, HW.,
Rabenau, H.F.H.F. and Agranovski, V. (2004) Monitoring of viable airborne
SARS virus in ambient air. Atmospheric Environment, 38, 3879-3884.

(5) Ahern, H.E., K. A. Walsh, T. C. J. Hill, B. F. Moffett. (2006) Ice-nucleation Negative
Fluorescent Pseudomonads Isolated from Hebridean Cloud and Rain Water
Produce Biosurfactants. Biogeosciences Discussions, 3, 1561-1586.

(6) Ahn, Y.B., Liu, F., Fennell, D.E. and Haggblom, M.M. (2008) Biostimulation and
bioaugmentation to enhance dechlorination of polychlorinated dibenzo-p-dioxins
in contaminated sediments. FEMS Microbiol Ecol, 66, 271-281.

(7) Aislabie, J., Foght, J. and Saul, D. (2000) Aromatic hydrocarbon-degrading bacteria
from soil near Scott Base, Antarctica. Polar Biology, 23, 183-188.

(8) Altuzar, V., Tom, S.A., Zelaya-Angel, O., Sochez-Sinencio, F. and Arriaga, J.L.
(2005) Atmospheric ethene concentrations in Mexico City: Indications of strong
diurnal and seasonal dependences. Atmospheric Environment, 39, 5219-5225.

(9) Alvarez, A.J., Buttner, M.P., Toranzos, G.A., Dvorsky, E.A., Toro, A., Heikes, T.B.,
Mertikas-Pifer, L.E. and Stetzenbach, L.D. (1994) Use of solid-phase PCR for
enhanced detection of airborne microorganisms. Appl. Environ. Microbiol., 60,
374-376.

(10) Amann, R.I., Ludwig, W. and Schleifer, K.H. (1995) Phylogenetic identification and
in situ detection of individual microbial cells without cultivation. Microbiol. Rev.,
59, 143-1609.

(11) Amato, P., Demeer, F., Melaouhi, A., Fontanella, S., Martin-Biesse, A.S., Sancelme,
M., Laj, P. and Delort, A.M. (2007a) A fate for organic acids, formaldehyde and
methanol in cloud water: their biotransformation by micro-organisms. A¢mos.
Chem. Phys. Discuss., 1, 5253-5276.

(12) Amato, P., Menager, M., Sancelme, M., Laj, P., Mailhot, G. and Delort, A.-M. (2005)
Microbial population in cloud water at the Puy de Dome Implications for the
chemistry of clouds. Atmos Environ, 39, 4143-4153.

(13) Amato, P., Parazols, M., Sancelme, M., Laj, P., Mailhot, G. and Delort, A.-M.
(2007b) Microorganisms isolated from the water phase of tropospheric clouds at
the Puy de Dome: major groups and growth abilities at low temperatures. FEMS
Microbiol Ecol, 59, 242-254.

(14) Amato, P., Parazols, M., Sancelme, M., Mailhot, G., Laj, P. and Delort, A.-M.
(2007¢) An important oceanic source of micro-organisms for cloud water at the
Puy de Dome (France). Atmos Environ, 41, 8253-8263.



163

(15) Amos, B.K., Daprato, R.C., Hughes, J.B., Pennell, K.D. and Loffler, F.E. (2007)
Effects of the nonionic surfactant tween 80 on microbial reductive dechlorination
of chlorinated ethenes. Environ Sci Technol, 41, 1710-1716.

(16) Amos, B.K., Ritalahti, K.M., Cruz-Garcia, C., Padilla-Crespo, E. and Loffler, F.E.
(2008) Oxygen effect on Dehalococcoides viability and biomarker quantification.
Environ Sci Technol, 42, 5718-5726.

(17) An, H.R., Mainelis, G. and White, L. (2006) Development and calibration of real-
time PCR for quantification of airborne microorganisms in air samples. Atmos
Environ, 40, 7924-7939.

(18) An, H.R., Mainelis, G. and Yao, M. (2004) Evaluation of a high-volume portable
bioaerosol sampler in laboratory and field environments. Indoor Air, 14, 385-393.

(19) Angenent, L.T., Kelley, S.T., Amand, A.S., Pace, N.R. and Hernandez, M.T. (2005)
Molecular identification of potential pathogens in water and air of a hospital
therapy pool. Proc Natl Acad Sci USA, 102, 4860-4865.

(20) Ariya, P.A., Nepotchatykh, O., Ignatova, O. and Amyot, M. (2002) Microbiological
degradation of atmospheric organic compounds. Geophys. Res. Lett., 29, 2077-
2081.

(21) Asgharian, B. and Moss, O.R. (1992) Particle suspension in a rotating drum chamber
when the influence of gravity and rotation are both significant. Aerosol Sci
Technol, 17, 263 - 2717.

(22) Asplund, G. and Grimvall, A. (1991) Organohalogens in nature. Environ Sci Technol,
25, 1346-1350.

(23) ATSDR. (1996) Toxicological profile for 1,2-dichloroethene. Agency for Toxic
Substances and Disease Registry, U.S. Public Healthe Service, U.S. Department
of Health and Human Services, Atlanta.

(24) ATSDR. (1997a) Toxicological profile for tetrachloroethylene. Agency for Toxic
Substances and Disease Registry, U.S. Public Healthe Service, U.S. Department
of Health and Human Services, Atlanta.

(25) ATSDR. (1997b) Toxicological profile for trichloroethylene. Agency for Toxic
Substances and Disease Registry, U.S. Public Healthe Service, U.S. Department
of Health and Human Services, Atlanta.

(26) ATSDR. (2006) Toxicological profile for vinyl chloride. Agency for Toxic
Substances and Disease Registry, U.S. Public Healthe Service, U.S. Department
of Health and Human Services, Atlanta.

(27) ATSDR. (2007) CERCLA priority list of hazardous substances. Agency for Toxic
Substances and Disease Registry, U.S. Department of Health and Human Services,
Atlanta.

(28) Bai, Y., Yang, D., Wang, J., Xu, S., Wang, X. and An, L. (2006) Phylogenetic
diversity of culturable bacteria from alpine permafrost in the Tianshan Mountains,
northwestern China. Res Microbiol, 157, 741-751.

(29) Baker, A.K., Beyersdorf, A.J., Doezema, L.A., Katzenstein, A., Meinardi, S.,
Simpson, 1.J., Blake, D.R. and Sherwood Rowland, F. (2008) Measurements of
nonmethane hydrocarbons in 28 United States cities. Atmos Environ, 42, 170-182.

(30) Bauer, H., Kasper-Giebl, A., Zibuschka, F., Hitzenberger, R., Kraus, G.F. and
Puxbaum, H. (2002) Determination of the carbon content of airborne fungal
spores. Anal Chem, 74, 91-95.



164

(31) Bauer, H., Schueller, E., Weinke, G., Berger, A., Hitzenberger, R., Marr, L.L. and
Puxbaum, H. (2008) Significant contributions of fungal spores to the organic
carbon and to the aerosol mass balance of the urban atmospheric aerosol. Atmos
Environ, 42, 5542-5549.

(32) Beamer, B.R., Topmiller, J.L. and Crouch, K.G. (2004) Development of evaluation
procedures for local exhaust ventilation for United States Postal Service mail-
processing equipment. J Occup Environ Hygiene, 1,423 - 429.

(33) Becker, J.G. (2006) A modeling study and implications of competition between
Dehalococcoides ethenogenes and other tetrachloroethene-respiring bacteria.
Environ Sci Technol, 40, 4473-4480.

(34) Behrendt, U., Ulrich, A., Schumann, P., Naumann, D. and Suzuki, K. (2002)
Diversity of grass-associated Microbacteriaceae isolated from the phyllosphere
and litter layer after mulching the sward; polyphasic characterization of
Subtercola pratensis sp. nov., Curtobacterium herbarum sp. nov. and
Plantibacter flavus gen. nov., sp. nov. Int J Syst Evol Microbiol, 52, 1441-1454.

(35) Bekins, B. (2000) Preface — Groundwater and microbial processes. Hydrogeol J, 8,
2-3.

(36) Berks, B.C., Sargent, F. and Palmer, T. (2000) The Tat protein export pathway. Mol.
Microbiol., 35, 260-274.

(37) Bitton, G. (2002) Encyclopedia of environmental microbiology. Wiley interscience
publication, New York, NY.

(38) Bowers, R.M., Lauber, C.L., Wiedinmyer, C., Hamady, M., Hallar, A.G., Fall, R.,
Knight, R. and Fierer, N. (2009) Characterization of airborne microbial
communities at a high-elevation site and their potential to act as atmospheric ice
nuclei. Appl. Environ. Microbiol., 75, 5121-5130.

(39) Bradley, P.M. (2003) History and ecology of chloroethene biodegradation: a review.
Bioremediation J., 7, 81-109.

(40) Brent, C.C., Ellen, M.-T., Lonnie, G.T. and John, N.R. (2001) Isolation of bacteria
and 16S rDNAs from Lake Vostok accretion ice. Environ Microbiol, 3, 570-577.

(41) Brodie, E.L., DeSantis, T.Z., Moberg Parker, J.P., Zubietta, 1.X., Piceno, Y.M. and
Andersen, G.L. (2007) Urban aerosols harbor diverse and dynamic bacterial
populations. Proc Natl Acad Sci USA, 104, 299-304.

(42) Bunge, M., Adrian, L., Kraus, A., Opel, M., Lorenz, W.G., Andreesen, J.R., Gorisch,
H. and Lechner, U. (2003) Reductive dehalogenation of chlorinated dioxins by an
anaerobic bacterium. Nature, 421, 357-360.

(43) Burdett, 1.D., Kirkwood, T.B. and Whalley, J.B. (1986) Growth kinetics of
individual Bacillus subtilis cells and correlation with nucleoid extension. J.
Bacteriol., 167, 219-230.

(44) Busse, H.-J., Denner, E.B.M., Buczolits, S., Salkinoja-Salonen, M., Bennasar, A.
and Kampfer, P. (2003) Sphingomonas aurantiaca sp. nov., Sphingomonas
aerolata sp. nov. and Sphingomonas faeni sp. nov., air- and dustborne and
Antarctic, orange-pigmented, psychrotolerant bacteria, and emended description
of the genus Sphingomonas. Int J Syst Evol Microbiol, 53, 1253-1260.

(45) Buttner, M.P., K. Willeke, S. Grinshpun. (2002) Sampling and analysis of airborne
microorganisms, Washington DC.



165

(46) Buttner, M.P. and Stetzenbach, L.D. (1991) Evaluation of four aerobiological
sampling methods for the retrieval of aerosolized Pseudomonas syringae. Appl
Environ Microbiol, 57, 1268-1270.

(47) Buttner, M.P. and Stetzenbach, L.D. (1993) Monitoring airborne fungal spores in an
experimental indoor environment to evaluate sampling methods and the effects of
human activity on air sampling. Appl. Environ. Microbiol., 59, 219-226.

(48) Button, D.K., Robertson, B.R. and Craig, K.S. (1981) Dissolved hydrocarbons and
related microflora in a Fjordal seaport: sources, sinks, concentrations, and kinetics.
Appl. Environ. Microbiol., 42, 708-719.

(49) Cabirol, N., Jacob, F., Perrier, J., Fouillet, B. and Chambon, P. (1998) Interaction
between methanogenic and  sulfate-reducing microorganisms  during
dechlorination of a high concentration of tetrachloroethylene. J. Gen. Appl.
Microbiol., 44, 297-301.

(50) Calderon, C., Ward, E., Freeman, J. and McCartney, A. (2002) Detection of airborne
fungal spores sampled by rotating-arm and Hirst-type spore traps using
polymerase chain reaction assays. J Aerosol Sci, 33, 283-289.

(51) Carpenter, E.J., Lin, S. and Capone, D.G. (2000) Bacterial activity in south pole
snow. Appl. Environ. Microbiol., 66, 4514-4517.

(52) Casareto, B.E., Suzuki, Y., Okada, K. and Morita, M. Biological micro-particles in
rain water. Geophys. Res. Lett., 23, 173-176.

(53) Chang, Y.C., Hatsu, M., Jung, K., Yoo, Y.S. and Takamizawa, K. (2000) Isolation
and characterization of a tetrachloroethylene dechlorinating bacterium,
Clostridium bifermentans DPH-1. J. Biosci. Bioeng., 89, 489-491.

(54) Christ, J.A., Ramsburg, C.A., Abriola, L.M., Pennell, K.D. and Loffler, F.E. (2005)
Coupling aggressive mass removal with microbial reductive dechlorination for
remediation of DNAPL source zones: a review and assessment. Environ Health
Perspect, 113, 465-477.

(55) Christiansen, N., Ahring, B.K., Wohlfarth, G. and Diekert, G. (1998) Purification
and characterization of the 3-chloro-4-hydroxy-phenylacetate reductive
dehalogenase of Desulfitobacterium hafniense. FEBS Lett, 436, 159-162.

(56) Christine, M., Shariff, O., Myron, T.L.D., Anne, D., Eoin, B., Tadd, D. and Kasthuri,
V. (2007) Molecular bacterial community analysis of clean rooms where
spacecraft are assembled. FEMS Microbiol Ecol, 61, 509-521.

(57) Christner, B.C., Morris, C.E., Foreman, C.M., Cai, R. and Sands, D.C. (2008)
Ubiquity of biological ice nucleators in snowfall. Science, 319, 1214.

(58) Claudio Orlando, Pamela Pinzani and Pazzagli, M. (1998) Developments in
Quantitative PCR. Clin Chem Lab Med, 36, 255-269.

(59) Coleman, N.V., Mattes, T.E., Gossett, J.M. and Spain, J.C. (2002) Biodegradation of
cis-Dichloroethene as the Sole Carbon Source by a {beta}-Proteobacterium. Appl.
Environ. Microbiol., 68, 2726-2730.

(60) Cote, V., Kos, G., Mortazavi, R. and Ariya, P.A. (2008) Microbial and "de novo"
transformation of dicarboxylic acids by three airborne fungi. Sci Total Environ,
390, 530-537.

(61) Cox, C.S. (1976) Inactivation kinetics of some microorganisms subjected to a
variety of stresses. Appl. Environ. Microbiol., 31, 836-846.

(62) Cox, C.S. (1989) Airborne bacteria and viruses. Sci Prog, 73, 469-500.



166

(63) Cox, C.S.and Wathes C.M.(1995) Bioaerosols handbook. Lewis Brothers, Boca
Raton, FL.

(64) Cruz-Perez, P., Buttner M.P.and Stetzenbach L.D.(2001) Specific detection of
Stachybotrys chartarum in pure culture using quantitative polymerase chain
reaction. Mol cell probes, 15, 129-138.

(65) Cupples, A.M., Spormann, A.M. and McCarty, P.L. (2003) Growth of a
Dehalococcoides-like microorganism on vinyl chloride and cis-dichloroethene as
electron acceptors as determined by competitive PCR. Appl. Environ. Microbiol.,
69, 953-959.

(66) Deguillaume, L., Leriche, M., Amato, P., Ariya, P.A., Delort, A.-M., Poeschl, U.,
Chaumerliac, N., Bauer, H., Flossmann, A.I. and Morris, C.E. (2008)
Microbiology and atmospheric processes: chemical interactions of primary
biological aerosols. Biogeosciences, 5, 1073-1084.

(67) Dimmick, R.L., Straat, P.A., Wolochow, H., Levin, G.V., Chatigny, M.A. and
Schrot, J.R. (1975) Evidence for metabolic activity of airborne bacteria. J Aerosol
Sci, 6, 387-393.

(68) Dimmick, R.L. and Wang, L. (1969) An Introduction to experimental aerobiology.
(Eds: R. L. Dimmick, A. B. Akers). John Wiley and Sons, New York, 492.

(69) Dimmick, R.L., Wolochow, H. and Chatigny, M.A. (1979a) Evidence for more than
one division of bacteria within airborne particles. Appl. Environ. Microbiol., 38,
642-643.

(70) Dimmick, R.L., Wolochow, H. and Chatigny, M.A. (1979b) Evidence that bacteria
can form new cells in airborne particles. Appl. Environ. Microbiol., 37, 924-927.

(71) Diouf, A., de Lajudie, P., Neyra, M., Kersters, K., Gillis, M., Martinez-Romero, E.
and Gueye, M. (2000) Polyphasic characterization of rhizobia that nodulate
Phaseolus vulgaris in West Africa (Senegal and Gambia). Int J Syst Evol
Microbiol, 50, 159-170.

(72) Duetz, W.A., de Jong, C., Williams, P.A. and van Andel, J.G. (1994) Competition in
chemostat culture between Pseudomonas strains that use different pathways for
the degradation of toluene. Appl. Environ. Microbiol., 60, 2858-2863.

(73) Duhamel, M. and Edwards, E.A. (2006) Microbial composition of chlorinated
ethene-degrading cultures dominated by Dehalococcoides. FEMS Microbiol Ecol,
58, 538-549.

(74) Duhamel, M., Mo, K. and Edwards, E.A. (2004) Characterization of a highly
enriched Dehalococcoides-containing culture that grows on vinyl chloride and
trichloroethene. Appl. Environ. Microbiol., 70, 5538-5545.

(75) Durant, N.D., Major, D.W., Cox, E.E. and McMaster, M. (2004) Bioaugmentation to
enhanced anaerobic bioremediation of chlorinated solvents in groundwater: six
case studies, In: Principles and Practices of Enhanced Bioremediation of
Chlorinated Solvents

http://www.afcee.brooks.af.mil/products/techtrans/bioremediation/downloads/. AFCEE,
San Antonio.

(76) Ebersole, R.C. and Hendrickson, E.R. (2005) Nucleic acid fragments for
identification of dechlorinating bacteria.



167

(77) Egli, C., Tschan, T., Scholtz, R., Cook, A.M. and Leisinger, T. (1988)
Transformation of tetrachloromethane to dichloromethane and carbon dioxide by
Acetobacterium woodii. Appl. Environ. Microbiol., 54, 2819-2824.

(78) el Fantroussi, S., Mahillon, J., Naveau, H. and Agathos, S.N. (1997) Introduction of
anaerobic dechlorinating bacteria into soil slurry microcosms and nested-PCR
monitoring. Appl. Environ. Microbiol., 63, 806-811.

(79) Elbert, W., Taylor, P.E., Andreae, M.O. and Poschl, U. (2007) Contribution of fungi
to primary biogenic aerosols in the atmosphere: wet and dry discharged spores,
carbohydrates, and inorganic ions. Atmos. Chem. Phys., 7, 4569-4588.

(80) Ellis, D.E., Lutz, E.J., Odom, J.M., Buchanan, R.J., Bartlett, C.L., Lee, M.D.,
Harkness, M.R. and DeWeerd, K.A. (2000) Bioaugmentation for accelerated in
situ anaerobic bioremediation. Environ. Sci. Technol., 34, 2254-2260.

(81) EPA. (2003) The DNAPL remediation challenge is there a case for course depletion?
National Risk Management Research Laboratory, Office of Research and
Develoment, U. S. EPA, Washington, DC.

(82) Namkung E., (1987) Evaluation of bisubstrate secondary utilization kinetics by
biofilms. Biotechnology and Bioengineering, 29, 335-342.

(83) Farrow, J.A.E., Wallbanks, S. and Collins, M.D. (1994) Phylogenetic
interrelationships of round-spore-forming Bacilli containing cell walls based on
lysine and the non-spore-forming genera Caryophanon, Exiguobacterium,
Kurthia, and Planococcus. Int J Syst Bacteriol, 44, 74-82.

(84) Fathepure, B.Z., Nengu, J.P. and Boyd, S.A. (1987) Anaerobic bacteria that
dechlorinate perchloroethene. Appl. Environ. Microbiol., 53, 2671-2674.

(85) Fennell, D.E., Carroll, A.B., Gossett, J.M. and Zinder, S.H. (2001) Assessment of
indigenous reductive dechlorinating potential at a TCE-contaminated site using
microcosms, polymerase chain reaction analysis, and site data. Environ Sci
Technol, 35, 1830-1839.

(86) Fennell, D.E., Nijenhuis, 1., Wilson, S.F., Zinder, S.H. and Haggblom, M.M. (2004)
Dehalococcoides ethenogenes strain 195 reductively dechlorinates diverse
chlorinated aromatic pollutants. Environ. Sci. Technol., 38, 2075-2081.

(87) Ferris, M.J. and Ward, D.M. (1997) Seasonal distributions of dominant 16S rRNA-
defined populations in a hot spring microbial mat examined by denaturing
gradient gel electrophoresis. Appl Environ Microbiol, 63, 1375-1381.

(88) Fetzner, S. (1998) Bacterial dehalogenation. Appl. Microbiol. Biotechnol., 50, 633-
657.

(89) Fleishauer, R.P.L., R.P.; Vonder Haar, T.H. (2002) Observed microphysical
structure of midlevel, mixed-phase clouds. Journal of the Atmosp Sci, 59, 1779-
1804.

(90) Freedman, D.L. and Gossett, J.M. (1989) Biological reductive dechlorination of
tetrachloroethylene and trichloroethylene to ethylene under methanogenic
conditions. Appl. Environ. Microbiol., 55, 2144-2151.

(91) Fung, J.M., Morris, R.M., Adrian, L. and Zinder, S.H. (2007) Expression of
reductive dehalogenase genes in Dehalococcoides ethenogenes strain 195
growing on tetrachloroethene, trichloroethene, or 2,3-dichlorophenol. Appl.
Environ. Microbiol., 73, 4439-4445.



168

(92) Fuzzi, S., Mandrioli, P. and Perfetto, A. (1997) Fog droplets--an atmospheric source
of secondary biological aerosol particles. Atmos Environ, 31, 287-290.

(93) Gantzer, C.J. and Wackett, L.P. (2002) Reductive dechlorination catalyzed by
bacterial transition-metal coenzymes. Environ. Sci. Technol., 25, 715-722.

(94) Geller, A. (1983) Growth of bacteria in inorganic medium at different levels of
airborne organic substances. Appl. Environ. Microbiol., 46, 1258-1262.

(95) Gerritse, J., Drzyzga, O., Kloetstra, G., Keijmel, M., Wiersum, L.P., Hutson, R.,
Collins, M.D. and Gottschal, J.C. (1999) Influence of different electron donors
and acceptors on dehalorespiration of tetrachloroethene by Desulfitobacterium
frappieri TCEL. Appl. Environ. Microbiol., 65, 5212-5221.

(96) Gerritse, J., Renard, V., Pedro Gomes, T.M., Lawson, P.A., Collins, M.D. and
Gottschal, J.C. (1996) Desulfitobacterium sp. strain PCEl, an anaerobic
bacterium that can grow by reductive dechlorination of tetrachloroethene or ortho-
chlorinated phenols. Arch. Microbiol., 165, 132-140.

(97) Ginkel, C.G. and Bont, J.A.M. (1986) Isolation and characterization of alkene-
utilizing Xanthobacter spp. Archives of Microbiology, 145, 403-407.

(98) Goldberg, L.J. (1971) Naval biomedical research laboratory, programmed
environment, aerosol facility. Appl. Environ. Microbiol., 21, 244-252.

(99) Goldberg, L.J., Watkins, H.M.S., Boerke, E.E. and Chatigny, M.A. (1958) The use
of a rotating drum for the study of aerosols over extended periods of time. Am. J.
Epidemiol., 68, 85-93.

(100) Gregory, P.H. (1973) The microbiology of the atmosphere. John Wiley and Sons,
New York.

(101) Gribble, G.W. (1996) Naturally occurring organohalogen compounds--a
comprehensive survey. Fortschr Chem Org Naturst, 68, 1-423.

(102) Gribble, G.W. (2003) The diversity of naturally produced organohalogens.
Chemosphere, 52, 289-297.

(103) Griffin, D., Garrison, V., Herman, J. and Shinn, E. (2001) African desert dust in the
Caribbean atmosphere: Microbiology and public health. Aerobiologia, 17, 203-
213.

(104) Griffiths, W.D., Stewart, . W., Clark, J.M. and Holwill, I.L. (2001) Procedures for
the characterisation of bioaerosol particles. Part II: Effects of environment on
culturability. Aerobiologia, 17, 109-119.

(105) Gruel, R.L., Reid, C.R. and Allemann, R.T. (1987) The optimum rate of drum
rotation for aerosol aging. J Aerosol Sci, 18, 17-22.

(106) Gunsalus, R.P., Romesser, J.A. and Wolfe, R.S. (1978) Preparation of coenzyme M
analogues and their activity in the methyl coenzyme M reductase system of
Methanobacterium thermoautotrophicum. Biochemistry, 17, 2374-2377.

(107) Gusev, Y., Sparkowski, J., Raghunathan, A., Ferguson, H., Jr., Montano, J.,
Bogdan, N., Schweitzer, B., Wiltshire, S., Kingsmore, S.F., Maltzman, W. and
Wheeler, V. (2001) Rolling circle amplification: A new approach to increase
sensitivity for immunohistochemistry and flow cytometry. A4m J Pathol, 159, 63-
69.

(108) Haggblom, M.M., Ahn, Y.B., Fennell, D.E., Kerkhof, L.J. and Rhee, S.K. (2003)
Anaerobic dehalogenation of organohalide contaminants in the marine
environment. Adv Appl Microbiol, 53, 61-84.



169

(109) Hama, T. and Handa, N. (1980) Molecular weight distribution and characterization
of dissolved organic matter from lake waters. Archives of Hydrobiology, 90, 106-
120.

(110) Harms, H. (1996) Bacterial growth on distant naphthalene diffusing through water,
air, and water-saturated and nonsaturated porous media. Appl. Environ. Microbiol.,
62, 2286-2293.

(111) Harrison, F.C. (1898) Bacterial content of hailstones. Botanical Gazette, 26, 211-
214.

(112) Hartmans, S. and De Bont, J.A. (1992) Aerobic vinyl chloride metabolism in
Mycobacterium aurum L1. Appl. Environ. Microbiol., 58, 1220-1226.

(113) Hatch, M.T., and H. Wolochow. (1969) Bacterial survival: consequences of the
airborned state. Wiley interscience, New York.

(114) He, J., Holmes, V.F., Lee, P.K. and Alvarez-Cohen, L. (2007) Influence of vitamin
B12 and cocultures on the growth of Dehalococcoides isolates in defined medium.
Appl. Environ. Microbiol., 73, 2847-2853.

(115) He, J., Ritalahti, K.M., Aiello, M.R. and Loéffler, F.E. (2003a) Complete
detoxification of vinyl chloride by an anaerobic enrichment culture and
identification of the reductively dechlorinating population as a Dehalococcoides
species. Appl Environ Microbiol, 69, 996-1003.

(116) He, J., Ritalahti, K.M., Yang, K.-L., Koenigsberg, S.S. and Loffler, F.E. (2003b)
Detoxification of vinyl chloride to ethene coupled to growth of an anaerobic
bacterium. Nature, 424, 62-65.

(117) He, J., Robrock, K.R. and Alvarez-Cohen, L. (2006) Microbial reductive
debromination of polybrominated diphenyl ethers (PBDEs). Environ. Sci.
Technol., 40, 4429-4434.

(118) He, J., Sung, Y., Krajmalnik-Brown, R., Ritalahti, K.M. and Loffler, F.E. (2005)
Isolation and characterization of Dehalococcoides sp. strain FL2, a
trichloroethene (TCE)- and 1,2-dichloroethene-respiring anaerobe. Environ.
Microbiol., 7, 1442-1450.

(119) Heidelberg, J.F., Shahamat, M., Levin, M., Rahman, 1., Stelma, G., Grim, C. and
Colwell, R.R. (1997) Effect of aerosolization on culturability and viability of
gram- negative bacteria. Appl. Environ. Microbiol., 63, 3585-3588.

(120) Hendrickson, E.R., Payne, J.A., Young, R.M., Starr, M.G., Perry, M.P., Fahnestock,
S., Ellis, D.E. and Ebersole, R.C. (2002) Molecular analysis of Dehalococcoides
16S ribosomal DNA from chloroethene-contaminated sites throughout North
America and Europe. Appl Environ Microbiol, 68, 485-495.

(121) Higgins, J.A., Cooper, M., Schroeder-Tucker, L., Black, S., Miller, D., Karns, J.S.,
Manthey, E., Breeze, R. and Perdue, M.L. (2003) A field investigation of Bacillus
anthracis contamination of U.S. department of agriculture and other Washington,
D.C., buildings during the anthrax attack of October 2001. Appl. Environ.
Microbiol., 69, 593-599.

(122) Hill, K.A., Shepson, P.B., Galbavy, E.S., Anastasio, C., Kourtev, P.S., Konopka, A.
and Stirm, B.H. (2007) Processing of atmospheric nitrogen by clouds above a
forest environment. J. Geophys. Res., 112 D11301.

(123) Himmelheber, D.W., Pennell, K.D. and Hughes, J.B. (2007) Natural attenuation
processes during in situ capping. Environ Sci Technol, 41, 5306-5313.



170

(124) Hinds, W.C. (1999) Aerosol technology: properties, behavior, and measurement of
airborne particles. John Wiley and Sons, New York.

(125) Holliger, C., Hahn, D., Harmsen, H., Ludwig, W., Schumacher, W., Tindall, B.,
Vazquez, F., Weiss, N. and Zehnder, A.J. (1998) Dehalobacter restrictus gen. nov.
and sp. nov., a strictly anaerobic bacterium that reductively dechlorinates tetra-
and trichloroethene in an anaerobic respiration. Arch. Microbiol., 169, 313-321.

(126) Holliger, C., Regeard, C. and Diekert, G. (2003) Dehalogenation by anaerobic
bacteria. In Dehalogenation.: microbial processes and environmental applications.
Kluwer Academic Press, New York.

(127) Holliger, C., Schraa, G., Stams, A.J. and Zehnder, A.J. (1993) A highly purified
enrichment culture couples the reductive dechlorination of tetrachloroethene to
growth. Appl. Environ. Microbiol., 59, 2991-2997.

(128) Holmes, V.F., He, J., Lee, P.K. and Alvarez-Cohen, L. (2006) Discrimination of
multiple Dehalococcoides strains in a trichloroethene enrichment by
quantification of their reductive dehalogenase genes. Appl Environ Microbiol, 72,
5877-5883.

(129) Holscher, T., Krajmalnik-Brown, R., Ritalahti, K.M., Von Wintzingerode, F.,
Gorisch, H., Loffler, F.E. and Adrian, L. (2004) Multiple nonidentical reductive-
dehalogenase-homologous genes are common in Dehalococcoides. Appl Environ
Microbiol, 70, 5290-5297.

(130) Ibekwe, A.M. and Grieve, C.M. (2003) Detection and quantification of Escherichia
coli O157:H7 in environmental samples by real-time PCR. J Appl Microbiol, 94,
421-431.

(131) Imshenetzky, A.A., S.V. Lysenko and G.A. Kazakov. (1978) Upper boundary of
the biosphere. Appl. Environ. Microbiol., 35, 1-5.

(132) Jaenicke, R. (2005) Abundance of Cellular Material and Proteins in the
Atmosphere. Science, 308, 73.

(133) Johnson, D.R., Lee, P.K., Holmes, V.F., Fortin, A.C. and Alvarez-Cohen, L. (2005)
Transcriptional expression of the tceA gene in a Dehalococcoides-containing
microbial enrichment. Appl Environ Microbiol, 71, 7145-7151.

(134) Jones, A.M. and Harrison, R.M. (2004) The effects of meteorological factors on
atmospheric bioaerosol concentrations--a review. Sci Total Environ, 326, 151-180.

(135) Junge, K., and B.D. Swanson. (2008) High-resolution ice nucleation spectra of sea-
ice bacteria: Implications for cloud formation and life in frozen environments.
Biogeosciences, 5, 865-873.

(136) Keppler, F., Borchers, R., Pracht, J., Rheinberger, S. and Scholer, H.F. (2002)
Natural formation of vinyl chloride in the terrestrial environment. Environ Sci
Technol, 36, 2479-2483.

(137) Kerkhof, L.J. and Haggblom, M.M. (2008) Detecting active bacteria involved in
biodegradation in the environment. Caister Academic Press, Norwich.

(138) Kim, S., Chang, M.-C., Kim, D. and Sioutas, C. (2000) A new generation of
portable coarse, fine, and ultrafine particle concentrators for use in inhalation
toxicology. Inhalation Toxicol, 12, 121 - 137.

(139) Kovarova-Kovar, K. and Egli, T. (1998) Growth kinetics of suspended microbial
cells: from single-substrate-controlled growth to mixed-substrate kinetics.
Microbiol. Mol. Biol. Rev., 62, 646-666.



171

(140) Koziollek, P., Bryniok, D. and Knackmuss, H.-J. (1999) Ethene as an auxiliary
substrate for the cooxidation of cis-1,2-dichloroethene and vinyl chloride. Arch
Microbiol, 172, 240-246.

(141) Krajmalnik-Brown, R., Holscher, T., Thomson, I.N., Saunders, F.M., Ritalahti,
K.M. and Loffler, F.E. (2004) Genetic identification of a putative vinyl chloride
reductase in Dehalococcoides sp. strain BAV1. Appl Environ Microbiol, 70,
6347-6351.

(142) Krajmalnik-Brown, R., Sung, Y., Ritalahti, K.M., Saunders, F.M. and Léffler, F.E.
(2007) Environmental distribution of the trichloroethene reductive dehalogenase
gene (tceA) suggests lateral gene transfer among Dehalococcoides. FEMS
Microbiol Ecol, 59, 206-214.

(143) Krumholz, L.R. (1997) Desulfuromonas chloroethenica sp. mnov. uses
tetrachloroethylene and trichloroethylene as electron acceptors. Int. J. Syst.
Bacteriol., 47, 1262-1263.

(144) Krumins, V., Son, E.-K., Mainelis, G. and Fennell, D.E. (2008) Retention of
inactivated bioaerosols and ethene in a rotating bioreactor constructed for
bioaerosol activity studies. CLEAN - Soil, Air, Water, 36, 593-600.

(145) Kube, M., Beck, A., Zinder, S.H., Kuhl, H., Reinhardt, R. and Adrian, L. (2005)
Genome sequence of the chlorinated compound-respiring bacterium
Dehalococcoides species strain CBDBI1. Nat Biotechnol, 23, 1269-1273.

(146) La Duc, M.T., Dekas, A., Osman, S., Moissl, C., Newcombe, D. and
Venkateswaran, K. (2007) Isolation and characterization of bacteria capable of
tolerating the extreme conditions of clean room environments. Appl. Environ.
Microbiol., 73, 2600-2611.

(147) Lane, D.J. (1991a) 165/23S rRNA sequencing. John Wiley & Sons, New York, NY.

(148) Lane, D.J., B. Pace, G. J. Olsen, D. A. Stahlt, M. L. Sogint, and N. R. Pace. (1985)
Rapid determination of 16S ribosomal RNA sequences for phylogenetic analyses.
Proc. Natl. Acad. Sci. USA, 82, 6955-6959.

(149) Lee, M.D., Odom, J.M. and Buchanan, R.J., Jr. (1998) New perspectives on
microbial dehalogenation of chlorinated solvents: insights from the field. Annu
Rev Microbiol, 52, 423-452.

(150) Lee, P.K., Johnson, D.R., Holmes, V.F., He, J. and Alvarez-Cohen, L. (2006)
Reductive dehalogenase gene expression as a biomarker for physiological activity
of Dehalococcoides spp. Appl Environ Microbiol, 72, 6161-6168.

(151) Lee, P.K., Macbeth, T.W., Sorenson, K.S., Jr., Deeb, R.A. and Alvarez-Cohen, L.
(2008) Quantifying genes and transcripts to assess the in situ physiology of
"Dehalococcoides" spp. in a trichloroethene-contaminated groundwater site. Appl
Environ Microbiol, 74, 2728-2739.

(152) Lendvay, J.M., Loffler, F.E., Dollhopf, M., Aiello, M.R., Daniels, G., Fathepure,
B.Z., Gebhard, M., Heine, R., Helton, R., Shi, J., Krajmalnik-Brown, R., Major,
C.L., Barcelona, M.J., Petrovskis, E., Hickey, R., Tiedje, J.M. and Adriaens, P.
(2003) Bioreactive barriers: a comparison of bioaugmentation and biostimulation
for chlorinated solvent remediation. Environ Sci Technol, 37, 1422-1431.

(153) Lighthart, B. (1973) Survival of airborne bacteria in a high urban concentration of
carbon monoxide. Appl. Environ. Microbiol., 25, 86-91.



172

(154) Lighthart, B. (2000) Mini-review of the concentration variations found inthe
alfresco atmospheric bacterial populations. Aerobiologia, 16, 7-16.

(155) Lighthart, B., and A. J. Mohr. (1994) Atmospheric microbial aerosols. Chapman
and Hall, New York, N.Y.

(156) Liu, F. and Fennell, D.E. (2008) Dechlorination and detoxification of 1,2,3,4,7,8-
hexachlorodibenzofuran by a mixed culture containing Dehalococcoides
ethenogenes Strain 195. Environ. Sci. Technol., 42, 602-607.

(157) Loffler, F.E. and Edwards, E.A. (2006) Harnessing microbial activities for
environmental cleanup. Curr. Opin. Biotechnol., 17, 274-284.

(158) Loftler, F.E., J.R. Cole, K.M. Ritalahti, and J. M. Tiedje. (2003) Diversity of
dechlorinating bacteria. In Dehalogenation: microbial processes and
environmental applications. Kluwer Academic Press, New York, NY.

(159) Loffler, F.E., Ritalahti, K.M. and Tiedje, J.M. (1997) Dechlorination of
chloroethenes is inhibited by 2-bromoethanesulfonate in the absence of
methanogens. Appl. Environ. Microbiol., 63, 4982-4985.

(160) Loffler, F.E., Sanford, R.A. and Tiedje, J.M. (1996) Initial characterization of a
reductive dehalogenase from Desulfitobacterium chlororespirans Co23. Appl.
Environ. Microbiol., 62, 3809-3813.

(161) Loftler, F.E., Sun, Q., Li, J. and Tiedje, J.M. (2000) 16S rRNA gene-based
detection of  tetrachloroethene-dechlorinating Desulfuromonas and
Dehalococcoides species. Appl Environ Microbiol, 66, 1369-1374.

(162) Luijten, M.L., de Weert, J., Smidt, H., Boschker, H.T., de Vos, W.M., Schraa, G.
and Stams, A.J. (2003) Description of Sulfurospirillum halorespirans sp. nov., an
anaerobic, tetrachloroethene-respiring bacterium, and transfer of Dehalospirillum
multivorans to the genus Sulfurospirillum as Sulfurospirillum multivorans comb.
nov. Int J Syst Evol Microbiol, 53, 787-793.

(163) Madigan, M.T., Martinko, J.M. and Parker, J. (2003) Brock Biology of
Microorganisms. Prentice-Hall, Inc., Upper Saddle River.

(164) Magnuson, J.K., Romine, M.F., Burris, D.R. and Kingsley, M.T. (2000)
Trichloroethene reductive dehalogenase from Dehalococcoides ethenogenes:
sequence of tceA and substrate range characterization. Appl. Environ. Microbiol.,
66, 5141-5147.

(165) Magnuson, J.K., Stern, R.V., Gossett, .M., Zinder, S.H. and Burris, D.R. (1998)
Reductive dechlorination of tetrachloroethene to ethene by a two-component
enzyme pathway. Appl Environ Microbiol, 64, 1270-1275.

(166) Maillard, J., Schumacher, W., Vazquez, F., Regeard, C., Hagen, W.R. and Holliger,
C. (2003) Characterization of the corrinoid iron-sulfur protein tetrachloroethene
reductive dehalogenase of Dehalobacter restrictus. Appl. Environ. Microbiol., 69,
4628-4638.

(167) Mainelis, G., Willeke, K., Baron, P., Reponen, T., Grinshpun, S.A., Gony, R.L. and
Trakumas, S. (2001) Electrical charges on airborne microorganisms. J Aerosol Sci,
32,1087-1110.

(168) Major, D.W., McMaster, M.L., Cox, E.E., Edwards, E.A., Dworatzek, S.M.,
Hendrickson, E.R., Starr, M.G., Payne, J.A. and Buonamici, L.W. (2002) Field
demonstration of successful bioaugmentation to achieve dechlorination of
tetrachloroethene to ethene. Environ Sci Technol, 36, 5106-5116.



173

(169) Malachowsky, K.J., Phelps, T.J., Teboli, A.B., Minnikin, D.E. and White, D.C.
(1994) Aerobic mineralization of trichloroethylene, vinyl chloride, and aromatic
compounds by Rhodococcus species. Appl. Environ. Microbiol., 60, 542-548.

(170) Mandrioli P., P.G.L., Bagni N. and Prodi F. (1973) Distribution of microorganisms
in hailstones. Nature, 246, 416-417.

(171) Marchant, R., A. Franzetti, S. G. Pavlostathis, D. O. Tas, I. Erdbriigger, A. Unyayar,
M. A. Mazmanci, I. M. Banat. (2008) Thermophilic bacteria in cool temperate
soils: are they metabolically active or continually added by global atmospheric
transport? Appl Microbiol Biotechnol, 78, 841-852.

(172) Maron, P.-A., Lejon, D.P.H., Carvalho, E., Bizet, K., Lemanceau, P., Ranjard, L.
and Mougel, C. (2005) Assessing genetic structure and diversity of airborne
bacterial communities by DNA fingerprinting and 16S rDNA clone library. Atmos
Environ, 39, 3687-3695.

(173) Marshall, K., Joint, 1., Callow, M. and Callow, J. (2006) Effect of marine bacterial
isolates on the growth and morphology of axenic plantlets of the green alga Ulva
linza. Microbial Eco, 52, 302-310.

(174) Matthias-Maser, S. and Jaenicke, R. (1995) The size distribution of primary
biological aerosol particles with radii > 0.2 [mu]m in an urban/rural influenced
region. Atmos Res, 39, 279-286.

(175) Matthias-Maser, S., Reichert, K. and Jaenicke, R. (2000) Primary biological aerosol
particles at the high alpine site of Jungfraujoch/Switzerland. J Aerosol Sci, 31,
955-956.

(176) Maymo-Gatell, X., Chien, Y.-T., Gossett, J.M. and Zinder, S.H. (1997) Isolation of
a bacterium that reductively dechlorinates tetrachloroethene to ethene. Science,
276, 1568-1572.

(177) Mercer, J.W. and Cohen, R.M. (1990) A review of immiscible fluids in the
subsurface: Properties, models, characterization and remediation. J.Contam.
Hydrol., 6, 107-163.

(178) Miller, E., Wohlfarth, G. and Diekert, G. (1997) Comparative studies on
tetrachloroethene reductive dechlorination mediated by Desulfitobacterium sp.
strain PCE-S. Arch. Microbi., 168, 513-519.

(179) Miller, E., Wohlfarth, G. and Diekert, G. (1998) Purification and characterization
of the tetrachloroethene reductive dehalogenase of strain PCE-S. Arch Microbiol,
169, 497-502.

(180) Mohr, A. (2002) Microorganisms fate and transport. ASM Press, Washington DC.

(181) Mukoda, T.J., Todd, L.A. and Sobsey, M.D. (1994) PCR and gene probes for
detecting bioaerosols. J Aerosol Sci, 25, 1523-1532.

(182) Muller, J.A., Rosner, B.M., Von Abendroth, G., Meshulam-Simon, G., McCarty,
P.L. and Spormann, A.M. (2004) Molecular identification of the catabolic vinyl
chloride reductase from Dehalococcoides sp. strain VS and its environmental
distribution. Appl Environ Microbiol, 70, 4880-4888.

(183) Nakatsu, C.H., Torsvik, V. and Ovreas, L. (2000a) Soil community analysis using
DGGE of 16S rDNA polymerase chain reaction products. Soil. Sci. Soc. Am. J.,
64, 1382-1388.

(184) Namkung, E. and Rittmann B. E.. (1987) Evaluation of bisubstrate secondary
utilization kinetics by biofilms. Biotechnol Bioeng, 29, 335-342.



174

(185) Neidhardt, C.F. and Umbarger, E. (1996) Chemical composition of Escherichia coli.
American Society for Microbiology, Washington, D.C.

(186) Neumann, A., Scholz-Muramatsu H. and Diekert, G. (1994) Tetrachloroethene
metabolism of Dehalospirillum multivorans. Arch. Microbiol., 162, 295-301.

(187) Neumann, A., Wohlfarth, G. and Dickert, G. (1996) Purification and
characterization  of  tetrachloroethene  reductive  dehalogenase  from
Dehalospirillum multivorans. J. Biol. Chem., 271, 16515-16519.

(188) Neumann, A., Wohlfarth, G. and Diekert, G. (1998) Tetrachloroethene
dehalogenase from Dehalospirillum multivorans: cloning, sequencing of the
encoding genes, and expression of the pceA Gene in Escherichia coli. J.
Bacteriol., 180, 4140-4145.

(189) Ni, S., Fredrickson, J.K. and Xun, L. (1995) Purification and characterization of a
novel 3-chlorobenzoate-reductive dehalogenase from the cytoplasmic membrane
of Desulfomonile tiedjei DCB-1. J Bacteriol, 177, 5135-5139.

(190) Nijenhuis, I. and Zinder, S.H. (2005a) Characterization of hydrogenase and
reductive dehalogenase activities of Dehalococcoides ethenogenes strain 195.
Appl Environ Microbiol, 71, 1664-1667.

(191) NRC. (2004) Contaminants in the subsurface: Source zone assessment and
remediation. National Academy Press, Washington, DC.

(192) Okeke, B.C., Chang, Y.C., Hatsu, M., Suzuki, T. and Takamizawa, K. (2001)
Purification, cloning, and sequencing of an enzyme mediating the reductive
dechlorination of tetrachloroethylene (PCE) from Clostridium bifermentans DPH-
1. Can J Microbiol, 47, 448-456.

(193) Orlando, C., P. Pinzani and Pazzagli, M. (1998) Developments in quantitative PCR.
Clinical Chemistry and Laboratory Medicine, 36, 255-269.

(194) Pace, N.R. (1997) A Molecular View of Microbial Diversity and the Biosphere.
Science, 276, 734-740.

(195) Page, K.A., Connon, S.A. and Giovannoni, S.J. (2004) Representative freshwater
bacterioplankton isolated from Crater lake, Oregon. Appl. Environ. Microbiol., 70,
6542-6550.

(196) Pandis, J.H. and Seinfeld, S.N. (1998) Atmospheric Chemistry and Physics: From
air pollution to climate change. John Wiley and Sons, New York.

(197) Parker, B.L., Chapman, S.W. and Guilbeault, M.A. (2008) Plume persistence
caused by back diffusion from thin clay layers in a sand aquifer following TCE
source-zone hydraulic isolation. J. Contam. Hydrol., 102, 86-104.

(198) Pearce, D.A. (2003) Bacterioplankton community structure in a maritime antarctic
oligotrophic lake during a period of holomixis, as determined by denaturing
gradient gel electrophoresis (DGGE) and fluorescence in situ hybridization
(FISH). Microbial ecology, 46, 92-105.

(199) Pekdeger, A. and Matthess, G. (1983) Factors of bacteria and virus transport in
groundwater. Environ Geol, 5, 49-52.

(200) Phelps, T.J., Malachowsky, K., Schram, R.M. and White, D.C. (1991) Aerobic
mineralization of vinyl chloride by a bacterium of the order Actinomycetales. Appl.
Environ. Microbiol., 57, 1252-1254.

(201) Radajewski, S., Ineson, P., Parekh, N.R. and Murrell, J.C. (2000) Stable-isotope
probing as a tool in microbial ecology. Nature, 403, 646-649.



175

(202) Radosevich, J.L., Wilson, W.J., Shinn, J.H., DeSantis, T.Z. and Andersen, G.L.
(2002) Development of a high-volume aerosol collection system for the
identification of air-borne micro-organisms. Lett App Microbio, 34, 162-167.

(203) Rahm, B.G., Morris, R.M. and Richardson, R.E. (2006) Temporal expression of
respiratory genes in an enrichment culture containing Dehalococcoides
ethenogenes. Appl Environ Microbiol, 72, 5486-5491.

(204) Regeard, C., Maillard, J. and Holliger, C. (2004) Development of degenerate and
specific PCR primers for the detection and isolation of known and putative
chloroethene reductive dehalogenase genes. J Microbiol Methods, 56, 107-118.

(205) Rintala, H., Pitkaranta, M., Toivola, M., Paulin, L. and Nevalainen, A. (2008)
Diversity and seasonal dynamics of bacterial community in indoor environment.
BMC Microbiology, 8, 56.

(206) Ritalahti, K.M., Amos, B.K., Sung, Y., Wu, Q., Koenigsberg, S.S. and Loffler, F.E.
(2006) Quantitative PCR targeting 16S rRNA and reductive dehalogenase genes
simultaneously monitors multiple Dehalococcoides strains. Appl Environ
Microbiol, 72, 2765-2774.

(207) Rittmann, B.E. and McCarty, P.L. (2001) Environmental biotechnology:Principles
and applications. McGraw-Hill Higher.

(208) Roh, S.W., Quan, Z.-X., Nam, Y.-D., Chang, H.-W., Kim, K.-H., Kim, M.-K., Im,
W.-T., Jin, L., Kim, S.-H., Lee, S.-T. and Bae, J.-W. (2008) Pedobacter agri sp.
nov., from soil. Int J Syst Evol Microbiol, 58, 1640-1643.

(209) Rosebury, T. (1947) Experimental airborne infection. The Williams and Wilkins
Co., Baltimore.

(210) Rule, A.M., Kesavan, J., Schwab, K.J. and Buckley, T.J. (2007) Application of
flow cytometry for the assessment of preservation and recovery efficiency of
bioaerosol samplers spiked with Pantoea agglomerans. Environ Sci Techno, 41,
2467-2472.

(211) Sahu, A., Grimberg, S.J., Holsen, T.M. (2005) A static water surface sampler to
measure bioaerosol deposition and characterize microbial community diversity. J
Aerosol Sci, 36, 639-650.

(212) Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A. and
Arnheim, N. (1985) Enzymatic amplification of beta-globin genomic sequences
and restriction site analysis for diagnosis of sickle cell anemia. Science, 230,
1350-1354.

(213) Sattar, S.A., Ijaz, M.K., Johnson-Lussenburg, C.M. and Springthorpe, V.S. (1984)
Effect of relative humidity on the airborne survival of rotavirus SAl11l. Appl.
Environ. Microbiol., 47, 879-881.

(214) Sattler, B., Puxbaum, H. and Psenner, R. (2001) Bacterial growth in supercooled
cloud droplets. Geophys. Res. Lett., 28, 239-242.

(215) Saxena, P. and Hildemann, L.M. (1996) Water-soluble organics in atmospheric
particles: A critical review of the literature and application of thermodynamics to
identify candidate compounds. Journal of Atmospheric Chemistry, 24, 57-109.

(216) Schafer, A., Harms, H. and Zehnder, A.J.B. (1998) Bacterial Accumulation at the
Air-Water Interface. Environmental Science & Technology, 32, 3704-3712.



176

(217) Schneider, P., Gebefugi, 1., Richter, K., Wolke, G.W., Schneille, J., Wichmann,
H.E. and Heinrich, J. (2001) Indoor and outdoor BTX levels in German cities. Sci
Total Environ, 267, 41-51.

(218) Scholz-Muramatsu, H., A. Neumann, M. Mebner, E. Moore and Diekert, G. (1995)
Isolation and characterization of Dehalospirillum multivorans gen. nov., sp. nov.,
a tetrachloroethene-utilizing, strictly anaerobic bacterium. Arch. Microbiol., 163,
48-56.

(219) Schumacher, W., Holliger, C., Zehnder, A.J.B. and Hagen, W.R. (1997) Redox
chemistry of cobalamin and iron-sulfur cofactors in the tetrachloroethene
reductase of Dehalobacter restrictus. FEBS Letters, 409, 421-425.

(220) Schumann, P., Rainey, F.A., Burghardt, J., Stackebrandt, E. and Weiss, N. (1999)
Reclassification of Brevibacterium oxydans (Chatelain and Second 1966) as
Microbacterium oxydans comb. nov. Int J Syst Bacteriol, 49, 175-177.

(221) SERDP and ESTCP. (2005) Final report: workshop on research and development
needs for the environmental remediation application of molecular biological tools.
U. S. Department of Defense, Washington, DC.

(222) Seshadri, R., Adrian, L., Fouts, D.E., Eisen, J.A., Phillippy, A.M., Methe, B.A.,
Ward, N.L., Nelson, W.C., Deboy, R.T., Khouri, H.M., Kolonay, J.F., Dodson,
R.J., Daugherty, S.C., Brinkac, L.M., Sullivan, S.A., Madupu, R., Nelson, K.E.,
Kang, K.H., Impraim, M., Tran, K., Robinson, J.M., Forberger, H.A., Fraser,
C.M., Zinder, S.H. and Heidelberg, J.F. (2005) Genome sequence of the PCE-
dechlorinating bacterium Dehalococcoides ethenogenes. Science, 307, 105-108.

(223) Seshadri, S., Han, T., Krumins, V., Fennell, D.E. and Mainelis, G. (2008)
Application of ATP bioluminescence method to characterize performance of
bioaerosol sampling devices. J Aerosol Sci, 40, 113-121.

(224) Shaffer, B.T. and Lighthart, B. (1997) Survey of culturable airborne bacteria at four
diverse locations in Oregon: urban, rural, forest, and coastal. Microbial Ecology,
34,167-177.

(225) Sharma, P.K. and McCarty, P.L. (1996) Isolation and characterization of a
facultatively aerobic bacterium that reductively dehalogenates tetrachloroethene
to cis-1,2-dichloroethene. App! Environ Microbiol, 62, 761-765.

(226) Shennan, J.L. (2006) Utilisation of C2-C4 gaseous hydrocarbons and isoprene by
microorganisms. J Chem Techno Biotechno, 81, 237-256.

(227) Smidt, S., Bauer, H., Pogodina, O. and Puxbaum, H. (2005) Concentrations of
ethene and formaldehyde at a valley and a mountain top site in the Austrian Alps.
Atmos Environ, 39, 4087-4091.

(228) Smits, T.H., Devenoges, C., Szynalski, K., Maillard, J. and Holliger, C. (2004)
Development of a real-time PCR method for quantification of the three genera
Dehalobacter, Dehalococcoides, and Desulfitobacterium in  microbial
communities. J Microbiol Methods, 57, 369-378.

(229) Songer, J.R. (1967) Influence of relative humidity on the survival of some airborne
viruses. Appl. Environ. Microbiol., 15, 35-42.

(230) Stanier, R.Y ., Palleroni, N.J. and Doudoroff, M. (1966) The aerobic Pseudomonads
a taxonomic study. J Gen Microbiol, 43, 159-271.

(231) Stetzenbach, L.D., Buttner, M.P. and Cruz, P. (2004) Detection and enumeration of
airborne biocontaminants. Curr Opin Biotechnol, 15, 170-174.



177

(232) Stockner, J.G., A. Langston, D. Sebastian, and G. Wilson. (2005) The limnology of
Willston reservior: British Colombia's largest lacustrine ccosystem. Water Qual
Res J Canada, 40, 28-50.

(233) Stolp, H. (1988) Microbial ecology: organisms, habitats, activities. Cambridge
university press, New York.

(234) Straat, P.A., Wolochow, H., Dimmick, R.L. and Chatigny, M.A. (1977) Evidence
for incorporation of thymidine into deoxyribonucleic acid in airborne bacterial
cells. Appl. Environ. Microbiol., 34, 292-296.

(235) Stroo, H.F., Unger, M., Ward, C.H., Kavanaugh, M.C., Vogel, C., Leeson, A.,
Marqusee, J. and Smith, B.P. (2003) Remediating chlorinated solvent source
zones. Environ Sci Technol, 37, 224A-230A.

(236) Sung, Y., Fletcher, K.E., Ritalahti, K.M., Apkarian, R.P., Ramos-Hernandez, N.,
Sanford, R.A., Mesbah, N.M. and Loéffler, F.E. (2006a) Geobacter lovleyi sp. nov.
strain SZ, a novel metal-reducing and tetrachloroethene-dechlorinating bacterium.
Appl Environ Microbiol, 72, 2775-2782.

(237) Sung, Y., Ritalahti, K.M., Apkarian, R.P. and Loffler, F.E. (2006b) Quantitative
PCR confirms purity of strain GT, a novel trichloroethene-to-ethene-respiring
Dehalococcoides isolate. Appl. Environ. Microbiol., 72, 1980-1987.

(238) Sung, Y., Ritalahti, K.M., Sanford, R.A., Urbance, J.W., Flynn, S.J., Tiedje, J.M.
and Loffler, F.E. (2003) Characterization of two tetrachloroethene-reducing,
acetate-oxidizing anaerobic bacteria and their description as Desulfuromonas
michiganensis sp. nov. Appl. Environ. Microbiol., 69, 2964-2974.

(239) Suyama, A., Iwakiri, R., Kai, K., Tokunaga, T., Sera, N. and Furukawa, K. (2001)
Isolation and characterization of Desulfitobacterium sp. strain Y51 capable of
efficient dehalogenation of tetrachloroethene and polychloroethanes. Biosci
Biotechnol Biochem, 65, 1474-1481.

(240) Terzenbach, D.P. and Blaut, M. (1994) Transformation of tetrachloroethylene to
trichloroethylene by homoacetogenic bacteria. FEMS Microbiol. Lett., 123, 213-
218.

(241) Ursula, K., Daniel, A.-N., Wilfried, S. and Lukas, S. (2005) Epiphytic
microorganisms on strawberry plants: identification of bacterial isolates and
analysis of their interaction with leaf surfaces. FEMS Microbiology Ecology, 53,
483-492.

(242) van de Pas, B.A., Smidt, H., Hagen, W.R., van der Oost, J., Schraa, G., Stams, A.J.
and de Vos, W.M. (1999) Purification and molecular characterization of ortho-
chlorophenol reductive dehalogenase, a key enzyme of halorespiration in
Desulfitobacterium dehalogenans. J Biol Chem, 274, 20287-20292.

(243) Van Ginkel, C.G., Welten, H.G.J. and De Bont, JJA.M. (1987) Oxidation of
gaseous and volatile hydrocarbons by selected alkene-utilizing bacteria. Appl.
Environ. Microbiol., 53, 2903-2907.

(244) van Pee, K.H. and Unversucht, S. (2003) Biological dehalogenation and
halogenation reactions. Chemosphere, 52, 299-312.

(245) Vannelli, T., Logan, M., Arciero, D.M. and Hooper, A.B. (1990) Degradation of
halogenated aliphatic compounds by the ammonia- oxidizing bacterium
Nitrosomonas europaea. Appl. Environ. Microbiol., 56, 1169-1171.



178

(246) Verce, M.F. and Freedman, D.L. (2000) Modeling the kinetics of vinyl chloride
cometabolism by an ethane-grown Pseudomonas sp. Biotechnol. Bioeng., 71, 274-
285.

(247) Verce, M.F., Ulrich, R.L. and Freedman, D.L. (2000) Characterization of an isolate
that uses vinyl chloride as a growth substrate under aerobic conditions. Appl.
Environ. Microbiol., 66, 3535-3542.

(248) Verce, M.F., Ulrich, R.L. and Freedman, D.L. (2001) Transition from Cometabolic
to Growth-Linked Biodegradation of Vinyl Chloride by a Pseudomonas sp.
Isolated on Ethene. Environ Sci Technol, 35, 4242-4251.

(249) Vogel, T.M., Criddle, C.S. and McCarty, P.L. (2002) Transformations of
halogenated aliphatic compounds. Environ. Sci. Technol., 21, 722-736.

(250) von Wintzingerode, F., Gobel, U.B. and Stackebrandt, E. (1997) Determination of
microbial diversity in environmental samples: pitfalls of PCR-based rRNA
analysis. FEMS Microbiol Rev, 21, 213-229.

(251) Waller, A.S., Krajmalnik-Brown, R., Loffler, F.E. and Edwards, E.A. (2005)
Multiple  reductive-dehalogenase-homologous genes are simultaneously
transcribed during dechlorination by Dehalococcoides-containing cultures. App!
Environ Microbiol, 71, 8257-8264.

(252) Wang, E.T., van Berkum, P., Beyene, D., Sui, X.H., Dorado, O., Chen, W.X. and
Martinez-Romero, E. (1998) Rhizobium huautlense sp. nov., a symbiont of
Sesbania herbacea that has a close phylogenetic relationship with Rhizobium
galegae. Int J Syst Bacteriol, 48, 687-699.

(253) Wang, Z., Reponen, T., A. Grinshpun, S., L. Gony, R. and Willeke, K. (2001)
Effect of sampling time and air humidity on the bioefficiency of filter samplers
for bioaerosol collection. J Aerosol Sci, 32, 661-674.

(254) Whitman, W.B., Coleman, D.C. and Wiebe, W.J. (1998) Prokaryotes: The unseen
majority. PNAS US4, 95, 6578-6583.

(255) Wiegant, W.M. and De Bont, J.LA.M. (1980) A new route for ethylene glycol
metabolism in Mycobacterium E44. J Gen Microbiol, 120, 325-331.

(256) Wild, A., Hermann, R. and Leisinger, T. (1996) Isolation of an anaerobic bacterium
which reductively dechlorinates tetrachloroethene and trichloroethene.
Biodegradation, 7, 507-511.

(257) William, A.N. and Ronald, C.P. (2006) Enhanced anaerobic bioremediation of
chlorinated solvents utilizing vegetable oil emulsions. Remediation J, 16, 109-122.

(258) Williams, R.H., Ward, E. and McCartney, H.A. (2001) Methods for integrated air
sampling and DNA analysis for detection of airborne fungal spores. Appl. Environ.
Microbiol., 67, 2453-2459.

(259) Yamamoto, S. and Harayama, S. (1995) PCR amplification and direct sequencing
of gyrB genes with universal primers and their application to the detection and
taxonomic analysis of Pseudomonas putida strains [published erratum appears in
Appl Environ Microbiol 1995 Oct;61(10):3768]. Appl. Environ. Microbiol., 61,
1104-1109.

(260) Yao, M. and Mainelis, G. (2006) Effect of physical and biological parameters on
enumeration of bioaerosols by portable microbial impactors. J Aerosol Sci, 37,
1467-1483.



179

(261) Yao, M. and Mainelis, G. (2007) Analysis of Portable Impactor Performance for
Enumeration of Viable Bioaerosols. J Occup Environl Hygiene, 4, 514-524.

(262) Yao, M., Mainelis, G. and An, H.R. (2005) Inactivation of Microorganisms Using
Electrostatic Fields. Environ Sci Techno, 39, 3338-3344.



EDUCATION
Oct. 2009

Feb. 1999

Feb. 1997

180

Curricultum Vitae

EUN KYEU SON

Ph.D., Environmental Sciences, Rutgers, the State University of
New Jersey

Dissertation “Characterization of Bacterial Processes in the
Subsurface and the Atmosphere” directed by Professor Donna E.
Fennell.

M.S., Agricultural Chemistry, Seoul National University, Seoul,
South Korea

Dissertation “Novel Auxin-Binding Protein from Soluble Fractions
of Rice (Oryza sativa L.) Roots”

B.S., Agricultural Chemistry, Seoul National university, Seoul,
South Korea

RESEARCH EXPERIENCE
May 2003- Jun 2008 Graduate assistant, Rutgers University, New Brunswick, NJ

Conducted research work towards a Ph.D. in Environmental
Sciences.

My dissertation work focused on

1) characterization and identification of enrichment cultures
developed from the groundwater and sediments which were
drawn from a tetrachloroethylene (PCE)-contaminated aquifer

2) determination of whether bacteria are capable of growing in
while in bioaerosols.

TEACHING EXPERIENCE

Jan.-May 2006

Teaching assistant for Air Sampling and Analysis Techniques,
Rutgers University, New Brunswick, NJ



181

GRANTS AND AWARDS

Jun.2008 Corporate Activities Program Student Travel Grants, American
Society for Microbiology 108" General Meeting, Boston, MA

2005-2006 Graduate Student Grants-In-Aid ($5,000), New Jersey Water
Resources Research Institute

May 2004 Graduate Student Poster Competition 3™ Prize, New Jersey Water
Environment Association 89" Annual Conference and Exposition,
Atlantic City, NJ

PUBLICATIONS

Son, E.-K.; Fennell, D. F. Characterization of a Novel PCE-Enrichment Culture from
PCE-contaminated Groundwater and Sediments. In preparation.

Krumins, V., E.-K. Son, G. Mainelis, and D. E. Fennell. 2008. Retention of Inactivated
Bioaerosols and Ethene in a Rotating Bioreactor Constructed for Bioaerosol Activity
Studies. CLEAN - Soil, Air, Water, 36, 593-600.

Krumins, V.; Park, J.-W.; Son, E.-K.; Rodenburg, L.A. ; Kerkhof, L.J.; Higgblom, M.M.;
and Fennell, D.E. 2008. Sustained PCB dechlorination enhancement in Anacostia River
sediment. In press Water Research..



