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ABSTRACT

SELECTIVE GRAZING OF INDIGENOUS PROTISTS ON DECHLORINATING
BACTERIA IN GROUNDWATER

By
Jonathan G. Whaland
University of New Hampshire, May 2022

Degradation of trichloroethylene (TCE) in contaminated
groundwater can stall at cis-dichloroethylene (cDCE). One cause of the
stall could be predation of indigenous protists on the bacteria responsible
for cDCE degradation. This research evaluated the uptake and
clearance rates of indigenous groundwater protists on KB-1, a bacterial
consortium used for bioaugmentation at TCE contaminated sites.
The experiments involved two wells, one contaminated with TCE
located in Portsmouth, NH and one uncontaminated well located in
Newington, NH, and the indigenous protists and bacteria from these wells,
as well as the KB-1 consortium. The experiments also studied how
sonication affects uptake (UR) and clearance rates (CR) of indigenous
protists. Maximum uptake and clearance rates were calculated for the
viii

TCE contaminated and uncontaminated wells (URTCE = 0.8
bacteria/protist*h; CRTCE = 0.11nL/protist*h and URControl = 0.04
bacteria/protist*h; CRControl = 0.02 nL /protist h, respectively). These rates
are low compared to those reported for protistan predation in other
contaminated groundwater. Larger protists (10 µm) from the TCE
contaminated well had greater uptake and clearance rates than the
smaller protists (2-3 µm) from the uncontaminated well. These rates
indicate that indigenous protists are not likely causing the stalls in cDCE
observed at the TCE contaminated site.

ix

CHAPTER 1

INTRODUCTION

1.1 Thesis Organization

This thesis is presented in chapter form. Its intent is to inform the
reader of the purpose of the research, materials and methods used, the
results generated and a discussion of their significance, with conclusions
and recommendations for future research. This thesis also includes a
literature review of relevant research.
•

Chapter 1 – Introduction,

•

Chapter 2 – Literature Review,

•

Chapter 3 – Materials and Methods,

•

Chapter 4 – Results and Discussion,

•

Chapter 5 – Conclusions / Recommendations for Future Research.
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1.2 Introduction

Trichloroethylene (TCE) (C2HCl3) is a commercially produced
industrial metal degreaser and cleaning solvent that has been used
worldwide for close to a century (Wang et al., 2014). For much of that
time, TCE was handled and stored in a manner that resulted in
contamination of soils and groundwater (Seshadri et al., 2005). TCE was
used to clean parts for jet engines at the former Pease Air Force Base,
which is now the Pease International Tradeport, (PIT), (Portsmouth, NH).
TCE contaminated waste was spilled and leaked from underground
storage tanks at the air base. An underground tank at Site 32, Building
#113, leaked in the vicinity of Bedrock Well #6122.
TCE is one of the most insidious groundwater contaminants found in
the U. S. (Da Silva et al., 2006; Snyder et al., 2000), China (Wang et al.,
2014) and numerous other countries. The abundance and long-term use
of TCE is also responsible for environmental pollution and health problems
in the workplace (Wang et al., 2014; Suttinun et al., 2012). Medical
conditions associated with repeated exposure to TCE range from skin
lesions, (including dermatitis) to liver cancer, and kidney damage. The
Chinese government classified some skin conditions as Type IV allergic
reactions. Humans also experience debilitating symptoms from exposure
2

to TCE such as dizziness, headache, and, at high enough exposure, coma,
or death (Wang et al., 2014).
Because TCE is denser than water, it travels downward through soil
and groundwater until it reaches a surface that it is unable to penetrate.
It accumulates there as a dense non-aqueous phase liquid (DNAPL)
(Cunningham et al., 2009; Da Silva, et al., 2006). In the downward
migration process, it contaminates all the groundwater through which it
passes and into where it dissolves, albeit at low concentrations. TCE
contaminated groundwater can be remediated in a number of ways.
Remediation methods include intrinsic bioremediation, which is the
microbial degradation of the contaminants (Lovely, 2003), source removal
of the free product, and physiochemical methods (e.g., air stripping,
granular activated carbon (GAC) sorption). TCE contaminated sites have
been treated by pump and treat technology (LaGrega, 2001; Lovely,
2003), in - situ bioremediation or monitored natural attenuation (MNA) (Da
Silva et al., 2006). MNA uses indigenous microbes to decontaminate an
aquifer over time (Kota et al., 1999). MNA was the remedy selected for PIT
Site 32. This option was chosen because of the lack of downgradient
receptors and difficulty of accessing the contaminated groundwater in
the bedrock underlying the site.
KB-1® (referred to in the entirety of the document as KB-1) is a
proprietary (Sirem Labs; Ontario, Canada) commercially available
3

dechlorinating bacterial consortium added to groundwater at TCE
contaminated sites. Dehalococcoides ethogenes is a major constituent
of KB-1, along with several species of Geobacter. KB-1 can fully degrade
TCE to ethene (Seshadri et al., 2005; Tang, 2009; DaSilva et al., 2006)
(Figure 1.1), as well as dehalogenate aromatic chemicals, chlorinated
benzene compounds, dioxins and biphenyls (Cupples, 2007).
It is challenging to culture Dehalococcoides (Seshadri, 2005). Even
in the laboratory, it grows slowly. Dehalococcoides needs a complex
mixture of nutrients and seems to be much hardier and easier to culture
when mixed with other bacteria in a consortium. These bacteria provide
Dehaloccoides the hydrogen (H2) and simple carbon sources it requires.
Geobacter, another major constituent in KB-1, degrades TCE to cDCE.
Geobacter’s degradation of TCE provides cDCE which Dehalococcoidies
can degrade to ethene. Geobacter cannot readily degrade cDCE to
ethene.

4

H2 ⤻HCl
Trichloroethylene
(TCE)
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Cis- 1,2- Dichloroethylene
(cDCE)
C2H2Cl2

H2 ⤻HCl
Vinyl Chloride
(VC)
C2H3Cl
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(Ethene)
C 2H 4

Figure 1.1: Dehalogenation of TCE to ethene by anaerobic microbes
(created in part from LaGrega et al., 2010)

Geobacter and Dehalococcoides are anaerobes and need an
oxygen-free environment to grow. They use the halogenated compounds
as electron acceptors (Cupples, 2007). The process of degrading TCE to
ethene by means of KB-1 is an example of co-metabolism. Geobacter
typically degrades TCE to cDCE and then to vinyl chloride (VC), while
Dehalococcoides completes the process of converting VC to ethene. Cometabolism often occurs during degradation. Co-metabolism is the
oxidation of a nonprimary substrate, where the reaction does not
generate energy for the cell producing the enzyme being used in the
degradation (Suttinun et al., 2010). The physiology and metabolism of
Dehalococcoides have been studied extensively to use it more effectively
for bioremediation (Wen et al., 2017).
Indigenous protists feed on bacteria. In the microbial world, as
within larger taxa, there exists a predator prey relationship (Johnke et al.,
5

2014), between protists and bacteria (Matz and Kjelleberg, 2005).
Protistan grazing on bacteria is not fully understood, however, it is a
complex driving force of the earth’s biogeochemical cycles (Johnke et
al., 2014; Jezbera et al., 2005; Hahn and Hölfe, 2006). Typically, there is a
top-down pressure exerted by heterotrophic protists when they consume
bacteria (Jezbera et al., 2004). It is hard to predict the actions of
indigenous protists and how they will impact a bacterial consortium such
as KB-1, if at all, because they selectively graze on certain species
(Christoffersen et al., 1997; Jezbera et al., 2004 and 2006). Factors
affecting predation include the size of the prey, protistan “hunting”
methods (Johnke et al., 2014), the natural defenses of the bacteria to
counteract the grazing, and the extent of protistan and bacterial motility
(Gonzalez et al., 1993; Apple et al., 2011; Duhamel and Edwards, 2004;
Kinner et al., 1998; Jezbera et al., 2004, 2005, and 2006).
One of the best ways to determine grazing impact is observing
changes in the bacterial community after protists have been introduced
(Sleigh and Zubkov, 1998). However, there are few studies that involve
direct observation of bacteria within protistan food vacuoles (Jezbera et
al., 2004 and 2006).

6

1.3 Objectives

Degradation of TCE in the groundwater at PIT Site 32 is “stalled” at
cDCE. One solution to this problem is adding the KB-1bacterial consortium
(i.e., bioaugmentation). Cunningham et al. (2009) hypothesized that
indigenous predation may have contributed to this stall if protists prey
upon the bacteria that degrade the cDCE to ethene. Protistan grazing
on bacteria can also have a positive effect on bacterial biodegradation
(RØnn et al., 2002). For example, Ballestero and Magdol (2011) reported
that protists may assist bacterial communities and bioremediation through
nutrient cycling. Protistan grazing can stimulate the activity of bacteria
and the microbial community structure, particularly the composition, size,
and abundance of species (Mattison and Harayama, 2001). Bacterial
growth rates often increase during grazing as there are fewer cells
competing for the natural resources (Matz & Kjelleberg, 2005). Hence, the
role of protistan predation on bacteria can be mutually beneficial or
detrimental.
This thesis research explored the uptake and clearance rates of
protists indigenous to PIT Site 32 on KB-1 consortium bacteria to determine
if bioremediation would be affected. Knowing the rates at which
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predation occurs could help to determine if KB-1 bioremediation would
be stimulated or hindered by indigenous protists.
An uptake rate estimates the number of bacterial cells a single
protist can consume within a given time (i.e., #/protists per h). Clearance
rates measure the volume of water (e.g., nL) a protist filters rendering it
free of bacteria, in each time (i.e., nL/protists per h). By observing the rate
at which indigenous protists consume KB-1 the following questions can be
answered:

1) Are the uptake and clearance rates of the indigenous protists
high enough to impact KB-1abundance in-situ?
2) Does the size of the indigenous protists impact KB-1 uptake and
clearance rates?
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CHAPTER 2

LITERATURE REVIEW

2.1 Protistan Grazing

Predation of indigenous protists on bacteria plays an
important role in the process of remediating contaminated soil and water
resources (Kota et al., 1999). There are three major types of protists:
flagellates, ciliates, and amoebae. Some of these single-cell organisms
are heterotrophs (requiring organic carbon from external sources), and
others are autotrophs having the ability to produce organic carbon
(Segar, 2007; Prothero, 2004), the latter primarily through photosynthesis.
Heterotrophic protists contact, capture, and ingest their prey (Apple et
al., 2011). Receptors found in the membranes of some flagellates can
assist in the differentiation between prey by “cell-to-cell” contact (Matz
and Kjelleberg, 2005). Protists can be opportunistic feeders exhibiting
behaviors like macro-predators, targeting individual prey as opposed to
aggregates. Feeding on bacterial aggregates takes extra energy to
break cells away from the aggregate (Artolozaga et al., 2002). Because
protistan grazing is not completely understood, it has become an area for
9

research in field and laboratory settings (Hahn and Höfle, 2006;
Cunningham et al., 2009). Studies of the grazing habits of bacterivorous
protists can inform the process of remediation of environmental
contamination. [N.B., Few bioremediation researchers have expertise on
protists, so information on their impacts has emerged very slowly. Hence,
many of the papers cited in this literature review are older.] This is an
important area of research because bioremediation is cost effective, and
more time efficient than many other clean up technologies (e.g.,
permeable reactive barriers) (USAF, 2014).
When protists are examined, and they do not contain bacterial
cells, they are not necessarily “non-grazers” (Gonzalez, 1999) or
autotrophs (Segar, 2007). Rather, the bacteria-free protists may be at a
particular stage-of-life cycle where they are no longer actively feeding
and may have already eaten and degraded bacteria prior to
observation (González, 1999), or may not be exposed to bacteria upon
which they selectively prey. Research on uptake rates, as part of grazing
studies, has shown that significant portions of the protistan community do
not ingest bacterial cells during the early stages of an experiment (Sleigh
and Zubkov, 1998), but may do so only after an acclimation period.
Numerous studies have concluded that protists often favor larger cells for
grazing within a bacterial community (Sherr et al., 1992). In some cases,
protists are affected by prey resistance to grazing (Johnke et al., 2014).
10

Types of bacterial resistance to predation include forming
clusters/aggregates, retreating to micro-niches, becoming elongated
making themselves too large to be consumed, or attaching to surfaces.
Matz and Kjelleberg (2005) reported that bacteria may “diversify, persist,
and adapt” to grazing.
Survival of injected bacteria in-situ can be affected by their ability to
maintain cell-to-cell communication, (“quorum sensing”) and interact in
cooperation (Matz & Kjelleberg, 2005). One unique bacterial protective
mechanism is that some aggregated bacteria may emit a substance that
inhibits/kills the protists (Matz & Kjelleberg, 2005). Bacteria are then able to
feed on the dead predators.
Testing individual hypotheses of protistan grazing is time consuming
and difficult because it requires observation, but this is necessary if we are
to increase our understanding of the effect of protists on bacterial
bioremediation of contaminated groundwater. One common indirect
method of understanding protistan grazing is to place known amounts of
bacteria and protists in a closed system and monitor the change in
bacterial abundance over time (Sleigh and Zubkov, 1998). Bacterial
species that decrease in abundance during the experiment compared to
a non-protistan control, are considered protistan prey. Another method
of determining consumption is direct observation of bacteria within
protistan food vacuoles. This method also uses a closed system with
11

protists and bacteria. The protists and bacteria are fluorescently stained,
prior to the experiment, with two different colored dyes to easily
differentiate them. The bacteria and the protists can be observed by
using epifluorescent light microscopy (Carlough and Meyer, 1990; Ishii et
al., 2001). The direct count method works well in laboratory settings where
protistan and bacterial counts are high. However, differentiating between
living and non-living bacteria is challenging, therefore, the total count is
accepted only as “representative” of living cells (Tchobanoglous, 2003).
In addition, laboratory and in-situ results can be dissimilar (Oikonomou et
al., 2013) because the laboratory is a controlled environment where the
conditions are optimal (Sherr et al., 1992), while in-situ there are many
variables that can affect the results.

2.2 Laboratory Methods for Protistan Predation

Most grazing studies have been conducted in freshwater systems
(Jezbera et al., 2004; and 2006). A recognized problem with grazing
studies conducted in-situ is that the ambient number of protists in the
water can be so low that it is challenging to obtain meaningful results. In
contrast, protistan abundance for laboratory cultures can be made very
high (Sherr et al., 1992).
12

There are variations in the way grazing studies are conducted, each
appropriate to the data requirements and the unique constraints and
parameters of the environment (Sleigh and Zubkov, 1998). Most grazing
experiments are short term, completed within hours (Gonzales, 1999).
Once a cell has consumed, digested, and excreted the remains of its
prey, it may not take in more prey during the experiment. Grazing
experiments tend to be short term because it is within a narrow window
that the maximum uptake rate is usually observed (Kinner et al., 1998;
Sleigh and Zubkov, 1998). Several techniques can be used to monitor
bacterial abundance: direct observation of cells with light microscopy,
fluorescent labeling of bacteria (FLB) and protists, (FLP) and dual
radioactive labeling of bacteria (DRLB) (Sleigh and Zubkov,1998).
Another monitoring technique is flow cytometry which uses a laser that
simultaneously counts thousands of unique individual “particles” (i.e.,
bacteria, protists). This measurement method is efficient, accurate and
direct, however, it does not definitively determine uptake of bacteria by
protists. Fluorescence labeling involves using light microscopy to view
prepared slides of water samples containing the prey and predator, but it
can be difficult to differentiate between cells and similarly shaped abiotic
matter. A dual radioactive labeling method is expensive and requires
special precautions, but it has very good (i.e., low) detection limits (Sleigh
and Zubkov 1998).
13

2.3 Protistan Uptake and Clearance Rates

An uptake rate is the number of bacterial cells a single protist
consumes within a given time. This is most frequently determined by
observing the protists and counting the number of bacteria inside their
cells. An uptake rate can be calculated by dividing the number of
bacterial cells (that have been consumed by each protist), by the total
number of protists counted and the elapsed time of incubation, (e.g.,
time = 1h, 2h, 3h). Once these rates have been calculated for each
protist, an average uptake rate (± variability) can be calculated. The
type(s) of protists and bacteria present, the respective sizes of the
microorganisms (Gonzalez, 1999), and the species can influence uptake
rates. The uptake rate is also affected by temperature (LaGrega, 2010),
and the presence of any compound in the water that may inhibit or
promote the growth of the protists or bacteria. For example, most
fluorescently labelled bacteria are dead and uptake rates can be
influenced by the viability of the prey. It is assumed there is some
inhibition effect due to the fluorescent staining of the bacteria prior to
their use in predation experiments (Ishii et al., 2002). A statistically
significant number of protists must also be observed.

14

Clearance rates measure the volume of water (e.g., nL) a protist
filters over time and clears of bacteria, as opposed to the number of
bacterial cells it consumes. Units are generally reported as nL of water
cleared of prey/ protist  h. Sometimes, clearance rates are used instead
of uptake rates, as clearance rates measure how much time it will take a
volume of water to be cleared, while uptake rates measure how much
prey a protist will consume in per time (Lampert and Somer, 2007).
Uptake rates are useful in determining rates of prey digestion and
response to prey variations as well as behavioral and physiological traits of
specific types of protists (Kemp, 1993). Clearance rates are useful in
determining the rate at which a protist will clear a given volume of water
of bacteria.

2.4 Bacteria

Dehalogenating bacteria can reduce the concentration of TCE
by sequentially removing the three chlorine atoms from the molecule and
substituting hydrogens for them in the parent molecule (Figure 1.1). The
ultimate product that can be formed through this process is ethene (Tang
et al, 2009; LaGrega, 2001; DaSilva 2006), which can be readily
mineralized to inorganic carbon by many bacterial species. Progressively
less energy is generated per chlorine removed from TCE. Geobacter is a
15

key species in this degradation pathway because it converts TCE to cis 1,
2-dichloroethene (C2H2Cl2), (cDCE) (Cupples, 2007). Once cDCE is
formed, Dehalococcoides can further dehalogenate it to VC and
ultimately to ethene (Tang et al., 2009; Maymo-Gatell et al., 1999;
Cupples, 2007; Seshadri et al., 2005). Sometimes, the degradation stalls at
cDCE and VC. The latter is especially problematic as VC is more toxic
than TCE or cDCE.
Dehalococcoides is spherical (diameter between 0.3 m to 1 m)
and can remove halogens from biphenyls, dioxins, chlorinated
naphthalenes, and other aromatic compounds (Cupples, 2007). It is a
key component of KB-1 used in the bioremediation of TCE.
Dehalococcoides can exist in-situ even without the presence of TCE.
However, its natural abundance may not be great enough to be
effective in many environments. Under circumstances, where
Dehalococcoides is absent, or present in insufficient abundance, it can
be added to the subsurface (i.e., bioaugmentation).

2.5 Electron Donors and Electron Acceptors

Dehalorespiration is the process by which microorganisms in
anaerobic conditions use halogenated substances as terminal electron
acceptors (LaGrega, 2001). Tang et al., (2009) reported that
16

Dehalococcoides preferentially uses H2 as its electron donor because it is
highly electrophobic (i. e., donates electrons very readily).
Dehalococcoides can use a variety of halogenated compounds as
electron acceptors (e.g., cDCE, VC). The process of dehalorespiration
occurs in-situ (Tang et al., 2009) where there is little or no oxygen. If
oxygen is present, it is the preferred electron acceptor because it is more
electrophilic than the halogenated compound. TCE is an ideal terminal
acceptor for Dehalococcoides in environments where no oxygen is
present. Where Geobacter is present, Dehalococcoides is outcompeted
for TCE because Geobacter is more efficient in energy generation if the
environment is not strongly reducing (e.g., not methanogenic).
H2 can be used by Dehalococcoides as an electron donor in
groundwater sites that are contaminated with TCE, but the natural supply
of H2 is usually low, unless conditions have become highly reducing. As a
result, during bioremediation / bioaugmentation a readily degradable
organic source is usually added in large quantities to deplete the oxygen
supply and cause fermentation and H2 production. Dehalococcoides is a
difficult bacterium to maintain in-situ or in the laboratory because it is very
slow growing. It often needs to grow with several other species of
bacteria under anaerobic conditions (Cupples, 2007). Therefore, studies
with it are difficult to conduct.

17

2.6 Justification for Thesis Research

The contaminant TCE has far-reaching negative effects on the
environment and human health (Da Silva et al., 2006; Snyder et al., 2000,
Suttiun et al., 2012, Wang et al., 2014). The literature provides information
and research regarding current and future chemical, physical, and
microbial solutions for remediation of TCE contaminated sites, of which
biodegradation/ bioremediation is one. Bacterial degradation of TCE can
be impacted by protistan grazing. A review of research pertaining to
protistan grazing uptake and clearance rates (Kinner et al., 1998),
predator prey relationships (Johnke et. al., 2014) and the role of the KB-1
bacterial consortium in bioremediating TCE contamination (Cunningham
et al., 2009, Duhamel, 2004, Maymo’Gatell et. al. 1999) provides
background pertaining to this thesis research on selective grazing by
indigenous protists on dechlorinating bacteria in groundwater. A review
of literature for this research revealed that information is lacking on
comparison of sizes of predator protists vs. their bacterial prey with respect
to TCE bioremediation. In addition, there is little information available
that specifically addresses clearance and uptake rates, specifically
involving bacterial consortia such as KB-1, and their effects on the
bioremediation of TCE. There is little current specific research and
18

experimentation regarding selective grazing of indigenous protists on
bacteria in groundwater. Therefore, this thesis research was conducted to
provide more information on the effect of predation, specifically uptake
and clearance rates of different sizes of indigenous protists on bacteria in
the KB-1 consortium.

19

CHAPTER 3

MATERIALS AND METHODS

3.1 Study Site and Sampling

This study was comprised of two experiments to determine the
uptake and clearance rates of protists on indigenous groundwater and
KB-1 bacteria. Experiments were conducted using bacteria derived from
groundwater samples drawn from PIT Site 32 Well BBC-6 contaminated
with TCE and, for a second experiment, from an uncontaminated
bedrock well located at Fabian Point, (Newington, NH). Both wells were in
similar fractured bedrock geology.
During the research, Well BBC-6 no longer contained protists. The
decrease corresponded to an increase in the VC concentration in the
well water. We hypothesized that VC reached a concentration that
inhibited the protists. The potential VC inhibition effect was noted by
Cunningham et al. (2009).
The BBC-6 well is approximately 62 m deep and 15 cm in diameter.
Using a Grundfos Redi-Flo submersible pump (Olathe, KS), the well was
20

purged for 20 min at 200 Hz (~ 4 L/min) when the pump was adjacent to a
specific fracture that had been used for previous protistan research at the
site (Cunningham et al., 2009). Purging ensured that the water being
sampled was coming from the fractured bedrock and not standing well
water. The caps and the 4 L sample jugs used to collect the well water
were autoclaved with aluminum foil covers. The foil was removed from
the mouth of the containers in the field. Once the well was purged,
sampling began by placing the outlet hose at the bottom of an
autoclaved 4 L transparent brown glass jug (Figure 3.1). The jug was
allowed to overflow twice to ensure anaerobic conditions for the
microorganisms. It was then capped and immediately (~ 30 min) returned
to a laboratory-controlled constant temperature room at 10C (the
approximate temperature in-situ).
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Figure 3.1: 4 L Translucent brown glass jug used to collect groundwater samples

At the Newington control site, water samples were collected in
much the same way using a battery-powered peristaltic pump (Easy Load
Masterflex Model 7518-10; Cole-Palmer; Vernon Hills, IL) with dedicated
tubing (Zhang, 2007). A complete purge of the Newington well, using the
peristaltic pump, was not feasible. Again, the pump intake was lowered
to be opposite a known fracture used in previous studies (Cunningham et
al., 2009) (~ 6.1 m below top of casing). The well was purged for
approximately 60 minutes at a rate of 0.3 L/min, prior to sampling.
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3.2 Protistan Culture and Filtration

The 4 L jugs containing the well water were the vessels for the
protistan culture used in the grazing experiments. They were kept in an
anaerobic glove box (Figure 3.2) (10% H2 and 90% N2) in a constant
temperature room at 10° C in Gregg Hall. [N.B., 10° C mimicked the
groundwater temperature.] An oxygen meter and oxygen scavenger
were located inside the glove box to monitor and maintain anaerobic
conditions. Each jug, containing a sterile bar, was kept on a magnetic
plate, and always stirred slowly, except during sampling.

Figure 3.2: Anaerobic glove box
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To order to culture the protists in the laboratory, a Cerophyl Prescott
(CP) medium was used. This method of culturing was developed by
Cunningham et al., (2009), and was based on the work of Kinner et al.,
(1998). A CP stock was made from dehydrated cereal leaf extract (Sigma
Chemical Co., 100g C-7141 Lot 4340760; St. Louis, MO) and deionized
water to reach a total organic carbon (TOC) level of 150 mg /L. 10 mL of
the CP stock were added to the jug of well water to achieve a final TOC
concentration that was ~ 10mg C/L; similar to BBC-6. The CP stock mixture
was autoclaved at 120 C 15 psig for 20 min to eliminate any biological
contamination.
As needed the biological contents of the culture were monitored. 45
mL of culture were drawn and placed in a sterile 50 mL test tube with 2 mL
of filter-sterilized formaldehyde to fix and preserve the microbes present.
The test tube was then vigorously shaken by hand to ensure that the
contents were thoroughly mixed. A solution of sterile source water and CP
medium were added to the jug containing the original culture to replace
the water drawn from it and maintain the 4 L volume.
A Millipore 12-port filtration manifold (Model #1125; Millipore; Billerica,
MA) was used for all microbial filtrations. Nucleopore 0.8 filters (Whatman;
Pittsburgh, PA) were used for protistan sample preparation. Up to 2 mL of
sterile reverse osmosis (RO) water were pipetted onto a 0.45 µm backing
membrane (Whatman; Pittsburgh, PA) placed in each port. The 0.8 µm
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membrane was placed, shiny slide up, atop the backing filter. The
multiport filtration unit was wrapped in foil, and autoclaved at 120° C,15
psig for 20 min. prior to each use. After the unit cooled, 30 mL, from a
preserved subsample of the culture, were pipetted into a port. Any
unused ports were capped with a silicon stopper. A vacuum was then
attached to the filtration unit (Figure 3.3). The vacuum was ≤ 5 mm Hg,
because greater vacuum can rupture protistan cells.

Figure 3.3: Multiport filtration apparatus

Once the sample was filtered, 5 mL of sterile tris HCl solution (Fisher
Scientific, Hampton, NH) (Kemp, 1993) were added to each port and
allowed to stand for 5 min. The tris HCl was then filtered through the
membrane at ≤ 5 mm Hg. The tris HCl wash was done three times. 5 mL of
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a 250 µg/mL primulin solution (Caron, 1983) (MP Biomedicals, LLC; Solon,
OH) were then added to each port. The ports were covered to protect
the samples from light that could fade the stain. The primulin was allowed
to stand in contact with the filter for 15 min. (Caron, 1983). It stained the
protistan eukaryotes yellowish white. The vacuum was started and ran
until all the primulin had been filtered through. A saline solution was used
to wash off excess primulin. The 0.8 µm membranes were then removed
with forceps and placed on a labeled weight dish. The dish was stored in
the dark for no less than 2 h for drying.
Slides were created by adding a drop of non-drying Type A
immersion oil (Cargille Labs; Cedar Grove, NJ) on the center of a glass
slide and placing the dried membrane, shiny side up, on top. A drop of
immersion oil and a cover slip were then placed on top of the membrane.
The slides were stored in the dark at 10 C.

3.3 DTAF STAINING OF KB-1

KB-1 was obtained from Sirem Labs, (Ontario, Canada) and stored
in the glove box at 10 C. KB-1 must be stored in the absence of oxygen,
or the culture will die. When needed, 25 mL of KB-1 were removed from
the storage bottle using a syringe. They were injected into a 50 mL plastic
centrifuge tube (Fisher Scientific; Hampton, NH). 10 mL of phosphate
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saline buffer were added to the centrifuge tube (Fisher Scientific,
Hampton, NH). 2 mg of DTAF powder (Sigma Chemical Co., St. Louis, MO)
were added to the centrifuge tube and it was left to incubate in a water
bath (Figure 3.3) at 60 C for 2 h. After the incubation, the cells were
centrifuged at 22,000 RPM for 12 min to create a pellet, and the excess
solution was decanted. Then, the pellet of cells was washed with 20 mL of
the phosphate saline buffer, by placing the buffer into the tube. The tube
was vigorously shaken. This washing and centrifugation method was
repeated three times. After the final wash, 20 mL of the saline solution
was used to keep the cells in suspension (Sherr and Sherr, 1993).

3.4 Bacterial Filtration

The process of filtering bacteria was like that used for protists. A 0.45
µm backing membrane was placed on a filter port.
Up to 2 mL of sterile RO water was used to wet it. For bacteria, a 0.2 µm
Nuclepore membrane was used shiny side up. 5 mL of the sample
containing the bacteria were pipetted into a port. Vacuum pressure did
not exceed 15 mm Hg. 2 mL of a 0.1% acridine orange (AO) (Becton
Dickinson; Sparks Glencoe, MD) stain (Cunningham et al., 2009) were
added to the filter ports and left to stand for 15 min. The filters were
washed with 5.0 mL of 0.15% sterile NaCl solution to remove any excess
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stain. Filters were dried and prepared for microscopy as outlined in
Section 3.3.

3.5 Grazing Study: Protists From the TCE-Contaminated Aquifer: Site 32

There were four reactors used in the grazing experiments: two biotic
and two abiotic. Reactors were divided into sets. A set consisted of one
biotic, and one abiotic reactor. One set had its samples undergo
sonication before the filtration process. Sonication consisted of placing
50 mL test tubes filled to the top with samples, into a Branson 5510
(Danbury, CT) sonicator’s water bath and having sound energy applied to
the samples at 40 kHz for 10 min. The reason for having one set undergo
sonication was to detect if bacteria were adhering to the surfaces of the
protists. That could be viewed as a false uptake (i.e., Being misinterpreted
as bacteria ingested by protists when they were attached to the outside
of the predator’s cells). The other set consisted of biotic and abiotic
reactors that did not undergo sonication before the filtration process. All
reactors were stored and prepared in an anaerobic glove box within the
10° C room. Whenever items were added into the glove box (Figure 3.2),
they were first placed in an acclimation chamber, from which all air was
purged with a 10% H2 / 90% N2 gas mixture to maintain overall anaerobic
conditions.
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Each reactor consisted of a 1 L amber glass jar with a screw-on top
that had been autoclaved along with a sterile stir bar inside the jar. Each
biotic reactor contained 300 mL of water from the culture along with
7.5 mL of the KB-1 DTAF stained KB-1 stock. The abiotic reactors had the
same contents as the biotic reactors, along with the addition of 15 mL of
37% filtered–sterilized glutaraldehyde to inhibit the microbial community.
Each reactor was sampled three times during the experiment: (t = 0 h, 4,
and 23 h). At each sampling time, 45 mL of water from each reactor
were pipetted into a sterile 50 mL test tube and fixed with 2 mL of the 37%
glutaraldehyde. Glutaraldehyde was used as the preservative because
formaldehyde can cause regurgitation in protists (Sherr and Sherr, 1993).
Time/sampling started as soon as the KB-1 was added to the reactors.
Once the samples requiring sonication were collected and ready to be
filtered, they were placed in the sonicator for 20 min and then sampled.
The test reactors were created the day of the experiment to avoid
storage effects. At t = 0h, the protistan abundances in the reactors were
as follows: biotic non-sonicated reactor: 514 ± 32 protists/mL, biotic
sonicated reactor 538 ± 40 protists/mL, abiotic sonicated reactor had 514
± 61 cells/mL. (Figure 3.4). No t = 0 h data were available for the abiotic
non-sonicated reactor. At t = 4h, the abiotic non-sonicated reactor
contained 538 ± 24 protists/mL.
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Figure 3.4: Protistan Abundance in the Reactors as a Function of Sonication.

3.6 Grazing Study: Protists from the Uncontaminated Bedrock Aquifer

This experiment was similar to the contaminated aquifer one, with a
few exceptions. There were four reactors. One biotic and one abiotic
were prepared as described above and sonicated. In addition, another
set of abiotic and biotic reactors were prepared and sonicated that
contained unstained indigenous bacteria. The reason for leaving the
indigenous bacteria unstained was to observe if there were any
autofluorescing indigenous bacteria that could possibly be confused with
the KB-1 stained with DTAF. No autofluorescence was observed.
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Figure 3.5: 2 L Ball canning jars used as reactors

This experiment used 2 L Ball canning jars (Figure 3.5) (Ball Canning
Corporation, Bromfield, CO) as reactors in the uncontaminated water
experiment as opposed to the 4 L amber jugs. This was due to the
constraint of space in the glove box, the lower reactor sample volume
required for Experiment 2 and the ability to sample from the middle of the
reactor. The abiotic control reactors contained 5% glutaraldehyde to
preserve and fix samples at t = 0 h. Each reactor contained 500 mL of
water from the culture, and 6.3 mL of the DTAF stained KB-1 bacteria. The
latter volume was used so that KB-1 comprised  30% of the bacterial
population in the reactor. Grazing studies typically set the target of
fluorescently labeled bacterial abundance at 30% of the total bacterial
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population. Each reactor was sampled twice (t = 0 and 4 h) because in
the first grazing experiment, maximum uptake occurred around 4 h.
During each sampling event, 135 mL were pipetted from each reactor
into a sterile 250 mL autoclaved amber glass bottle (Figure 3.6) and fixed
with 5 mL of 5% glutaraldehyde (filter sterilized) and capped.

Figure 3.6: 250 mL amber glass bottle

Once all the samples were collected and ready to be processed, they
were sonicated for 20 min and then filtered (as described in Section 3.4)
and counted.
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3.7 Enumeration of Bacteria and Protists

Enumeration of slides for protists and bacteria was conducted using
an epifluorescent microscope (Nikon Eclipse 80i; Melville, NY). Slides were
loaded onto the stage of the microscope, each having one drop of
immersion oil placed on top of the cover slip (Corning cover glass
thickness 2.25 mm X 25 mm cat no. 2895-25; Corning, NY). A 60X
magnification oil-immersion objective (with10X oculars) was used. An
initial field on the slide was randomly selected to enumerate. The field
was observed using a Nikon UV-2E/C fluorescent filter combination, to
locate the protists stained with primulin. Once the protists were detected,
the Nikon B-2A fluorescent filter combination was used to determine if any
DTAF stained KB-1 cells were inside the protistan cell.
The methods for counting varied slightly between experiments.
During counting of the slides from the first experiment with water from the
TCE contaminated aquifer, 10 fields were randomly chosen and counted.
The total number of protists in each field was recorded along with the
number of KB-1 cells, if any, that appeared within each protist. The typical
number of protists counted with this approach ranged from an average
of 2 – 3 protists per field in the slides from the TCE-contaminated aquifer,
and approximately 8 protists per field in the slides from the non-TCE
contaminated aquifer. Random fields were obtained by moving the
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stage controls while the analyst was not looking in the microscope to
prevent selection bias.
During the examination of slides from the second experiment using
the water from the non-TCE contaminated aquifer, random fields were
scanned until 300 protists had been identified and counted. When a
random field was enumerated, the total number of protists were counted
in addition to the number of KB-1 cells within each protist. The standard
number of protists to be counted in a grazing study is typically 300 for
statistical purposes (Kinner et al., 1997).
A 60X magnification oil-immersion objective (Nikon) was used to
determine abundances in the experimental reactors. The Nikon B2-A filter
cube was used to observe AO-stained indigenous bacteria. Due to the
great abundance of protists, only three fields were counted to obtain >
300 individuals. The field counted was a Whipple grid (4.5μm X 4.5μm at
600X) (Figure 3.7) because of the higher cell abundances.
Indigenous bacteria stained with AO can fluoresce either green or
orange. Cells fluorescing green indicated that they contained mostly
DNA; (less metabolically active), while cells that fluoresced orange
primarily contained RNA; (more metabolically active) (Darzynkiewicz,
1990).
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Figure 3.7: Photomicrograph showing Whipple grid.
Outer measurement of Whipple grid 4.5 X 4.5 at 600X

3.8 Glassware Preparation & Refill Water

All glassware, as well as any other supporting materials that met the
sample water, was washed with Alconox or Liquinox (Alconox, Inc.; White
Plains, NY). Glassware was rinsed three times with RO water and allowed
to air dry. When glassware was autoclaved (120° C at 15 psig for 45 min),
it was either entirely wrapped with aluminum foil or the mouth and cap of
the bottle were wrapped to keep the inside sterile.
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3.9 Statistics and Data Analysis
Means were compared using a Student’s t test and values of
significance (p= 0.XX) are reported.

3.10 Effects of Sonication
In the TCE contaminated reactors non-sonicated protists had a
higher uptake rate (0.26 ± 0.08 KB-1 bacteria / protist * h vs 0.08 ± 0.03 KB-1
bacteria / protist * h) associated with them than those that were
sonicated.

Figure 3.8: Uptake Rates for TCE Contaminated Reactors
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Uptake rates were significantly different at t= 4h, (p=0.04). Sonication was
meant to shed cells from the surface of the protist. Sonication did not
make a significant difference in uptake rates at t= 24h (p= 0.99). However,
the experiment indicated sorption of KB-1 to the protistan cell surface was
a concern at 4h, so all samples in the subsequent experiment were
sonicated as a precaution. There is no specific literature discussing
grazing studies comparing sonication and non-sonication. However, Tso
and Taghon, (1997) discussed the benefits of removing organics from the
surface of cells. The short-duration sonication of 15 min was used to
prevent damage to the protistan cells. [N.B., Longer, more intense
sonication is known to disrupt protistan cells (Tso and Taghon, 1997).]

3.11 Clearance and Uptake Data Analysis

In this thesis research, uptake rates were calculated from data
collected by means of direct observation. As Kemp (1993) notes, the
researcher should determine the total number of protists of interest and
total number of labeled bacteria ingested into the protistan cells
enumerated in a sample for each time per unit volume. Units are most
regularly reported as bacteria/protist* h. The per cell clearance rate of
protists was obtained by dividing the uptake rate (bacteria/protist* h.) by
the concentration of labeled bacteria per nanoliter (nL) of water (Kemp,
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1993). The abundance of labeled bacteria per nL was collected by direct
observation using an epifluorescent microscope. See Appendix A for
equations and sample calculations.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Overview of Research
This study was conducted in two phases: The first used protists
cultured from well water from the PIT and the second used protists
cultured from uncontaminated Newington well water (Table 4.1). The
change of sites occurred because a likely spike in VC levels at the TCE
contaminated PIT site eliminated protists from that environment
(Cunningham et al., 1998). The Newington well was used in the second
half of the study because it is part of the same bedrock geological
formation as the PIT and had been used in other protistan research. All
samples from the experiments with the Newington site cultures were
sonicated because of the findings from the PIT well that sonication likely
removes bacterial cells from the surface of protists. In addition, most
studies in the literature use sonication prior to processing for enumeration
(Tso and Taghon, 1997). The second experiments were incubated for four
hours as Kinner et al. (1998) suggested, and the PIT experiments
validated. The second experiments with the Newington well water added
39

an additional control for detecting autofluorescing organisms that might
produce false positives.
In the results and discussion section, the experiments will be
referenced based on the size (range of cell diameter) of the protists
present and from which culture the protists emanated. TCE was not
added during any of the experiments.
Table 4.1: Reactor conditions used in experiment

Experiment A
5-10µm Protists
Isolated from the TCE
contaminated well
Control Type
A1
• Sonicated

Control Type
A2
• NonSonicated

Experiment B
2-3µm Protists
Isolated from the uncontaminated well
Control Type
B1

Control Type
B2

Control Type
B3

• Sonicated

• Sonicated

• Sonicated

• Abiotic (filled
with original
culture)

• Abiotic (filled
with original
culture)

• Abiotic

• Abiotic

• Biotic

• Protists and
stained KB-1
prior to
fixation

• Protists and
stained KB-1
prior to
fixation

• Protists and
indigenous
bacteria
unstained

• Protists and
KB-1 stained
control

• Protists and
indigenous
bacteria
unstained

• Auto
Fluorescent
Control
Experimental
Condition A1
• Sonicated
• Biotic

Experimental
Condition A2
• NonSonicated

Experimental
Condition B1

• Biotic

• Biotic
• Protistis and
stained KB-1

• Protist and
• Protists and
stained KB-1
stained KB-1
Enumeration of all protists in 10
fields at 600x obj magnification
and the number of DTAF stained
KB-1 within each protist counted

• Auto
Fluorescent
Control

• Sonicated

Number of protists- 300 total counted per slide
600x magnification and the number of DTAF
stained KB-1 within each protist counted
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This research specifically explored the uptake and clearance rates
of KB-1 by indigenous protists, to determine if predation could impact
injection of that consortium as a viable option for in-situ bioremediation of
the TCE contaminated groundwater. Knowing the rates at which
protistan predation may occur could help to determine if it is significant
enough to hinder in-situ bioremediation or too low to have an impact. It is
important to note that protistan grazing could have a positive effect on
bacterial biodegradation by maintaining the KB-1 abundance low
enough for the bacteria in the microbial consortium to remain in the log
growth phase. This research was not designed to test that condition. As
noted, the uptake and clearance rates were determined for protists
cultured from water samples extracted from the two bedrock wells.

4.2 Impact of Protists and Morphology

The protists cultured from the TCE contaminated groundwater were
predominantly 5 - 10 m nanoflagelletes, round, and almost always had
two clearly visible flagella (Figure 4.1).
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10 µm

Figure 4.1: Protist from TCE contaminated groundwater

Protists cultured from the uncontaminated (Newington) site were
predominantly 2 - 3 m nanoflagellates and were more oblong or oval.
Their flagella were not as prominent (Figure 4.2).
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10 µm

Figure 4.2: Protists from uncontaminated groundwater

Size differences in protists cultured from groundwater have been
observed in other studies, most notably Kinner et al. (1998). They observed
a general trend of higher uptake and clearance rates by the larger
protists in a sandy wastewater contaminated aquifer on Cape Cod, MA.
Typically, the larger the flagellate, the more and larger the bacteria it can
consume. Kinner et al. (1998) suggest the protistan to bacterial size ratio is
typically 5:1 to 233:1 (predator/prey volume ratio).
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4.3 Protistan Abundance

Figure 4.3: Protistan Abundance in Experiments

In the biotic reactors containing the TCE contaminated culture
(sonicated and non-sonicated), the protist population was in the range of
500 cells/mL to 800 cells/mL (Figure 4.3) with no significant difference (p
=0.02) over the incubation period. A similar range was observed in the
abiotic reactors (sonicated and non-sonicated) for the uncontaminated
site. The protistan population in the biotic reactor for the uncontaminated
site was significantly higher ranging from 1,800 cells/mL to 2,300 cells/mL
(Figure 4.3), confirmed with a Student’s t test (p=0.0002). We do not know
why the protistan abundance was an order of magnitude higher in the
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uncontaminated well. It may have been the lack of chlorinated solvents
that can inhibit protistan growth (Cunningham, 2008). Cunningham (2008)
created a reactor to culture protists that simulated in-situ conditions at PIT.
Their average protistan abundance in-situ was 355 ± 166 cells/L. This is like
the protist count observed in this experiment’s TCE contaminated reactor.

4.4 Indigenous Bacterial Abundance

The concentration of the indigenous bacteria needed to be known
to determine the concentration of KB-1 to be used in reactors (Sherr and
Sherr, 1993). This was done in both experiments by sampling the cultures.
The approximate abundance of the indigenous bacteria from the TCE
contaminated and non-TCE contaminated cultures were 1.3 x 10^6 and
4.2 x 10^6 cells/mL, respectively.
The indigenous bacteria were not stained, so they were not
considered when calculating uptake and clearance rates of protists.
Some bacteria were observed in the abiotic reactors (< 3X10³ cells/mL).
This could have occurred if the A.O. or glutaraldehyde were not sterile.
Fortunately, these abundances were three orders of magnitude below
those of the indigenous bacteria in the cultures and therefore were
considered acceptably low.
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The concentration of indigenous bacteria was similar to
abundances seen by Kinner et al. (1998) who observed an average
unattached bacterial concentration ranging from 1.2 x 10^5 -2.5 x 10^6
(cells/mL).

4.5 KB-1 Abundance

In the TCE contaminated and uncontaminated experiments, KB-1 was
designed to be 30% of the total bacterial population. Grazing studies
typically set the target bacterial abundance of the stained organisms at
30% of the total bacterial population (Sherr and Sherr, 1993). Hence,
before either experiment took place, a preliminary indigenous bacterial
count was taken to ascertain the volume of KB-1 needed to achieve 30%
(see Section 4.4). At t=0 the reactors created from the non-TCE
contaminated well had ~37% KB-1 to indigenous bacteria. No indigenous
bacterial count was taken of the reactors containing TCE, so the percent
of KB-1 to indigenous could not be determined. However, based on the
concentrations of the indigenous bacteria measured tor the cultures, the
nominal reactor percentage of KB-1 was ~30%.
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Table 4.2: KB-1 counts in TCE contaminated reactors

Biotic Reactor with no sonication

Standard
deviation
(cells)
9.0X102
7.8X102
6.7X102

Time(hrs)
0
4

Avg number
cells/mL
4.6X103
5.0X103

23

4.0X103

0
4

5.1X104
5.0X104

23

4.5X104

0
4

2.1X104
3.4X104

23

3.7X104

0

2.9X104

4

2.1X104

1.4X103
2.7X103

23

1.6X10

6.4X102

KB-1 Counts
in Reactors
Biotic Reactor with sonication
from TCE
Contaminated
Well
Abiotic Reactor with no Sonication

Abiotic Reactor with Sonication

1.4X103
9.5X102
1.7X103
1.2X103
1.5X103
9.5X102

4.6 Experimental Controls

In the autofluorescence control reactors (without stain), neither protists
nor bacteria were visible under epifluorescence indicating neither
bacteria from the cultures nor KB-1 naturally fluoresced. No
autofluorescence was observed in the PIT groundwater cultures during this
experiment.
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The abiotic control reactors were comprised of 500 mL of culture water
and were created the same day that the experiment was conducted.
One control reactor was fixed with 10 mL of 37% filter-sterilized
glutaraldehyde that was added immediately to the culture water. This
process created an abiotic environment with which to compare bacterial
uptakes with the biotic reactor. This was done to confirm the hypothesis
that consumption would not occur when the protists were inactivated by
the glutaraldehyde.
There was no bacterial uptake observed at t = 0 h, in any of the abiotic
reactors for the uncontaminated well. This result was expected from
previous observations and the literature (Sherr and Sherr, 1993) as the
glutaraldehyde inactivates the protists thereby rendering them unable to
consume cells. For the TCE contaminated well experiments, a few
bacterial cells (0.1 cells/protist, t = 4 h) were associated with the abiotic
protists. This was significantly less than the cells associated with protists in
the biotic reactor (1.5/protist, t = 4 h) as confirmed (Student’s t test, p =
0.04).

4.7 Protists From TCE-contaminated and Uncontaminated Aquifers

Most protists did not graze on KB-1 cells. When protists did consume
KB-1 cells, it was only 1 bacterial cell each (Figures 4.5 and 4.6). The
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bacteria from the KB-1 consortium that were consumed by smaller protists
(2-3 µm) from the non-TCE contaminated site were typically smaller cells
(0.5 µm) and coccoid. This fits the description of Dehalococcoides which
is the only round bacteria of that diameter in KB-1. However, no definitive
species identification was performed nor was genomic analysis
conducted on the cells consumed by any of the protists.
The larger protists (5-10 µm) from the TCE contaminated site
consumed cells from the largest (1 µm) rod shaped to the smallest (0.5
µm) coccid cells.

Figure 4.4: KB-1 cells consumed by protists from the TCE contaminated well
[N.B., Because more protists were observed in the uncontaminated well cultures. Vertical
axes of Figures 4.5 and 4.6 differ by nearly an order of magnitude.]
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Figure 4.5: KB-1 cells consumed by protists from the uncontaminated well

4.8 Uptake Rates

As noted in Section 3.9, there was a significant difference between
the uptake rates of the protists that had been sonicated and nonsonicated from the TCE contaminated well at t = 4 h (0.08 ± 0.03
cells/protist * h and 0.26 ± 0.05 cells/ protist * h, respectively), (Student’s t
test, p = 0.085). This sonication phenomenon has been documented by
Sleigh and Zubkov, (1998). These differences are likely due to bacterial
cells not being shed by sonication from the surfaces of the protists. This
makes it appear as though protists are consuming bacterial cells at a
greater rate than protists that have been sonicated. It is likely sonicated
results are more representative of true bacterial grazing and uptake by
protists. Therefore, only sonicated results are discussed for uptake and
clearance rates.
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The maximum uptake rate in the biological reactors for the TCE
contaminated and uncontaminated wells, respectively, were calculated
at t = 4 h, as 0.08 ± 0.03 cells/protist * h and 0.04 ± 0.002 cells/ protist * h
(sonicated samples). These rates were significantly different (Student’s t
test, p = 0.048).

4.9 Clearance Rates

The maximum clearance rate in the biological reactors for the TCE
contaminated and uncontaminated wells (calculated at t = 4 h) were
0.11 ± 0.02 nL/protist * h and 0.02 ± 0.001 nL/ protist * h, respectively. These
clearance rates were significantly different (p=0.001) (only sonicated
samples).

4.10 Comparison of Uptake and Clearance Rates to Literature
Uptake and clearance rates were compared to other uptake and
clearance rates from the literature (Table 4.3). Kinner et al. (1998)
observed similar uptake and clearance rates for an organically
contaminated aquifer. Their flagellates (> 1.5 µm) had a similar uptake
rate to that of the flagellates from the uncontaminated well in this
research (2 – 3 µm protists). River and marine protists (Apple et al., 2011;
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Bhupathiraio et al., 1999.) generally have higher uptake and clearance
rates than protists found in groundwater. Dehalococcoides is 0.5 µm in
diameter or 20 times smaller than the protists found in the well at PIT and 4
- 6 time smaller than the protists found in the Newington well. The size ratio
of the protists to Dehalococcoides in the Newington well is like that of a
contaminated aquifer study (Kinner et al., 1998) (Table 4.3). In the column
study (Kinner et al., 1997) showed a wider range of predator to prey size
ratios. Kinner et al.’s column studies probably had that trend because
only the protists and bacteria eluting from the column were enumerated.
Smaller cells tend to be retained in the columns and are less
representative of the in-situ conditions.
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Table 4.3: Uptake and clearance rates from this study and the literature

FLB cell
length (µm)

Protist size
(µm)

Uptake rate
(bacteria/ protist *
h)

Clearance
rate
(nL/ protist
* h)

TCE contaminated well
with sonication (this
study)

0.5-1

10

0.08±0.03

0.11±0.02

TCE contaminated well
with no sonication (this
study)

0.5-1

10

0.26±0.05

1.63±0.37

0.5-1

2--3

0.04±0.002

0.02±0.001

0.1-0.5

2--3

0.06

0.1

0.5-0.8

2--3

0.13

0.33

0.8-1.5

2--3

0.77

1.4

>1.5

2--3

0.04

0.2

1—2

4--14

3

12

1.5—3

14--33

27

23

0.5

4.6

5.5

42.2

124

219

13

1.2

18

2.3

43

2.6

19

2.6

FLB source
[reference(s)]
(Fluorescently
Labeled Bacteria)

Uncontaminated well
(this study)
Contaminated aquifer
(Kinner et al., 1998)
Contaminated aquifer
(Kinner et al., 1998))
Contaminated aquifer
(Kinner et al., 1998)
Contaminated aquifer
(Kinner et al., 1998)
Column I (Kinner et al.,
1997)
Column II (Kinner et al.,
1997)
Marine (Apple et al.,
2011)
Marine (Apple et al.,
2011)
Marine (Apple et al.,
2011)
River (Bhupathiraio et
al., 1999)
River (Bhupathiraio et
al., 1999)
Pond (Bhupathiraio et
al., 1999)
Pond (Bhupathiraio et
al., 1999)
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4.11 Low Capture Rates

Most protists (> 50%) did not appear to graze on KB-1 cells during
the experiments in the uncontaminated or contaminated well water at
t = 4h or 23h. There are some possible explanations for this. Gonzalez
(1999) noted that a protist that is not observed with bacteria in its
vacuoles, is not defined as a non-grazer. Rather, it could be that the
protist is not consuming during the observation period(s). Protists
observed with ingested prey are confirmed grazers. Johnke et al.,
(2014) (Table 4.3) found that the protists they observed did not prefer
or consume smaller cells. Cells other than Dehalococcoides in KB-1
typically were about 1 µm long. Typically, the indigenous bacteria
were also about 1 µm long. KB-1 may not be a desirable food source
for the protists cultured from the two sites. Protists may have already
consumed indigenous bacteria from the culture bottle prior to start of
the experiment and thus did not feed on KB-1 (Gonzalez, 1999). It is
also possible that the protists could have already digested the cells or
have been stressed by the experimental conditions and not been
grazing at all. Fu (2003) noted suppressed clearance rates with the use
of DTAF and attributed them to the dye altering prey recognition or
toxins produced from the staining process.
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The larger protists from the TCE contaminated well experiment
showed significantly greater uptake and clearance rates (Student’s ttest (p=0.048)) than the smaller protists in the non-TCE contaminated
well experiment (Figure 4.7). This indicated that larger protists in a
contaminated aquifer can consume more bacterial cells and could
impact biodegradation with KB-1 to a greater extent. Similar predation
on groundwater bacteria by different sizes of nanoflagellates was
observed by Kinner et al. (1997) for an organic contaminated aquifer.

Figure 4.6: Uptake and clearance rates for different size protists
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4.12 Assessing KB-1 Viability in the PIT TCE Contaminated Aquifer

Figure 4.7 shows the larger protists is this study having greater uptake
and clearance rates. This trend can also be observed in Table 4.3 with
the column studies showing the largest protists having the largest
uptake and clearance rates, while smaller protists have smaller uptake
and clearance rates.
The overarching purpose of this research was to determine if KB-1,
more specifically, Dehalococcoides, is consumed by indigenous
protists which might affect the consortium’s ability to biodegrade DCE
to ethene. SiREM Laboratories (Ontario, Canada), the creators of KB-1
consortium, report the ideal concentration of Dehalococcoides in
groundwater for bioremediation purposes is > 1.7 X 10^7 cells/L (SiREM
2016). Cunningham (2008) created a reactor to culture protists that
mimicked in-situ conditions at PIT. For 30 days, the average protistan
abundance was 355 ± 166 cells/L. Knowing the Dehalococcoides
concentration, the abundance of protists at PIT, as well as the uptake
rate derived from this study, the time it would take for the protists to
consume all the Dehalococcoides cells can be calculated. The
calculations assume the protistan abundance is stable and that
Dehalococcoides does not reproduce. The calculations indicate
protistan predation is unlikely to hinder bioremediation by
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Dehalococcoides. This would suggest that KB-1 is a suitable
candidate for bioremediation of TCE at the PIT site.
[R/(P*MU)]=T

Equation (1)

P=Avg In-Situ protist population in PIT well: 355 ± 166 Cells (protist)/ L
R=Recommended Dehalococcoides concentration in groundwater: > 1.7
X10ˆ7 Cells/ L
MU=Maximum uptake rate of Dehalococcoides by protists in PIT well: 0.08
± 0.03 Protist * h
T= time for protist to consume all Dehalococcoides cells injected assuming
no population growth for either protists or Dehalococcoides
Best case scenario: lower protist population and lower Maximum uptake
[(1.7 X10ˆ7 Dehalococcoides/ L)/((189 (protist)/ L)*(0.05
Dehalococcoides/ Protist * h))]
=1798942 h = 74,956 days ~ 75,000 days

Worst case scenario: Higher protist population and Higher Maximum
uptake
[(1.7 X10ˆ7 Cells (Dehalococcoides)/ L)/((521 Cells(protist)/ L)*(0.11
Cells(Dehalococcoides)/ Protist * h))]
= 296632 h = 12,360 days ~ 12,000 days
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Average case scenario: average side protist population and average side
Maximum uptake
[(1.7 X10ˆ7 Cells (Dehalococcoides)/ L)/((355 Cells(protist)/ L)*(0.08
Cells(Dehalococcoides)/ Protist * h))]
=598592 h = 24,941 days ~ 25,000 days

4.13 Inhibition of Vinyl Chloride Degradation Unrelated to Protist Predation
While protists can play a role in the stalling of reactions, it is not
always solely or even partially responsible for all stalls. Possible
explanations for stalls outside of protist predation include lack of electron
donors. In the case of a VC stalled reaction, the cause could be that the
carbon source for KB-1 being VC, is too low for the anerobic consortium to
derive enough energy to drive the reaction forward, if organic carbon is
too low there may not be enough electron donor (i.e. H2 for
dehalococcoides). One solution to this situation is the introduction of an
additional carbon source such as acetate, being injected into the
groundwater (Holmes et al). An abundant carbon source now allows the
anerobic organisms that comprise KB-1 to compete with the more
energetic aerobic organisms and continue the process of mineralizing VC
to ethene.
A second explanation for a stalled reaction at VC could be a lack
of organisms that have the ability to mineralize VC to ethene. In the
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context of the conditions described in this research, If the concentrations
of Dehalococcoides are insufficient, the reaction of VC to ethene can
cease due to Dehalococcoides being unable to mineralize VC to ethene
in great enough volumes as to affect the groundwater concentration of
VC.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
5.1 Conclusions
•

The uptake and clearance rates of sonicated samples were
significantly lower (p=0.085) than for non-sonicated samples. This is
likely due to adherence of bacteria to protistan cell surfaces vs.
ingestion. Therefore, ingestion rates reported for this research were
based on sonicated samples.

•

PIT protists were larger (5-10 µm) than protists from Newington well
site (2-3 µm).

•

The larger PIT protists demonstrated significantly higher uptake and
clearance rates (Figure 4.7) than the Newington site. Higher uptake
and clearance rates in this research could be due to protists’ larger
size and the ability to consume more bacterial cells.

•

Highest uptake and clearance rates occured at t = 4 h consistent
with other research showing similar trends.
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•

At t = 4 h, 90% of uncontaminated well protists and 76% of TCE
contaminated well protists (sonicated sample) did not consume
KB-1. This could be due to protists not selectively grazing on KB-1,
consuming unlabeled indigenous bacteria, or being in a nongrazing state during the experiments.

•

Based on these clearance rates, indigenous protists are unlikely to
significantly impact the population of KB-1 injected into TCE
contaminated aquifers.

5.2 Future Recommendations

•

Flow cytometry can be used in protistan grazing studies to give
accurate counts and observe hundreds of fluorescent proteins and
probes. It may offer a method of enumeration that could gather
more data on protistan and bacterial cells than the light
microscopy used in this research.

•

The fluorochrome CTC could be used on living bacteria and does
not change growth rate and fluoresces a contrasting red (Epstein
and Rosell 1995). DTAF (green) and CTC (red) could be used
together in grazing studies creating optical resolution differentiating
between active and inactive cells (Bhupathiraio VK, et al., 1999)
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•

Gene probes could be helpful in identifying species in KB-1 to
determine if there is a preference for the bacteria in KB-1 being
consumed.
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APPENDIX A: EQUATIONS USED

UPTAKE RATE
Bacteria Cells Consumed (KB-1) = Protist Uptake Rate
Protist * Hour
Example:
Total KB-1 cells consumed (2) =
Protist Count (4)* Time (4 hour)

2 =
4*4

0.13 KB-1 Cells
Protist * Hour

(All values are directly observable)
CLEARANCE RATE
Nanoliters of Water Filtered = Protistan Clearance Rate
Protist * Hour
Example:
500,000 KB-1 Cells = Concentration in Reactor
mL
Therefore,
0.000002 mL =
KB-1 Cell
Clearance Rate =

2 nL

2 nL
KB-1 Cells
* 0.13 KB-1Cell = 0.3 nL Cleared of KB-1
KB-1 Cell
Protist * Hour Protist * Hour
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