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EXECUTIVE SUMMARY

Monitored natural attenuation (MNA) and enhanced in situ bioremediation (EISB) remedies hold
the promise of reducing the costs associated with cleanup of Department of Defense (DoD) sites
impacted by chlorinated solvents. However, there are many DoD sites where tetrachloroethene
(PCE) and trichloroethene (TCE) are only undergoing partial dechlorination to cis-1,2-
dichloroethene (cDCE), even when sufficient electron donor is present or added. As a result,
there are a significant number of plumes at DoD and related sites where PCE and TCE have been
dechlorinated to cDCE, but where the cDCE persists and migrates uncontrolled in groundwater
rather than undergoing further dechlorination to ethene (the desired end product).

Through a project funded by the Strategic Environmental Research and Development Program
(SERDP; project ER-1168) a novel aerobic bacterium (JS666) was isolated and described that is
able to use cDCE as a sole carbon and energy source under aerobic conditions, converting it to
carbon dioxide and water without the addition of exotic co-factors (Coleman et al., 2002a,b).

Subsequently, the Environmental Security Technology Certification Program (ESTCP) funded
additional work under project ER-0516 to optimize the growth of JS666, to further characterize
its ability to degrade solvent mixtures, and to assess whether JS666 can transfer its ability to
degrade cDCE to other in situ microorganisms. These studies were conducted in preparation for
a field scale demonstration to evaluate the effectiveness of JS666 as an in situ bioaugmentation
agent to degrade cDCE and other chlorinated solvents in groundwaters that are or will become
aerobic.

This laboratory study report presents the results of the Growth, Kinetic, and Optimization
Assessment conducted under Task 1 of ESTCP project ER-0516. Laboratory experiments were
conducted by Georgia Institute of Technology and Cornell University to establish factors that
will allow optimal cell growth for production purposes and to collect data required to evaluate
the application of JS666 under various field conditions.

Results of these experiments indicate that the JS666 culture can be effectively grown for field
application. Moreover, cells that have been stored or stockpiled over a short period of time can
rapidly recover the ability to degrade cDCE, lending promise to the culture’s in-situ activity
following transport to and subsequent injection at a suitable field site. Kinetic assays have also
allowed for estimation of biodegradation rates (e.g., cDCE degrades at 120 ug/L/day at 23°C
using a 4 x 10* cells/mL inoculum). Because JS666 can co-metabolize trans-1,2-dichloroethene
(tDCE), TCE, vinyl chloride (VC), 1,2-dichloroethane (1,2-DCA), or ethene while growing on
cDCE, its application can be expanded to sites containing not only cDCE but mixtures of cDCE
and these other co-contaminants. Furthermore, microcosms studies conducted with a range of
aquifer materials suggest that JS666 will survive and remain active in subsurface environments.
Experiments with various inoculum levels suggest that 10* cells/mL will be an effective dose of
JS666. Unfortunately, no evidence was found to suggest that the ability to degrade cDCE can be
transferred from JS666 to indigenous bacteria. As such, when assessing bioaugmentation with
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JS666 as a remedial alternative it is necessary to ensure that the conditions at the site are suitable
for JS666 to thrive. Ideal conditions for JS666 include pH conditions above 6.5, dissolved
oxygen levels from >0.01 to <8 mg/L, and low conductivity (<15 mS/cm).

In the following sections, the results of the laboratory study are summarized in more detail.
Cultivation of JS666

Investigation of the cultural conditions necessary for reliable production of a JS666 inoculum for
bioaugmentation revealed that pH must be kept above 6.5 for sustained cDCE-degradation; and
previous studies (Coleman et al., 2002a) indicated that temperature must be kept under 30°C (and
preferably below 25 °C). The need for pH-neutrality may present challenges at some cDCE-
contaminated sites and suggests that buffer (current recommendation is 40 mM phosphate) may
have to be introduced along with this bioaugmentation agent. On the other hand, it may be
possible to adapt JS666 to lower pH through selection of low-pH-tolerant variants [Note: since
JS666 was originally enriched and isolated at neutral pH, it is not surprising that our current
variety prefers neutral pH.] We are presently investigating adaptation through pH “challenges”
to the culture.

Two different cultural behaviors were observed: 1) “Bad Behavior” with high-density cultures
(> 0.3 ODggo) recently exposed to co-substrates such as glycerol, succinate or ethanol, in which
cDCE-degradation rates steadily decline, cDCE degradation is not sustainable, and behavior
resembles that of co metabolism; and 2) “Good Behavior” observed in the original studies of
Coleman et al. (2002a), with low-density (< 0.05 ODggo) cultures frequently transferred to fresh
medium and which have not seen any substrate but cDCE for many generations. We successfully
demonstrated production of a stable, sustainable inoculum source exhibiting “good behavior”
through frequent transfer/dilution into fresh media.

Tests were conducted to define growth requirements and tolerances of JS666 to obtain optimum
production of a high-population-density inoculum source as well as to insure in situ activity
following bioaugmentation. Results suggested that minimization of ionic strength while
maintaining neutral pH can increase the growth of JS666 on cDCE. Best growth in serum bottles
was obtained in ¥2-strength MSB (40 mM phosphate buffer) at pH 7.2 under atmospheric air. No
effects on cDCE degradation were found from vitamin addition; lowered O, concentrations;
sulfite, thiosulfate, CO,, CO, plus H,, or CO addition. No density dependent phenomena were
observed.

Studies investigating the oxygen-tolerance of JS666 showed that cultivation at elevated (above
normal, ambient atmospheric) levels of oxygen negatively impacted culture-health. This was
manifested by less cumulative cDCE degraded (before degradation ability ceased) with
increasing oxygen partial pressures from 105 mmHg to 600 mmHg. The likely cause is damage
from production of reactive oxygen species (ROS) produced during aerobic oxidation of cDCE.
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In bioreactor studies, growth on cDCE was substantially better in low ionic strength media (10
mM phosphate) than in reactors with 40 mM phosphate. Growth in the bioreactor is eventually
limited by the accumulation of a water-soluble factor, most likely NaCl as a result of chloride
release from cDCE and neutralization by NaOH. Soluble metabolites were eliminated by
medium exchange with cell retention by addition of a loop to a transverse filtration apparatus.
Review of the longest bioreactor run shows that onset of slow growth occurred when total cDCE
pumped into the reactor since the last medium exchange reached 1.3 — 1.5 ml L™, a 4-5 fold
increase in total cDCE degradation over that obtained in serum bottles.

The objective of 100 L of cells at ODgoo = 1 for bioaugmentation dictates that cDCE-grown cells
of JS666 be stored or stockpiled. Tests showed that cells stored as pellets at -80°C without
cryopreservatives, recovered activity more rapidly than cells stored under any other condition. A
cell pellet frozen at -80° C for 35 days was thawed at room temperature, suspended in ¥2 MSB,
then used to inoculate a 1-L reactor. Growth on cDCE, as indicated by sustained increases in
ODgno began 3 days after inoculation. The results show that after moderate term storage at -80°,
pellets of cDCE-grown cells can rapidly recover the ability to degrade cDCE and can be
stockpiled for bioaugmentation.

Degradation of Mixtures of Chloroethenes

Previous studies (Coleman et al., 2002a) reported that JS666 can degrade chloroethenes and
chloroethanes besides cDCE, without being able to grow on them. Because cDCE might be
present in mixtures of chloroethenes and chloroethanes at contaminated sites for which
bioaugmentation with JS666 would be considered, its response to such contaminant mixtures is
of interest. In this phase of study, we investigated the relative kinetics and mutual effects of
binary mixtures of cDCE at ~ 2 ppm in the presence of lesser concentrations (50 to 450 ppb) of
VC, TCE, or 1,2-DCA. The good news, so far as bioremediation is concerned, is that although
the co-presence of VC, TCE, or 1,2-DCA reduces the maximum degradation rate of cDCE, the
rate remains substantial and cDCE can be completely degraded, as can the co-substrates.

The patterns of VC or TCE degradation in presence of cDCE suggest (but alone do not prove)
some sort of parallel, co-metabolic degradation systems for cDCE and these co-substrates, with
possibly some inhibitory/damaging byproducts of VC or TCE transformation. Co-presence of
VC or TCE caused cDCE degradation rates to be halved, but the effect was not proportional to
concentrations of VC or TCE. On the other hand, degradation of the co-substrate was either
improved (VC) or unaffected (TCE) by the presence of cDCE.

This is in stark contrast to the patterns of 1,2-DCA degradation in presence of cDCE, which
showed clearer signs of true competition: cDCE degradation was modestly inhibited by 1,2-
DCA (but competitive inhibition would be expected to be modest, since molar concentrations of
1,2-DCA were far lower than those of cDCE) in a roughly linear decline with increasing 1,2-
DCA concentration; and 1,2-DCA degradation was markedly inhibited by the very-much higher,
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cDCE concentration. These results are consistent with our observation that JS666 can grow on
1,2-DCA, but not on VC or TCE. Different pathways are likely at work.

Assess Ability to Sustain Induction of cDCE-oxidizing Enzymes When Using
Nonchlorinated Co-subtrates.

Succinate, acetate and ethanol were tested to determine their ability to boost cell growth without
inhibition of the cDCE degradation pathway in order to facilitate production of the culture. The
presence of ethanol yielded the most biomass and the fastest cDCE consumption per bottle;
however, no-ethanol controls had the highest specific activity for cDCE degradation. Higher
specific activities resulted from growth of JS666 on cDCE plus acetonitrile (MeCN). The result
indicates that MeCN can be added as a co-substrate to get a large initial cell mass without long-
term loss of the ability to grow on cDCE. Because the ability to grow on MeCN is rarer than the
ability to grow on ethanol, it should be easier to maintain purity in cultures grown with MeCN
than in cultures grown with ethanol.

The JS666 genome suggests that JS666 has the pathway to degrade cis-1,2-dichloroethane
(DCA). Experiments showed that JS666 grows on DCA, but at much lower concentrations of
DCA than of DCE. Estimates of the dimensionless Henry’s constant for DCA at 22°C is much
lower than for cDCE. This suggests that DCA is more toxic than DCE at comparable total
concentrations because much more DCA is dissolved in the aqueous phase.

Assessment of the sustenance of cDCE oxidation activity in mixed-culture, subsurface
environments; the effect of co-presence of degradable organics on sustenance of cDCE oxidation
activity in mixed-culture, subsurface material; and the sustenance of cDCE oxidation activity in a
rich, mixed-culture environment containing a wide variety of potential competitors.

The intention of the experiments described herein, was to assess the survivability of JS666 in
subsurface materials and to determine under what conditions this culture could be applied for
successful bioaugmentation. Microco sm experiments were performed under ideal conditions,
and then systematically challenged with inhospitable conditions and other potential barriers.
cDCE degradation was monitored, and because this organism would later be used in field tests of
bioaugmentation, a molecular probe was applied to track growth or die-off of JS666 within some
microcosms to test the probe's efficacy. Microcosms were constructed with subsurface materials
from five sites: Savannah River Site (SRS), Hill Air Force Base (AFB), Robins AFB, Ft. Lewis,
and Aerojet. Additionally, microcosms were constructed using two dilutions of primary sewage
effluent: unautoclaved (contributing both complex organic substrates as well as competing
and/or predatory microbes) and autoclaved (contributing only complex organics).

In neutral-pH-buffered microcosms constructed from all five site-materials, high concentration
(~ 60 mg/L) of cDCE was completely degraded within 10 to 15 days when inoculated with
“good-behaving” transfer culture at 4 x 10° cellssml. Without inoculation of JS666, no
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significant cDCE degradation was observed. Studies were undertaken to determine effective
inoculum size, using three levels — 1X, 0.1X, and 0.01X (where 1X corresponds to the 4 x 10°
cell/ml concentration) — with SRS soil. In microcosms constructed of SRS soil + minimal salts
medium (MSM), cDCE was depleted in about 20 days at 1X and was about 50% depleted in 60
days at both 0.1X and 0.01X inoculum levels. With a more realistic initial cDCE concentration
(0.6 mg/L), complete degradation was observed in about 5 days at 1X and 0.1X, and in about 20
days at the 0.01X inoculum level. Therefore, we believe 10* cells/ml is a reasonable suggested
inoculum level for field application.

As a rigorous test of both microbial competition/predation, and of the co-presence of alternative
substrates, we undertook studies in which municipal primary sewage effluent was added to SRS-
soil microcosms along with JS666. Both raw and autoclaved sewage effluent were employed
(the former representing a source of competing/predatory microbes plus alternative substrates;
the latter representing a source of alternative substrates only). Each was employed at two levels
— 1% and 10% v/v. Inoculum levels of 1X and 0.1X were used. Without JS666 addition, no
significant degradation of cDCE occurred.

All JS666-inoculated microcosms prepared with either 1% or 10% autoclaved primary effluent
were able to degrade 60 mg/L cDCE, regardless of the initial inoculation level — with the lower
inoculum level requiring more time to degrade the cDCE. This demonstrates that even in the
presence of a mixture of alternative — and most likely preferable — carbon sources and
competing/predatory microbes, JS666 is able to degrade large amounts of cDCE.

Additional Microbial Ecology Work

A key microbial ecology question is whether the ability to degrade cDCE is transmissible to
indigenous microbes. In spite of the presence of at least two possible means of gene horizontal
transfer, the two megaplasmids and the Mu-like bacteriophage, the ability to degrade cDCE is
not readily transmissible between bacteria under laboratory conditions. The two megaplasmids
were not demonstrated to be transmissible. We were unable to cure the megaplasmids from
JS666 by growth on nonselective media, or by growth in presence of the DNA damaging agents
acridine orange, ethidium bromide, or mitomycin C. As we were unable to cure wild-type JS666
of its plasmids, we were therefore unable to demonstrate conjugation between wild type JS666
and a plasmid-cured derivative of JS666. Experiments were performed to transfer the cDCE
degradation ability from JS666 to P. naphthalenivorans CJ2 by conjugation on solid surface of
rich media. No evidence for transfer of cDCE degradation genes to P. naphthalenivorans CJ2
was observed. The presence of a Mu-like phage was tested. The apparent transfer of nalidixic
acid resistance to nonresistant JS666 by culture supernatant indicates active phage.
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1. SUBTASK 1.1: OPTIMIZING CULTURE CONDITIONS FOR PRODUCTION OF
JS666 FOR INOCULATION IN THE FIELD.

1.1 Materials and Methods

1.1.1 Chemicals and Media

cis-1,2-Dichloroethene (cDCE) (97%) was obtained from Sigma-Aldrich. All other chemicals
were reagent grade. Strain JS666 was maintained on a minimal salts medium (MSM) modified
from Hartmans et al. (1992), which contained per liter of deionized water: 0.95 g KH,PO,, 2.27
g KoHPQO4, and 0.67 g (NH4)2SO,4. Filter-sterilized trace metal solution (TMS, 2 ml/L) was
added after the above solution was autoclaved and cooled to room temperature. The TMS
contained per liter of deionized water: 60 g MgSO,4-7H,0, 6.37 g EDTA, 1.0 g ZnSO4 7H,0, 1.0
g CaCl,-2H,0, 1.0 g FeSO47H,0, 1.0 g NaMoO, -2H,0, 1.0 g CoCl,:6H,0, and 1.0 ¢
MnSO4-H,O. The pH of the MSM was 7.2 unless otherwise indicated. MSM at pH values other
than 7.2 was prepared by adjusting the ratio of KH,PO4/K,;HPQO, in the medium. Nutrient agar
and/or trypticase soy agar (Becton Dickinson) at one-quarter strength with 15 g/L agar (Fisher
Scientific) were used as non-selective media. Cultures used for inoculation were streaked on a
non-selective agar plate to check for abnormal colony morphologies indicative of contamination.

1.1.2 Experimental Cultures

Frozen glycerol stocks of JS666 (15% glycerol in MSM) were used to inoculate one liter of
MSM that contained 10 mM succinate and 40 pL of cDCE (0.53 mmoles) in order to quickly
generate a large amount of biomass. Cultures were re-spiked with an additional 40 puL of cDCE
before all the cDCE had been consumed. At the onset of the degradation of the second spike of
cDCE, the culture was centrifuged at 7000 revolutions per minute (RPM) for 10 minutes, and the
supernatant decanted. Cells were resuspended in approximately 30 ml of MSM by vortexing and
centrifuged again at 10,000 RPM for 4 minutes. Cell pellets were resuspended in the appropriate
volume of MSM to yield the desired ODggo. Finally, 0.5 ml of this concentrated culture was used
to inoculate experimental serum vials that contained MSM with cDCE as the sole carbon source.

Experiments were carried out in 160-ml serum vials (Wheaton) with 100 ml of liquid and 60 ml
of headspace (air plus excess oxygen). Teflon-coated butyl rubber stoppers were crimp-sealed to
the serum vials. The initial inoculum of JS666, neat cDCE, and additional oxygen were injected
via a syringe. Cultures were inverted at an angle and shaken on a horizontal shaker at 160 RPM
at 22° C in the dark.
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1.1.3 Analytical Methods

The concentration of cDCE was measured using a Perkin Elmer gas chromatograph (GC) fitted
with a 1% SP-1000 Carbopack column (Supelco) and flame-ionization detector (FID). Oxygen
consumption and carbon dioxide production were monitored using a thermal-conductivity
detector (TCD). The total moles of cDCE per bottle were determined by comparing the peak
areas from a 100-uL headspace sample to cDCE standards prepared in water with the same
liquid-to-headspace ratio. An Eppendorf Biophotometer was used to measure the optical density
at 600 nm (ODggp) and estimate the biomass concentration. The pH measurements were taken
using an Accumet micro electrode with a calomel reference.

114 General Methods for Culture Development.

All serum bottle studies were performed in 160 ml serum bottles containing 50 ml of culture
medium. Bottles were capped with aluminum seals with Teflon-faced silicone septa. cDCE
(Aldrich catalog #D62004) was added as a neat solution using a 5 pl syringe with the plunger in
the needle (Hamilton). Before cDCE addition, the syringe needle was passed through a gas flame
to sterilize the end. The cDCE was drawn into the syringe, the septum on the serum bottle was
passed through the gas flame, and cDCE was added to the bottle. The serum bottle was tilted to
rinse the drop of cDCE from the needle tip. The needle was passed through the flame again after
being withdrawn from the bottle. The same needle hole was used for all cDCE additions and
headspace sample withdrawals from the serum bottles.

All serum bottle experiments were initiated with cDCE-grown cultures that were harvested by
centrifugation. Cell pellets were suspended in a small volume (1-2 ml) of fresh medium and

100 — 200 pl of such suspensions were used to inoculate experimental bottles. Serum bottles
were incubated at 150 rpm on a gyrotary (New Brunswick) shaker at room temperature (20-
24°C) under ambient room light.

cDCE was analyzed with a gas chromatograph (HP 6890) equipped with a flame ionization
detector and a 1.83 m x 2.1 mm packed column containing 1% SP-1000 on 60/80 Carbopack B
(Supelco). The initial oven temperature was 100°C and ramped to 150°C at 20°/min, then to
175°C at 10°/min. Detector temperature was 275°C. cDCE eluted at 3.88 min and tDCE at 4.0
min. 100 pl headspace samples were used for all cDCE analyses.

1.2 Results and Discussion

1.2.1 Effect of pH on cDCE Degradation by Strain JS666

Duplicate JS666 cultures with an initial ODggo 0f 0.42 were established in MSM. The cultures
were supplied cDCE as the sole carbon source. The concentration of cDCE, pH, and ODggo Were
monitored over time. Rates of cDCE degradation were initially rapid, but began to slow after six
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spikes of cDCE (4 uL neat cDCE each) had been degraded. In one culture, after 14 days, seven
spikes of cDCE had been degraded (Figure 1.1). After the degradation of the seventh spike of
cDCE, the pH had dropped to 6.5, and degradation rates decreased dramatically. A duplicate
culture behaved similarly. At this point, the pH was adjusted in one of the cultures to 7.2 by
adding NaOH. Degradation of cDCE in this culture was restored and could be maintained for
five more spikes of cDCE before the rates of degradation slowed appreciably. Degradation did
not resume in the culture that did not receive a pH adjustment (data not shown).

80
70 PH ADJUSTED TO 7.2

o | It
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cDCE (umole/bottle)

Figure 1.1 Degradation of cDCE by JS666 Culture (starting ODgo = 0.42) in MSM. After 14
Days, the pH Was Adjusted to 7.2 by Adding NaOH, and the cDCE Activity Resumed.
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The oxidation of cDCE by strain JS666 causes the release of HCI, thereby lowering the pH of the
cultures by an amount proportional to the amount of cDCE degraded. Since cDCE degradation
activity could be restored by adjusting the pH, it seemed likely that the degradation of cDCE by
JS666 might be inhibited at low pH. To test the sensitivity of JS666 cDCE degradation at low
pH, duplicate JS666 cultures were set up in MSM with different initial pH values of 6.7, 7.0, and
7.5. Cultures were supplied cDCE as the sole carbon source. A comparison of the cDCE
concentration over time in the cultures revealed that the culture with the lowest starting pH of 6.7
(Figure 1.2a) degraded fewer spikes of cDCE before degradation activity began to slow than
cultures with higher starting pH (Figure 1.2b and 1.2c). Figure 1.3 shows the decrease in pH of
these cultures over time. It is evident that the pH decreased and then began to level-off,
indicating that degradation activity has ceased in all cultures. However, the terminal pH values
of the cultures were not the same. For the cultures with lower starting pH values (pH = 6.7 and
7.0), the pH leveled off around 6.3-6.4. In these cultures, it is plausible that the decrease in
degradation activity was due to low pH. Thus, it appears that degradation of cDCE may be
inhibited at pH values below 6.3-6.4. However, in the culture with the highest starting pH (7.5),
the pH leveled off near 7.0 suggesting that degradation of cDCE slowed for some reason other
than low pH.

A closer look at the cDCE concentration over time shows that the degradation rate was initially
fast, but got progressively slower with each additional spike of cDCE degraded. This
degradation pattern resembles that of a co-metabolic process, even though cDCE degradation
was previously shown to be coupled to growth in strain JS666 (Coleman et al., 2002a).
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Figure 1.2 Concentration of cDCE Over Time for JS666 Cultures (ODggo = 0.45) in MSM
with an Initial pH of a) 6.7, b) 7.0, and ¢) 7.5. cDCE was supplied as the sole carbon source.
Single Replicates are Shown for Clarity, but Duplicates Behaved Similarly.
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Figure 1.3 Decrease in pH Over Time in JS666 Cultures in MSM at Different Initial pH
Values. cDCE was Provided as the Sole Carbon Source. Values Shown are the Average of
Duplicate Measurements.

122 Effect of Initial Biomass Concentration on cDCE Degradation

JS666 cultures in MSM with cDCE were setup with different initial ODggo Values to investigate
the effect of biomass concentration on cDCE degradation. Cultures were prepared in duplicate at
ODgqo values of 0.13, 0.27, and 0.67. One would expect that degradation of cDCE by cultures
with lower ODggo values would be slower compared to higher ODgqo cultures. However, the total
amount of cDCE degraded by all cultures should be the same (before inhibited by low-pH
values) when degraded by a strain like JS666 whose growth is coupled to cDCE degradation. In
this experiment, degradation by cultures with a starting ODgo of 0.13 (Figure 1.4a) was about
half as fast as degradation by cultures with an initial ODggo 0of 0.27 (Figure 1.4b), as expected.
However, fewer spikes of cDCE were degraded by the cultures with a lower starting ODgopo.
Furthermore, the decline in cDCE degradation activity could not be attributed to low pH, which
was still above 6.7 in these cultures. The cultures with the highest initial ODggyo (0.67, Figure
1.4c) degraded the most spikes of cDCE. However, the rate of degradation was initially rapid
and decreased with each additional spike of cDCE added. After degradation had slowed in the
highest ODgqo culture, one of the duplicates was resuspended in fresh MSM while the pH in the
other culture was adjusted to 7.2 with NaOH. It was hypothesized that resuspension would (1)
remove potentially toxic byproducts or intermediates and/or (2) replenish necessary nutrients in
the cultures. However, neither the resuspension in fresh media nor the pH adjustment restored
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degradation activity. The organism in this experiment appeared to be unable to sustain growth
on cDCE and degradation appeared co-metabolic. This degradation activity was very different
from the activity seen in the initial pH experiment (Figure 1.1).

The difference in degradation pattern seen in the cultures could be due to development of a strain
of JS666 that can degrade cDCE but has lost the ability to grow on it. Prolonged exposure of
JS666 to a preferred substrate like succinate may have suppressed the expression of genes
responsible for growth on cDCE. Alternatively, the exposure of JS666 to succinate may have
selected for a strain that has been cured of a plasmid required for growth on cDCE. It is known
that JS666 contains two large plasmids. A strain of JS666 unburdened with one or more of these
plasmids would be able to reproduce more quickly in the presence of succinate and cDCE, and
thus, out-compete strains that maintained both plasmids. The use of succinate as a co-substrate
can be advantageous to achieve higher cell yields, but only as long as cDCE degradation activity
is sustainable in the presence of the co-substrate.
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Figure 1.4 Degradation of cDCE by JS666 Cultures in MSM with cDCE at Different
Starting Biomass Concentrations. Single Replicates are Shown for Clarity, but Duplicates
Behaved Similarly.
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Although the differences seen in degradation patterns could be due to the presence of a strain that
has lost the ability to grow on cDCE, it is also possible that cultures that appeared to have lost
the ability to grow on cDCE were actually contaminated. Because of this possibility, cultures
were screened for contamination in three ways: 1) cultures were streaked on agar plates to
observe colony morphologies, 2) cell morphologies were investigated using microscopy, and 3)
RFLP was performed on the 16S rRNA of select cultures using two restriction enzymes (Mspl
and Hhal). None of the above techniques revealed evidence of contamination in the cultures
used in the experimental studies reported herein.

1.2.3 Achieving “Good Behavior” — Studies with Low-Density Transfer Cultures

In essence, we have observed two types of behavior with JS666: 1) “Bad Behavior” with high-
density cultures (> 0.3 ODgqo) recently exposed to co-substrates such as succinate or ethanol, in
which cDCE-degradation rates steadily decline and behavior resembles that of cometabolism;
and 2) “Good Behavior” observed in the original studies of Coleman et al. (2002a), with low-
density (< 0.05 ODgqo) cultures frequently transferred to fresh medium and which have not seen
any substrate but cDCE for many generations.

We set out to create an inoculum source of “good-behaving” JS666 using the transfer-culture
technique (in which 5% v/v transfers were made to fresh medium after only a few cDCE spikes
were degraded). Results are shown below in Figures 1.5 and 1.6.

These transfer cultures were established with cDCE as the sole carbon source by inoculating 1
ml of frozen culture into one liter of MSM with 40 pl of cDCE. The frozen cultures used for
both culturing techniques described were functionally equivalent. After the degradation of 2-5
spikes of cDCE, 5% transfers were routinely made into 160-ml serum bottles containing 95 ml of
MSM with cDCE. It is worth noting that 1-ml frozen cultures contained a final concentration of
15% glycerol, and JS666 is able grow on glycerol. The glycerol was likely rapidly consumed in
the initial culture. If trace amounts remained, they would be diluted out upon the first transfer,
leaving cDCE as the sole, remaining carbon source.

Figure 1.5 shows the first four transfers to fresh media with cDCE as the sole carbon source. A
single lineage of transfer cultures is shown, but a duplicate lineage behaved similarly.
Degradation of cDCE was sustained using this method for more than nine transfers to date, over
a period of six months. The transfer cultures were able to degrade a significantly greater total
quantity of cDCE compared to the typical 5-6 spikes of cDCE degraded in cultures reported
previously (neglecting cultures in which degradation declined prematurely because of pH
limitations). The initial lag phase prior to the onset of degradation after the first transfer was on
the order of 40 days. With each successive transfer, the lag phase was reduced. Eventually, the
ODgqo of the transfer cultures routinely increased from below detection to 0.05-0.07, and the lag
was reduced to less than one day.
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Growth of JS666 in one of the transfer cultures (Figure 1.6) was confirmed with heterotrophic
plate counts. Viable cell counts increased from 1.5 x 10’ CFU/ml to 1.5 x 10° CFU/m| during the
degradation of 5-6 spikes of cDCE (Figure 1.6¢, note the log scale). More interesting was that
the rate of cDCE degradation rapidly increased and then rapidly decreased (Figure 1.6b). The
initial increase in degradation rate likely reflects the growth of the organism. However, the
degradation rate began to decline when the viable cell counts were still exponentially increasing.
This suggests that the cells were still viable, but that perhaps the cDCE degradation enzymes
were damaged or no longer being expressed.

It is unclear how the culture was able to support exponential growth while the rates of
disappearance of the only available carbon source were declining. It is possible that the
organism could have been using an accumulated intermediate or dead cell remains for growth. If
only a small fraction of the biomass were viable, the dead cells could have supplied sufficient
carbon and energy source for the active cells. To investigate this, the contributions of viable and
total biomass to protein concentration were estimated. The terminal ODggo Was approximately
0.05. Using the correlation described earlier, this could account for a protein concentration of
0.01 mg/ml. Viable counts indicated that the terminal concentration of cells was approximately
10° CFU/ml. Assuming that the mass of protein per cell is 1.55 x 103 g, then viable cells could
account for a protein concentration of 0.16 mg/ml (Neidhardt et al., 1990). This crude calculation
suggests that the contribution of dead cells to the overall protein concentration in the culture was
small. There is a significant amount of uncertainty in this calculation, but there is no data to
support the fact that the cells were growing on dead remains of other cells.

In summary, the resuspending of cultures with succinate-grown inoculum in fresh medium does
not appear to allow sustenance of cDCE degradation. Rather, degradation rates are rapid at first,
but progressively decline with each additional spike of cDCE. ODggo Vvalues also tend to
decrease in such cultures. On the other hand, 5% transfers of actively degrading culture to fresh
media allow for sustained cDCE degradation and a decreased lag phase with each transfer. In
these transfer cultures, an increase in the degradation rates is seen as degradation proceeds, and
growth is evident from ODgy measurements and viable plate counts.

10
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Conclusions — Culture Sustenance

A strain of JS666 that has lost the ability to grow on cDCE (i.e., a “bad-behaving” culture) would
not necessarily be precluded from use as a bioaugmentation agent. Concentrations of cDCE in
the subsurface are likely to be low. Under such field conditions, growth of JS666 on cDCE is
unlikely (and probably unnecessary). Even with a potentially altered strain of JS666, it is
probable that the cDCE would be completely degraded in the field before any decrease in
degradation activity would be noticeable. However, it is apparent that our source of JS666
remains capable of “good behavior’—equivalent to that observed and reported by Coleman et al.
(2002a)—but frequent transfers on cDCE-only are required for maintenance. Though tedious,
this method is advocated for maintenance of the inoculum source in most of the subsequent
microcosm studies described later in this report. As is presented later, we did undertake one
microcosm study with a “bad-behaving” inoculum, amended with ethanol as co-substrate, to test
the hypothesis that bioaugmentation need not depend on use of a “good-behaving” inoculum.

124 Effect of Oxygen on cDCE Degradation by JS666

We became suspicious that the elevated oxygen levels we had been employing were perhaps
detrimental to JS666, albeit in subtle ways. We therefore conducted a study to examine this
possibility.

We grew up a frozen plug on succinate and ambient O,. Once the culture was actively degrading,
it was centrifuged, washed, and resuspended into serum vials with cDCE as the sole carbon
source. After 1.5 spikes of cDCE had been degraded (t=2.4 days) in the serum vials, the cultures
were challenged with different levels of oxygen (1ab-ambient, 2ab-165 mmHg, 3ab-260 mmHg,
4ab-600 mmHg).

13
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Figure 1.7. Effect of Oxygen on Cumulative cDCE Degradation by JS666.

Cultures that were challenged with higher concentrations of O2 degraded less cumulative cDCE
than those with lower levels (Figure 1.7). The effect of the additional oxygen was not immediate,
but rather became evident a few days after the O2 spike was administered.

Rates of degradation declined in all cultures (Figures 1.8 and 1.9). Therefore, although high
oxygen concentrations appear to inhibit cDCE degradation, this by itself does not seem to
explain why rates are declining in succinate-grown cells but not in transfer cultures. Perhaps this
difference in degradation between these two culturing techniques is due to the biomass

concentration.
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Figure 1.9 Rates of cDCE Degradation in Bottles Challenged with Different Oxygen
Levels.

In light of these results, we conducted all future microcosm studies at (or below) ambient oxygen
levels. We also reduced the agitation level to <100 rpm, and we reduced the inoculum level,
since we suspected that JS666 does not work as effectively at high inoculum levels.

We also tested whether lowered levels of O, affected cDCE degradation. Half of the air in the
headspace in serum bottles was replaced with N,. Bottles were inoculated with cDCE-grown
cells and cDCE was added and analyzed at 0, 6 and 23 h. No difference in cDCE degradation
was seen between the test bottles and controls.

17



Geosyntec®

consultants

Control A Control B Low O5 A Low O, B
3250 -
3000 -
2750
2500 4
2250
= 2000
= 1750
&5 1500
S 1250
1000 -
750 ]
5004
250
o

0 6 23 0 6 23 0 6 23 0 6 23

Hours

Figure 1.10 Effect of Oxygen Concentration on Degradation of cDCE.

1.2.5 Growth Medium Studies.

The growth medium (Coleman, Mattes et al. 2002) used in the initial studies of Polaromonas sp.
JS666 was based on a MSM developed for mycobacteria that degrade vinyl chloride.
Polaromonas belongs to the family Comamonadaceae of the order Burkholderiales, many of
whose members are normally grown in media with higher concentrations of the macro- and
micronutrient components. One of the initial goals of the sub-task was to find a growth medium
that provided better buffering against pH changes caused by chloride release during growth on
cDCE. Because the recently isolated P. naphthalenivorans strain CJ2 (Jeon, Park et al. 2004) is
routinely grown on a mineral medium (MSB) originally developed for pseudomonads (Stanier,
Palleroni et al. 1966), growth of JS666 in the two media was compared.
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Concentration in final solution (mM)

Solution A | Component MSB MSM
Na;HPO, 40
KH,PO, 40 6.99
KoHPO, 13.05
Solution B | (Hutner’s Base — vitamin free)
Nitrilotriacetic acid 0.85
MgSO, 2.4 0.00049
CaCl; « 2H,0 0.45 0.0000068
(NH4)6M07024 A 4H20 0.00015
NaMoO, *2H,0 0.0000008
FeSO,  7H,0 0.007 0.000018
Metals 44 | EDTA 0.0067 0.000034
ZnSQ, ¢ 7TH,0 0.038 0.000007
MnSO, ¢ H,0 0.009 0.0000062
FeSO, » 7H,0 0.018
CuSO, * 5H,0 0.0016 0.0000008
Co(NOs3), » 6H,0 0.00085
CoCl; « 6H,0 0.0000017
Na,B;07 ¢ 10H,0 0.00046
Solution C | (NH4)2SO4 7.6 5.08

Phosphate Buffer

MSM was varied by changing the proportions of the phosphate buffer component (Part A) and
the micronutrients (Part B). When the concentration of phosphate buffer equaled or exceeded 60
mM, growth of JS666 was inhibited, but when Part A was doubled to bring the phosphate buffer
to 40 mM, growth was better than in the original MSM. When Part A was doubled, and Part B
was varied between 1X and 10X the concentration in MSM, slightly better growth was seen at
the higher micronutrient concentrations. MSB normally contains 80 mM phosphate buffer, and
essentially the same micronutrients as MSM, but at up to 4 orders of magnitude higher
concentrations. It was diluted to one-half strength (*2 MSB) to bring the phosphate buffer to an
acceptable concentration for JS666 and compared to MSM with double Part A. No difference in
growth was seen between the two media; thereafter %> MSB was adopted as the standard medium

for JS666.
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pH was varied in ¥2 MSB. The most rapid initial use (at 4 h) of cDCE and most extensive final
use (at 20 h) took place at pH 7.2. Periodic adjustment of the pH with ammonium hydroxide
allowed the addition of up to 18 spikes of cDCE before growth finally stopped. Additional

oxygen was required after 12 cDCE spikes.

Table 1.2 Effect of pH on cDCE Consumption.

Initial pH 6.8 | 7.0 | 7.2 74
cDCE remaining pA
4h 1496 1500 1190 1252
8h 1291 1468 868 1279
20h 1199 1129 591 846
Final pH 6.7 6.8 6.9 7.1
Vitamins

Balch’s vitamins (Gerhardt, Murray et al. 1994) were tested to determine if vitamin addition
would enhance cDCE degradation. Cultures with vitamins initially degraded cDCE much more
rapidly than cultures without vitamins, but degradation stopped after the initial activity and
cultures without vitamins went on to complete degradation of the initial spike of cDCE before
the cultures with vitamins. After a lag period, the cultures with vitamins resumed cDCE
degradation. There was no overall benefit to vitamin addition, and vitamins were omitted from

all subsequent media formulations.

Table 1.3 Vitamin Concentration in Medium.

Vitamin

Concentration in medium

(Hg/L)

p-Aminobenzoic acid 50
Folic acid 20
Biotin 20
Nicotinic acid 50
Calcium pantothenate 50
Riboflavin 50
Thiamine HCI 50
Pyridoxine HCI 100
Cyanocobalamin 1

Thioctic acid 50
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Chemolithotrophy

Recent work has shown that chemolithotrophic organisms closely related to JS666 are
responsible for half the bacterial growth in bottled natural mineral waters (Loy, Beisker et al.
2005). The composition of the bottled waters suggested that thiosulfate or sulfur might be the
energy source for the chemolithotrophic growth.

The JS666 genome (http://genome.ornl.gov/microbial/bpro_js666/) contains several genes that
might encode sulfite oxidase as well as other enzymes for sulfur metabolism. If JS666 could
derive energy from sulfur compounds during growth on cDCE, one might expect a higher total
growth yield from cDCE plus sulfur compounds. JS666 also appears to have genes that encode
enzymes of the Calvin-Benson cycle, specifically for the key enzyme ribulose 1,5-bisphosphate
carboxylase (RubisCO) which might allow the organism to fix CO, and again result in a higher
growth yield from cDCE plus CO; than from cDCE alone.

Sulfite, thiosulfate, CO,, CO, plus H,, and CO were added to serum bottles with cDCE. No
difference was seen between controls with cDCE only and experimental bottles in the rate of
cDCE degradation, and there was no difference in final growth as measured by increased optical
density when the cDCE was completely utilized. Closer examination of the gene sequence
annotated as RubisCO revealed that is more closely related to RubisCO-like (Hanson and Tabita
2001) proteins than to RubisCO and is likely not involved in the Calvin-Benson cycle.

lonic Strength

A recent paper (Miller, Walter et al. 2006) explored the relationship between ammonium
concentration, ionic strength, and toxicity to bacteria. The authors found that at molar
concentrations, (NH;),SO, was toxic to the bacteria that they tested due to increased ionic
strength of the medium, and not due to the ammonium. Along similar lines, the slowdown in
growth observed when JS666 is cultured at high phosphate buffer strengths or after multiple
additions of cDCE may be due to the increased ionic strength of the medium caused by both CI’
release and pH adjustment. We used an experimental design similar to that of Muller et al.
(Mdller, Walter et al. 2006) to test whether high ionic strength inhibits cDCE degradation by
JS666. Because our previous experiments found inhibition of cDCE degradation at phosphate
concentrations of 60 mM, our ionic strength experiments were carried out at a maximum
concentration of 100 mM sulfate. Serum bottles contained ¥2-MSB and varying combinations of
(NH4)2SO4 and Na,SO,. After inoculation with JS666, the bottles were sealed and cDCE was
added to each bottle. cDCE was monitored by GC, and cDCE was added daily to bring the
amount of cDCE in the bottle back to the starting concentration. The experiment was terminated
at 6 days. Final salinity was measured with a refractometer. The initial salinity of ¥>-MSB is 4.5
and the ionic strength is 0.099. lonic strength was calculated as | = % 3’ cizi?, where 1 is ionic
strength, c; is the concentration of the i ion present in solution, and z; is the charge (Borkowski
2005).
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Table 1.4 Effect of Final Salinity and Final lonic Strength on cDCE Degradation.

Bottle mM mM Final Final Final lonic | Total ul
(NH4)2SO,4 Na,SO4 ODs0o Salinity %o Strength cDCE
A 25 0 .0835 8.0 0.182 15.5
B 50 0 .0688 10.5 0.257 14.5
C 100 0 0194 15.0 0.403 7.5
D 25 25 .0600 10.5 0.257 15.0
E 25 75 .0368 15.5 0.402 6.0
F 0 0 0941 5.0 0.108 17.0

The results suggest that total ionic strength affects cDCE consumption. A deleterious effect was
seen at 25 mM SO, and became progressively more pronounced with increasing ionic strength
irrespective of the ionic species.

Additional cultures were grown in serum bottles prepared with % and Y. strength MSB, with
varying amounts of NaCl. NaCl is the predominant model ionic species in literature on the
effects of ionic strength on bacterial growth. The striking result is that JS666 appears to be
particularly sensitive to NaCl. The ionic strength of ¥ MSB with 50 mM NacCl is the same as Y2
MSB with no additional NaCl, yet degradation of cDCE slowed dramatically in the NaCl
supplemented bottles after only a few additions of cDCE while degradation continued in the %
MSB bottles. The results also indicate that the greater buffering capacity of 2 MSB over ¥4 MSB
outweighs the effects of higher ionic strength. Overall, the results suggest that minimization of
ionic strength while maintaining neutral pH can increase the growth of JS666 on cDCE.
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Figure 1.11 Effect of NaCl on cDCE Degradation.
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Bottle Medium mM NaCl Final Initial ionic | Final pH | Total pl
ODs0o strength cDCE
A Y4 MSB 0 .1068 .05 5.62 28.1
B Y2 MSB 0 1034 .05 5.68 27.5
C Y2 MSB 50 10 9
D Y2 MSB 50 10 9.0
E Y2 MSB 100 15 5.0
F Y4 MSB 100 A5 5.7
G Y¥> MSB 0 1565 10 6.12 33.5*
H Y2 MSB 0 .1589 10 6.13 36.1*
| Y>» MSB 100 20 5.0
J Y¥> MSB 100 .20 5.3

*cDCE still being degraded but experiment terminated when ¥ MSB bottles stopped degrading cDCE.
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Cation Effect

The strong inhibitory effect of NaCl on cDCE degradation raised the question of whether there is
an effect of different cations in combination with chloride. Duplicate bottles were constructed
with ¥-MSB supplemented with NaCl, KCI, NH,Cl, and MgCl, with the added chloride kept
constant at 100 mM. cDCE in all chloride-supplemented bottles except for the NH,CI-
supplemented bottle, as well as in the ¥2-MSB control bottles was initially degraded more slowly
than in the ¥%-MSB bottles. However, after several cDCE additions, all cultures adapted to the
chloride supplements except for the NH4Cl-supplemented cultures in which cDCE-degradation
slowed markedly from the initial rates.

Cation effects
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Figure 1.12 Effect of Cations on cDCE Degradation.

Nitrogen Source

The effect of alternate nitrogen sources on cDCE degradation was examined in serum bottles.
Duplicate bottles of ¥%-MSB made without nitrogen were provided 2 mM nitrogen as (NH,4),SOy,
NaNO,, NaNQOgz, or urea. Ammonium sulfate is the normal nitrogen source in MSB. Additional
bottles were provided with no nitrogen; a trace amount of ammonium (40 nM) is in ¥-MSB
when no additional nitrogen is supplied. Only ammonium and nitrate served as nitrogen sources
during cDCE degradation. Urea was expected to be a good nitrogen source because the genome
of JS666 contains genes for all 3 subunits of urease with 60 to 83% identity to known ureases.
However, growth with urea was indistinguishable from no nitrogen or nitrite supplementation.
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No genes for assimilatory nitrite or nitrate reductases are annotated in the JS666 genome, but the
bacterium clearly grows when nitrate is provided as the sole nitrogen source.

Nitrogen source
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Figure 1.13 Effect of Nitrogen Source on cDCE Degradation.

Summary of Medium Investigations

At the start of the investigation Polaromonas sp. JS666 could be grown on cDCE to 0.2 ODgq in
small serum bottles. cDCE at a nominal concentration of 800 uM (3 ul) could be added to serum
bottle cultures 4-5 times before cDCE degradation slowed (Coleman, Mattes et al. 2002). Studies
conducted under this effort demonstrated that acid pH inhibits cDCE degradation and that pH
adjustment back to 7.2 maintains degradation of cDCE for up to 18 additions before growth
stops. Phosphate concentrations of 60 mM or above inhibit cDCE degradation, but the need to
buffer against pH changes must be balanced against the deleterious effects of high phosphate
concentrations. When a medium buffered with 40 mM phosphate (¥2-MSB) is used, 35 pl of
cDCE per 50 ml of medium can be routinely supplied to a culture without the need to adjust pH.
No additional amendments are needed for cell growth.
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1.2.6 Bioreacter Studies

Bioreactor studies were initiated to apply the lessons learned in the serum bottle studies to
growth of large batch cultures of JS666. The ultimate goal is to obtain a culture for use in the
field bioaugmentation study, the maximum requirements for which are 100 L of culture with
ODgoo = 1.0, actively growing on cDCE. The bioreactor experiments were conducted
simultaneously with the serum bottle studies and were modified as the serum bottle studies
supplied new insights.

Initial Conditions

JS666 was grown in batch in a 1L fermenter with ¥2-MSB and pH controlled at 7.2 by automatic
addition of 5 N ammonium hydroxide. No additional air was supplied and the volume of medium
in the reactor (400 ml) was based on maintaining a similar headspace to aqueous volume as in
the serum bottles. The reactor was vented to the outside atmosphere via a single 2" 1.D. tube
fitted with a sterile air filter. Neat cDCE was added in pulses via syringe pump. Temperature was
maintained at 20°C. Stirring was accomplished with a Rushton impeller at 500 rpm. The stirring
speed was experimentally determined to give maximum mixing without causing splashing and
formation of vortices. Under the initial conditions, growth in the reactor mimicked the growth in
the serum bottles. That is, when no additional carbon source was supplied, growth reached a
plateau at 0.2 ODgq after the equivalent of 18-20 additions of cDCE. Addition of O,, which was
found to be limiting in serum bottles after 12 cDCE additions, did not stimulate cDCE
degradation. Addition of micronutrients and sulfate also failed to stimulate cDCE degradation.
When the non-growing cells were transferred from either the serum bottle or the reactor into
fresh serum bottles, growth on cDCE resumed.

lonic Strength

The salinity in the fermenter was 8% when cDCE degradation reached a plateau. The ionic
strength would have increased over the course of the run due to CI" release from cDCE and from
NH4OH added initially to raise the starting pH to 7.2, and during the run to maintain pH at 7.2.
To test whether total ionic strength inhibited cDCE degradation in the fermenter, the medium in
the reactor was modified so that the phosphate buffer concentration was reduced to 10 mM while
keeping all the other nutrients the same as in %2 MSB, thereby reducing the ionic strength to 0.04.
Growth on cDCE was substantially better in the low ionic strength reactor than in reactors with
40 mM phosphate. The ODggo reached 0.27 before growth slowed (Panel A, Figure 1.12).
Previous best growth in the reactor on cDCE alone was 0.18. The doubling time was
approximately 76 hours, roughly the doubling time that Coleman (Coleman, Mattes et al. 2002)
reported in serum bottles. After growth stopped, the culture was aseptically removed from the
reactor, centrifuged and the pellet was returned to the reactor vessel which had been filled with
fresh media and autoclaved. After a short lag period, cDCE degradation resumed. The ODggo

26



Geosyntec®

consultants

reached 0.4 before growth slowed (Panel B, Figure 1.12). During the reactor runs, pH in the
reactor was adjusted with ammonium hydroxide. Chloride release from cDCE degradation would
produce ammonium chloride in combination with the ammonium hydroxide. The serum bottle
studies, which were being carried out at the same time, indicated that ammonium chloride in the
50-100 mM range is inhibitory to cDCE degradation. Rough calculations of the cDCE degraded
indicated that as much as 40 mM ammonium chloride was in the reactors when growth slowed.
The culture was aseptically removed from the reactor a second time, cells pelleted and returned
to fresh media in the reactor. NaOH was substituted for NH,OH for pH adjustment based on
serum bottle studies that indicated NH4Cl is inhibitory to cDCE degradation. The culture grew
with a substantially shortened lag period and reached an ODggo of 0.6 before growth slowed
(Panel C, Figure 1.12 for purposes of comparison the axis ranges are the same in all panels).
Good growth following transfer to fresh culture media could indicate one of two things: growth
is inhibited by the build up of metabolites; or growth is limited by the lack of nutrients. The
sensitivity of JS666 to high concentrations of various ionic species suggests that it is toxic
metabolites, possibly chloride salts that ultimately limits growth on cDCE.
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Figure 1.14 Growth of JS666.

Inhibition Investigation

To distinguish between inhibition due to metabolite accumulation and inhibition due to nutrient
limitation, half of the culture (350 ml) was removed. The cells were separated from the culture
medium by centrifugation and returned to the reactor with 350 ml of deionized water. The effect
was dilution of medium in the reactor thus diluting accumulated metabolites as well as the
nutrient concentration. If nutrient concentration was limiting before dilution, there should be no
growth following further dilution. If metabolite accumulation was limiting before dilution, there
would be additional growth following dilution provided that dilution did not now limit nutrients.
The result was additional growth of the culture following dilution. The ODgg increased by 0.1
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on 500 ul of cDCE. The final ODgg Was 0.89. The results indicate that nutrients are not limiting
in the reactor when growth slows, but that the accumulation of some water soluble component,
that can be eliminated by removal and replacement of the culture fluid, is inhibitory to cDCE
degradation.

Table 1.6 Results of Inhibition Investigation.

Medium exchange no. pl cDCE added ODgqo increase
0 1300 0.2 initial
1 1300 0.15
2 1300 0.27
3 1500 0.3
4 500 0.1 1:1 dilution w/deionized water

Accumulation of Metabolites

The above experiment did not distinguish between accumulation of ionic species such as
chloride salts that accumulate as pH is adjusted and the accumulation of organic metabolic
intermediates of cDCE. We examined the gas chromatograms for accumulation of possible
organic metabolic intermediates. We found a pattern of very small peaks that were not integrated
by the automatic integration protocols, and that accumulated in both the bioreactor and in serum
bottles after multiple additions of cDCE. Unknown peak 1 elutes at the time that authentic DCA
elutes (4.4 min). The peak is well separated from the cDCE peak (3.8 min). Unknown peak 1 is
not detected when a new culture is initially provided with cDCE. The size of the peak fluctuates
within a small range (7 to 20 pA units) that is not correlated with the number of injections of
cDCE. When authentic DCA is provided to the cultures at the same time as cDCE, the size of the
peak that remains at 4.4 min after multiple injections of cDCE is in the same range as when no
authentic DCA is provided.

Unknown peak 2 elutes at 3.9 min and is not differentiated from the cDCE peak in the initial
injection of cDCE. Unknown 2 either is not present or is masked by the large cDCE peak.
Unknown peak 2 first appears as a shoulder on the tailing side of the cDCE peak as cDCE is
consumed. As more cDCE is consumed the shoulder is resolved as a separate peak. The size of
unknown peak 2 becomes larger as additional cDCE is provided. The peak detected after one
injection cDCE is in the 60 to 80 pA units range, after multiple cDCE injections, the peak size
increases to 200 to 300 pA units.

Because unknown peak 1 eluted at the same time as DCA, an experiment was done in serum
bottles to test whether DCA was degraded at the same time as cDCE. Bottles were provided with
DCE and DCA at 10:1 and 50:1 ratios (5 pl cDCE and 0.5 pl DCA, or 5 pl ¢cDCE and 0.1 pl
DCA). cDCE degradation rates were no different in control bottles that received only cDCE (5
pl) and in the 50:1 ratio bottles. DCA in the 50:1 bottles was just detectable (7 pA units) at the
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time of inoculation. Bottles that received the 10:1 ratio of cDCE to DCA were inhibited until
DCA reached a level of approximately 30 pA units.

Unknown peaks were analyzed by GC-MS. Unknown peak 1 has the same retention time as
authentic DCA on the GC used for standard cDCE analysis. On the GC-MS unknown peak 1 had
a retention time of 11.15 min vs. 11.78 min for DCA and the fragments detected were at m/z 44,
48, 49, 50, and 51. The same cluster of small fragments in the same ratios appear in the mass
spectra for cis- and trans-DCE, but not in spectra for DCA, 1,1-DCE, chloroacetaldehyde, or 2-
chloroethanol.

Unknown peak 2 has a retention time of 3.9 min vs. 3.8 min for cDCE in the standard cDCE
analysis. On the GC-MS the retention time of 7.42 min for unknown peak 2 matched that for
tDCE (7.41 min) and was well separated from cDCE (8.85 min). The mass spectra of the cis and
trans isomers are indistinguishable. The cDCE stock contains tDCE as an impurity. We interpret
the results as follows: when cultures are fed cDCE, the tDCE remains after the cDCE is
consumed. An experiment was done in serum bottles to determine whether tDCE inhibits cDCE
degradation at the concentrations observed to accumulate in serum bottles after multiple
injections of cDCE. Duplicate serum bottle cultures were fed with cDCE (5 pl per bottle) or
cDCE plus tDCE (0.5 or 0.1 pl per bottle). cDCE disappeared from all bottles at the same rate
and the tDCE remained in the bottles after the cDCE was consumed. The results indicate that
tDCE accumulation does not inhibit cDCE degradation at the concentrations seen under culture
conditions. The results also suggest that unknown peak 1 is a metabolite of cDCE and not of
tDCE.

Chloride Removal

Some soluble factor, that is removed when the culture medium is replaced, is responsible for the
slowdown in growth of JS666 after multiple additions of cDCE, even after pH adjustment. tDCE,
a contaminant of the cDCE used to feed the JS666 cultures accumulates in the culture medium,
but experiments with tDCE addition demonstrated that tDCE does not inhibit cDCE degradation
at the concentrations at which tDCE accumulates in cultures. Bottle experiments indicated that
ionic strength and chloride ions (apart from their role in lowering culture fluid pH) significantly
slowed growth on cDCE. We attempted to remove chloride from serum bottle cultures using
Amberlite IRN-78, a strong basic anion exchange resin, previously reported to remove chloride
in industrial applications (Yun and Buchanan 2001). Resin was soaked in ¥%-MSB in serum
bottles for 10 min before the “.-MSB was decanted and replaced with fresh medium. The initial
soak was to counter the rise in pH (to about 12) caused by the unsoaked resin. After soaking, pH
in the medium rose to 8.3, a second soak did not further affect pH. Bottles with resin were
autoclaved and cooled before addition of cells and cDCE. In two separate experiments, cultures
incubated with resin, initially degraded cDCE more slowly than control cultures without resin.
Control cultures removed cDCE rapidly until approximately 37 pl of cDCE had been added to
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the bottles (approximately 10 mM). The first experiment was terminated after 59 pl of cDCE had
been added to the culture incubated resin, but before cDCE degradation had slowed.

In a subsequent experiment, a range of resin amounts (10 to 40 g/L) were added to duplicate
bottles. More cDCE was consumed in bottles with 10 or 20 g/L resin than in control bottles
without resin. Much less cDCE was consumed in bottles with 40 g/L resin than in the control
bottles. Bottles with 40 g/L resin also developed a white precipitate, presumably due to
disruption of the balance of ionic species in the medium by the action of the anionic exchange
resin.

Table 1.7 Effect of Resin Concentration on cDCE Degradation.

g/L Resin 0 10 20 40
Bottle 1 ul cDCE consumed 47.0 61.4 89.9 12.0
Bottle 2 ul cDCE consumed 47.6 63.0 80.8 14.1

JS666 was grown in a 1-L bioreactor, using modified %2-MSB as the growth medium, with 10
mM rather than 40 mM phosphate buffer. A small column filled with approximately 5 g of
Amberlite IRN-78 resin was substituted for the base addition bottle. When the pH of the culture
medium dropped below the pH 7.2 set point, culture medium was pumped from the reactor
vessel, through the column and back into the reactor. The column was exchanged for a fresh
column when the resin was no longer able to restore the pH to the set point. All other operating
conditions were as described for previous bioreactors. Before the run was terminated by a break
in the recycle line (a