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Executive Summary

The lesser chlorinated ethenes, cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC),
are produced by anaerobic reductive dechlorination at subsurface sites contaminated by
tetrachloroethene (PCE) and trichloroethene (TCE). Accumulation of VC and ¢cDCE under
anaerobic conditions limits the application of natural attenuation and enhanced reductive
anaerobic biological in-situ treatment technologies (RABITT). Aerobic degradation of lesser-
chlorinated ethenes has been demonstrated, suggesting that sequential anaerobic/aerobic
conditions may result in complete mineralization of PCE/TCE. However, our present
understanding of the aerobic transformation potentials of cDCE and VC is limited, thus limiting
the reliability of — and confidence in — natural and enhanced biological alternatives for site
remediation.

The objective of our project was to determine the prevalence and metabolic capabilities
of microorganisms able to derive energy from aerobic oxidation of cDCE and/or VC in
subsurface environments. The results help delineate the role of growth-coupled (vs. cometabolic)
aerobic oxidation in the natural attenuation of lesser-chlorinated ethenes. Results provide the
basis for improved site assessment, improved remedial-action decision-making, and more
reliable bioremediation technologies.

Our findings indicate that aerobic bacteria (Mycobacterium and Nocardioides strains)
capable of growth-linked VC oxidation are widespread in the environment, and commonly found
at chlorinated-ethene-contaminated sites. Aerobic assimilation of VC as a carbon source is
therefore an ecologically significant phenomenon of equal or greater importance than
cometabolic VC degradation. Based on their distribution, growth rates and kinetic parameters,
we believe that Mycobacterium strains are most likely to be responsible for the aerobic natural
attenuation of VC that has been observed at many sites. The data suggest that biostimulation (e.g.
addition of O, and/or inorganic nutrients) would be an appropriate strategy for accelerating VC
attenuation at contaminated sites, because the appropriate microbial populations are likely to be
already present in many cases.

Our discovery of a bacterium (Polaromonas strain JS666) able to grow on cDCE shows
that aerobic biodegradation of cDCE in the absence of other carbon substrates is possible. From
our results with enrichment cultures, these bacteria appear to be rare, and may presently exist
only in highly selective ‘artificial’ environments such as the activated carbon filter that was the
source of strain JS666. Our data suggest that it is unlikely that natural attenuation or
biostimulation alone will be capable of remediation of cDCE contamination at most sites.
Bioaugmentation with our isolate JS666 would be an appropriate strategy, and could lead to a
self-sustaining, low-cost bioremediation method at sites where cDCE is a problem contaminant.
Further investigation of JS666 is recommended — to delineate metabolic pathways; to determine
the suite of substrates it can co-transform; to optimize culture conditions for field-
bioaugmentation; to develop a molecular probe for field-monitoring after bioaugmentation; and,
finally, to field-test the use of JS666 as bioaugmentation agent.

We have conclusively identified the enzyme (EaCoMT) responsible for bacterial
epoxyethane metabolism, and obtained strong circumstantial evidence that the same enzyme is
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also involved in chlorooxirane metabolism. In addition, we have cloned and sequenced genes
involved in VC, ETH, epoxyethane and chlorooxirane metabolism. The results indicate that the
EaCoMT and monooxygenase enzymes encoded by a single operon (etnEABCD) in
Mycobacterium JS60 and Nocardioides JS614 catalyze the initial reactions in both the VC and
ETH assimilation pathways. EaCoMT activity and genes were found in all the alkene-oxidizing
strains that we examined, including strains isolated on VC and ethene. The EaCoMT-specific
gene primers we have developed could be used for culture-independent monitoring of microbial
populations during the natural attenuation or bioremediation of chlorinated ethenes. Such
methods are particularly relevant for mycobacteria, which are slow-growing and sometimes
difficult to isolate.

Based on our data, there was no DNA sequence (either 16S rDNA or EaCoMT gene) that
distinguished VC- from ETH-degraders. However, the EaCoMT activity in cell extracts of the
VC-degraders tended to be higher. This is particularly apparent when strains JS619 (VC) and
JS625 (ETH) are compared — these strains had almost identical EaCoMT gene sequences, but the
EaCoMT activity in cell extracts was 5-fold higher in JS619. Sequencing of complete EaCoMT
genes and flanking DNA, and analysis of the activity of other catabolic enzymes may help to
shed light on the factors that distinguish ethene- and VC-assimilating bacteria, and yield insights
into the possible evolution of the latter group from the former.

The EaCoMT gene appears to be carried on large linear plasmids in the VC-degrading
strains. Based on the gene organization in Mycobacterium strain JS60, it is likely that the alkene
monooxygenase genes are also present on the same linear plasmids, which is apparently the case
with Nocardiodes strain JS614. The present study is the first to our knowledge to associate a
specific metabolic function with plasmids in Mycobacterium strains. Plasmid-borne genes for
ethene- and VC- biodegradation could potentially be transferred among bacteria in the
environment, and thus, further investigation of the such elements is warranted in light of the
potential importance of the alkene-degrading phenotype to bioremediation and natural
attenuation processes.

We note that Nocardioides JS614 may hold promise as a bioaugmentation agent at sites
where other VC-oxidizers are absent. JS614 has very high growth and VC-utilization rates. It is
also of a genus that, unlike mycobacteria, has no pathogenic brethren — a factor in gaining
regulatory acceptance. The one, known drawback of JS614 is its peculiarly severe response to
starvation. However, in studies reported herein, we were able to show that the starvation
response can be virtually eliminated if small amounts of a readily degradable substrate (e.g.,
acetate) is administered along with VC following VC-starvation.

Finally, we note that two organisms isolated and identified from this research study —
Nocardioides JS614 and Polaromonas strain JS666 — have been selected by DOE for genomic
draft sequencing. We present this as evidence that the scientific community in general is
enthusiastic about the outcome of our SERDP-sponsored research.
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Background

The lesser chlorinated ethenes, cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC),
are produced by anaerobic reductive dechlorination at subsurface sites contaminated by
tetrachloroethene (PCE) and trichloroethene (TCE). Accumulation of VC and ¢cDCE under
anaerobic conditions limits the application of natural attenuation and enhanced reductive
anaerobic biological in-situ treatment technologies (RABITT). Aerobic degradation of lesser-
chlorinated ethenes has been demonstrated, suggesting that sequential anaerobic/aerobic
conditions may result in complete mineralization of PCE/TCE. However, our present
understanding of the transformation potentials of cDCE and VC is limited, thus limiting the
reliability of — and confidence in — natural and enhanced biological alternatives for site
remediation.

Previous laboratory studies have revealed the existence of bacteria able to couple growth
to acrobic oxidation of VC (Hartmans and deBont, 1992; Hartmans et al., 1985; Verce et al.,
2000; Verce et al., 2001). Several field and microcosm studies (Bradley and Chapelle, 2000;
Bradley and Chapelle, 1998; Klier et al., 1999) previously suggested that aerobic oxidation of
cDCE occurs in the absence of cometabolic substrates (e.g., methane, ethene, or toluene).
Questions remain concerning the environmental prevalence (and hence relevance) of growth-
coupled, aerobic VC- and cDCE-oxidizing bacteria; pathways and biochemistry involved; the
relationship between VC- and ethene (ETH)-degraders (i.e., do the former derive from the
latter?); and the in situ activity and distribution of aerobic VC- and cDCE-oxidizing bacteria.

Objectives

The objective of our project was to determine the prevalence and metabolic capabilities
of microorganisms able to derive energy from aerobic oxidation of cDCE and/or VC in
subsurface environments. The results help delineate the role of growth-coupled (vs. cometabolic)
aerobic oxidation in the natural attenuation of lesser-chlorinated ethenes. The findings shed
much-needed light on the aerobic transformations of lesser-chlorinated ethenes — compounds
currently limiting the efficacy of natural attenuation and enhanced bioremediation of candidate
sites. Results provide the basis for improved site assessment, improved remedial-action decision-
making, and more reliable bioremediation technologies.

By isolating bacteria capable of growth on chloroethenes and determining the
biochemical differences between these strains and those that grow on ethene, we hoped to
develop molecular methods of detecting such microbes at contaminated sites. In conjunction
with an activity-based assay using microcosms, this strategy would provide the ability to both
predict biodegradation and to monitor ongoing processes during natural attenuation or
bioremediation. A better understanding of these oxidative pathways should expand the number
of sites judged suitable for bioremediation alternatives (natural and enhanced), with potential
savings to DoD in the millions of dollars.

The following questions were addressed through this research effort:



1. What is the prevalence of aerobic bacteria able to grow on cDCE and/or VC? 1t is clear that
they are not ubiquitous. Are they present at contaminated sites? If so can their presence be
taken as evidence of aerobic cDCE and/or VC degradation and consequent hazard reduction?

2. What are the requirements and capabilities of aerobic bacteria able to grow on cDCE and/or
VC? What metabolic pathways are employed? Do such pathways differ from those
employed by ethene (ETH) degraders? What other substrates can be transformed by ¢cDCE-
and/or VC-oxiders? What are the kinetic parameters (rate constants, thresholds) with respect
to both the chlorinated-ethene substrates and oxygen? These are practical concerns that
relate to the environmental niches occupied by the organisms.

3. How closely related are chloroethene degraders and ethene degraders? The previous studies
suggest that chloroethene-degrading strains are derived from ETH-degrading strains by
changes in the regulation of the pathway. The hypothesis would be simple to test if
chloroethene-degrading strains and ETH-degrading strains could be isolated from the same
ecosystem. The answer to the questions should provide the ability to predict chloroethene
degradation when site conditions are known. In other words, can cDCE and/or VC degraders
be expected to either be present or arise from indigenous ethene degraders when the
conditions are appropriate?

Results and Accomplishments

Four papers arising from this SERDP-sponsored research project have been published in
the refereed, scientific literature. In addition, two manuscripts have been submitted and are in-
review. In the sections that follow, we provide only summaries of our work, where published
papers or submitted manuscripts are available. For those readers desiring full details, the full
papers/manuscripts can be found in Appendices A through F.

Phylogenetic and Kinetic Diversity of Aerobic Vinyl-Chloride-Assimilating Bacteria from
Contaminated Sites
[See full paper in Appendix A]

Aerobic bacteria that grow on vinyl chloride (VC) have been isolated previously, but
their diversity and distribution are largely unknown. It is also unclear whether such bacteria
contribute to the natural attenuation of VC at chlorinated-ethene-contaminated sites. We detected
aerobic VC biodegradation in 23 of 37 microcosms and enrichments inoculated with samples
from various sites (Coleman et al., 2002b). Twelve different bacteria (11 Mycobacterium strains
and 1 Nocardioides strain) capable of growth on VC as the sole carbon source were isolated, and
5 representative strains were examined further. All the isolates grew on ethene in addition to VC
and contained VC-inducible ethene-monooxygenase activity. The Mycobacterium strains (JS60,
JS61, JS616, and JS617) all had similar growth yields (5.4 to 6.6 g of protein/mol), maximum
specific growth rates (0.17 to 0.23 day '), and maximum specific substrate utilization rates (9 to
16 nmol/min/mg of protein) with VC. The Nocardioides strain (JS614) had a higher growth yield
(10.3 g of protein/mol), growth rate (0.71 day '), and substrate utilization rate (43 nmol/min/mg
of protein) with VC but was much more sensitive to VC starvation. Half-velocity constant (Kj)
values for VC were between 0.5 and 3.2 pM, while K; values for oxygen ranged from 0.03 to 0.3



mg/liter. Oxygen threshold values (the concentration of oxygen below which it cannot be used)
during VC oxidation were measurable, but very low — 0.02 to 0.1 mg/liter. The low oxygen
half-velocity constants and thresholds suggest that VC oxidation can proceed in very low-oxygen
environments. However, the VC-oxidizers we isolated are not microaerophiles — all tolerated
even pure oxygen.

Since VC-oxidation rates are relatively rapid, VC may become depleted before it
migrates very far into aerobic portion of the plume. It is quite possible, then, that growth-
coupled-VC-oxidizers may operate principally within the low-oxygen boundary between
anaerobic and aerobic zones in VC-contaminated aquifers.

Using soil samples with no history of chlorinated ethene contamination, we also isolated
four ETH-assimilating bacteria (JS622, JS623, JS624 and JS625) that cannot grow on VC
(Figure 1). Strains JS622 and JS623 were from sandy garden soil (Panama City, FL), strain
JS624 was from grass rhizosphere soil (Central Park, New York City, NY), and strain JS625 was
from decomposing tree bark (National Mall, Washington, D.C.). A remarkable conclusion of our
study is that aerobic enrichments on both VC and ETH almost always yielded Mycobacterium
strains, regardless of the sample type or geographical location.

Our isolation results indicate that VC- assimilating bacteria are present at a great many
contaminated sites, and suggest that aerobic natural attenuation of VC via growth-coupled
oxidation may be a widespread phenomenon. The implications for enhanced bioremediation are
that a biostimulation strategy (e.g. addition of oxygen and inorganic nutrients) may be sufficient
at some sites to enhance in situ VC oxidation.
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Figure 1. 16S rDNA sequence analysis of VC-, ETH-, and cDCE-degrading strains
based on 459-bp ClustalX alignment. Bold font: Isolates from the present study, with isolation
substrate. Italic font: Reference bacteria from GenBank.




Isolation and Characterization of a cDCE-Degrading Bacterium
[See full paper in Appendix B]

From 30 aerobic microcosms set up with cDCE as sole carbon source, two yielded
cDCE-degrading activity that could be transferred repeatedly in minimal medium, indicating that
microorganisms capable of growth on cDCE were present. A pure culture of cDCE-assimilating
bacteria was successfully isolated (Coleman et al., 2002a) from one of the enrichments, which
was inoculated with activated carbon from a pump-and-treat plant (Dortmund, Germany)
processing chloroethene-contaminated groundwater.

The 16S ribosomal DNA sequence of the isolate (strain JS666) had 97.9% identity to the
sequence from Polaromonas vacuolata, indicating that the isolate was a [3-proteobacterium. At
20°C, strain JS666 grew on cDCE with a minimum doubling time of 73 = 7 h and a growth yield
of 6.1 g of protein/mol of cDCE. Chloride analysis indicated that complete dechlorination of
cDCE occurred during growth (1.94 mol of Cl produced/mol of cDCE degraded). There was no
detectable growth in JS666 cultures without cDCE, and there was no significant disappearance of
cDCE in flasks inoculated with autoclaved cells. The pH optimum for growth of strain JS666 on
cDCE was 7.2. Growth on cDCE was optimal at temperatures between 20 and 25°C and was not
detectable at 30°C. The half-velocity constant (K;) for cDCE transformation was 1.6 + 0.2 uM,
and the maximum specific substrate utilization rate (k) ranged from 12.6 to 16.8 nmol/min/mg of
protein.

Cells grown on ¢cDCE could transform (but not grow on) ethene, vinyl chloride, trans-
dichloroethene, trichloroethene, and 1,2-dichloroethane. Epoxyethane was produced from
ethene by cDCE-grown cells, suggesting that an epoxidation reaction is the first step in cDCE
degradation.

The ability of cDCE-grown JS666 cells to transform other chloroethenes may prove to be
very useful at contaminated sites, where mixtures of pollutants may be encountered. It is
surprising that strain JS666 did not grow on ethene, which seems to be the most likely natural
substrate of the cDCE-degrading enzymes, particularly considering the fact that the VC-
assimilating bacteria isolated to date also use ethene as a carbon source (Coleman et al., 2002b)
and at least in one case appear to have evolved directly from ethene-degrading bacteria (Verce et
al., 2001).

The relatively low measured Ks value, considered in conjunction with the relatively high &
value, is significant considering the possible participation of this organism in natural attenuation
of cDCE. If JS666 were present and active at a cDCE-contaminated site, the cDCE utilization
rate would be one-half the maximum rate at a cDCE concentration of 160 pg/liter. The
Environmental Protection Agency-mandated maximum contaminant level for cDCE in drinking
water is 70 pg/liter (http://www.epa.gov). Therefore, under appropriate conditions in the field,
JS666 should easily be able to oxidize cDCE to obtain levels below drinking water standard
levels. Perhaps more relevant is the observation that in the experiments described here, cDCE
was degraded routinely to concentrations below 0.03 pg/liter. The discovery of a bacterium able
to grow on cDCE shows that aerobic biodegradation of cDCE in the absence of other carbon
substrates is possible. Our results with enrichment cultures indicate that such bacteria appear to



be rare and may exist only in highly selective artificial environments, such as the activated-
carbon filter that was the source of strain JS666. The existence of cDCE-assimilating bacteria
suggests that there is potential for bioaugmentation, which could lead to a self-sustaining, low-
cost bioremediation strategy at sites where cDCE is a problem contaminant. Our results indicate
that growth on cDCE as a carbon source could be a previously unrecognized factor in
determining the environmental fate of this compound. Further characterization of JS666 should
facilitate the search for similar strains and allow evaluation of the role of such strains in the
natural attenuation of cDCE and other chlorinated ethenes.

Characterization of VC and ETH Oxidation in Mycobacterium strain JS60
[See full paper in Appendix C]

Growth conditions for Mycobacterium strain JS60 were optimized by increasing the
temperature to 30°C and decreasing the pH to 6.5 (Figure 2). The modifications resulted in
increases in the growth rates on ethene and VC of 3.3-fold and 1.9-fold respectively, compared
to the rates at 20°C, pH 7.0 (Coleman et al., 2002b). Ethene was clearly a better substrate than
VC, in terms of both growth rate and growth yield. The substrate utilization rates of whole cells
at 30°C calculated from the growth rates (Fig. 2) and growth yields (Coleman et al., 2002b) were
118 nmol/min/mg protein (ethene) and 44 nmol/min/mg protein (VC).
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Figure 2. Growth of Mycobacterium strain JS60 on VC (A) or ETH (B) as the sole
carbon and energy sources at 30°C, pH 6.5. Growth rates (0.080 h' with ethene, 0.017 h™*

with VC) were calculated by plotting an exponential curve through a subset of the ODggo
data (not shown).



Initial characterization of strain JS60 focused on the alkene monooxygenase activity of
cell suspensions grown on VC or ETH. Similar to the early findings of de Bont and co-workers
(de Bont and Harder, 1978; Hartmans and de Bont, 1992), we observed that ETH- or VC-grown
resting cells of JS60 transiently accumulated epoxyethane and chlorooxirane from ETH and VC,
respectively, and that addition of the TCA-cycle inhibitor fluoroacetate caused prolonged
accumulation of the epoxides (Figure 3). The data suggest that acetyl-CoA is a key
intermendiate in the VC and ethene assimilation pathways.

4.5+ 4.5+

A. B.

4.0 —O— ethene 4.0+

—O— ethene
-\ epoxyethane

—— epoxyethane

3.51 3.5-

3 =
E g
g % 3.0
s £ 55
g e -
E S 201
@
-?.. "; 1.54
2 5
:é % 1.0+
u 0.54
0.0+
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Time (h) time (h)
504 -0.10 50+ 0.10
C. -0-Ve -0-VC D.
2 40 -A-VCepoxide |oo3 _ 40| & VCepoxide L0.08
£ S < E
2 30 0
= 301 006 2 o 2 304 10.06
- - T
: gx | ¢
EE M- ¥4 Ezug 10.04
0 e° o
S mdﬂ_ﬂ/xn//\\—ﬁ -0.02 > 10- 10.02
0- -0.00 0 H0.00
I 1 1 I I | T : : : : . .
0 % 50 75 100 125 150 0 25 50 75 100 125 150
time (mln) time (mm)

Figure 3. Metabolism of ETH and VC by JS60 cell suspensions. A. ETH-grown cells, no
inhibitor; B. ETH-grown cells +20 mM fluoroacetate; C. VC-grown cells, no inhibitor;
D. VC-grown cells +20 mM fluoroacetate. Cells were suspended in phosphate buffer at a
density (ODggo) of 5 (A, B) or 30 (C, D).

We investigated epoxyethane metabolism in Mycobacterium strain JS60 and discovered a
coenzyme M (CoM)-dependent enzyme activity in extracts from VC and ethene-grown cells
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(Coleman and Spain, 2003a). PCR amplifications using primers targeted at epoxyalkane:CoM
transferase (EaCoMT) genes yielded part of the JS60 EaCoMT gene, which was used to clone an
8.4-kb genomic DNA fragment. The complete EaCoMT gene (etnE) was recovered, along with
genes (etnABCD) encoding a four-component monooxygenase and two genes possibly involved
in acyl-CoA ester metabolism (Fig. 4).

_orf1 orf2 etnE etnA etnB etnC etnD

) B SRS o BN ¢ B EE— m—

Nhel 1 kb Nhel

Figure 4. Schematic diagram of genes encoded on the 8364 bp Nhel restriction fragment
cloned from Mycobacterium strain JS60. orf1 and orf2 are likely to be involved in acyl-
CoA ester metabolism, efnE encodes an EaCoMT, and the etnABCD genes encode a
putative 4-component alkene monooxygenase.

Reverse transcription-PCR indicated that the enE and etn4 genes were co-transcribed
and inducible by ethene and VC. Heterologous expression of the etnE gene in Mycobacterium
smegmatis mc>155 using the pMV261 vector gave a recombinant strain capable of transforming
epoxyethane, epoxypropane, and chlorooxirane. A metabolite identified by mass spectrometry as
2-hydroxyethyl-CoM was produced from epoxyethane.

The results indicate that the EaCoMT and monooxygenase enzymes encoded by a single
operon (etnEABCD) catalyze the initial reactions in both the VC and ethene assimilation
pathways. CoM-mediated reactions appear to be more widespread in bacteria than was
previously believed.

Distribution of the Coenzyme M Pathway of Epoxide Metabolism among Ethene- and
Vinyl Chloride-Degrading Mycobacterium Strains
[See full paper in Appendix D]

An epoxyalkane:coenzyme M (CoM) transferase (EaCoMT) enzyme was found to be
active in the aerobic vinyl chloride (VC) and ethene assimilation pathways of Mycobacterium
strain JS60. EaCoMT activity and genes were next investigated in 10 different mycobacteria
isolated on VC or ethene from diverse environmental samples. In all cases, epoxyethane
metabolism in cell extracts was dependent on CoM, with average specific activities of EaCoMT
between 380 and 2,910 nmol/min/mg of protein. PCR with primers based on conserved regions
of EaCoMT genes from Mycobacterium strain JS60 and the propene oxidizers Xanthobacter
strain Py2 and Rhodococcus strain B-276 yielded fragments (834 bp) of EaCoMT genes from all
of the VC- and ethene-assimilating isolates. The Mycobacterium EaCoMT genes form a distinct
cluster and are more closely related to the EaCoMT of Rhodococcus strain B-276 than that of
Xanthobacter strain Py2. The incongruence of the EaCoMT and 16S rRNA gene trees and the
fact that isolates from geographically distant locations possessed almost identical EaCoMT genes



suggest that lateral transfer of EaCoMT among the Mycobacterium strains has occurred. Pulsed-
field gel electrophoresis revealed large linear plasmids (110 to 330 kb) in all of the VC-
degrading strains. In Southern blotting experiments, the strain JS60 EaCoMT gene hybridized to
many of the plasmids. The CoM-mediated pathway of epoxide metabolism appears to be
universal in alkene-assimilating mycobacteria, possibly because of plasmid-mediated lateral gene
transfer.

Our study with Mycobacterium strain JS60 is the first to indicate a role for coenzyme M
in VC-oxidizing bacteria and also the first to obtain sequences of bacterial genes involved in
growth-linked VC/ETH oxidation. These insights will be invaluable in further elucidating the
pathways of aerobic VC- and ETH- biodegradation, and will also act as a foundation for the
design of DNA-based tools for the detection of VC- and ETH-oxidizing bacteria in the
environment.

We found EaCoMT activity and genes in all of the alkene-oxidizing mycobacteria that
we examined, including strains isolated on both VC and ethene. EaCoMT genes were not found
in BLAST database searches of Mycobacterium genomes (or any other genomes) that have been
completed to date, indicating that EaCoMT is specific to the alkene-assimilation pathway. It
remains to be determined whether EaCoMT is involved in the VC and ethene assimilation
pathways of Pseudomonas (Verce et al., 2000; Verce et al., 2001) and Nocardioides (Coleman
et al., 2002b) strains. The EaCoMT gene primers we have developed could be used to address
this question. In addition, such primers will be very useful for culture-independent monitoring of
microbial populations during the natural attenuation or bioremediation of chlorinated ethenes.
Such methods are particularly relevant for mycobacteria, which are slow growing and sometimes
difficult to isolate in pure culture.

The 10 VC and ethene degraders we studied were scattered throughout the genus
Mpycobacterium, with no apparent correspondence seen between phylogeny and alkene growth
substrate. Although EaCoMT activities tended to be higher in the VC degraders than in the
ethene degraders, it is difficult to compare these results because of the use of different growth
substrates in experiments with each group of strains. Sequencing of EaCoMT genes did not
reveal any signature regions that discriminated between the VC- and ethene-assimilating strains,
and indeed, in the case of strains JS619 (VC) and JS625 (ethene), only a single nucleotide
difference separated the EaCoMT PCR products. An important question arising from our work
therefore concerns the distinction between bacteria that can grow on both VC and ethene and
those that grow on ethene alone.

The EaCoMT gene appears to be carried on large linear plasmids in VC-degrading
strains. On the basis of the gene organization in Mycobacterium strain JS60 (Coleman and Spain,
2003a), it is likely that the alkene monooxygenase genes are also present on the same plasmids.
Cryptic linear plasmids have previously been identified in various pathogenic Mycobacterium
strains (Le Dantec et al., 2001; Picardeau and Vincent, 1997, 1998) and in ethene-oxidizing
Mpycobacterium strain E-1-57 (Saeki et al, 1999). Only one previous study (Waterhouse et al.,
1991) has associated a specific catabolic function (morpholine biodegradation) with plasmids in
mycobacteria. Our results indicate that catabolic plasmids are more widespread in this genus
than was previously believed. Plasmid-borne genes for ethene and VC biodegradation could
potentially



be transferred among bacteria in the environment, and thus, further investigation of such
elements is warranted in light of the potential importance of the alkene-degrading phenotype to
bioremediation and natural attenuation processes (Coleman et al., 2002b).

A Linear Plasmid Carries Vinyl Chloride Biodegradation Genes in Nocardioides JS614
[See full paper in Appendix E]

Nocardioides strain JS614 grows on vinyl chloride (VC) and ethene (ETH) as carbon and
energy sources. Bacteria such as JS614 could be influential in natural attenuation and
biogeochemical ETH cycling, and useful for bioremediation, biocatalysis and metabolic
engineering, but a lack of knowledge of the genetic basis of VC and ETH assimilation has
limited these applications.

JS614 VC/ETH catabolic genes and flanking DNA (34.8 kb) were retrieved from a
fosmid clone. Alkene monooxygenase (AkMO) and epoxyalkane:Coenzyme M transferase
(EaCoMT) genes were found in a putative operon that also included CoA transferase, acyl-CoA
synthetase, dehydrogenase and reductase genes. Adjacent to this gene cluster was a divergently
transcribed gene cluster that encoded possible coenzyme M biosynthesis enzymes.

Reverse transcription (RT-) PCR demonstrated the VC- and ETH-inducible nature of
several genes. Genes encoding possible plasmid conjugation, integration, and partitioning
functions were also discovered on the fosmid clone. Pulsed field gel electrophoresis (PFGE)
revealed a 290 kb linear plasmid (pNoc614) in JS614. Curing experiments and PCR indicated
that pNoc614 encodes VC/ETH degradation genes, and that pNoc614 was the source of the
sequenced fosmid clone. The results provide rigorous evidence that linear plasmids encode
VC/ETH biodegradation genes, and greatly expand the database of useful genes for future in situ
molecular studies of VC-degrading bacteria.

This is the first study to use a sequence-based approach to conclusively demonstrate that
VC/ETH degradation genes are plasmid-borne, a finding which suggests horizontal transfer of
VC biodegradation genes in the environment is possible. This is also the first study to obtain
significant amounts of sequence data from an alkene catabolic plasmid. The gene cluster
encoding VC and ETH biodegradation was found immediately adjacent to the putative CoM
biosynthesis genes, and both gene clusters appeared to be under the control of sigma-54
promoters in a central non-coding region, suggesting that both gene clusters are coordinately
regulated.

Hypothetical pathways of VC and ETH assimilation were generated based on the
predicted functions of ORF7-15 (Fig.5). The pathways are based on analogy with
Mycobacterium strains JS60 (Coleman and Spain, 2003a) and E20 (de Bont and Harder, 1978),
as well as analogy with propene-oxidizing strains (Ensign, 2001) and similarity to sequences in
GenBank. Despite the lack of biochemical evidence thus far, we believe it is useful to provide
our best guess at the pathway so that hypotheses are available for future experimentation. An
increased understanding of the biochemical pathway of VC and ETH oxidation is not only
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important with respect to natural attenuation of VC, but might also facilitate a better
understanding of biogeochemical cycling of ETH, a plant hormone and greenhouse gas.

Although the sequence data thus far suggest that the alkene degradation pathways are
identical in Nocardioides strain JS614 and Mycobacterium strain JS60, the question of why the
growth yield and growth rate on VC and ETH are higher in JS614 remains unanswered. Our
discovery of a second EaCoMT allele in strain JS614 might be relevant to the question. If the
JS614 etnE1 gene encoded a functional enzyme, expression of this enzyme would lead to
increased EaCoMT activity, and more efficient capture of reactive epoxides as CoM conjugates
before they are lost to cell-damaging and non-growth supporting side-reactions.

The sequencing of a large fragment of genomic DNA from JS614 has greatly increased
the database of genes from aerobic VC-assimilating bacteria, thus facilitating future in situ
molecular studies of these bacteria. AkMO and other catabolic genes from JS614 could also be
used in biocatalysis or metabolic engineering applications where expression of a highly active
alkene monooxygenase or the design of novel biochemical pathways is desired. Our data
provide many novel targets for PCR- or probe-based detection of VC/ETH-degraders. For
example, the plasmid-associated genes such as TraA reported in this study could be used
indicators of the presence of pNoc614-type plasmids, thus complementing data obtained from
the use of traditional catabolic gene probes/primers.

Our results suggest that the genes encoding VC and ETH degradation are highly
conserved, even between different genera, thus validating the use of such genes as indicators of
the presence of VC/ETH degraders in sifu. Unfortunately, our data do not allow us to distinguish
between VC and ETH degraders on the basis of DNA sequence, which would be a prerequisite
for determining whether growth-linked or cometabolic processes are responsible for VC
degradation in the field. A detailed molecular analysis of ETH-degraders that cannot grow on
VC is required to address this issue, and to shed light on the mechanism of evolution of VC-
degraders from ETH-degraders.
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Figure 5. Hypothetical pathway of VC and ETH assimilation in Nocardioides JS614.
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Characterization of the Vinyl Chloride and Ethene Starvation Response in Nocardioides
Strain JS614
[See full paper in Appendix F]

Nocardioides strain JS614 exhibits an extended lag period for resumption of aerobic
growth on VC or ETH after these substrates are withheld from the culture for longer than one
day. This lag could affect application of JS614 in bioaugmentation and biocatalysis strategies
and raises fundamental questions concerning mechanisms controlling the lag. Initial growth
experiments indicate the lag is not due to cell death and is limited to starvation recovery on or
adaptation to VC or ETH as growth substrates.

Assays of alkene monooxygenase (AkMO) and epoxyalkane:Coenzyme M transferase
(EaCoMT) activities indicate rapid AkKMO inactivation during starvation. Switching ETH-grown
JS614 cultures to acetate for 24 h revealed elevated AkKMO activities in comparison to starvation.

SDS-PAGE and MALDI-TOF MS experiments demonstrated that AkKMO subunits were
induced by VC and ETH, and were not degraded during starvation. Upon resumption of ETH
degradation, SDS-PAGE results suggested that AkMO subunits were synthesized. Addition of
acetate along with VC or ETH reduced the lag associated with VC or ETH starvation.

We conclude that AKMO inactivation, along with additional undefined mechanisms
control the lag period associated with starvation recovery on VC or ETH. Our data suggest that
depletion of reducing power contributes to the lag, but that toxic epoxide accumulation or rapid
turnover of AKMO subunits are unlikely contributors.

It is of important, practical significance to note that the extended lag period is reduced or
eliminated by addition of small amounts of a readily degradable substrate (e.g. acetate) along
with VC or ETH. Based on the data presented in this paper (Appendix F), acetate is likely
oxidized to regenerate the reducing equivalent pool, which allows existing AkKMO to resume
functioning, but could also be utilized for repair of damaged AkMO and/or for energy to
synthesize new AKMO. Except for the observation that AkMO subunits are not degraded during
starvation, the data presented in this paper do not conclusively implicate or rule out other
possible mechanisms that might control the lag period, and therefore further work is required in
this regard. Extended lag periods for adaptation to growth on alkene substrates appear to be
controlled by a different mechanism than the lag period associated with alkene starvation, an
observation that also warrants further investigation.
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Site-Specific Study — Distribution and Activity of VC-Degraders at Moody AFB.

During the initial site survey, groundwater enrichments from different monitoring wells
at Landfill 04 (LF04) at Moody AFB (Valdosta, GA) yielded four Mycobacterium isolates —
strain JS621 (see Fig. 1) and three other apparently identical strains. The JS621-like strains were
isolated from monitoring wells covering the length of the VC plume, suggesting a single VC-
degrading strain dominates this site. On the basis of these observations, we chose the Moody
AFB LF04 site for more detailed analysis.

A microcosm study was conducted using groundwater and soil from LF04. A diagram of
the VC plume can be seen in Figure 6. The purpose of this study was to delineate the pattern of
distribution of ETH and VC degraders inside and outside the plume and to isolate ETH- and VC-
degraders and to ascertain via 16S RNA sequencing if the latter came from the former. The
presence of cDCE and VC at this site indicated that microbial reductive dechlorination of PCE
and TCE was (or had been) occurring. The break in the VC plume (see Figure 6) and the
presence of oxygen in the area of the plume where no VC was present, as well as in other parts
of the plume, suggested that oxidative degradation of vinyl chloride was possibly occurring. The
variety of conditions at this site (reducing conditions in some regions and oxidative conditions in
others) were the main reasons this site was chosen for study. Samples of groundwater and soil
were taken from 11 locations (labeled AF1 through AF11 in Figure 6) within and beyond the
edges of a VC plume located 30 feet below ground surface (bgs). Microcosms were prepared
for samples from 10 of the 11 locations (none were prepared for AFS5), and for each location, 8
microcosms were constructed, giving a total of 80 microcosms. Half of the microcosms were fed
ETH and half were fed VC. VC and ETH were measured using headspace samples on a gas
chromatograph.

Site Description. The contaminant plume at Moody AFB is the result of a landfill
(Landfill 04) from which chlorinated ethenes (principally PCE) leached into the aquifer. The
following site information comes from an unpublished study conducted in 1997. The subsurface
geology of the site area is complex and consists primarily of interconnected zones of clayey silts,
silty sands, and sandy clays. At 30-40 feet bgs, there is a continuous layer of sand/silty sand of
approximately 9 feet. This sand/silty-sand layer has a much higher hydraulic conductivity than
the surrounding silt, clayey-silt, and silty-clay layers. This differential in hydraulic
conductivities causes preferential flow within this sand/silty-sand region in the aquifer.
Laboratory analyses of groundwater that were conducted in 1997 (unpublished data) indicated
that the primary zone of chlorinated-ethene contamination occurs at 30-40 feet bgs. TCE,
cDCE, and VC are the primary contaminants detected at the site (with the latter two presumably
the result of in sifu reductive dechlorination of TCE) , and the plumes associated with these
contaminants extend approximately 1,400 feet down-gradient from the landfill and have a width
of approximately 600 feet transverse to the direction of groundwater flow. Results from
sampling in 1997 showed that the highest concentrations of TCE, cDCE, and VC were 340, 615,
and 3,100 pg/L, respectively.
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Figure 6. Map of vinyl chloride contaminant plume at Moody AFB LF04 site. Sample
locations (AF1-AF11) are circled.

Electron-acceptor data were also collected in 1997 in order to further characterize the site
and to interpret the changes that occurred in chlorinated-ethene concentrations over time and
assess if other biodegradative pathways (such as oxidation of VC) were possible at the site.
Average DO concentrations ranged from 2.9 mg/L up-gradient from the plume, 0.9 mg/L within
the plume, 1.4 mg/L at the lateral edge of the plume, and 1.9 mg/L down-gradient from the
plume, suggesting the presence of biological activity (depleting dissolved oxygen) within the
plume. Average nitrate and sulfate concentrations were very low (<1.0 mg/L) throughout the
site, suggesting that both nitrate and sulfate are not significant electron acceptors at the site.
Differences in average concentrations of ferrous iron, resulting from ferric-iron reduction, were
5.4 mg/L up-gradient from the plume, 31.1 mg/L within the plume, 15.8 mg/L at the lateral edge
of the plume, and 7.6 mg/L down-gradient from the plume. Average methane concentrations
within the plume were 2.7 mg/L, indicating highly reducing conditions there.

Field Sampling. Ten groundwater and soil samples were extracted from 30 feet bgs
using Geoprobel] direct-push technology. The locations were named (and samples labeled) AF1
... AF11. Sampling was conducted under aseptic conditions as much as possible (described
below) in order to prevent cross-contamination. Each sample was extracted into an individual
plastic core with a length of approximately 3 feet and diameter of 1.5 inches. Geoprobell parts

that came into contact with the soil samples were sanitized with an Alconox[] washing in-
between sampling points. Samples were extruded into unused plastic bags, ziplocked, and
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kneaded in order to create a homogenous soil sample. Each soil sample was then divided into
two portions — one for Cornell laboratory studies and one for Tyndall Air Force Base.

Groundwater samples were collected using a peristaltic pump attached to semi-rigid
polyethylene tubing that ran through the Geoprobell tubing to 30 feet bgs. The water samples
were taken by overflow into sampling containers to avoid air pockets and ensure that each water
sample was representative of its location. Both the polyethylene tubing and the flexible tubing in
the peristaltic pump were changed between sampling locations to prevent cross contamination.
Groundwater samples were taken for two purposes: (1) to construct microcosms; and (2) for
VOC samples conducted by an independent lab. Water samples used for microcosm
construction were stored in sterile 1-L Nalgene containers, and samples used for VOC analysis
were stored in EPA-approved VOC vials.

The following parameters were field-measured at the time of sampling: dissolved oxygen
(DO), temperature, ferrous iron, and total iron. DO and temperature were measured with a
Yellow Springs Instrument Co. Inc. (YSI) Model 58 dissolved-oxygen meter and a YSI Model
5739 DO probe. For DO measurement, water samples were taken by overflow into a 250-mL
erlenmeyer flask with marbles lying on the bottom. The probe was fitted fairly tightly into the
opening of the flask with an O-ring that was placed around the probe; this prevented reaeration
during DO measurement. The flask was swirled by hand, causing the marbles to roll around the
bottom of the flask, creating mixing pattern not unlike that of a magnetic stir-bar; agitation
below the probe membrane is a requirement for accurate DO measurement. The DO probe was
calibrated using a one-point calibration in water-vapor-saturated air (i.e., the probe was inserted
into the headspace of a sealed flask above a layer of water).

Ferrous iron was measured with Hach[J chemical test # 26672 which uses a 1,10-
phenanthroline indicator that reacts with ferrous iron to form an orange color proportional to the
ferrous-iron concentration. Total iron were measured with Hach chemical test kit #1464,
which uses a reducing agent that converts all but the most resistant forms of iron to ferrous iron
and then uses a 1,10-phenanthroline indicator to measure ferrous iron. pH measurement was
attempted in the field, but two pH meter systems did not work properly. pH was then necessarily
measured in the laboratory at Cornell three days after sampling; a Denver Instrument Model PO-
10 pH meter was used.

Microcosm Preparation. Microcosms were prepared using sterile, 160-mL serum
bottles and sterilized utensils, with a separate set of utensils used to prepare the eight microcosms
from each sampling point and the bottles were sealed with a sterile Teflon-faced stopper and an
aluminum crimp-cap. Each microcosm was constructed from 50 grams (dry weight) soil and 50
grams of adjacent groundwater. The actual amount of indigenous soil used was determined by
measuring the moisture content of soil samples from each of the 10 locations (no microcosm
were constructed for AF 5), and calculating the amount of wet soil needed to equal 50 grams of
dry soil. For example, the soil sample from sampling site AF1 had a moisture content of 0.18
(w/w), and the microcosms were constructed from 61 (i.e., 50/0.82) grams of soil and 39 grams
of groundwater. Soil moisture content is the mass of water found in a soil sample divided by the
mass of the original soil sample. The mass of water was determined by weighing a soil sample
prior to and after drying the soil and subtracting the mass of the dried soil sample from the mass
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of the indigenous soil sample. Soil samples were dried in an oven set at 103-105° C for 12 hours
and were placed in a desiccator for 3 hours after they were taken out of the oven.

Once microcosms were prepared, they were placed on an orbital shaker at 160 rpm at
25°C for 24 hours to equilibrate gas, liquid, and solid phases. Microcosms were kept on the
orbital shaker for the entire experiment. Two microcosms from each sampling location (a total
of 20 microcosms) were sterilized in an autoclave for 2 hours at 121°C. The same microcosms
were sterilized in the same manner two days later. Headspace samples from one representative
microcosm for each sampling location were analyzed by gas chromatography using the method
described below for the following volatile organics: methane, ethane, ethene, propane, VC,
cDCE, TCE, PCE, benzene, toluene, ethyl benzene, and xylenes. Four microcosms from each
sampling location (one of which was sterile) were fed with 100 pmoles of VC and four
microcosms from each sampling location (one of which was sterile) were fed with 400 pmoles of
ETH.

Gas Chromatography. The total amounts of VC, ETH, and oxygen were measured
for ongoing microcosm monitoring using a GC. Headspace analysis was conducted by a single
0.1-mL headspace injection via a gas-tight locking syringe into a Perkin Elmer Autosystem GC.
The sample flowed through a column packed with 1% SP-1000 on 80/100 Carbopack B.. The
carrier gas was N, (Airgas high purity). The flow rate was approximately 30 mL/min, and the
column was kept isothermally at 90°C for the entire run. During each analytical procedure,
column effluent was routed to the TCD until the peak of oxygen had eluted (0.67 minutes); at
that point, an automatic switching valve routed the effluent to the FID for the remainder of the
analytical run, to quantify ETH (0.82 minutes) and VC (2.4 minutes).

Quantification of VC and ETH was the product of a predetermined calibration factor and
the peak-area value given by the data integrator. Calibration factors were developed by
examining dummy microcosm bottles with known amounts of VC and ETH. 2.5 mL of VC gas
was injected into each VC-standard bottle and 10 mL of ETH gas was injected into each ETH-
standard bottle. The moles of the gas delivered was determined by the ideal gas law, using the
temperature and barometric pressure of the laboratory at the time of preparation. After the
bottles were allowed to equilibrate to 25°C on an orbital shaker running at 160 rpm, 0.1-mL
headspace samples were injected to the GC. The calibration factor represented the peak area per
total moles of compound in the bottle. Three standard dummy microcosm bottles for VC and
three standard dummy microcosm bottles for ETH were prepared and analyzed, yielding
triplicate values for calibration factors, from which a mean was calculated. The coefficient of
variation (100 x standard deviation/mean) for VC was 1.9 percent. The coefficient of variation
(100 x standard deviation/mean) for ETH was 2.9 percent.

Volatile organics that were measured prior to spiking microcosms with VC and ETH (i.e.
methane, ethane, ethene, propane, VC, cDCE, TCE, PCE, benzene, toluene, ethyl benzene, and
xylenes) were analyzed with the same GC setup described previously with the following
changes. In this case only the FID detector was used, and the column was not kept isothermally
during the entire run. The column was kept isothermally at 35°C for the first 2.2 minutes of the
run; the temperature was ramped at a rate of 8 degrees/min for the next 20 minutes, and was kept
isothermally at 195°C for the remaining 41.3 minutes of the run. Headspace samples of bottles
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containing each of the mentioned VOCs were injected into the GC to verify retention times. No
significant amounts of indigenous VOCs were detected in any of these microcosms prior to
additions of VC or ETH.

Results — Site Characterization. Various water quality parameters were field-
measured at the time of sampling (or in the case of pH as soon as possible after sampling due to
equipment malfunction at the site) to characterize the site before setting up the microcosms. DO,
temperature, pH, ferrous iron, and total iron measurements are shown in Table 1.

Table 1. Site Characterization Parameters for Moody LF04.

Sample Site DO Temperature pH Ferrous Iron | Total Iron
(mg/L) §®) (mg/L) (mg/L)
AF 1 3.6 25.5 5.5 2.8 30
AF 2 0.9 23.7 5.5 5.0 30
AF 3 6.4 22.4 5.6 1.0 55
AF 4 1.6 234 6.2 1.5 24
AF 6 5.1 24.7 5.6 1.9 58
AF 7 3.7 21.1 5.5 4.0 30
AF 8 34 22.9 54 4 44
AF 9 59 23.5 5.7 2.8 25
AF 10 2.2 22.8 54 7.0 50
AF 11 0.5 22.4 59 45 270

Groundwater VOC analyses that were conducted by Severn Trent Laboratories Inc. in
Knoxville, Tennessee. These data showed that locations within or on the edge of the plume (i.e.
AF2, AF8, and AF 11) contained significant amounts ofthe following VOCs: VC (17 pg/L, 58
pg/L, and 1400 pg/L, respectively); cDCE (89 pg/L, 100 pg/L, and 980 pg/L respectively); TCE
(2.3 pg/L, 82 pg/L, and 3100 pg/L, respectively); and 1,1-dichloroethane (5.8 pg/L, 7.1 pg/L,
and 240 pg/L, respectively). AF 11, which is the sampling location found closest to the plume
source, also contained significant amounts of the following, additional VOCs: benzene (19
pg/L), chlorobenzene (40 pug/L, 1,2,4-trimethylbenzene (18 pg/L), chloroethane (37 pg/L), 1,1-
dichloroethene (73 pg/L), toluene (17 pg/L), and xylenes (52 pg/L). The other sampling
locations (AF1, AF3, AFS5, AF6, AF7, AF9, and AF10) which lie outside the plume did not
contain significant amounts of VOCs.

Results — Microcosm Studies. Microcosms were sampled for VC, ETH, and oxygen
over 140 days. They were monitored via GC every 24 hours for the first two days of the
experiment, every 48 hours until between day 2 and day 10, every 3 days until between day 10
and day 26, every 10 days between day 26 and day 46, on day 66, and once a month for the next
three months. All microcosms showed no degradation of VC, ETH, or oxygen over 140 days.
Exemplary VC and ETH measurements from an autoclaved-control microcosm and a live
microcosm constructed from soil and groundwater sampled from AF1 are depicted in Figures 7
and 8, respectively. All other microcosms from all 10 sampling locations behaved in a similar
manner and exhibited no VC, ETH, or oxygen depletions.
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Figure 7. Vinyl chloride vs. time for autoclaved-control and live microcosms from AF1.
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Figure 8. Ethene vs. time for autoclaved-control and live microcosms from AF1.
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Inoculation of Moody Microcosms with JS621 and/or Nutrients.  Since there was no

VC, ETH, or oxygen depletion in any of the microcosms, the following study was conducted to
investigate the reasons. This study was designed to determine if: (1) there was a lack of suitable
ETH- and VC-degrading organisms on site; (2) there was a lack of nutrients in the microcosms;
(3) environmental conditions in the microcosms were hostile to microorganisms; or (4) a
combination of (1) and (2) or (1) and (3). The four following treatments were set up on day 107
of the Moody microcosm studies:

1.

Four microcosms — AF 2 (VC and ETH) and AF 11 (VC and ETH) — were amended
with JS621, a VC- and ETH-degrading microorganism that was previously isolated from
a Moody well-water sample. 5 mL of microcosm liquid was removed and 5 mL of JS621
culture (OD600 0.08) was added to each of the microcosms under aseptic conditions.
Due to the nature of the microcosm slurries from AF 2 and AF 11, the serum bottles had
to be opened in order to remove microcosm liquid. Vinyl chloride and ethene levels were
restored after the JS621 inocula were added.

Four microcosms — AF 10 (VC and ETH) and AF 11(VC and ETH) — were amended
with nutrients. 5 mL of liquid was removed from each microcosm and 5 mL of a sterile
nutrient solution was added to each using aseptic technique. The nutrient solution
contained (per liter of distilled, deionized water): 6.7 g KH,POu, 6.8 g (NH4)>SO4, and 20
ml of a trace-metal solution that contained (per liter of distilled, deionized water): 60 g
MgS0O427H,0, 6.37 g EDTA (Nay(H20),), 1 g ZnSO4¢ 7H,0, 1 g CaCl,*2H,0,
FeSO4¢7H,0, 1 g NaMo00O4*2H,0, 1 g CoCl,*6H,0, MnSO4¢H,0. The pH of the sterile
nutrient solution was adjusted to 5.5 with filter-sterilized NaOH.

Four microcosms — AF 2 (VC and ETH) and AF 10 (VC and ETH) — were amended
with both JS621 and nutrients. 10 mL of liquid was removed from the microcosms and 5
mL of JS 621 culture and 5 mL of sterile nutrient solution were added to the microcosms
using sterile technique.

Two control microcosms were prepared, using 50 grams of sand and 50 grams of
distilled, deionized water. These were then autoclaved. The two then received treatment
#3, and one was administered VC; the other, ETH. These positive controls were included
to test the viability of JS621 inocula.

All microcosms and controls began with 100 pmoles of VC or 400 pmoles of ETH..

Figure 9 depicts the results. VC and ETH were degraded in the microcosms that were amended
with JS621 and those amended with both JS621 and nutrients. VC and ETH were not degraded
in the microcosms amended with nutrients only. VC and ETH were also degraded in the
JS621+nutrient-amended "positive" controls (i.e., prepared from sand and water).
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Figure 9. Results from inoculation of Moody LF04 microcosms with JS621.
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Figure 9 (continued). Results from inoculation of Moody LF04 microcosms with JS621.

Some pH data are shown in an accompanying Table 2. Though low (i.e., between pH
4.8 and 5.4), pH values were all maintained at values essentially similar to those in situ.
Furthermore, there were no trend-differences in pH that would seem to explain results. Inactive
microcosms ("initial" conditions in all microcosms, and "final" conditions of microcosms
amended only with nutrients) had pH values similar to those in active microcosms (those
amended with JS621 or JS621+ nutrients). pH does not appear to explain results.

MPN Enumeration of VC- and ETH-Degraders in Moody AFB Samples. Methods
for the detection and enumeration of VC- and ETH-degraders in the Moody AFB aquifer
sediments were developed based on the most-probable-number (MPN) principle. For these
experiments, the Moody AFB groundwater isolate Mycobacterium JS621 was used as a model
organism. Growth of strain JS621 under conditions similar to those at the site (pH 5.5, approx.
20°C) could be detected in the MPN medium via HCI production from VC, which caused a color
change in the pH indicator bromophenol green. Growth on ETH under similar conditions was
detectable by turbidity. MPN assays were set up in triplicate on VC and ETH with all 11 of the
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LF04 aquifer sediment samples used to construct the microcosm studies. However, after 5
months incubation, no growth or activity was observed in any of the MPNs. Viable counts of the
aquifer material on 1/10-trypticase soy agar yielded very few culturable bacteria (<10° cfu / g
aquifer sediment).

DNA-based methods of detection and enumeration of VC oxidizing-bac