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Trichloroethylene (TCE)-transforming aquifer methanotrophs were evaluated for the influence of TCE
oxidation toxicity and the effect of reductant availability on TCE transformation rates during methane
starvation. TCE oxidation at relatively low (6 mg liter- ') TCE concentrations significantly reduced subsequent
methane utilization in mixed and pure cultures tested and reduced the number of viable cells in the pure culture
Methylomonas sp. strain MM2 by an order of magnitude. Perchloroethylene, tested at the same concentration,
had no effect on the cultures. Neither the TCE itself nor the aqueous intermediates were responsible for the
toxic effect, and it is suggested that TCE oxidation toxicity may have resulted from reactive intermediates that
attacked cellular macromolecules. During starvation, all methanotrophs tested exhibited a decline in TCE
transformation rates, and this decline followed exponential decay. Formate, provided as an exogenous electron
donor, increased TCE transformation rates in Methylomonas sp. strain MM2, but not in mixed culture MM1
or unidentified isolate, CSC-1. Mixed culture MM2 did not transform TCE after 15 h of starvation, but mixed
cultures MM1 and MM3 did. The methanotrophs in mixed cultures MM1 and MM3, and the unidentified
isolate CSC-1 that was isolated from mixed culture MM1 contained lipid inclusions, whereas the methanotro-
phs of mixed culture MM2 and Methylomonas sp. strain MM2 did not. It is proposed that lipid storage granules
serve as an endogenous source of electrons for TCE oxidation during methane starvation.

Trichloroethylene (TCE), a widely used organic solvent
and degreasing agent, belongs to the group of most fre-
quently detected groundwater contaminants (44). TCE is a
suspected carcinogen (24). Furthermore, it has been demon-
strated to undergo reductive dechlorination in anaerobic
environments, with vinyl chloride, a known mammalian
carcinogen and mutagen (22, 33), as one of the most signif-
icant products (7, 31, 39, 40). Wilson and Wilson (46) were
the first to indicate that TCE might be susceptible to micro-
bial transformation under aerobic conditions, which would
not result in formation of toxic or carcinogenic volatile
chlorinated products. Since then, numerous researchers
have addressed this phenomenon and discovered various
microorganisms to be capable of transforming TCE. In all
cases examined so far, the active microorganisms contain
catabolic oxygenases with relaxed substrate specificities
which catalyze a fortuitous oxygenation of TCE upon being
stimulated with their respective substrates (43). Such micro-
organisms include methanotrophs (1, 9, 13, 14, 16, 21, 30,
37), propane oxidizers (41), ethylene oxidizers (13), toluene,
phenol, or cresol oxidizers (10, 12, 26, 27, 28, 42), 2,4-
dichlorophenoxyacetic acid oxidizers (12), and ammonia
oxidizers (2, 38).

In developing process applications for treatment of TCE
contamination that rely on transformation by catabolic oxy-
genases, two issues that must be evaluated are toxicity and
reductant supply. Elevated TCE concentrations (in the range
of 50 mg liter-1) have been shown to be toxic to methan-
otrophs, inhibiting TCE transformation (13, 30) and methane
utilization (13). Janssen and colleagues (18), working with
mixed methanotrophic cultures, observed that 6 mg of TCE
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liter-' inhibited methane-dependent growth but not metha-
nol-dependent growth. From this, they suggested that reac-
tive intermediates may cause toxic effects (18). Wackett and
Gibson (42) observed toxicity during TCE oxidation by
Pseudomonas putida Fl and suggested that toxic intermedi-
ates were responsible. Wackett and Householder (43) sub-
sequently demonstrated that the TCE had to be metaboli-
cally activated by the toluene dioxygenase of P. putida Fl to
produce toxic effects. In methanotrophic treatment applica-
tions, even at low TCE concentrations, TCE oxidation itself
may be toxic to the TCE-oxidizing cells and may result in
reduction of the active biomass.
As with other catabolic oxygenases, the methane mono-

oxygenase enzyme system (MMO) of methanotrophs re-
quires electrons (reducing power) to carry out its catabolic
function. During growth on methane, reducing power is
regenerated by the mineralization of methane to carbon
dioxide (17). During the oxidation of a cometabolite such as
TCE, however, the reductant supply is not regenerated.
Methane can be provided as an electron donor, but methane
is also a competitive inhibitor ofTCE transformation (13, 19,
19b, 30, 34). Transformation by resting cells in the absence
of methane does occur (1, 13, 14, 19, 30, 34, 37), but during
extended methane starvation, when no substrate is available
to regenerate the reductant, cells can be depleted of reducing
power. Formate, an electron donor but not a growth sub-
strate (17), has been shown to stimulate resting-cell trans-
formation of TCE in a pure culture (30) and during in situ
biodegradation of chlorinated ethenes in a groundwater
aquifer (34).
Whereas formate may serve as an exogenous source of

electrons during methane starvation, storage polymers such
as lipid inclusions may serve as an endogenous source of
reductant in aquifer microorganisms. Methanotrophs are
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known to accumulate both lipid and polyglucose inclusions
(3, 20). The presence of endogenous reserves may have great
significance in an environment such as the subsurface, where
nutrients and carbon and energy sources are likely to be
scarce. Poindexter (32) suggested that lipid inclusions should
be expected in microorganisms adapted to oligotrophic en-
vironments, and Ghiorse and 13alkwill (11) found lipid stor-
age granules in numerous subsurface bacteria. No studies
have been reported evaluating TCE transformation by stor-
age polymer-containing methanotrophs.
A field study evaluating methane-stimulated in situ bio-

degradation of chlorinated ethenes was conducted at a site
located at the Moffett Naval Air Station in California (34,
35). In conjunction with this field study we have enriched
and isolated TCE-transforming methanotrophic mixed and
pure cultures from the Moffet Field groundwater aquifer (13,
14). An objective of our work is to evaluate the response of
these microorganisms to conditions that may be considered
operational parameters for in situ bioremediation or waste
treatment applications. We previously described the effect
that mineral medium formulation had on TCE transforma-
tion by two different cultures: a mixed culture containing
type II methanotrophs and a pure culture possessing type I
intracytoplasmic membranes, Methylomonas sp. strain
MM2 (14). In this paper we report the toxic effect of TCE
oxidation and the responses of the various cultures, includ-
ing lipid granule-containing methanotrophs, to methane star-
vation and formate amendment.

(Preliminary reports of this study have been published
[12a, 13a, 14a].)

MATERIALS AND METHODS

Organisms and culture conditions. Three different mixed
cultures, MM1, MM2, and MM3, were enriched from a
groundwater aquifer located in Moffett Field Naval Air
Station, Mountain View, Calif., with methane as carbon
source, as described elsewhere (13, 14). Methylomonas sp.
strain MM2 (13, 14) was isolated previously in our labora-
tory. A second unidentified methane-utilizing isolate,
CSC-1, was isolated from the mixed culture MM1, following
the same methods as described for the isolation of Methy-
lomonas sp. strain MM2 (13, 14). The cultures were grown in
either modified Fogel mineral medium (9) or Whittenbury
medium (45) to mid-exponential growth phase (biomass
density, 0.5 to 0.7 g [dry weight] liter-') in continuously
stirred reactors under a continuous stream of 30 to 35%
methane in air at room temperature (21 to 23°C). Methylomo-
nas sp. strain MM2 and isolate CSC-1 were tested for
heterotrophic contamination by streaking on one-fourth-
strength tryptone-glucose plates (6 g of tryptone-glucose
extract agar and 11.25 g of Noble agar liter-1; Difco Labo-
ratories, Detroit, Mich.).

Microscopy. The cultures were examined by light micros-
copy and by scanning and transmission electron microscopy
as described previously (13, 14). Lipid inclusions were
identified with transmission electron microscopy as well as
with light microscopy by differential staining with Sudan
black B (29).

Analytical procedures. Degradation experiments with `4C-
labeled TCE, conducted to confirm that TCE was being
biologically transformed and to determine the percentage of
TCE carbon in the cell, carbon dioxide, and aqueous inter-
mediate fractions, have been described elsewhere (13, 14).
For TCE transformation and methane utilization studies,
cultures were removed from the reactors, diluted with min-

eral medium, and transferred to bottles, which were incu-
bated upside-down on a rotary shaker in a 21°C environmen-
tal chamber as described previously (13, 14). TCE
transformation rates were determined by using unlabeled
TCE (99+% spectrophotometric grade; Aldrich Chemical
Co., Inc., Deerfield, Ill.) in the absence of methane or other
growth substrate (resting-cell transformation). Formate,
when provided as an exogenous electron donor for TCE
transformation and an energy source for microorganisms,
was added as sodium formate (Fisher Scientific Co., Fair
Lawn, N.J.). Since 2 and 8 mM formate resulted in the same
enhancement of TCE transformation rates, the lower con-
centration was used in further experiments. TCE transfor-
mation was monitored by measuring headspace concentra-
tions by gas chromatography as described previously (13,
14). Methane, carbon dioxide, oxygen, and nitrogen were
measured by monitoring headspace on a gas partitioner (14).
Formate was measured by ion chromatography on a Dionex
ionalyzer equipped with an ionpac AS4A separator column
and a conductivity detector (Dionex Corp., Sunnyvale,
Calif.), using 5 mM borate buffer. Cell biomass was deter-
mined on a dry weight basis, using 0.2-iim Supor filters
(Gelman Sciences Inc., Ann Arbor, Mich.). CFU were
enumerated by dilution plating on Noble agar plates made
with Fogel mineral medium. (The same plating medium was
used to maintain the cultures.) Monod kinetics for substrate
degradation (25) were used to model the degradation ofTCE
and determine the pseudo-first-order rate coefficient, k' =
k/Ks (liter mg-1 day-1), as described previously (14). TCE
transformation experiments described herein were per-
formed at aqueous TCE concentrations ranging from 30 to 60
,ug liter-'.
Electron donor availability during starvation experiments.

The effect of methane starvation on the ability of the mixed
cultures to transform TCE was evaluated. The three mixed
cultures, grown in Fogel medium, were incubated for 15 h in
aerated stirred reactors without methane and then tested for
TCE transformation and evaluated for lipid inclusions by
transmission electron microscopy and staining with Sudan
black B. One set of replicates was amended with methane at
0.3 mg liter-' when TCE was added, whereas another set of
replicates did not receive methane. The TCE concentration
used in this experiment was 60 ,ug liter-'. Cell densities were
0.04 to 0.07 g (dry weight) liter-'.
The effect of formate on TCE transformation was evalu-

ated in Methylomonas sp. strain MM2, mixed culture MM1,
and the unidentified isolate CSC-1, all grown in Whittenbury
mineral medium. Methylomonas sp. strain MM2 was evalu-
ated for zero-time TCE transformation rates, after which the
culture in the reactor was split into two subcultures in 2-liter
Erlenmeyer flasks. One subculture ("formate") was
amended with 2 mM formate, which was measured by ion
chromatography at 0 and 62 h. No formate was added to the
other subculture ("none"). Both subcultures were stirred at
room temperature (21 to 23°C) and periodically sampled over
a 62-h period to be used in the experiments for evaluation of
TCE oxidation rates. The formate-amended subculture re-
ceived an additional 2 mM formate when it was diluted into
the bottles for the transformation studies. The "none"
subculture was also evaluated for formate addition at the
time of TCE addition by adding 2 mM formate at the same
time the TCE was added ("none + formate"). Mixed culture
MM1 was similarly evaluated. Isolate CSC-1 was incubated
in the stirred flask with no formate added and evaluated at
the time of TCE addition with no formate ("none") and with
2 mM formate added ("none + formate"). The change in the
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TCE transformation rates with time was evaluated. Expo-
nential decay in the rate of TCE transformation with time
was assumed, and a slope describing the reduction in rate
with time was generated by plotting [-ln (rate,/rateo)] versus
time. The TCE concentration used in these three experi-
ments was 30 ,ug liter-'. Cell densities were on the order of
0.08 g (dry weight) liter-1 for Methylomonas sp. strain
MM2, 0.02 g liter-1 for mixed culture MM1, and 0.2 g liter-1
for isolate CSC-1. CFU were enumerated at 62 h for the
subcultures of Methylomonas sp. strain MM2.
TCE oxidation toxicity experiments. To evaluate TCE

oxidation toxicity, the effects of TCE oxidation on subse-
quent methane utilization by mixed culture MM1 and Meth-
ylomonas sp. strain MM2 were evaluated. The cultures were
grown in Whittenbury mineral medium. Replicate bottles of
subcultures were amended with 2 mM formate and incubated
with 6 mg of TCE liter-'. In assay 1, Methylomonas sp.
strain MM2 was also incubated with 6 mg of perchloroeth-
ylene (PCE) liter-1, which has a similar chemical structure
to TCE but is not transformed by methanotrophs. TCE and
PCE were measured by gas chromatography as described
before (13, 14). After approximately 2 h of incubation, the
bottles were opened and the remaining TCE was removed by
stripping with air. The bottles were then recapped and
evaluated to ensure that all TCE and PCE had been re-
moved, and methane was added. Bottles of subcultures
which did not receive TCE were treated in the same way. In
assay 2 with Methylomonas sp. strain MM2, the subcultures
were centrifuged after incubation with TCE to separate the
cells from the supernatant. The supernatants were then
switched, so that the cells that had not oxidized TCE were
evaluated for methane utilization in the culture medium that
contained the aqueous TCE transformation intermediates,
and the cells that had oxidized TCE were evaluated for
methane utilization in culture medium that did not contain
any TCE transformation intermediates. For assay 2, 1-ml
samples were removed from each subculture before centrif-
ugation and CFU were enumerated. Cell densities used in
these experiments were 0.34 g (dry weight) liter-' for
Methylomonas sp. strain MM2 assay 1, 0.52 g liter-1 for
Methylomonas sp. strain MM2 assay 2, and 0.28 g liter-' for
mixed culture MM1.

RESULTS

Characterization of the cultures. Mixed cultures MM1 and
MM3 contained only methanotrophs with type II intracyto-
plasmic membrane structures (paired membranes inside the
periphery of the cell [8]), whereas mixed culture MM2
contained methanotrophs with both type I (bundles of
stacked membranes [8]) and type II membrane structures
(13, 14). Unidentified methane-utilizing isolate CSC-1 con-
tained type II membranes. Isolate CSC-1 exhibited constant,
uniform colony and cell morphology with repeated single-
colony isolation and, unlike the heterotrophs contained in
mixed culture MM1, did not grow in the absence of methane
on tryptone-glucose plates. Under the growth conditions of
these experiments, methanotrophs in mixed cultures MM1
and MM3 and isolate CSC-1 possessed lipid inclusions,
whereas Methylomonas sp. strain MM2 and the methano-
trophs of mixed culture MM2 did not (Fig. 1).
TCE transformation. TCE transformation by these cul-

tures at the low TCE concentrations used in the rate exper-
iments (30 to 60 ,ug liter-') is adequately modeled with
Monod kinetics (Fig. 2). Of the 77 psuedo-first-order rate
coefficients (k') generated in the experiments we report (see

Tables 1 and 2; Fig. 2 and 3), the data for 64 fit the kinetic
model with correlation coefficients of 0.98 to 1.00, and the
data for the remaining 13 fit the kinetic model with correla-
tion coefficients of 0.89 to 0.97. Methylomonas sp. strain
MM2, grown in Whittenbury medium and provided with 2
mM formate, has exhibited TCE transformation rates as
great as 2.3 + 0.05 liter mg-' day-1 (1.6 ml mg-' min-') at
21°C (Fig. 2). Greatest rates observed for Whittenbury-
grown mixed culture MM1 and isolate CSC-1 at 21°C were
0.64 ± 0.04 (0.45 ml mg-' min-1) and 0.49 + 0.01 (0.34 ml
mg-1 min-') liter mg-' day-', respectively.

Electron donor availability during starvation. Mixed cul-
tures MM1, MM2, and MM3 grown in Fogel medium were
aerbically incubated for 15 h without methane to evaluate the
effects of starvation on TCE transformation. Mixed cultures
MM1 and MM3, which contained methanotrophs that pos-
sessed lipid inclusions, continued to transform TCE and
transformed TCE equally well whether or not amended with
methane (Table 1). Mixed culture MM2 could not transform
TCE without methane amendment. Moreover, when methane
was added at the time of TCE transformation evaluation, the
rates were much lower than for the other cultures (Table 1).
Methylomonas sp. strain MM2, mixed culture MM1, and

isolate CSC-1, all grown in Whittenbury medium, were
evaluated for the effect of formate amendment on TCE
transformation during methane starvation. Formate amend-
ment increased rates of transformation in Methylomonas sp.
strain MM2 but not in mixed culture MM1 or isolate CSC-1
(Table 2; Fig. 3). The Methylomonas sp. strain MM2 sub-
culture incubated with formate during methane starvation
("formate") exhibited enhanced rates of TCE transforma-
tion only during the first 10 h of starvation. However, when
Methylomonas sp. strain MM2 was incubated without for-
mate and formate was added at the same time the TCE was
added ("none + formate"), the rates of transformation
remained significantly enhanced throughout the entire 62 h
of incubation (Fig. 3). At 0 h, the "formate" subcultures
contained 2 mM formate and, at 62 h, 0.3 mM formate. CFU
were enumerated at 62 h for Methylomonas sp. strain MM2
to determine whether the cultures were still viable. Subcul-
ture "none" contained 2 x 107 CFU ml-' and subculture
"formate" contained 6 x 107 CFU ml-1. The decrease in
TCE transformation rates during starvation is presented in
Table 2. As indicated by the correlation coefficients that
describe the fit of the data to the model, the reduction of
TCE transformation rates during starvation follows expo-
nential decay (Table 2).
TCE oxidation toxicity. TCE oxidation impaired the ability

of both mixed culture MM1 and Methylomonas sp. strain
MM2 to utilize methane. Subcultures of both that had
transformed TCE took three times longer to consume the
methane present in the bottles than subcultures that were not
exposed to TCE (Fig. 4). The mass ofTCE oxidized relative
to the cell mass was 0.028 for Methylomonas sp. strain MM2
assay 1, 0.017 for Methylomonas sp. strain MM2 assay 2,
and 0.016 for mixed culture MM1. Incubation with PCE had
no effect on subsequent methane utilization by Methylomo-
nas sp. strain MM2 (Fig. 4a). To determine whether the
aqueous intermediates resulting from TCE transformation
had an inhibitory effect on methane utilization, the culture
medium from Methylomonas sp. strain MM2 subculture that
had oxidized TCE was switched with that from the subcul-
ture that had not been exposed to TCE (Fig. 4b). Culture
medium containing TCE transformation intermediates had
no effect on methane utilization. (As determined by ion
chromatography and assays with '4C-labeled TCE, approx-
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FIG. 1. Transmission electron micrographs of aquifer methanotrophs. Lipid storage granules are the electron-dense (light-colored)
inclusions inside the cells. Methanotrophs in mixed cultures MM1 (A) and MM3 (B) and isolate CSC-1 (C) contain lipid inclusions when grown
under the conditions used in these experiments (note type II intracytoplasmic membranes). Methanotrophs in mixed culture MM2 (D; note
type II membranes) (E; note type I membranes), and Methylomonas sp strain MM2 (F; note type I membranes) do not. Bar, 0.5 ,um.
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FIG. 2. Resting-cell TCE transformation by Methylomonas sp strain MM2 grown in Whittenbury mineral medium with 2 mM formate

added as an electron donor. The data in panel A, when subjected to analysis by Monod kinetics (B), yield a pseudo-first-order rate coefficient
k' of 2.3 ± 0.05 liter mg-' day-1. The correlation coefficients, describing the fit of the data to the rate model, are 1.00 for both replicates.

imately 80% of the TCE is transformed by Methylomonas
sp. strain MM2 to aqueous intermediates [13].) Evaluation of
the viability of the cultures used in assay 2 revealed that
subcultures that had oxidized TCE contained (2 ± 1) x 105
CFU ml-', and those that had not been exposed to TCE
contained (5 ± 2) x 106 CFU ml-1'.

DISCUSSION

The methanotrophs used in these experiments gradually
lost the ability to oxidize TCE during starvation for the
growth substrate, methane. This loss ofTCE transformation
capability followed exponential decay. Formate, an electron
donor and energy source but not a growth substrate, reduced
the decay rate in Methylomonas sp. strain MM2, suggesting
that depletion of reductant may be one of the factors
contributing to the loss of TCE transformation capability
during starvation. Reduction in cell numbers cannot account
for the extremely low transformation rates observed after 62
h of starvation as 107 CFU ml-' were still present in the
Methylomonas sp. strain MM2 subcultures. Other factors,

TABLE 1. TCE transformation by mixed cultures starved
for methanea

TCE transformation rate, k' = liter
Mixed Lipid in- mg- day- lb
culture clusions No 0.3 mg of methane

methane liter-1

MM1 Yes 0.041 ± 0.003 0.046 0.001
MM2 No 0 0.004 0.001
MM3 Yes 0.046 ± 0.004 0.046 0.004
a Cultures were grown in Fogel mineral medium and aerated for 15 h

without methane.
b TCE transformation rates by cultures grown in Fogel mineral medium are

lower than for those grown in Whittenbury mineral medium (14).

such as deactivation of the MMO, may also account for loss
of activity toward TCE. TCE transformation by the "for-
mate" subculture of Methylomonas sp. strain MM2 (the
subculture that was incubated with formate before the addi-
tion of TCE) was enhanced only during the first 10 h of
methane starvation, suggesting that prolonged incubation
with an exogenous source of electrons during methane
starvation may accelerate deactivation of the MMO. For-
mate stimulated resting-cell transformation by Methylomo-
nas sp. strain MM2, but not by mixed culture MM1 and the

TABLE 2. Decay in TCE transformation rates during starvation
for methane

Decay Correlation No. of
Subculture parameter coefficn data

da- la coefficient pitday-la points

Methylomonas sp. strain MM2
Noneb 2.3 0.98 10
Formatec 2.4d 0.89 10
None + formatee 1.4 0.99 8

Mixed culture MM1f
None 1.7 0.99 10
Formate 1.7 0.99 10

Unidentified isolate CSC-1fg
None 2.2 0.99 6
None + formate 2.1 0.99 6
a -In (rate/rateo) versus time (day).
b None, Subculture was incubated without formate and received no formate

at the time of TCE addition.
' Formate, Subculture was incubated with formate, and formate was added

when TCE was added.
d Incubation with formate increased rates only during the first 10 h (Fig. 3).
" None + formate, Formate was added to "None" subculture when TCE

was added.
f Methanotrophs contain lipid inclusions.
' Unidentified isolate CSC-1 was isolated from mixed culture MM1.
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FIG. 3. Effect of formate amendment on TCE transformation rates during methane starvation. The rate of TCE transformation, k', is
plotted against time in hours. (A) Methylomonas sp. strain MM2. (B) Mixed culture MM1. "None" denotes subcultures that were incubated
during starvation without formate and were not amended with formate. "None + Formate" denotes subcultures that were incubated without
formate, but received 2 mM formate at the same time TCE was added. "Formate" denotes subcultures that were incubated with formate and
received 2 mM formate at the same time TCE was added. Note differences in scale between panels A and B.

unidentified isolate CSC-1. Since only those mixed cultures
that contained lipid inclusions could still carry out resting-
cell transformation of TCE after 15 h without methane, it
appears that the methanotrophs that contain lipid inclusions
rely on their endogenous reserves for a source of electrons
and energy during starvation.

It could be argued that other differences between these
methanotrophs may also contribute to the different re-

sponses to formate amendment. It has been shown that
Methylomonas sp. strain MM2 expresses only a membrane-
associated ("particulate") MMO under the growth condi-
tions applied in these studies (12c, 14). Methylomonas sp.

strain MM2 cell preparations did not cross-react with an

immunological probe prepared against the soluble MMO of
Methylosinus trichosporium OB3b (35a). Mixed culture
MM1 and SH-1, an unidentified type II methanotroph iso-
lated from mixed culture MM1, did cross-react with the
soluble MMO probe (35a, 36), indicating that methanotrophs
in mixed culture MM1 expressed soluble MMO similar to
that of Methylosinus trichosporium OB3b under the growth
conditions applied in these studies. However, whereas for-
mate did not stimulate resting-cell TCE transformation in
mixed culture MM1 and isolate CSC-1, it did stimulate
resting-cell TCE transformation in Methylosinus trichospo-
rium OB3b (30). Researchers studying TCE transformation
by Methylosinus trichosporium OB3b do not report the
accumulation of storage granules by this organism (30, 37).
This supports the hypothesis that the presence of lipid
inclusions, and not the differences in the MMOs expressed
by these different methanotrophs, may be responsible for the
lack of stimulation of TCE transformation by formate in
mixed culture MM1 and isolate CSC-1.
Our experiments suggest that the toxic effect of TCE on

microbial cells may be based on the oxidation of TCE, and
not on the presence ofTCE itself. TCE oxidation resulted in
significant reduction of subsequent methane oxidation capa-
bility and reduced the number of viable cells by more than an

order of magnitude. The concentration of TCE used in these
experiments, 6 mg liter-', unlike TCE concentrations in the
50-mg liter-1 range (13), did not inhibit concurrent TCE

transformation and methane utilization. Furthermore, cells
preexposed to PCE, a solvent chemically similar to TCE but
which is not transformed, did not exhibit a reduced ability to
utilize methane. This supports the suggestion that TCE itself
is not the toxic agent; neither were the intermediates that
remain in solution after TCE has been transformed by
Methylomonas sp. strain MM2. Carbon monoxide, a tran-
sient intermediate in the transformation of TCE by Methy-
lomonas sp. strain MM2 (12b), is a competitive inhibitor of
TCE oxidation by Methylomonas sp. strain MM2, but is not
otherwise toxic (unpublished data).

Studies of mammalian liver enzymes have shown that
TCE must be metabolically activated to exert toxicity
towards cells. The activation reaction is an oxygenation that
leads to the formation of reactive intermediates, including
the TCE epoxide, chloral (6, 15, 23, 24), and metabolites that
bind irreversibly to macromolecules within the cell, includ-
ing protein, DNA, and RNA (4, 5, 24). Wackett and House-
holder (43) demonstrated that TCE had to be metabolically
activated by the toluene dioxygenase in P. putida Fl to exert
a toxic effect. They hypothesized that the toxicity resulting
from TCE oxidation was based on the modification of
intracellular molecules by reactive intermediates (43). The
TCE-epoxide has been proposed to be the resultant product
of oxygenation of TCE by the MMO (12d, 13, 21, 30).
Dichloroethylene epoxide was detected during the in situ
biodegradation study conducted at Moffett Field (34, 35) and
during dichloroethylene transformation by methanotrophic
consortia (18, 19a). It is plausible that the toxic effect
observed in our methanotrophs is the result of the TCE-
epoxide, or another highly reactive intermediate, damaging
intracellular molecules.
TCE oxidation toxicity is an important consideration in

the methanotrophic bioremediation of TCE. Even at low
TCE concentrations, TCE transformation could result in a

significant decay of the active biomass, which could be

expected to increase with increasing amounts of TCE trans-
formed. In the development and modeling of process appli-
cations, the decay in active biomass due to TCE oxidation
should be evaluated. Different methanotrophs, and indeed
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the different classes of bacteria shown to oxidize TCE, may

be affected by TCE oxidation toxicity to different degrees.
This possibility represents a valuable area for further re-

search.
Stimulation of resting-cell TCE transformation by formate

addition may not be universal among methanotrophs. Fur-

FIG. 4. Effect of TCE oxidation on subsequent methane utiliza-
tion by Methylomonas sp. strain MM2 and mixed culture MM1.
Total mass of methane, milligrams, remaining in the bottles is
plotted against time in hours. "None" denotes culture incubated
without TCE; "TCE" denotes culture incubated with 6 mg of TCE
liter-'; "PCE" denotes culture incubated with PCE. (A) Methy-
lomonas sp. strain MM2 assay 1. PCE was not transformed by the
subcultures. Ratio of TCE oxidized per cell dry weight was 0.028.
(B) Methylomonas sp. strain MM2 assay 2. TCE oxidized per cell
dry weight was 0.017. Culture medium from the "TCE" subcultures
was switched with that from the "None" subcultures. (C) Mixed
culture MM1. TCE oxidized per cell dry weight was 0.016.

thermore, formate addition during in situ aquifer remediation
will increase the expense and could potentially stimulate
growth of nonmethanotrophic biomass that would compete
for nutrients and oxygen. The effect of formate addition
should be evaluated with the methanotrophs specific to the
treatment application before formate addition is considered.
Alternatively, microorganisms that accumulate storage gran-
ules such as lipid inclusions may be of value in treatment
applications because of the endogenous reserves of reducing
power and energy.
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