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Abstract

Changes in the carbon isotope ratio (d13C) of trans-1,2-dichloroethylene (t-DCE) were measured during its co-metabolic

degradation by Methylomonas methanica, a type I methanotroph, and Methylosinus trichosporium OB3b, a type II

methanotroph. In closed-vessel incubation experiments with each bacterium, the residual t-DCE became progressively enriched

in 13C, indicating isotopic fractionation. From these experiments, the biological fractionation during t-DCE co-metabolism,

expressed as e, was measured to be � 3.5xfor the type I culture and � 6.7xfor the type II culture. This fractionation effect

and subsequent enrichment in the d13C of the residual t-DCE can thus be applied to determine the extent of biodegradation of

DCE by these organisms. Based on these results, isotopic fractionation clearly warrants further study, as measured changes in

the d13C values of chlorinated solvents could ultimately be used to monitor the extent of biodegradation in laboratory or field

settings where co-metabolism by methanotrophs occurs.

D 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Of the 25 most commonly encountered ground-

water contaminants at hazardous waste sites, 10 are

chlorinated volatile organic compounds (VOCs) (Gill-

ham, 1996), including the chlorinated ethenes tri-

chloroethylene (TCE), dichloroethylene (DCE), and

vinyl chloride (VC). Chlorinated ethenes are known or

suspected carcinogens (Maltoni and Lefemine, 1974;

Miller and Guengerich, 1983). They are readily trans-

ported by groundwater and are difficult to reduce to a

safe level for human consumption (Gillham, 1996). As

a result, they represent a significant health hazard to a

large portion of the human population, and therefore

require some form of remediation.

Natural attenuation as a method of in situ biore-

mediation has emerged as a successful and cost-

effective method for remediating soil and groundwater

contaminated with chlorinated solvents (Aggarwal et

al., 1997). However, in order to determine its effec-

tiveness, a means of accurately tracking and quantify-

ing the biotransformation process must be developed

(Aggarwal et al., 1997).
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Wilson and Wilson (1985) were the first to dem-

onstrate that a chlorinated ethene could be degraded

aerobically to carbon dioxide in the presence of air

and methane. Presumably, addition of the methane

and air stimulated a background population of meth-

anotrophic (methane-oxidizing) bacteria that, as sub-

sequent studies have confirmed, degrade various

chlorinated organics (Fogel et al., 1986; Little et al.,

1988; Janssen et al., 1988; Oldenhuis et al., 1989;

Tsien et al., 1989). Methanotrophs degrade chlori-

nated ethenes without producing harmful degradation

products such as vinyl chloride, an end product of

biotic reductive dehalogenation. They are classified as

type I or type II, depending on their internal cell

membrane structures and carbon assimilation path-

ways (Hanson and Hanson, 1996). Methanotrophs are

widespread in both terrestrial and aquatic environ-

ments (Hanson and Hanson, 1996). Their ubiquity

combined with the ability to degrade various contam-

inants suggests that methanotrophs could be an

important component of natural attenuation or bio-

remediation.

Methanotrophic bacteria degrade chlorinated orga-

nics through co-metabolic processes that use the meth-

ane monooxygenase enzyme (MMO) (Colby et al.,

1977; Oldenhuis et al., 1989; Fox et al., 1990; Lontoth

and Semrau, 1998). The MMO enzyme catalyzes the

oxidation of methane to methanol during the first step

of methane metabolism. All methanotrophs express a

particulate MMO (pMMO; membrane-bound) enzyme

under copper-sufficient conditions. In addition, numer-

ous type II methanotrophs (and a type IMethylococcus

species) contain both a pMMO and a soluble MMO

(sMMO; cytoplasmic) enzyme, the latter generally

expressed when available copper is limiting (Murrell

et al., 1998). The sMMO has a broad substrate specif-

icity and is therefore able to oxidize or dehalogenate a

variety of organic contaminants; the pMMO has a

narrower substrate range but will co-oxidize a number

of chlorinated aliphatic hydrocarbons (CAHs) (Stirling

et al., 1979; Burrows et al., 1984; DiSpirito et al.,

1992; Anderson and McCarty, 1997). It has been

proposed that chlorinated solvents are initially de-

graded by MMO enzymes to an unstable epoxide

intermediate, which then decomposes abiotically (Lit-

tle et al., 1988).

During bacterial oxidation of methane, the stable

carbon isotope abundances of the substrates can be

significantly changed, or ‘‘fractionated’’ through

microbial metabolism. For example, during oxida-

tion of methane to carbon dioxide, the carbon

dioxide formed instantaneously at any point in time

can be depleted in the heavy carbon isotope (13C)

relative to the methane source. This effect results

from a faster rate of oxidation reaction for methane

composed of 12C relative to methane composed of
13C. As the reaction proceeds, the fractionation

effect is compounded over time, and the difference

in the measured d13C value of the reactant methane

and product carbon dioxide becomes greater due to

the Rayleigh distillation effect as described else-

where (Mariotti et al., 1981). Studies have reported

that the oxidation of methane by methanotrophs has

imparted carbon isotopic fractionations by as much

as f30x, with the residual methane enriched in
13C (Coleman et al., 1981; Zyakun et al., 1985,

1987; Zyakun and Zakharchenko, 1998). In addition

to fractionation during methane oxidation, the abil-

ity of microorganisms to isotopically fractionate a

variety of substrates has been observed at contami-

nated sites experiencing petroleum hydrocarbon

degradation (Aggarwal and Hinchee, 1991; Land-

meyer et al., 1996; Conrad et al., 1997), and carbon

isotope fractionation of halogenated hydrocarbons

during biotic or abiotic degradation has been

observed in laboratory experiments (Heraty et al.,

1999; Sherwood Lollar et al., 1999; Dayan et al.,

1999; Bloom et al., 2000) and in the field (Steh-

meier et al., 1999). These studies suggest that stable

carbon isotopic measurements may be used as a

means for monitoring chlorinated solvent biodegra-

dation based on the measured increase in the d13C
value of the residual solvent over time as it be-

comes increasingly degraded.

In this study, we investigated whether carbon

isotope fractionation also occurs during co-metabo-

lism of trans-1,2-dichloroethylene (t-DCE), a com-

mon by-product of reductive TCE degradation, by

type I and type II methanotrophs. These experiments

were designed as a first step toward determining

whether this fractionation effect could potentially be

used to predict the extent of biodegradation of

chlorinated solvents by methanotrophs in field set-

tings. Our results demonstrate that the d13C of the

residual t-DCE can be applied to determine the

extent of biodegradation of DCE by these organisms.
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Based on these results, isotopic fractionation clearly

warrants further study as measured changes in the

d13C values of chlorinated solvents could ultimately

be used as a bioremediation monitoring tool in

laboratory or field settings.

2. Experimental methods

2.1. Culture of organisms

Pure cultures of Methylomonas methanica, Oak

Ridge (type I) and Methylosinus trichosporium

OB3b (type II) were obtained from Dr. Richard

Hanson of the University of Minnesota. Bacterial

inocula were mixed with 80 ml of methanotrophic

nutrient medium (Fogel et al., 1986) and sealed with a

gray butyl rubber septum in 160-ml serum bottles

under air atmosphere and sterile conditions. Using a

sterile syringe, 10 ml of methane was injected into the

headspace of each bottle. The cultures were shaken at

95 rpm on an orbital shaker in a 20 jC environmental

chamber. These serum bottles contained the stock

cultures for all subsequent experiments. Methane

and oxygen were periodically injected to maintain

the live cultures.

The cultures used in the isotope experiments were

prepared by mixing 40 ml of common stock culture

with 360 ml of the methanotrophic medium. The

mixtures were then sealed in ten 1-l bottles with 60-

ml methane overpressure and placed on the orbital

shaker at 20 jC for 10 days. Every 3 days, oxygen

was added as needed to restore that lost by gas

consumption, and 60-ml additional methane was

injected. Cell numbers were determined by direct

counting using microscopy and a petrof-hauser count-

ing chamber.

2.2. t-DCE degradation experiments

Degradation experiments with M. methanica were

performed twice with separate stocks of bacterial

cultures, while experiments with M. trichosporium

were performed once. For each experiment, cultures

grown in the 1-l bottles were mixed together in a

sterile 5-l beaker after 10 days of growth, in order to

eliminate growth discrepancies between bottles.

After mixing, a 400-ml aliquot of the culture was

poured into each of the ten 1-l bottles (including

duplicates) to be used for sampling duplicate cul-

tures at the following times: 0, 6, 12, 24, and 48 h.

Control bottles with methanotrophic media and no

culture were also prepared. Previous control experi-

ments indicated there was no change in t-DCE

concentrations in control samples with sodium

hydroxide-killed culture (see following) or with no

culture (data not shown). All bottles were sealed

with a Teflon-lined gray butyl rubber stopper, and

injected with 60 ml of methane using a sterile

syringe. Bacterial culture bottles and control bottles

were injected with f20 Al of t-DCE. Time 0

samples were taken immediately in duplicate for

concentration measurements while the other bottles

were incubated while shaken at 95 rpm in the 20 jC
chamber.

t-DCE concentration in each bottle was measured

using a Hewlett Packard Model 5890II gas chroma-

tograph equipped with a 55-m J&W DBVRX capil-

lary column and an electron capture detector.

Helium was used as the carrier gas. The instrument

was calibrated using a five-point calibration curve.

Each time point sample was run with a control

sample, and all samples were run in triplicate. After

concentration measurements were taken, 10 ml of 10

M sodium hydroxide was injected into each control

and culture bottle. Sodium hydroxide served three

purposes in this experiment: (1) to kill the bacteria

and therefore stop the degradation reaction; (2) to

remove excess carbon dioxide in the sample bottle;

and (3) to remove a degradation product that

increased at a constant rate as t-DCE concentrations

decreased during the experiment (presumed to be an

epoxide based on preliminary evidence from GC-

mass spectrometry). The bottles were then inverted

and stored in the 20 jC chamber to prevent leakage

of t-DCE. Control experiments indicated that storage

for 1 week resulted in no change in the d13C value

of the NaOH-amended t-DCE samples (data not

shown).

2.3. t-DCE stable carbon isotope measurements

Samples for isotopic analysis were collected in

20-cm� 6-mm Pyrex tubes that had previously been

heated to 550 jC for 1 h and stored in a 105 jC
oven. Each tube contained approximately 2-g cop-
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per oxide wire and 0.25-g pure silver wool. The

copper oxide served as the oxidant for combustion

of t-DCE to form carbon dioxide and water, and the

silver wool scavenged chlorine resulting from the

combustion (Sofer, 1980).

Within 3 days of measuring t-DCE concentra-

tions, the stored culture bottles were sampled for

isotopic compositions. Using a 100-ml gastight

syringe, 86 ml of headspace was removed from a

sample bottle and injected onto a vacuum line for

cryogenic distillation and separation of the t-DCE

from the remaining gases. All bottles were over-

pressured with air or methane (a non-condensable

gas) before the headspace sample was removed in

order to prevent a vacuum from occurring inside the

syringe. Condensable gases (t-DCE and trace carbon

dioxide) were first collected in a liquid nitrogen

trap, and non-condensable gases (methane, oxygen,

and nitrogen) were pumped away. An ethanol/dry

ice trap was then used to separate the t-DCE from

any remaining carbon dioxide collected in the

sample. Finally, the t-DCE was collected in a

sample tube containing the copper and silver wool,

using a liquid nitrogen bath. The tube was then

sealed and removed from the vacuum line. Dupli-

cate samples were collected from each culture

bottle. The sealed tubes were heated to 550 jC
for 4 h in a muffle furnace to convert the t-DCE to

carbon dioxide.

After combustion, the sample tubes were cracked

on a vacuum line and gases were collected in a liquid

nitrogen bath. An isopropanol/dry ice bath was used

to remove any water in the samples before they were

collected in o-ring stopcock vials for transfer to the

mass spectrometer.

Stable isotope measurements were performed using

either a Finnigan MAT 251 or 252 isotope ratio mass

spectrometer in the U.S. Geological Survey laboratory

in Denver. Results are expressed using the standard d
notation relative to the Peedee Belemnite (PDB)

carbonate standard as follows:

dðxÞ ¼ ðRx=Rstd � 1Þ � 1000 ð1Þ

where Rx is the
13C/12C ratio in the sample, and Rstd is

the 13C/12C ratio in the PDB standard. Replicate

analysis (n = 4) of the t-DCE stock solution provided

a d13C value of � 22.0F 0.1x.

3. Results

3.1. Degradation of t-DCE by M. methanica and

M. trichosporium OB3b

Comparable rates of t-DCE degradation were

observed for both the type I and type II methanotrophs

(Fig. 1a and b, respectively). During 48-h incubation,

M. methanica reduced t-DCE concentrations from

f 17 to f 5 mg/l, while M. trichosporium OB3b

reduced concentrations from f 15 to f 7 mg/l. The

corresponding first-order reaction rate constants were

0.65 day� 1 (r2 = 0.96) for the type I culture and 0.39

day� 1 (r2 = 0.98) for the type II culture. Degradation

by both organisms ended at f 48 h of incubation due

to cell death, as evidenced by the termination of gas

consumption in the sample bottles and by lack of cell

movement as determined by microscopy.

3.2. Stable carbon isotopes

The d13C values and concentrations of the residual t-

DCEduringdegradationby the type Iand type IIcultures

are shown in Fig. 1a and b. Degradation by both types

resulted in an increase in d13C over time, indicating that

bacterial fractionation of the carbon isotopes occurred.

For reactions that behave as first order where the

isotope fractionation is controlled by a single step in

the reaction sequence, and the reaction is unidirec-

tional, the kinetic isotopic fractionation factor can be

calculated using the Rayleigh model as derived by

Mariotti et al. (1981):

103ln
10�3d13CT1 þ 1

10�3d13CT0 þ 1
¼ eln

XT1

XT0

ð2Þ

or in simplified form,

d13CT1 � d13CT0 ¼ D13C ¼ eln
XT1

XT0

ð3Þ

where d13CT0
and d13CT1

are the isotopic composition

of the reactant at time (T ) = 0 and Tfinal of the reaction,

respectively, and XT0
and XT1

are the concentrations of

the reactant at T0 and Tfinal. The ratio XT1
/XT0

represents

F, the fraction of reactant remaining, and is also a

measure of the extent of the reaction. e is the isotopic
enrichment factor of the product relative to the sub-
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Fig. 1. (a) The degradation of t-DCE during two different experimental trials with the same species of M. methanica, Oak Ridge (a type I

methanotroph) over a 48-h incubation period, combined with d13C values for the residual t-DCE. Each t-DCE concentration data point

represents the averageF standard deviation of triplicate samples from single incubation bottles. Each bottle was then sacrificed by NaOH

addition and subsequently analyzed for the d13C of t-DCE (see text). Data are represented by the following symbols: control [t-DCE] (n);

trial 1 [t-DCE] (.); trial 2 [t-DCE] (z); d13C trial 1 (o); d13C trial 2 (q). (b) As in (a) for the degradation of t-DCE by M. trichosporium

OB3b (a type II methanotroph), over a 48-h incubation period, combined with d13C values for the residual t-DCE. Data are represented by the

following symbols: control [t-DCE] (z); culture [t-DCE] (.); d13C (q).
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strate (e= 1000(a� 1), where a equals the kinetic

isotopic fractionation factor). As indicated in Eq. (3),

e is equal to the slope of the line when the change in

d13C from T0 to Tfinal (D
13C) is plotted against ln F.

It follows from Eq. (3) that linear regression of the

experimental data on the plot shown in Fig. 2 gives the

value of the enrichment factor (e) corresponding to

each series of experiments. The determination of e
allows for easy comparisons between the type I and

type II cultures. Fig. 2 shows that the two sets of

experiments with separate stocks of the type I meth-

anotroph resulted in e values of � 3.3xand� 3.7x,

and an e value of � 6.7xfor the experiment with type

II methanotrophs. Thus, it appears that under identical

growth conditions, the two types of methanotrophs

have different kinetic isotopic effects.

4. Discussion

Based on the results of this study, and previous

studies involving methanotrophs and stable carbon

isotope fractionation of methane (Coleman et al.,

1981; Zyakun et al., 1985, 1987; Zyakun and

Zakharchenko, 1998), the possibility of monitoring

methanotrophic biodegradation of chlorinated sol-

vents (TCE, DCE, and VC) via kinetic isotopic

fractionation seems plausible. In the metabolic path-

way for methane oxidation, CAHs are fortuitously

degraded during the first step by the MMO enzyme, as

indicated below (Little et al., 1988; Fox et al., 1990):

Previous studies have demonstrated that stable car-

bon isotope fractionation varies from f 10xto 34x
during the oxidation of methane by type I and II

methanotrophic bacteria (Coleman et al., 1981; Zyakun

et al., 1985, 1987; Zyakun and Zakharchenko, 1998).

The enrichment factors resulting from our current t-

DCE study (� 3.5xaverage of both experimental

trials with the type I methanotroph and� 6.7xfor the

type II methanotroph) could be lower than the range of

fractionation values measured for methanotrophic

methane oxidation because of the MMO enzyme

Fig. 2. Rayleigh model expressing e for type I and type II methanotrophs. Two outliers have been excluded in determining values for e. Y-axis
values were calculated using Eq. (2), but are represented by the simplified parameter from Eq. (3). Data are represented by the following

symbols: type I trial 1 (.); type I trial 2 (o); type II (z).
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response to significant chemical and physical differ-

ences between the t-DCE and methane molecules.

The fractionation of 13C appears to be related

predominantly to enzyme-mediated effects and not

to liquid-vapor partitioning. The measured d13C
value of � 22.3F 0.1x for liquid t-DCE stock

solution was consistent with measured d13C values

of � 22.4F 0.4xfor t-DCE from the headspace of

control incubation bottles at concentrations ranging

from f 1200 to f 12 mg/l (data not shown).

These results are generally consistent with isotopic

results for TCE and dichloromethane (DCM) that

showed little or no isotopic fractionation associated

with evaporation (Huang et al., 1999; Harrington et

al., 1999; Poulson and Drever, 1999). Based on

these results, isotopic fractionation does not occur

as a result of mass transfer between liquid and

vapor, and the fractionation observed in this study

confirms the lack of mass transfer limitation in the

experimental system.

Jahnke et al. (1999) observed that the particulate

MMO enzyme (pMMO) (i.e. membrane bound) iso-

topically fractionates methane to a further extent than

the soluble MMO enzyme (sMMO). In comparison,

Zyakun and Zakharchenko (1998) reported identical

maximum fractionation values of � 30.1xfor meth-

ane oxidation by both M. methanica and M. tricho-

sporium even though the type II methanotroph was

expressing the sMMO enzyme. They concluded that

the pMMO in cells is associated with a higher

intensity of carbon isotope discrimination of methane.

Our results show a difference in the fractionation of t-

DCE during its co-oxidation by M. methanica and M.

trichosporium (Fig. 2), but a greater fractionation

effect for the type II methanotrophs was observed.

The fractionation difference between the two types

may have resulted from the expression of different

MMO enzymes. However, the expression of sMMO

by M. trichosporium OB3b occurs at a copper to cell

ratio of f 0.3 Amol Cu/g cells or less (Tsien et al.,

1989). In our experiments, this ratio was as low as

0.37 Amol Cu/g cells. Furthermore, we observed no

response in the naphthalene assay of Brusseau et al.

(1990) for the detection of the sMMO activity (data

not shown).

Earlier studies have shown that the carbon isotope

fractionation accompanying methane oxidation can be

affected by a number of kinetic parameters including

temperature (Coleman et al., 1981; Zyakun et al.,

1985, 1987; Zyakun and Zakharchenko, 1998) and

growth phase of the bacteria (Summons et al., 1994).

To eliminate such differences in fractionation through-

out our experiments with M. methanica and M.

trichosporium, cultures were maintained at 20 jC
and all cultures were grown in identical media to

stationary phase, where measured cell densities of

4.9� 1010 cells/ml were close to the maximum values

measured previously at stationary growth in batch

cultures (data not shown).

Because of the technical expertise and facilities

required to perform such measurements, few studies

have investigated isotopic fractionation of chlorinated

solvents. During an aerobic biodegradation experi-

ment, Heraty et al. (1999) used a methylotrophic

organism closely related to Methylobacterium or

Ochrobactrum to degrade dichloromethane (DCM)

and reported a fractionation factor, a, to be 0.9576

(e =� 42.4). This value of e is large relative to the

values of � 3.5xto � 6.7xthat we have deter-

mined here for methanotrophs. The large fractionation

factor could be characteristic of DCM, of the type of

bacteria used, or a combination of both. Methylo-

trophs can metabolize a greater variety of C-1 com-

pounds, including methylamines, but not all are able

to oxidize methane. In contrast, methanotrophs rely

primarily on methane for metabolism. Because the

species of bacteria used by Heraty et al. (1999) is

unknown, it is difficult to compare their results for

methylotrophs with our results for methanotrophs.

A study conducted by Sherwood Lollar et al.

(1999) reported a carbon isotope fractionation factor

(a) of 0.9929 (e=� 7.1x) resulting from reductive

dehalogenation of TCE by a mixed anaerobic con-

sortium. Similar experiments with a methanogenic

enrichment culture provided e values for carbon iso-

topes of � 2.5xto � 6.6x, � 14.1xto� 16.1x,

and � 21.5xto � 26.6xduring reductive dehalo-

genation of TCE, cis-DCE (c-DCE), and VC, respec-

tively (Bloom et al., 2000). In addition, Dayan et al.

(1999) showed similar results for abiotic reductive

dehalogenation by metallic iron, with fractionation

factors (a) of 0.9747, 0.9914, and 0.9856 (e=� 25.3,

� 8.6, � 14.4) for PCE, TCE and c-DCE, respec-

tively. A comparison of e for TCE degradation by

metallic iron and by the anaerobic microorganisms

suggests that fractionation of TCE may be similar
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under abiotic and biotic degradation conditions. How-

ever, additional studies are needed to make such

comparisons for the daughter products c-DCE and t-

DCE during biotic (anaerobic and aerobic) and abiotic

degradation.

The relatively large and reproducible isotopic frac-

tionation of carbon during methanotrophic degrada-

tion of t-DCE, and by biotic and abiotic degradation

of other CAHs through reductive dehalogenation, may

provide a means to monitor the extent of (bio)degra-

dation occurring in a wide variety of engineered or

natural field settings. If one can determine the proper

value of the enrichment factor (e) to be used for a

given contaminant in a particular field setting, then the

measured increase in the d13C of that contaminant

over time or space can be directly related to the extent

of degradation (see Eq. (3)). However, numerous

issues related to this application clearly require further

study. For example, extension of this study to other

methanotrophic cultures is necessary to verify the

broad application of the type-specific fractionation

factors. In addition, the isotopic fractionation pro-

duced by mixed cultures of methanotrophs in the field

would most likely result from variable combinations

of cells in different growth stages, which would result

in a composite fractionation factor. Some character-

ization of the methanotrophic community would thus

be required for application of this analysis. Finally,

CAH fractionation during degradation by other kinds

of microorganisms (e.g. methanogens) and by abiotic

means must be quantified in order to apply isotope

measurement accurately in the field.

Considering the limited data available, carbon

isotopic fractionation during degradation of CAHs

such as TCE and DCE may ultimately provide a

means of reliably estimating extent of degradation in

field studies. The similarity in measured fractionation

during degradation by different biotic and abiotic

pathways suggests that d13C measurements may be

useful for monitoring the efficiency of (bio)remedia-

tion in a given system but may not reveal the specific

degradation pathways. Identification of the pathways

would require additional observations of degradation

products, environmental conditions (i.e. Eh and pH),

and/or microbial communities. Although CAH frac-

tionation via various mechanisms clearly requires

additional study before field application, the demon-

strated ability to measure methanotrophic fractiona-

tion of carbon isotopes in a contaminant is a first step

toward the use of microbial isotopic fractionation as a

means to estimate on-site contaminant biodegradation

or to quantify natural attenuation.

Acknowledgements

Dr. David Updegraff provided assistance and

expertise in microbiological methods, and Dr. Stephen

Daniel contributed valuable insight into organic

chemistry and possible degradation pathways and

reactions. [EO]

References

Aggarwal, P.K., Hinchee, R.E., 1991. Monitoring in situ biodegra-

dation of hydrocarbons by using stable carbon isotopes. Envi-

ron. Sci. Technol. 25, 1178–1180.

Aggarwal, P.K., Fuller, M.E., Gurgas, M.M., Manning, J.F., Dillon,

M.A., 1997. Use of stable oxygen and carbon isotope analyses

for monitoring the pathways and rates of intrinsic and enhanced

in situ biodegradation. Environ. Sci. Technol. 31, 590–596.

Anderson, J.E., McCarty, P.L., 1997. Transformation yields of

chlorinated ethenes by a methanotrophic mixed culture express-

ing particulate methane monooxygenase. Appl. Environ. Micro-

biol. 63, 687–693.

Bloom, Y., Aravena, R., Hunkeler, D., Edwards, E., Frape, S.K.,

2000. Carbon isotope fractionation during microbial dechlorina-

tion of trichloroethene, cis-1,2-dichloroethene, and vinyl chlor-

ide: implications for assessment of natural attenuation. Environ.

Sci. Technol. 34, 2768–2772.

Brusseau, G.A., Tsien, H.C., Hanson, R.S., Wackett, L.P., 1990.

Optimization of trichloroethylene oxidation by methanotrophs

and the use of a colorimetric assay to detect soluble methane

monooxygenase activity. Biodegradation 1, 19–29.

Burrows, K.J., Cornish, A., Scott, D., Higgins, I.J., 1984. Substrate

specificities of the soluble and particulate methane monooxyge-

nases of Methylosinus trichosporium OB3b. J. Gen. Microbiol.

130, 3327–3333.

Colby, J., Stirling, D.F., Dalton, H., 1977. The soluble methane

mono-oxygenase of Methylococcus capsulatus (Bath): its ability

to oxygenate n-alkanes, n-alkenes, ethers, and aliphatic, aro-

matic, and heterocyclic compounds. Biochem. J. 165, 395–402.

Coleman, D.D., Risatti, J.B., Schoell, M., 1981. Fractionation of

carbon and hydrogen isotopes by methane-oxidizing bacteria.

Geochim. Cosmochim. Acta 45, 1033–1037.

Conrad, M.E., Daley, P.F., Fischer, M.L., Buchanan, B.B., Leighton,

T., Kashgarian, M., 1997. Combined 14C and d13C monitoring

of in situ biodegradation of petroleum hydrocarbons. Environ.

Sci. Technol. 31, 1463–1469.

Dayan, H., Abrajano, T., Sturchio, N.C., Winsor, L., 1999. Carbon

K.L. Brungard et al. / Chemical Geology 195 (2003) 59–6766



isotopic fractionation during reductive dehalogenation of chlori-

nated ethenes by metallic iron. Org. Geochem. 30, 755–763.

DiSpirito, A.A., Gulledge, J., Shiemke, A.K., Murrell, J.C., Lind-

strom, M.E., Krema, C.L., 1992. Trichloroethylene oxidation by

the membrane-associated methane monooxygenase in type I,

type II and type-X methanotrophs. Biodegradation 2, 151–164.

Fogel, M.M., Taddeo, A.R., Fogel, S., 1986. Biodegradation of

chlorinated ethenes by a methane-utilizing mixed culture. Appl.

Environ. Microbiol. 51, 720–724.

Fox, B.G., Borneman, J.G., Wackett, L.P., Lipscomb, J.D., 1990.

Haloalkene oxidation by the soluble methane monooxygenase

from Methylosinus trichosporium OB3b: mechanistic and envi-

ronmental implications. Biochemistry 29, 6419–6427.

Gillham, R.W., 1996. In situ treatment of groundwater: metal-en-

hanced degradation of chlorinated organic contaminants. In:

Aral, M.M. (Ed.), Advances in Groundwater Pollution Control

and Remediation. Kluwer Academic Publishing, The Nether-

lands, pp. 249–274.

Hanson, R.S., Hanson, T.E., 1996. Methanotrophic bacteria. Micro-

biol. Rev. 60, 439–471.

Harrington, R.R., Poulson, S.R., Drever, J.I., Colberg, P.J.S., Kelly,

E.F., 1999. Carbon isotope systematics of monoaromatic hydro-

carbons: vaporization and adsorption experiments. Org. Geo-

chem. 30, 765–775.

Heraty, L.J., Fuller, M.E., Huang, L., Abrajano Jr., T., Sturchio,

N.C., 1999. Isotopic fractionation of carbon and chlorine by

microbial degradation of dichloromethane. Org. Geochem. 30,

793–799.

Huang, L., Sturchio, N.C., Abrajano, T., Heraty, L.J., Holt, B.D.,

1999. Carbon and chlorine isotope fractionation of chlorinated

aliphatic hydrocarbons by evaporation. Org. Geochem. 30,

777–785.

Jahnke, L.L., Summons, R.E., Hope, J.M., Des Marais, D.J., 1999.

Carbon isotopic fractionation in lipids from methanotrophic bac-

teria: II. The effect of physiology and environmental parameters

on the biosynthesis and isotopic signatures of biomarkers. Geo-

chim. Cosmochim. Acta 63, 79–93.

Janssen, D.B., Grobben, G., Hoekstra, R., Oldenhuis, R., Witholt,

B., 1988. Degradation of trans-1,2-dichloroethene by mixed and

pure cultures of methanotrophic bacteria. Appl. Microbiol. Bio-

technol. 29, 392–399.

Landmeyer, J.E., Vroblesky, D.A., Chapelle, F.H., 1996. Stable

carbon isotope evidence of biodegradation zonation in a shal-

low Jt-fuel contaminated aquifer. Environ. Sci. Technol. 30,

1120–1128.

Little, C.D., Palumbo, A.V., Herbes, S.E., Lindstrom, M.E., Tyn-

dall, R.L., Gilmer, P.J., 1988. Trichloroethylene biodegradation

by a methane-oxidizing bacterium. Appl. Environ. Microbiol.

54, 951–956.

Lontoth, S., Semrau, J.D., 1998. Methane and trichloroethylene

degradation by Methylosinus trichosporium OB3b expressing

particulate methane monooxygenase. Appl. Environ. Microbiol.

64, 1106–1114.

Maltoni, C., Lefemine, G., 1974. Carcinogenicity bioassays of vinyl

chloride: I. Research plan and early results. Environ. Res. 7,

387–396.

Mariotti, A., Germon, J.C., Hubert, P., Kaiser, P., Letolle, R., Tar-

dieux, A., Tardieux, P., 1981. Experimental determination of

nitrogen kinetic isotope fractionation: some principles; illustra-

tion for the denitrification and nitrification processes. Plant Soil

62, 413–430.

Miller, R.E., Guengerich, F.P., 1983. Metabolism of trichloroethy-

lene in isolated hepatocytes, microsomes, and reconstituted en-

zyme systems containing cytochrome P-450. Cancer Res. 43,

1145–1152.

Murrell, J.C., McDonald, I.R., Bourne, D.G., 1998. Molecular

methods for the study of methanotroph ecology. FEMS Micro-

biol. Ecol. 27, 103–114.

Oldenhuis, R., Vink, R.J.M., Janssen, D.B., Witholt, B., 1989.

Degradation of chlorinated aliphatic hydrocarbons by Methylo-

sinus trichosporium OB3b expressing soluble methane mono-

oxygenase. Appl. Environ. Microbiol. 55, 2819–2826.

Poulson, S.R., Drever, J.I., 1999. Stable isotope (C, Cl, and H)

fractionation during vaporization of trichloroethylene. Environ.

Sci. Technol. 33, 3689–3694.

Sherwood Lollar, B., Slater, G.F., Ahad, J., Sleep, B., Spivack, J.,

Brennan, M., MacKenzie, P., 1999. Contrasting carbon isotope

fractionation during biodegradation of trichloroethylene and tol-

uene: implications for intrinsic bioremediation. Org. Geochem.

30, 813–820.

Sofer, Z., 1980. Preparation of carbon dioxide for stable isotope

analysis of petroleum fractions. Anal. Chem. 52, 1389–1391.

Stehmeier, L.G., Francis, M. McD., Jack, T.R., Diegor, E., Winsor,

L., Abrajano Jr., T.A., 1999. Field and in vitro evidence for

in-situ bioremediation using compound specific 13C/12C ratio

monitoring. Org. Geochem. 30, 821–833.

Stirling, D.I., Colby, J., Dalton, H., 1979. A comparison of the

substrate and electron-donor specificities of the methane mono-

oxygenases from three strains of methane-oxidizing bacteria.

Biochem. J. 177, 361–364.

Summons, R.E., Jahnke, L.J., Roksandic, Z., 1994. Carbon isotopic

fractionation in lipids from methanotrophic bacteria: relevance

for interpretation of the geochemical record of biomarkers. Geo-

chim. Cosmochim. Acta 58, 2853–2863.

Tsien, H.C., Brusseau, G.A., Hanson, R.S., Wackett, L.P., 1989.

Biodegradation of trichloroethylene by Methylosinus trichospo-

rium OB3b. Appl. Environ. Microbiol. 55, 3155–3161.

Wilson, J.T., Wilson, B.H., 1985. Biotransformation of trichloro-

ethylene in soil. Appl. Environ. Microbiol. 49 (1), 242–243.

Zyakun, A.M., Zakharchenko, V.N., 1998. Carbon isotope dis-

crimination by methanotrophic bacteria: practical use in bio-

technological research (review). Appl. Biochem. Microbiol. 34,

207–219.

Zyakun, A.M., Bondar, V.A., Namsarayev, B.B., 1985. Carbon

isotope fractionation by methane-oxidizing bacteria. Geokhi-

miya 9, 1362–1369.

Zyakun, A.M., Bondar, V.A., Mshenskiy, Y.N., Zakharchenko,

V.N., Gayazov, R.R., Shishkina, V.N., 1987. Carbon-isotope

fractionation by the methane-oxidizing bacteria Methylomonas

methanica during its continuous growth. Geokhimiya 7,

1007–1013.

K.L. Brungard et al. / Chemical Geology 195 (2003) 59–67 67


	Stable carbon isotope fractionation of trans-1,2-dichloroethylene during co-metabolic degradation by methanotrophic bacteria
	Introduction
	Experimental methods
	Culture of organisms
	t-DCE degradation experiments
	t-DCE stable carbon isotope measurements

	Results
	Degradation of t-DCE by M. methanica and M. trichosporium OB3b
	Stable carbon isotopes

	Discussion
	Acknowledgements
	References


