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Abstract: A model for cometabolism is verified experi-
mentally for a defined methanotrophic mixed culture.
The model includes the effects of cell growth, endog-
enous cell decay, product toxicity, and competitive inhi-
bition with the assumption that cometabolic transforma-
tion rates are enhanced by reducing power obtained
from oxidation of growth substrates. A theoretical trans-
formation yield is used to quantify the enhancement re-
sulting from growth substrate oxidation. A systematic
method for evaluating model parameters independently
is described. The applicability of the model is evaluated
by comparing experimental data for methanotrophic co-
metabolism of TCE with model predictions from inde-
pendently measured model parameters. Propagation of
errors is used to quantify errors in parameter estimates
and in the final prediction. The model successfully pre-
dicts TCE transformation and methane utilization for a
wide range of concentrations of TCE (0.5 to 9 mg/L) and
methane (0.05 to 6 mg/L). © 1997 John Wiley & Sons, Inc.
Biotechnol Bioeng 56: 492–501, 1997.
Keywords: cometabolism; methanotroph; modeling; tri-
chloroethylene; inhibition

INTRODUCTION

Many compounds of environmental and toxicological sig-
nificance are transformed by cometabolism. In this study,
cometabolism is defined as transformation of a nongrowth
substrate by cells that are growing in the presence of growth
substrate or by resting cells in the absence of growth sub-
strate (Criddle, 1993; Horvath, 1972). With oxidative co-
metabolism, the growth substrate may compete with non-
growth substrate for positions at the enzyme active site,
hindering transformation of the nongrowth substrate. How-
ever, in the absence of the growth substrate, the ability to
sustain cometabolic transformation is eventually exhausted.
Loss of transformation capacity may also result from dam-

age to cellular material caused by toxic transformation prod-
ucts.

Recent studies indicate that cell inactivation can be quan-
tified and incorporated into kinetic models by introducing a
parameter called biomass transformation capacity. This
concept has been applied to quantify degradation kinetics
for several oxygenase-expressing cultures with a range of
chlorinated compounds (Alvarez-Cohen and McCarty,
1991a; Chang and Alvarez-Cohen, 1995b; Chang et al.,
1993; Chang and Criddle, 1995; Hopkins et al., 1993). Al-
varez-Cohen and McCarty (1991a) assumed that biomass
transformation capacity was equal to the mass of nongrowth
substrate ultimately degraded divided by the initial biomass
used. Criddle (1993) defined a ‘‘theoretical’’ biomass trans-
formation capacity by correcting for the effects of endog-
enous decay. The later definition represents a theoretical
maximum value in the absence of external reducing power.
Studies indicate that transformation capacity is not only a
function of the availability of reducing power, but also of
the specific cometabolized compound and the toxicity of
transformation products (Alvarez-Cohen and McCarty,
1991c; Henry and Grbic´-Galić, 1991; Wackett and House-
holder, 1989).

Several models have been proposed to describe the
cometabolic transformations of nongrowth substrate in the
absence of growth substrate, many of which were reviewed
by Criddle (1993). Sae´z and Rittmann (1991, 1993), for
example, linked biomass decay with transformation of
nongrowth substrate. Models have also been proposed to
describe cometabolic degradation in the presence of growth
substrates. Broholm et al. (1992) and Strand et al. (1990)
modeled the interaction between growth and nongrowth
substrates by competitive inhibition, neglecting product
toxicity and reducing power effects. Anderson and McCarty
(1994) proposed a biofilm model that incorporated both
product toxicity and competitive inhibition, but did not
account for reducing power limitations. Ely et al. (1995a, b)
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adopted an alternative approach focusing on enzyme
inactivation and recovery. This approach has the advantage
that it can account for differences in enzyme activity within
a population and does not require assumptions about ‘‘ac-
tive biomass,’’ but it neglects cell death due to product
toxicity or reducing power depletion and requires a so-
phisticated model calibration procedure. Recently, Chang
and Alvarez-Cohen (1995a) proposed a general model
that includes reducing energy explicitly as a limiting reac-
tant during cometabolism. A simplified case of their model
(resting cells) was verified for phenol-oxidizers, pro-
pane-oxidizers, and toluene-oxidizers. The resting cell case
analyzed by Chang and Alvarez-Cohen neglected endog-
enous decay as a cause of cell death, assuming instead
that product toxicity was the major cause of cell death.
They also applied the model to describe growing cell
transformation of TCE by methanotrophs, but several
parameter estimates were difficult to obtain. For the me-
thanotrophs, the effects of reducing power were separated
from toxicity effects by supplying the cells with formate.
Formate provides methanotrophs with energy as NADH,
but does not support growth, so that formate addition can
be used to determine transformation capacity due to pro-
duct toxicity alone. Unfortunately, formate or a similar
substrate could not be identified for phenol-oxidizers,
propane-oxidizers, and toluene-oxidizers (Chang and Al-
varez-Cohen, 1995b). Thus, the approach of Chang and
Alvarez-Cohen is somewhat specific to organisms for which
energy substrates can be identified that do not support
growth.

In this article, the predictive capabilities of a general
model of cometabolism are verified using independently
obtained parameter estimates. The theoretical basis for
this model is described elsewhere (Criddle, 1993). The
model combines the effects of cell growth, endogenous
cell decay, product toxicity, and competitive inhibition
with the assumption that cometabolic degradation rates
are enhanced by reducing power obtained from oxidation
of growth substrates. The model does not require use of
energy substrates that do not support growth, such as
formate, for model verification. A theoretical transfor-
mation yield is used to quantify the enhancement of come-
tabolism resulting from oxidation of the growth substrate
(Chang et al., 1993; Criddle, 1993). Loss of transformation
activity is assumed to result from cell death, either from
product toxicity or endogenous decay. In previous experi-
mental work, this model was verified for resting cells
(Chang and Criddle, 1995) and for growing cells using
best-fit degradation data (Chang et al., 1993), but competi-
tive inhibition between growth and nongrowth substrate
was not evaluated, and the model was not subjected to a
thorough sensitivity analysis. A systematic method for
evaluating model parameters is developed in this work. The
applicability of the model is evaluated by comparing ex-
perimental data for methanotrophic cometabolism of TCE

with model predictions from independently measured model
parameters.

Rationale for Experimental System

The experimental system selected for investigation in
this work was methanotrophic transformation of trichloro-
ethylene. This choice of experimental system enabled us
to evaluate one of the most complex cases of cometabolism
(involving competitive inhibition and inactivation due to
loss of reducing power and product toxicity), thereby pro-
viding a stringent test of the model. In 1985, Wilson and
co-workers reported that aerobic oxidation of TCE by soil
microorganisms provided natural gas as a primary source
of energy (Wilson and Wilson, 1985). Since then, the ability
of methane-utilizing bacteria to cometabolize TCE and
other chlorinated organic solvents has been firmly estab-
lished by many researchers (Fliermans et al., 1988; Fogel et
al., 1986; Little et al., 1988). The enzyme, methane mono-
oxygenase (MMO), oxidizes TCE to an epoxide, which
spontaneously degrades to intermediates that can be further
metabolized, including glyoxylic acid, dichloroacetic acid,
carbon monoxide, and formate (Little et al., 1988; Uchi-
yama et al., 1992). Some researchers have reported that, in
addition to products resulting from epoxide hydrolysis, in-
tramolecular halide or hydride migration can occur, yielding
2,2,2-trichloroacetaldehyde (chloral hydrate). Chloral hy-
drate can be reduced to trichloroethanol and oxidized to
trichloroacetic acid. All these products are potentially toxic
and may cause cellular inactivation (Fox et al., 1990; New-
man and Wackett, 1991). For TCE transformation, formate
addition resulted in increased initial specific transformation
rates and elevated transformation capacity. Significant de-
clines in methane conversion rates were observed following
exposure to TCE for both resting and formate-fed cells,
suggesting toxic effects by TCE or its transformation prod-
ucts (Alvarez-Cohen and McCarty, 1991b, c). Oldenhuis et
al. (1991) suggested that TCE epoxide can bind covalently
to proteins and nucleic acids. Other possible reactive me-
tabolites that might bind irreversibly are chloral, dichloro-
acetyl chloride, and formyl chloride (Oldenhuis et al., 1989,
1991).

MODEL DEVELOPMENT

A cometabolic model was evaluated that included terms for
the loss of microbial biomass or enzyme activity caused by
auto-oxidation (endogenous decay), proteolysis, depletion
of cofactors (such as NADH), product toxicity, and suicide
inactivation. A theoretical discussion of this model is pro-
vided elsewhere (Criddle, 1993). For cometabolism in the
presence of growth substrate, the following equations pro-
vide a complete mathematical description of the specific
growth rate and the specific rates of utilization of the growth
and the nongrowth substrates throughout the growth and
decay periods:

CHANG AND CRIDDLE: 1 MODEL FOR COMETABOLISM 493



qs = ks S S

Ks + SD (1)

qc = ~Tyqs + kc! S C

Kc + CD (2)

m = Ymqs − b −
qc

Tc
(3)

The endogenous decay term,b, accounts for loss of energy
reserves in the absence of nongrowth substrate. This param-
eter represents the rate of loss of cometabolism activity in a
suspension of resting cells that has not previously been ex-
posed to nongrowth substrate. The rate of loss of nongrowth
substrate transformation activity in the presence of non-
growth substrate also includes product toxicity. Product tox-
icity is described exclusively by the transformation capacity
term,Tc.

When there is competitive inhibition between the growth
substrate and the nongrowth substrate, (Ks)obs and (Kc)obs

replaceKs and Kc, respectively, in Eq. (1) and Eq. (2),
where:

~Ks!obs= Ks S1 +
C

Kic
D (4)

~Kc!obs= Kc S1 +
S

Kis
D (5)

In the absence of growth substrate, the model simplifies to:

qc = kc S C

Kc + CD (6)

m = 1b −
qc

Tc
(7)

Two important stoichiometric parameters are the observed
transformation capacity, (Tc)obs, and the observed transfor-
mation yield, (Ty)obs. (Tc)obs is obtained by dividing −qc

by m:

~Tc!obs=
1

b − Ymqs

qc
+

1

Tc

(8)

For resting cells (qs 4 0), Eq. (8) simplifies to:

~Tc!obs=
1

b

qc
+

1

Tc

(9)

For resting cells, the observed transformation capacity is
determined by the theoretical transformation capacity,Tc,
and by the ratio of the endogenous decay rate,b, to the
specific rate of TCE transformation,qc. The observed trans-
formation yield, (Ty)obs, is obtained by dividingqc by qs.

In the absence of cometabolism, electrons from the
growth substrate are used exclusively for cell synthesis and
respiration sofs + fe 4 1, wherefs 4 fraction of electrons
for cell synthesis andfe 4 fraction of electrons for energy

generation. In a cometabolic reaction, however, electrons
are consumed for growth, respiration, and cometabolism. In
this case,fs + fe + fco 4 1, wherefco 4 fraction of electrons
used for cometabolism (Criddle, 1993; Criddle et al., 1991).
For oxygenase-mediated reactions, 2 mol of electrons are
consumed for every mole of nongrowth substrate trans-
formed, but this ratio could decrease if the byproducts of
transformation are further oxidized by the cometabolizing
community or it could increase if the oxygenase oxidizes
other substances besides the nongrowth substrate.

For batch transformation of a volatile cometabolic sub-
strate in the presence of growth substrate, a mass balance for
growth and nongrowth substrates at equilibrium gives:

−
dMc

dt
= qcXVL (10)

Mc = C~VL + HccVG! (11)

−
dMs

dt
= qsXVL (12)

Ms = S~VL + HcsVG! (13)

Batch cometabolic transformation in the presence of growth
substrate can be described by Eqs. (1)–(5) and (10)–(13).
Once the parameters of the model (b, kc, Kc, Tc, ks, Ks, Y,
Kic, Kis, Ty) are determined, these equations can be solved
simultaneously using a Runge–Kutta numerical method.
Simplified cases of the model (C << Kc in the absence of
growth substrate) have been previously verified (Chang and
Criddle, 1995).

MATERIALS AND METHODS

Culture and Culture Conditions

The methanotrophic culture used for these experiments was
a mixed culture originally derived from aquifer material at
Moffett Field, California (courtesy of S. Henry). This cul-
ture is a stable consortium consisting of one methanotroph,
one hyphomicrobium, and several heterotrophs containing
gram-negative thin and fat rods as well as some gram-
positive rods and cocci. The culture was observed by elec-
tron-microscope. The methanotroph was a nonmotile ir-
regularly shaped coccobacillus that contained the internal
membrane structure characteristics of type II methanotrophs
(Henry and Grbic´-Galić, 1990) Mixed culture MM1 was
grown in Whittenbury mineral medium containing (per liter
of deionized water): 1.0 g of MgSO4 z 7H2O, 1.0 g of
KNO3, 276 mg of CaSO4 z 2H2O, 3.8 mg of Fe EDTA, 0.5
mg of Na2MoO4 z 2H2O, 0.5 mg of FeSO4 z 7H2O, 0.4 mg
of ZnSO4 z 7H2O, 0.02 mg of MnCl2 z 4H2O, 0.05 mg of
CoCl2 z 6H2O, 0.01 mg of NiCl2 z 6H2O, 0.015 mg of
H3BO3, 0.25 mg of EDTA, 260 mg of KH2PO4, and 330 mg
of Na2HPO4. One liter of culture was grown at room tem-
perature (∼21°C) in a continuously stirred 2-L bottle that
supplied 30% methane in air at 68 mL/min. Growth curves
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were monitored and, as stationary phase approached, ap-
proximately 10 mL of culture was transferred to 1 L of fresh
Whittenbury medium. Cells were harvested in mid-log
growth phase for biotransformation experiments.

Analytical Methods

A TCE-saturated water solution was used as the spike so-
lution in all experiments. The spike solution was prepared
by adding excess TCE (99+% pure ACS reagent; Aldrich
Chemical Co., Milwaukee, WI) to a 250-mL glass bottle
capped with a TFE-lined Mininert valve. The bottle was
vigorously shaken and allowed to settle at least 24 h. The
upper layer of the solution was transferred to another bottle
and capped with a Mininert valve. The spike solution was
stored in a refrigerator until needed. One hour before use, it
was shaken again and allowed to settle.

TCE was analyzed by withdrawing 0.1 mL of headspace
from the test bottles using a 0.5-mL Pressure-Lok Series
A-2 gas syringe and injecting the samples onto a Hewlett
Packard 5890 gas chromatograph (GC) equipped with a
column (DB624, 30 m × 0.53 mm i.d.) and a flame-
ionization detector. The GC was operated isothermally at
90°C with helium as carrier. The temperature at the injec-
tion port and detector was 250°C.

Methane and oxygen were analyzed by withdrawing 0.1
mL of headspace from the test bottles using the 0.5-mL
Pressure-Lok Series A-2 gas syringe and injecting the
samples onto an HP 5890 series II gas chromatograph
equipped with a column (68 × 1/89 in SS packed with 80/100
washed molecular sieve 13×) and a thermal conductivity
detector. The GC was operated isothermally at 50°C with
helium as carrier. The temperatures of the injection port and
detector were 50°C and 90°C, respectively.

Cell biomass was determined on a dry-weight basis using
0.2-mm filters (Gelman Sciences Inc., Ann Arbor, MI). The
filters were prepared by first soaking them in mineral media
for 10 min, rinsing on a vacuum filter with deionized water,
drying overnight in a 103°C oven, and cooling in a desic-
cator until needed. The filters were weighed, and once a
known amount of culture was filtered through them, they
were rinsed, dried, cooled, and reweighed.

Batch Biotransformation Experiments

TCE degradation studies were performed using 25-mL glass
vials capped with Teflon-lined Mininert valves. These vials
were incubated with 5 mL of of Whittenbury mineral media
plus culture. An appropriate amount (measured as dry
weight) of mixed culture MM1 was added to each test vial.
TCE solutions (dissolved in water) were added to each
bottle using Precision gas-tight syringes. Methane was with-
drawn from Scotty II cylinders (99.0% CH4, Alltech Asso-
ciates, Inc., Deerfield, IL) at fixed exit pressure and injected
into batch vials. After adding substrates, the vials were vig-
orously shaken upside down on a rotary shaker (250 rpm).

Headspace samples were periodically analyzed by GC as
described previously.

Model Verification

The model evaluated in this work was verified using the
procedure illustrated in Figure 1. Experimental data were
compared with predictions from separate measurements of
the kinetic parameters. Using the measured parameters, deg-
radation rates for methane and TCE were predicted for
specified initial conditions. The predictions were evaluated
experimentally. Four independent series of experiments
were conducted to measure the maximum specific rate of
utilization of substrate (kc andks), the half-saturation coef-
ficient (Kc and Ks), growth yield (Y), endogenous decay
constant (b), and the theoretical transformation capacity (Tc)
in the absence of endogenous decay. To measure the re-
maining parameters (Kic, Kis, and Ty), an additional set of
experiments was conducted over a range of concentrations
of growth substrate with high initial TCE concentrations.
Details of the experimental evaluation for each of these
parameters is described in the following sections. Propaga-
tion of errors was used to quantify errors in parameter es-
timates and in the final prediction (Mandel, 1984). All non-
linear parameter estimates were obtained by nonlinear re-
gression using Systat 5.2.1 (Systat, Inc., Evanston, IL).

Maximum Specific Rate of Transformation for
Nongrowth Substrate and Half-Saturation
Coefficient of Nongrowth Substrate

Kc andkc were determined by adding a range of concentra-
tions of TCE to batch cultures of cells harvested in mid-log
growth phase from a batch reactor and then incubated in the
absence of methane. The initial concentrationsCo were se-
lected so that the corresonding rates ranged from the maxi-
mum to half the maximum (Co ∼ Kc). The initial slope of the
resulting degradation curves for each initial concentration
was determined. A nonlinear regression on Eq. (6) was used
to estimatekc andKc. A precaution that must be observed in
this case is that the measured initial rates be in the linear
range (r 2 > 0.95). If inactivation occurs, the rates will slow
down, and the initial rates will not be linear. Typically,
concentration changes were measured at five or more time
points over a 2-h time period. The time-frame of these mea-
surements must be short enough to avoid appreciable loss of
activity that would be detected by a decrease in the rate of
transformation.

Maximum Specific Rate of Utilization of Growth
Substrate, Half-Saturation Coefficient of Growth
Substrate, and Observed Yield

Ks andks were determined by adding a range of concentra-
tions of growth substrate to batch cultures. The initial
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concentrationsSo were selected so that the corresponding
rates ranged from the maximum to half the maximum (So ∼
Ks). The initial slope of the resulting degradation curves for
each initial concentration was determined. A nonlinear re-
gression on Eq. (1) was used to estimateks andKs. Y was
determined by measuring the increase of dry weight of bio-
mass with the consumption of growth substrate during a
specified period of time. The value was obtained during the
growth phase, before decay of cell biomass was significant.

Endogenous Decay Coefficient

The endogenous decay coefficient represents loss of TCE
transformation activity in the absence of nongrowth sub-
strate. This case is obtained from Eq. (7), where C4 0, so
qc 4 0 andm 4 −b. For a batch culture,dX/dt 4 −bX and
ln(X/X0) 4 −bX. To measure this value, a sample of mid-
log growth phase cells was withdrawn from a batch reactor
and aerated over an extended period of time. Subsamples
were periodically withdrawn and spiked with high concen-

trations of TCE, so thatC0 >> Kc. The initial slope of the
resulting degradation curve was proportional to the concen-
tration of cometabolizing cells. The active fraction remain-
ing at any time was computed by dividing the initial slopes
for each subsample by the initial slope at the beginning of
the decay period. Therefore, a semilog plot of active frac-
tion vs. time yields a straight line with slope of−b. The
endogenous decay coefficient evaluated in this way includes
loss of TCE transformation activity caused by cell death and
depletion of reducing power. This value is usually greater
than the endogenous decay coefficient computed from bio-
mass data.

Theoretical Transformation Capacity

Once the endogenous decay coefficient,b, and maximum
specific rate of utilization,kc, were quantified,Tc was de-
termined by adding a high concentration of TCE to a batch
culture of resting cells. ForC0 >> Kc, Eq. (6) simplifies to
qc 4 kc. By combining this result with Eq. (9), and allowing

Figure 1. Approach for prediction of degradation of growth and nongrowth substrates by the proposed model.
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time to become infinite, the actual or observed transforma-
tion capacity, (Tc)obs, is given by:

~Tc!obs=
dMc

VLdX
= SVL + HccVG

VL
D dC

dX
=

SVL + HccVG

VL
DSC0 − C`

Xo
D =

1

b

kc
+

1

Tc

Tc was calculated from the above relationship.

Theoretical Transformation Yield, Inhibition
Coefficient of Growth Substrate on Nongrowth
Substrate Utilization, and Inhibition Coefficient of
Nongrowth Substrate on Growth
Substrate Utilization

To evaluate these three parameters, initial specific rates of
utilization of growth substrate and nongrowth substrate
were measured over a range of concentrations of growth
substrate with high initial TCE concentration (10 mg/L). A
nonlinear regression on Eqs. (1), (2), (4), and (5) with pre-
viously determined values forks, Ks, kc, andKc was used to
estimateKic, Kis, andTy.

Sensitivity Analysis

Sensitivity analysis (Robinson, 1985; Robinson and Char-
acklis, 1984) was performed to evaluate the uniqueness of
parameter estimates and the relative importance of param-
eters over the range of substrate concentrations. Three equa-
tions derived from the model of Eqs. (1), (6), and (2) were
used to estimate three sets of parameters (ks andKs, kc and
Kc, Kis andTy). The derivatives of dependent variable with
respect to each set of parameters (dqs/dks anddqs/dKs, dqc/
dkc anddqc/dKc, dqc/dKis anddqc/dTy) were evaluated for a
range of substrate concentrations. If sensitivity equations
for each pair of parameters are not multiples of each other
over a wide range of substrate concentrations, a unique
combination of parameters can be estimated from the data
set. To determine the relative importance of each parameter
on the specific rate of transformation of growth and non-
growth substrates, the derivatives ofqc andqs with respect
to related parameters were also evaluated over a range of
substrate concentrations.

Stoichiometry Evaluation

To further assess the predictive capabilities of the model,
parameter estimates were used in the model to predict stoi-
chiometric changes in the ratio of TCE to methane in batch
experiments. Observed transformation yield was obtained
as the ratio of mass of TCE consumed to the mass of meth-
ane consumed. Predicted transformation yield was obtained
from the ratio ofqc to qs [i.e., Eqs. (1) and (2)] with pa-
rameter estimates obtained using the methods described
above. Other stoichiometric terms were also measured, such

as the oxygen consumed per mole of methane consumed
and the observed yield. To obtain appreciable and quanti-
fiable changes, high initial levels of biomass and methane
were employed. Low methane concentrations were avoided
because changes in biomass levels would have been more
difficult to assess.

RESULTS AND DISCUSSION

Cometabolism is a complex phenomenon, especially when
both growth and nongrowth substrates are present simulta-
neously. For oxygenase-mediated reactions, nongrowth sub-
strate competitively inhibits utilization of the growth sub-
strate, yet utilization of growth substrate is needed for sus-
tained transformation of nongrowth substrate. The model
evaluated in this work attempted to capture this paradox.

In this research, a systematic method was used to predict
simultaneous degradation of growth and nongrowth sub-
strates. Parameters for growth and nongrowth substrate deg-
radation were first measured alone in the absence of com-
petitive interactions. Thereafter, parameters indicating in-
teraction between growth and nongrowth substrates (Kic,
Kis, and Ty) were measured in the presence of both sub-
strates.

In general, the sensitivity equations for each pair of pa-
rameters were not multiples of one another over a wide
range of substrate concentrations (Fig. 2). Forks andKs, a
strong negative correlation was observed (Fig. 2), so that
unique values may not have been obtained for these param-
eters in this system. A weak correlation was observed forkc

and Kc, indicating that these estimates should be unique.
Sensitivity equations with respect to parameters in Eqs. (1),
(2), (4), and (5) were also evaluated. The results show much
greater sensitivity to maximum specific rate of utilization of
growth and nongrowth substrates than to the respective half-
saturation coefficients. Of all parameters,Kis was the most
sensitive parameter affecting the specific utilization rate of
nongrowth substrate.Kic was less sensitive. The sensitivity

Figure 2. Sensitivity equations for parameters used in model. Concen-
trations shown on the x-axis span the concentration range used for param-
eter estimation.
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equation with respect toKis reached a maximum at the
lower concentration of growth substrate.

The half-saturation coefficients (Ks andKc) are often as-
sumed to be equal to the inhibition coefficients for the re-
spective substrates (Kis and Kic) (Alvarez-Cohen and Mc-
Carty, 1991c; Anderson and McCarty, 1994; Broholm et al.,
1992; Chang and Alvarez-Cohen, 1995a). Our data (Table I)
suggest that these parameters were different under the pre-
sent experimental conditions, although the correlation be-
tweenks andKs precludes a definitive conclusion. A differ-
ence between these parameters might be caused by the fact
that measurements were performed with whole cells rather
than purified enzymes. Factors other than competition for
the active site of the enzyme could conceivably influence

the interactions of growth and nongrowth substrates; for
instance, reductant supply or substrate transport to the en-
zyme (Landa et al., 1994). A similar observation was re-
ported for toluene and TCE by Landa et al. (1994).

Independently measured kinetic parameters for TCE deg-
radation are summarized in Table I. Using these parameters,
the model was solved numerically to predict methane and
TCE degradation under various conditions. Figure 3 illus-
trates model predictions and experimental data for batch
transformation of growth substrate in the presence of a high
initial TCE concentration. To confirm the consistency of
predictions, further independent batch degradation experi-
ments were conducted with lower initial TCE concentra-
tions (Fig. 4). Methane degraded more slowly in all cases
when TCE was present, indicating that methane utilization
was strongly inhibited by TCE transformation. The results
show that the model can predict methane and TCE degra-
dation with reasonable accuracy.

Addition of a small amount of methane significantly en-
hanced TCE degradation, but increases in methane concen-
tration beyond a specific threshold value provided minimal
incremental enhancement in TCE transformation (Fig. 5).
The threshold value for methane enhancement of TCE
transformation was lower at lower TCE concentrations.
This pattern can be explained by competitive inhibition be-
tween growth and nongrowth substrates. When TCE con-
centration is low, methane has a greater chance to occupy
active sites in the methane monooxygenase, and TCE trans-
formation is inhibited. A similar result was obtained by
Chang and Alvarez-Cohen (1995b).

The effect of nongrowth substrate on stoichiometry of
cometabolic transformation was also evaluated. The results
(Table II) show that an increase in TCE concentration in-
creases the observed transformation yield. It appears that
methane is more efficiently used for transformation of TCE

Figure 3. Biotransformation of TCE and methane by methanotrophic
mixed culture: comparison with model predictions (for different initial
methane concentration). Error bars indicate the 95% confidence interval for
triplicate samples.

Figure 4. Biotransformation of TCE and methane by methanotrophic
mixed culture: comparison with model prediction (for different initial TCE
concentration). Error bars indicate the 95% confidence interval for tripli-
cate samples.

Table I. Kinetic and stoichiometric parameters for methane utilization,
growth, and TCE degradation for methanotrophic mixed culture MM1.

Parameters Valuea

Maximum specific rate of utilization of
methane,ks

3.77 (±0.83) mg/mg
cell z day

Half-saturation coefficient of methane,Ks 6.85 (±1.86) mg/L
Maximum specific rate of utilization of

TCE, kc

0.152 (±0.018) mg/mg
cell z day

Half-saturation coefficient of TCE,Kc 1.94 (±0.46) mg/L
Theoretical transformation capacity in the

absence of endogenous decay,Tc

0.0602 (±0.0005) mg
TCE/mg cell

First-order endogenous decay constant,b 0.549 (±0.044)/day
Observed yield,Y 0.426 (±0.023) mg

cell/mg methane
Inhibition coefficient indicating the effect

of methane on TCE utilization rate,Kis

0.119 (±0.052) mg/L

Inhibition coefficient indicating the effect
of TCE on methane utilization rate,Kic

10.8 (±1.45) mg/L

Theoretical transformation yield,Ty 4.01 (±1.20) mg
TCE/mg methane

aValues represent the 95% confidence interval for triplicate data. Three
data sets were evaluated for each nonlinear regression analysis.
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at high concentrations of TCE. This result is confirmed by
the results in Table IV and Figure 6. For higher ratios of
TCE to methane, the cultures exhibited net decay after 2
days of incubation. Therefore, some minimum level of
methane was needed to sustain transformation of TCE. The
amount of methane needed to sustain transformation of TCE
was related to incubation time in a batch system. Microor-
ganisms cannot sustain transformation of TCE if TCE con-
centration is too high with respect to methane. The stoichi-
ometric ratio for oxygen to methane consumed increases
with increasing TCE concentration. Electron flow calcula-
tions (Table III) indicate that almost all electrons supplied
by methane go to energy generation and TCE transforma-
tion with none left for cell synthesis at high TCE concen-
trations. Under these conditions, utilization of growth sub-
strate is inhibited by transformation of nongrowth substrate,
and cell growth cannot occur. In Table III, the sum offs, fe,
and fco exceed 1. This indicates some error in the electron
balance assumptions—perhaps due to errors in the assumed
biomass formula.

Inactivation of methane monooxygenase can be caused

by the availability of reducing power, endogenous decay,
and transformation of TCE. When there are no external
energy sources, a theoretical transformation capacity (Tc)
can be computed by correcting for cell inactivation caused
by endogenous decay and depletion of reducing power. This
is a finite value that is independent of the presence of
growth and nongrowth substrate and represents a maximum
value that cells can theoretically attain. For this culture,Tc

appeared to be a characteristic value under the specified
experimental conditions. Observed transformation capacity
values predicted usingTc and b are shown in Figure 7.
(Tc)obs is much lower thanTc when growth substrate con-
centration is low. This is caused by the fact that endogenous
decay becomes more significant at low concentrations of
growth substrate, when toxicity and use of reducing power
become less significant. (Tc)obs approaches the theoretical
value when the concentration of growth substrate is suffi-
ciently high.

Figure 5. The effect of methane concentration on TCE and methane degradation rate when both substrates are present at same time. (a) Initial
concentration of TCE is 8 mg/L and (b) Initial concentration of TCE is 4 mg/L. Error bars indicate 95% confidence interval. Solid lines are predicted values
using parameters listed in Table I. Dashed lines indicate propagation of errors in prediction due to errors in parameter estimates.

Figure 6. The observed transformation yield (predicted) as a function of
the concentration of growth and nongrowth substrates. Prediction is based
on parameters in Table I.

Table II. Stoichiometry of TCE cometabolism by methanotrophic mixed
culture MM1 for different initial TCE concentrations.

Initial TCE
concentration
(mg/L)

Initial CH4

concentration
(mg/L)

DTCE/DCH4

(mol TCE/
mol CH4)

DO2/DCH4

(mol O2/
mol CH4)

DX/DCH4
a

(mol cells/
mol CH4)

0.0 6.42 0 0.88 0.059
0.98 6.19 0.003 1.01 0.054
3.98 6.88 0.232 2.09 0.008

10.2 6.73 0.563 2.35 0
17.2 7.03 0.759 2.34 −0.021

aThe formula of cells assumed to be C5H7O2N, and yields measured after
2-day incubation.
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The observed transformation yields agreed reasonably
well with model predictions (Table IV). Of interest is the
relative value of these parameters compared to the theoret-
ical value used in the model (Ty). In general, the observed
values were less thanTy, although the model predicts that
observed values (as obtained from the ratio ofqc to qs)
should exceedTy at low methane concentrations (Fig. 6).
Table IV also shows that observed transformation yield de-
creases with increasing methane concentration in good
agreement with model predictions. Evidently, transforma-
tion of TCE was seriously inhibited when high levels of
methane were present. Thus, for this culture, the competi-
tive inhibition of methane on TCE transformation can ne-
gate the enhancement provided by methane as a source of
reducing power and carbon for growth.

In summary, the model presented here can be used to
predict simultaneous transformation of growth and non-
growth substrates. In the case of resting cells in the absence
of endogenous decay, the model simplifies to a form that is
mathematically indistinguishable from the resting cell case
verified by Chang and Alvarez-Cohen (1995a) for meth-
ane-, propane-, toluene-, and phenol-oxidizers. We have
also confirmed the resting cell case, including endogenous

decay, for cometabolism of hydrofluorocarbons and hydro-
chlorofluorocarbons by the same methanotrophic mixed
culture used in this work (Chang and Criddle, 1995). At low
concentration of nongrowth substrate, or for cultures with
high transformation capacity, endogenous decay is an im-
portant mechanism for loss of cell viability and transfor-
mation activity. We conclude that the proposed model is
suitable for application to a range of growth conditions,
organisms, and substrate types. Nevertheless, additional
verification using long-term, multigeneration cometaboliz-
ing cultures is recommended.

We thank three anonymous reviewers for their helpful com-
ments. We also thank S. Henry for the gift of the MM1 culture.

NOMENCLATURE

b first-order endogenous decay constant (d−1)
C concentration of nongrowth substrate (mg nongrowth substrate/

L)
C0 initial concentration of nongrowth substrate (mg nongrowth

substrate/L)
C` ultimate concentration of nongrowth substrate att 4 ` (mg

nongrowth substrate/L)
Hcc Henry’s constant of nongrowth substrate (−)
Hcs Henry’s constant of growth substrate (−)
kc maximum specific rate of utilization of the nongrowth substrate

(mg nongrowth substrate/mg cellsz d)
ks maximum specific rate of utilization of growth substrate (mg

growth substrate/mg cellsz d)
Kic inhibition coefficient indicating the effect of nongrowth sub-

strate concentration on growth substrate utilization rate (mg
nongrowth substrate/L)

Kis inhibition coefficient indicating the effect of growth substrate
concentration on nongrowth substrate utilization rate (mg
growth substrate/L)

Kc half-saturation coefficient of nongrowth substrate (mg non-
growth substrate/L)

Ks half-saturation coefficient of growth substrate (mg growth sub-
strate/L)

Mc mass of nongrowth substrate (mg)

Table III. Electron flow in methanotrophic mixed culture MM1 for dif-
ferent initial TCE concentrations.

Initial TCE
concentration
(mg/L)

Initial CH4

concentration
(mg/L)

Fraction of
electrons for
cometabolism

(fco)
a

Fraction
of electron
for energy

(fe)

Fraction
of electron

for
synthesis

(fs)
b

0.0 6.42 0 0.44 0.832
0.98 6.19 0.008 0.50 0.760
3.98 6.88 0.058 1.05 0.119

10.2 6.73 0.141 1.18 0
17.2 7.03 0.190 1.17 0

aAssumes 2 mol of electrons are required per mole of TCE transforma-
tion.

bThe formula of cells assumed to be C5H7O2N, and yields measured
after 2-day incubation.

Figure 7. The observed transformation capacity (predicted) as a function
of the concentrations of growth and nongrowth substrates. Prediction is
based on parameters in Table I.

Table IV. The effect of methane concentration on observed transforma-
tion yield when both substrates are simultaneously present: comparison of
measured and predicted values.

Initial TCE
concentration
(mg/L)

Methane
concentration

(mg/L)

Observed transformation yield
(mg TCE/mg CH4)

Predicteda,b Measuredb

4.1 0.8 0.88 ± 0.42 0.94 ± 0.22
1.6 0.52 ± 0.25 0.60 ± 0.13
3.4 0.28 ± 0.13 0.22 ± 0.02
4.4 0.22 ± 0.10 0.14 ± 0.03
6.4 0.15 ± 0.07 0.12 ± 0.03

8.5 0.6 1.99 ± 0.89 1.84 ± 0.36

1.2 1.34 ± 0.62 0.74 ± 0.09
2.9 0.73 ± 0.35 0.52 ± 0.08
3.4 0.65 ± 0.30 0.50 ± 0.06
5.8 0.42 ± 0.19 0.38 ± 0.05

aErrors calculated from the law of propagation of error.
bValues represent the 95% confidence interval for triplicate data.
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Ms mass of growth substrate (mg)
qc specific rate of utilization of nongrowth substrate (mg non-

growth substrate/mg cellsz d)
qs specific rate of utilization of growth substrate (mg growth sub-

strate/mg cellsz d)
S concentration of growth substrate (mg growth substrate/L)
t time (d)
(Tc)obs 4 −qc/m, observed transformation capacity (mg nongrowth

substrate/mg cells)
Tc theoretical transformation capacity in the absence of endog-

enous decay (mg nongrowth substrate/mg cells)
(Ty)obs 4 qc/qs, observed transformation yield (mg nongrowth sub-

strate/mg growth substrate)
Ty theoretical transformation yield (mg nongrowth substrate/mg

growth substrate)
VG volume of gas phase (L)
VL volume of liquid phase (L)
X active organism concentration (mg cells/L)
X0 initial concentration of active organism (mg cells/L)
Ym maximum yield or true growth yield (mg cells/mg growth sub-

strate)
Y observed yield (mg cells/mg growth substrate)
µ specific growth rate of organism (day−1)
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Saéz, P. B., Rittmann, B. E. 1993. Biodegradation kinetics of a mixture
containing a primary substrate (phenol) and an inhibitory co-metab-
olite (4-chlorophenol). Biodegradation4: 3–21.

Strand, S. E., Bjelland, M. D., Stensel, H. D. 1990. Kinetics of chlorinated
hydrocarbon degradation by suspended cultures of methane-oxidizing
bacteria. Res. J. Water Pollut. Control Fed.62: 124–129.

Uchiyama, H., Nakajima, T., Yagi, O., Nakahara, T. 1992. Role of het-
erotrophic bacteria in complete mineralization of trichloroethylene by
Methylocystissp. strain M. Appl. Environ. Microbiol.58: 3067–3071.

Wackett, L. P., Householder, S. R. 1989. Toxicity of trichloroethylene to
Pseudomonas putidaF1 is mediated by toluene dioxygenase. Appl.
Environ. Microbiol.55: 2723–2725.

Wilson, J. T., Wilson, B. H. 1985. Biotransformation of trichloroethylene
in soil. Appl. Environ. Microbiol.49: 242–243.

CHANG AND CRIDDLE: 1 MODEL FOR COMETABOLISM 501


