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A B S T R A C T

In this study, the effects of carbon starvation history on the induction kinetics of aerobic toluene

degradation by Ralstonia pickettii PKO1 were quantitatively explored. Experimental results suggested

that (i) the durations of the lag and transient phases depended upon both the duration of prior carbon

starvation (Tstv) and the inducer concentration, and (ii) that post-transient-phase (PTP) induction

levels were independent of Tstv but dependent upon inducer concentration. The observed relationships

among toluene degradation, carbon starvation history, and inducer concentration were incorporated

into a modified Michaelis–Menten equation in order to refine the traditional model of enzymatic

biodegradation. The refined model was able to predict toluene breakthrough in a porous medium in

which previously carbon-starved cells were reactivated with a continuous supply of toluene. These

findings suggested a means of improving the accuracy of existing models of biodegradation in

groundwater under conditions of fluctuating substrate/inducer concentration.

� 2008 Elsevier Ltd All rights reserved.
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1. Introduction

A variety of aromatic and aliphatic bacterial oxygenases are
capable of breaking down trichloroethene (TCE), a widespread
contaminant of soil and groundwater, under aerobic conditions [1–
10]. Utilization of such oxygenase-expressing bacteria for in situ

biodegradation of TCE is a promising strategy for environmental
remediation. Bacteria such as Burkholderia sp. strain G4 and
Ralstonia pickettii PKO1 that express toluene monooxygenase
(TMO) are of particular interest because they are resistant to TCE-
mediated toxicity [11,12]. Furthermore, when toluene was added
to polluted sites in order to stimulate subsurface TCE-cooxidation,
TMO-containing bacteria were identified as a major aromatic-
degrading population [13,14].

When the concentration of an essential nutrient, such as a carbon
source, energy source, or electron acceptor, is below its threshold, a
microorganism that was previously engaged in exponential growth
may enter into a non-growth phase, such as stationary or death
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phase [15]. In heterotrophic bacteria, a group to which most
microbes capable of biodegradation belong, the depletion of energy
and carbon sources (primary substrates) induces proteomic and
genomic responses within the organism [16–18]. Carbon starvation
also affects microbial adhesion and aggregation. The extracellular
polysaccharides responsible for structural integrity and hydropho-
bicity may also facilitate microbial adhesion and aggregation,
and the induction of biofilm formation in response to starvation
conditions has been demonstrated [19]. Furthermore, the kinetics of
microbial growth on aromatic hydrocarbons has been shown to be
influenced by the microbe’s carbon starvation history [20]. Since
subsurface microbes, which are believed to exist primarily in an
attached state [21,22], are often encountered in dormant or starved
states [15], carbon starvation may have a significant impact on the
ability of these organisms to bioremediate soil and groundwater
[23].

In TCE-cooxidizing bacteria, carbon starvation conditions deac-
tivate toluene oxygenase [24–26]. The deactivation rate of TMO-
containing TCE-degrading microbes was found to be more than an
order of magnitude greater than that of other oxygenase-containing
bacteria [27]. Supplying the TCE-cooxidizing bacteria with a primary
substrate for cellular growth and a chemical inducer of the TMO
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Fig. 1. Time course of (a) the disappearance of toluene and (b) the corresponding

specific rate of toluene degradation corresponding to cells that were reactivated

with 1.44 mg/L toluene following carbon-starvation for 2.75 days. Y-axis error bars

correspond to one standard deviation of independent replicate experiments.
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pathway can restore TMO activity to previously deactivated cells
[28,29]. These findings suggested that induction kinetics may be
crucial to predicting biodegradation rates accurately. However,
quantitative information regarding the induction kinetics of
biodegradation is limited, particularly with respect to an organism’s
carbon starvation history or the concentration of substrate/inducer
present.

Our previous experiment with R. pickettii PKO1 [29] indicated
that the traditional Michaelis–Menten and Monod models were
unable to predict the rate of aerobic toluene degradation under
conditions of fluctuating substrate/inducer (toluene) concentra-
tions in porous media. A new quantitative framework was required
to describe the induction kinetics of aerobic biodegradation as a
function of both the organism’s history and the concentration of
substrate/inducer present. The main objective of this study was to
quantify and model the induction kinetics of aerobic biodegrada-
tion in response to carbon starvation and substrate/inducer
concentration. To this end, the durations of the lag and transient
periods of oxygenase activity and induction levels were related to
the duration of prior carbon starvation and to the concentration of
substrate/inducer present. Based upon these data, a quantitative
framework describing the observed induction kinetics was
proposed and used to refine the traditional model of enzymatic
biodegradation. We then tested the refined model’s validity by
comparing its predictions for column toluene degradation under
conditions of fluctuating substrate/inducer concentration to
previously reported experimental data [29].

2. Materials and methods

2.1. Materials

A basal salt medium (BM [30]) was used for minimal mineral medium, and

tryptone nutrient agar (TNA [31]) served as the solid growth medium. Spectro-

photometric-grade TCE (Fisher Scientific Co.) and HPLC-grade toluene (Aldrich

Chemical Co.) were used. Sodium DL-lactate (Fisher Scientific Co.) served as both a

carbon and an energy source for R. pickettii PKO1.

2.2. Preparation of toluene-grown and carbon-starved cells

Prior to carbon starvation, cells were grown in a 4-L culture flask containing

500 mL BM and whose headspace was saturated with toluene vapor. In order to

ensure continuous toluene vapor saturation and adequate enzymatic induction, a

1.8 mL GC vial filled with 0.5 mL of liquid toluene was suspended above the liquid

medium inside each 4-L culture flask. The concentration of toluene dissolved in the

liquid BM was estimated to be approximately 230 mg/L. The culture flasks were

incubated while shaking at 250 rpm at 30 8C for 72 h. The cells were then harvested

from the spent medium by centrifugation (9264 � g at 4 8C for 10 min). Prior to use,

the pelleted cells were washed with fresh BM and subsequently resuspended in

50 mL of fresh BM. Carbon-starved cells were prepared in 50 mL of carbon-free

medium in 500 mL culture flasks, which were stirred with a magnetic stirrer at

120 rpm to improve mixing and aeration. The cells were incubated in a laminar air-

flow chamber at room temperature for a specific period of carbon starvation.

2.3. Analytical techniques

A plate count method [29] was employed to quantify viable biomass. Toluene

concentration was measured using a Hewlett-Packard 1090 series II HPLC system

equipped with a reverse-phase hypersil 5C18 column and a UV (210 nm) detector.

For HPLC analysis, 0.5 mL aliquots were removed from culture using airtight 1-mL

micro-syringes, mixed with an equal volume of methanol in a 1.8-mL GC vials, and

stored at 4 8C.

2.4. Measurement of the specific activity of toluene degradation

The initial rate of toluene degradation was measured and then normalized to

the viable biomass to yield the specific activity of toluene degradation. Prior to

measurement, cells were harvested, pelleted, washed, resuspended in BM, and

pre-oxygenated for 30 min. Completely mixed 15-mL batch reactors equipped

with sampling ports sealed with GC (gas-chromatograph) septa (Alltech

Associates, Inc.) were used as previously described [29]. The reactors were

completely filled with the pre-oxygenated cell suspensions, leaving no remaining

headspace, and then crimp-sealed. A predetermined amount of a stock solution of

toluene in N0 ,N0-dimethylformamide through each reactor’s GC-septum such that
the initial aqueous concentration of toluene was 5 mg/L. The disappearance of

toluene was monitored either every 15 min for 1 h or every 30 min for 2 h.

2.5. Characterization of induction kinetics

When carbon-starved cells were reactivated with toluene, lag times and

transient periods were measured as a function of variations in carbon starvation

history and toluene concentration. Cell suspensions (10 mL) that had been carbon-

starved for varying durations of time (Tstv = 0, 2.75, 7.15, and 14 d) were added to

160-mL serum bottles, and varying amounts of toluene were added to each of the

bottles such that the final toluene concentration was 0.6, 1.4, 3.5, 6.0, or 12.0 mg/L.

A modified protocol for toluene degradation assays in 160-mL serum bottles [29]

was employed for the reactivation experiments. Under these conditions, the effects

of artifacts on the lag and transient phases were negligible. Lag times of only 2–

5 min were observed for both toluene-induced and resting cell samples. The initial

density of living cells in each serum bottle was adjusted to approximately 108 cfu/

mL (equivalent to 58 mg-wet cell mass/L) in order to ensure cell concentrations

sufficient to accurately measure the rate of toluene degradation. Following the

addition of toluene, the serum bottles were incubated at 24 � 2 8C with shaking at

250 rpm, and the toluene disappearance was monitored.

The lag time (L) was defined as the amount of time between toluene injection and

the point at which the extent of toluene disappearance had exceeded the detection

limit of the measurement apparatus (approx. 0.1 mg/L aqueous toluene). For

example, in Fig. 1a, the lag time was measured as 3 h. The length of the transient

period (TP) was defined as the time between the end of the lag phase and the point

at which maximal rate of biodegradation was reached. For example, in Fig. 1b, the

maximal degradation rate was observed at 6.7 h post-injection, and so the length of

TP was calculated to be 3.7 h by subtracting the observed lag time (3 h) from this

value of 6.7 h. Degradation rates were calculated based upon toluene mass balance

taking into account the equilibrium partitioning of toluene between the gaseous

(150 mL) and aqueous phases (10 mL) in each 160-mL serum bottle. For this

calculation, the dimensionless Henry constant for toluene was assumed to be 0.243

at 25 8C [32].

The effect of the duration of carbon starvation on the induction kinetics of the

TMO pathway was characterized using cells that had been starved for varying

lengths of time (0, 2, 7 and 21 d). These cells were reactivated with a solution of

lactate and TCE (110 mg/L). TCE induction was monitored by measuring the specific
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rate of toluene degradation. The detailed protocol used for these reactivation

experiments is described elsewhere [12]. In the TCE-lactate reactivation system,

TCE is the sole inducer of toluene degradation in R. pickettii PKO1, while lactate is the

growth substrate [12]. TCE is an established inducer of the TMO pathway in this

strain [30,33], and the mechanism of TCE induction is described elsewhere [34].

Unlike a toluene-based reactivation system, the TCE-lactate reactivation decouples

the inducer’s effects from those of the growth substrate while simultaneously

keeping the inducer (TCE) concentration fairly constant.

The effect of inducer concentration on post-transient-phase (PTP) induction was

also examined. The specific activity of toluene degradation was measured for cells

induced with varying initial concentrations of either toluene or TCE.

3. Results and discussion

3.1. Lag and transient phases

Carbon starvation batch experiments were conducted to
measure the lag time of toluene degradation activity induction
(Fig. 2a). The duration of the lag period (L) increased with
increasing prior carbon starvation (Tstv), up to Tstv = 7 days, before
reaching a plateau. The observed lag time was attributed to
microbial environmental acclimation, specifically the preparation
of the necessary toluene-degrading metabolic enzymes [35].
During the transient phase, global physiological adjustments,
aimed at altering the whole cells’ degradation capabilities, are
generally achieved through changes in transcriptional expressions
Fig. 2. (a) The duration of lag phase (L) as a function of the duration of prior carbon

starvation (Tstv). (b) The duration of the transient phase (TP) as a function of Tstv.

Boxed values indicate the initial toluene concentrations used during reactivation

experiments. Lines correspond model fitting results.
and enzymatic induction [35]. The lag time (L) and transient
period (TP) data demonstrated that the lengths of both of the
corresponding phases responded similarly to variations in the
duration of prior carbon starvation, Tstv (Fig. 2b).

The apparent effect of carbon starvation history on the
durations of the lag phase and transient periods was attributed
to the greater sensitivity of more thoroughly starved cells to
toluene-mediated stress [11]. Toluene is a hydrophobic solvent
known to disturb the outer and cytoplasmic membranes of
bacteria [36]. While toluene-grown and non-starved PKO1 cells
exhibit neither lag nor transient phases [12], the durations of the
lag and transient phases in starved PKO1 cells increased more
sensitively to increasing toluene concentrations (Fig. 2). These
findings suggested that the cells’ defensive mechanism(s) against
toluene-mediated stress may depend on the energy-state or
growth-phase of the organism.

3.2. Effects of carbon starvation history on induction kinetics

Results from the TCE-lactate reactivation experiments provided
information regarding the effects of carbon starvation history (i.e.,
the duration of the previous period of carbon starvation, Tstv) on
the induction kinetics of toluene degradation by PKO1. The
durations of the TCE-induced cultures’ lag and transient phases
appeared to increase with increasing Tstv (Fig. 3), and this finding
was consistent with the previous observations regarding toluene-
induced cells (Fig. 2).

A significant lag time (approximately 40 min) was observed
when cells grown on lactate were exposed to TCE (Fig. 3). Because
growth on lactate does not induce the production of the TMO
enzyme in PKO1 cells [12], the observed lag time was attributed to
the time necessary for the cells to accumulate the enzymes of the
toluene degradation pathway in response to the TCE inducer. In
addition, in the lactate-grown cells, the lag time following TCE
induction was longer than that following toluene induction (less
than 15 min). Thus, this finding suggested that TCE is more toxic to
PKO1 cells than toluene. In TMO-expressing bacteria, the toxic
effects of exposure to TCE are two-fold. First, the degradation of
TCE generates toxic byproducts, and, second, TCE itself can be
responsible for solvent-mediated toxicity [12]. Exposure to toluene
only causes solvent-mediated toxicity.

As the duration of prior carbon starvation was increased, the
increase in the specific rate of toluene degradation over the
transient period exhibited greater non-linearity (Fig. 3). When
Fig. 3. Time courses of the specific rate of toluene degradation during reactivation

with TCE (110 mg/L).
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lactate-grown cells were exposed to TCE (Tstv = 0 day), the
degradation rate rapidly increased in a linear manner to its
maximal value (1.3 � 10�10 mg toluene/day/cfu). In contrast, for
cells starved for 21 days induction of toluene degradation was
much slower and exhibited a more sigmoidal trend during the
transient phase. These results also indicated that as cells were
starved for longer periods they became more sensitive to TCE-
mediated toxicity.

Despite the susceptibility of starved cells to TCE-mediated
toxicity, the duration of carbon starvation did not significantly
affect the post-transient-phase (PTP) rate of toluene degradation
(i.e., plateaued rates in Fig. 3). If the PTP rate of degradation had
also been dependent upon carbon starvation history, then this
would have significantly complicated subsequent kinetic modeling
of toluene biodegradation. Fortunately, this was not the case.
Nevertheless, carbon starvation history did affect the durations of
the lag and transient phases. These results suggested that the
organism may contain energy-state or growth-phase dependent
defensive mechanism(s) against TCE-mediated toxicity [12].

3.3. Effects of inducer concentration on post-transient-phase

(PTP) degradation rate

When the aerobic toluene degradation activity of previously
carbon-starved cells was reactivated with either TCE or toluene,
the PTP steady-state rate of toluene degradation was dependent
upon the concentration of inducer present (Fig. 4). Compared to the
steady-state degradation rates of TCE-induced cells, those of
toluene-induced cells plateaued at much lower inducer concen-
trations (�10 mg/L toluene vs. >550 mg/L TCE). In addition, the
maximal rate of toluene degradation following toluene induction
was approximately 4 times greater than that following TCE
induction. Thus, toluene was a much more potent and effective
inducer of toluene degradation than TCE. A reduced rate of net TCE
uptake through outer and cytoplasmic membranes as a result of
the compound’s toxicity could have been partly responsible for this
effect. Alternatively, TCE was simply a less potent than toluene
with respect to activating transcriptional regulation of TMO
expression [34]. Although the exact mechanism was not yet
determined, these results nevertheless indicated that the toxicity
and/or chemical structure of a compound can significantly affect
its potency and efficacy as a chemical inducer.
Fig. 4. Specific rate of toluene degradation as a function of inducer concentration

(toluene and trichloroethylene).
3.4. Refining the existing biodegradation model

A novel quantitative framework for modeling toluene biode-
gradation was proposed to refine the conventional Michaelis–
Menten and Monod kinetic models to reflect the effects of
substrate/inducer exposure and starvation history on induction
kinetics. This model was constructed based upon the results from
the reactivation experiments conducted using toluene rather than
those using TCE (Figs. 2 and 4), because the kinetics and toxicity of
toluene induction were more ideal than those of TCE induction.
Because toluene simultaneously serves as both a substrate for cell
growth and an inducer of biodegradation pathways in many TMO-
expressing bacteria, this property of the substrate/inducer
compound (C) was incorporated into the model’s assumptions.
Based upon the previous experimental data (Fig. 2), it was assumed
that when previously starved cells were reactivated via substrate/
inducer exposure, the durations of the lag and transient phases
depended upon both the duration of prior carbon starvation (Tstv)
and the initial concentration of the substrate/inducer compound
(C). Hyperbolic equations were used to describe the relationships
among Tstv, L, and TP (Eqs. (1a) and (2a)).

Lag time; L ¼ LmaxðCÞ � Tstv

T lag
M ðCÞ þ Tstv

ðC>Cth-INDÞ (1a)

L ¼ 1 ðC � Cth-INDÞ (1b)

Transient phase; TP ¼ TPmaxðCÞ � Tstv

Ttrans
M ðCÞ þ Tstv

ðC>Cth-INDÞ (2a)

TP ¼ 1 ðC � Cth-INDÞ (2b)

In the equations above, C represents the concentration of
substrate/inducer (toluene) Lmax(C) is the maximum lag time,
TPmax(C) is the maximal duration of the transient phase, T lag

M ðCÞ is
the duration of prior carbon starvation corresponding to 50% of
Lmax(C), and Ttrans

M ðCÞ is the duration of prior carbon starvation
corresponding to 50% of TPmax(C). The durations of the lag and
transient phases for non-starved cells (Tstv = 0) were assumed to be
zero. Cases in which the inducer concentration was below the
threshold for induction (Cth-IND) were designated as ‘‘no-induc-
tion’’ and were represented by setting the values of L and TP equal
to infinity (Eqs. (1b) and (2b)). These hyperbolic equations were
accurately fitted to data from the lag time experiments in which
starved deactivated cells were reactivated with toluene (substrate/
inducer) concentrations of 6 and 12 mg/L (R2 = 0.957 and 0.993,
respectively). Similarly, these hyperbolic equations were also
fitted to the experimental data measuring the duration of the
transient phase of cells reactivated with 12 mg/L toluene
(R2 = 0.998). The high correlation coefficients corresponding to
these numerical regressions supported the application of these
equations for subsequent calculations necessary for modeling.
Because both lag time and the duration of the transient phase of
starved cells depended upon toluene concentration (Fig. 2), it was
assumed that the new model parameters, Lmax, TPmax, T lag

M ðCÞ and
Ttrans

M ðCÞ, were also functions of the substrate/inducer concentra-
tion, C. However, the available data (Fig. 2) was insufficient for
finding a statistically significant correlation between these
parameters and toluene concentration.

Another hyperbolic equation (Eq. (3)) was assumed to be a
reasonable approximation for describing the relationship between
the final steady-state PTP rate of toluene degradation and the
substrate/inducer concentration, because the toluene induction
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data demonstrated an asymptotic trend (Fig. 4).

I

IMAX
¼ C

KMI þ C
(3)

In the equation above, I is induced rate of toluene degradation,
IMAX is maximal induced rate of toluene degradation, and KMI is the
corresponding half-saturation constant.

A scaling factor (e) was introduced into the conventional
Michaelis–Menten relationship (Eq. (4)), in order to describe the
kinetics of induction of toluene degradation in response to carbon
starvation history and substrate/inducer exposure. This modifica-
tion assumed that the maximum specific degradation rate (ymax),
but not the half-saturation constant (Km), was dependent upon the
initial substrate/inducer concentration. The assumption was sound
unless Km� C, because the biodegradation rate was much more
sensitive to changes in ymax than to changes in Km.

�dC

dt
¼ ymaxC

Km þ C
eXm (4)

In the above equation, t is time, and Xm is the total biomass
present. When TCE-degrading bacteria are exposed to sub-
threshold concentration of substrate/inducer such as under carbon
starvation conditions, the specific activity of toluene degradation
was found to decrease exponentially as the duration of prior
carbon starvation was increased [26,27]. A first-order decay
expression was therefore employed to express the scaling factor
(eDown-shift) as a function of the duration of carbon starvation
(Eq. (5)).

eDown-shift ¼ f ðtstvÞ ¼ EXPð�kDAtstvÞ (5)

In the equation above, tstv represents the duration of time over
which the substrate/inducer concentration was below Cth-DA, and
kDA is the first-order rate constant of deactivation. In TCE-
degrading TMO bacteria, the first-order deactivation rate constant
was found to be both organism-specific and independent of
previous induction history and/or growth conditions [27].

When previously starved, completely deactivated cells are
exposed to substrate/inducer concentrations above a specific
threshold value, Cth-IND (Up-shift stage), the induction kinetics of
toluene degradation are a function of Tstv, C, and the duration of the
subsequent exposure to substrate/inducer (te).

eUp-shift ¼ f ðTstv; C; teÞ (6)

In the equation above, it should be noted that Tstv is a fixed value
representing a previous event (carbon starvation), while te is a time
variable for the current event being simulated (reactivation). Three
different Eqs. (7a)–(7c) are required to represent the scaling factors
as functions of time during the lag, transient, and post-transient-
phases.

Lag phase : eUp-shift ¼ 0 ð0 � te < LÞ (7a)

Transient phase : eUp-shift ¼
ePTP

TP
ðte � LÞ ðL � te < Lþ TPÞ (7b)

Post transient phase : eUp-shift ¼ ePTP ¼
C

½KMI þ C	 ðLþ TP � teÞ

(7c)

If toluene degradation activity is completely eliminated prior to
reactivation, the eUp-shift value corresponding to the lag phase
must be set to zero (Eq. (7a)). The values of L and TP can be
calculated from Eqs. (1) and (2). A linear relationship was assumed
to be a good approximation for eUp-shift during the transient phase
(Eq. (7b)), because during this phase the inducer causes relatively
little toxicity relative to its inductive effects upon the TMO
pathway. The rate of degradation during the PTP phase, ePTP, was
assumed to be a function of substrate/inducer concentration (C),
because experimental results suggested that this rate was
dependent upon toluene concentration (Fig. 4).

3.5. Model validation

In order to evaluate the predictive power of the refined
biodegradation model, numerical simulations of the behavior of a
biodegradation column were performed using independently
determined model parameters (Table 1), and the results were
compared to experimental results obtained for a similar column
biodegradation system [29]. For this evaluation, toluene break-
through data from our previous study of column biodegradation
([29], Figs. 2 and 5) were used. The scope of the model simulation
was limited to the first peak in concentration. The conditions
employed during these column experiments was as follows: (i)
microbial toluene degradation activity was fully induced with
toluene (approximately 230 mg/L in the culture medium) prior to
inoculation of a sandy porous medium; (ii) the toluene degradation
of the inoculated cells was completely deactivated over a 2.23 d
period of carbon starvation in which no toluene was present; and
(iii) following deactivation, toluene (1.2–1.3 mg/L) was continu-
ously supplied in the column effluent. A one-dimensional finite-
element simulation was implemented using the refined Michaelis–
Menten model (Eq. (4)) coupled with the new induction kinetic
Eqs. (1), (2), (3) and (7a)–(7c). Advective and dispersive solute
transport, equilibrium linear sorption, toluene utilization, and
microbial growth and death were all incorporated into this one-
dimensional simulation. Model equations were simplified to a
coupled system of two differential equations, the following a
partial differential equation governing both the transport and
transformation of toluene:

1þ rbKD

n

� �
@C

@t
¼ � @

@x
ðvCÞ þ @

@x
aLjnj

@C

@x

� �
þ e ymaxC

Km þ C

� �
Xm

n

� �

(8)

and the following ordinary differential equation governing
microbial mass balance:

dXm

dt
¼ Y e ymaxC

Km þ C

� �
Xm � bXm (9)

In the equations above, C is the concentration of toluene in the
aqueous phase, t is time, x is distance along the column, and Xm is
the concentration of viable biomass present in the bulk phase. The
other parameters corresponding to Eqs. (8) and (9) are defined in
Table 1. The Michaelis–Menten (biotransformation) and Monod
(growth) parameters were based upon those measured under
batch-suspended-growth conditions [29]. A Cth-IND value of
0.005 mg/L toluene and a KMI value of 0.4 mg/L toluene were
determined from transcriptional activation experiments with
PtbuA1 [37]. The values for L and TP were taken from Fig. 2a
(Tstv = 2.75 d) and Fig. 2b (C = 1.4 mg/L), respectively, because
these values corresponded to the conditions employed during the
column degradation experiments.

The simulation predictions were in good agreement with the
model predictions and the experimental data. For estimated
parameters, all values used for the simulation fell within the error
range of these estimates (Table 1). The tailing effect predicted by
the simulation was at concentrations close to the detection limit
of toluene in the column effluent (0.01 mg/L). These findings



Fig. 5. Simulation prediction (solid line) vs. experimental data (symbols) for toluene

breakthrough. The dashed line indicates the lower detection limit for toluene

(0.01 mg/L toluene).

Table 1
Parameters used in the simulation of toluene degradation on a column

Parameter Average value 95% C.I.*

Maximum specific toluene degradation

rate (ymax)a (mg-toluene/mg-cell/d)

2.26 1.82–2.96

Half-saturation toluene concentration

(Km)a (mg-toluene/L)

1.20 1.17–1.23

Cell yield coefficient (Y)a (mg-cell/mg-toluene) 0.5 0.4–0.6

Cell decay coefficient (b)a (1/d) 0.06 0.03–0.09

Threshold toluene concentration for

reactivation (Cth-IND)b (mg-toluene/L)

0.005 <0.01

Length of lag phase (L)b (h) 2.9 2.8–3.0

Length of transient phase (TP)b (h) 5.0 4.5–5.5

Half-saturation constant of induction

(KMI)
b (mg-toluene/L)

0.4 0.3–0.5

Initial concentration of biomass in the

bulk phase (Xm at t = 0)a (mg-cell/L)

3.72 2.85–4.60

Interstitial velocity (y)a (cm/h) 1.21 1.20–1.22

Dispersivity (aL)a (cm) 0.18 0.14–0.27

Linear sorption coefficient (KD)a (mL/g) 0.020 0.003–0.039

Porosity (n)a dimensionless 0.35 0.34–0.36

Bulk phase column density (rb)a (g/mL) 2.03 2.00–2.06

* Indicates 95% confidential interval.
a Reported in our previous study [29].
b Measured in this study.
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demonstrated that the refined biodegradation model could predict
the dynamic, history-dependent induction kinetics of toluene
degradation under conditions of fluctuating substrate/inducer
concentrations.

4. Conclusion

In this study, the effect of carbon starvation history on the
induction kinetics of aerobic toluene degradation by R. pickettii

PKO1 was explored quantitatively. Cells starved of carbon for
longer periods of time became more sensitive to the inducer-
mediated stresses, including solvent-mediated stress and/or
degradation-dependent toxicity. These findings suggested that
the organism’s defenses against these chemical-mediated stresses
may be energy-state or growth-phase dependent, and that this
energy-state/growth-phase dependent defensive mechanism
might have been responsible for the effect of carbon starvation
history on the induction kinetics of toluene degradation in PKO1.

Based upon these experimental observations, a novel model
was proposed to describe the induction kinetics of biodegradation
as a function of both the biocatalyst’s carbon starvation history and
the substrate/inducer concentration. Hyperbolic equations were
used to describe (i) the durations of the lag and transient phases as
functions of Tstv and (ii) the asymptotic behavior of the rate of
toluene degradation during the PTP as a function of C. These new
history-rate relationships were used to refine the traditional
Michaelis–Menten model of biodegradation.

The conventional kinetic models based on the Michaelis–
Menten and Monod equations are unable to predict the history-
dependent induction kinetics of toluene biodegradation. Never-
theless, the good agreement between the simulation’s predictions
and the experimental measurements of toluene degradation on a
column validated the predictive power of the refined model. These
findings provide a basis for improving the accuracy of measure-
ments of in situ TCE-cooxidation rates under conditions of
fluctuating substrate/inducer concentration at bioremediation
sites, where carbon starvation conditions are commonplace.
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