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Abstract

Although microbial transformations via cometabolism have been widely observed, the few available kinetic models
of cometabolism have not adequately addressed the case of inhibition from both the growth and nongrowth substrates.
The present study investigated the degradation kinetics of self-inhibitory growth (phenol) and nongrowth (4-chloro-
phenol, 4-CP) substrates, present individually and in combination. Specifically, batch experiments were performed
using an Acinetobacter isolate growing on phenol alone and with 4-CP present. In addition, batch experiments were also
performed to evaluate the transformation of 4-CP by resting, phenol-induced Acinetobacter cultures. The Haldane
kinetic model adequately predicted the biodegradation of phenol alone, although a slight discrepancy was noted in cases
of higher initial phenol concentrations. Similarly, a Haldane model for substrate utilization was also able to describe the
trends in 4-CP transformation by the resting cell cultures. The 4-CP transformation by the Acinetobacter species
growing on phenol was modeled using a competitive kinetic model of cometabolism, which included growth and
nongrowth substrate inhibition and cross-inhibition terms. Excellent agreement was obtained between the model
predictions using experimentally estimated parameter values and the experimental data for the synchronous disap-
pearance of phenol and 4-CP. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction Evaluation of substrate inhibition becomes an important

consideration in the treatment of toxic compounds (e.g.,

The bacterial specific growth rate is often described
using Monod kinetics. However, higher substrate con-
centrations may become inhibitory to microbial growth.
For example, phenol at sufficiently high concentrations
has been observed to exhibit an inhibitory effect on pure
microbial cultures (e.g., Hill and Robinson, 1975; Yang
and Humphrey, 1975) and activated sludge systems (e.g.,
Pawlowsky and Howell, 1973; D’Adamo et al., 1984).
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phenol) in engineered systems such as activated sludge
processes. Although the substrate inhibition in a single
enzyme-catalyzed reaction has been mechanistically well
characterized, the same cannot be stated in regard to the
substrate inhibition mechanism in a microbial growth
system. Substrate inhibition of microorganisms has been
partially attributed to many mechanisms that affect the
overall microbial growth process (Edwards, 1970).
Several mathematical models have been developed to
quantify inhibitory effects of toxic substrates on micro-
bial growth kinetics (e.g., Edwards, 1970). Most of these
equations have been adopted from models of the sub-
strate inhibition of enzymatic reactions, and involve a
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common substrate inhibition term (Kj;). The Haldane
equation is one of the most commonly used models for
describing the growth inhibition kinetics of micro-
organisms (Andrews, 1968):

:umaxsl (1)

=
KoK +s + (S/Ky)

where S; and K are the substrate concentration and the
half-saturation coefficient, respectively. Because phen-
olic compounds are present in many industrial wastes,
and Acinetobacter species play a significant role in
activated sludge processes (e.g., Kim et al., 1997), the
applicability of the Haldane equation for phenol de-
gradation by this particular bacterial species is of in-
terest.

Microbial cometabolism involves the transformation
of a secondary substrate (nongrowth substrate) in the
presence of the primary substrate (growth substrate).
Often, the nongrowth substrate (e.g., chlorophenol, CP)
itself exerts an inhibitory effect (Ky;) on its own trans-
formation in the presence of the growth substrate (e.g.,
phenol). Despite the widespread occurrence of microbial
cometabolism, the few existing kinetic models of come-
tabolism have not adequately addressed the case of in-
hibition from both growth and nongrowth substrates.
For example, in their modeling analyses of the degra-
dation of phenol and 4-CP together, Sdez and Rittmann
(1993) only included the K, term for the self-inhibitory
primary substrate, phenol. Recently, the inhibition
terms for both substrates, as well cross-inhibitory terms
between the interaction of growth- and nongrowth-
enzyme complexes, have been discussed (Kim and Hao,
1999). Specifically, the observed simultaneous disap-
pearance of both growth (phenol) and nongrowth sub-
strates (4- or 3-CP), or the incomplete transformation of
4- or 3-CP, in the presence of phenol was explained
based on the energy availability. In another study, Loh
and Yu (2000) investigated the kinetics of a nongrowth
substrate carbazole by a Pseudomonas putida strain,
in the presence of sodium salicylate, a self-inhibitory
growth substrate. Growth on sodium salicylate alone
was described using Haldane kinetics. When both car-
bazole and sodium salicylate were present, carbazole
inhibited its own degradation, as described by Haldane
kinetics, as well as causing a greater inhibition of sodium
salicylate degradation than the self-inhibition of sodium
salicylate.

The main goal of this paper is to investigate the
biodegradation kinetics of inhibitory growth and non-
growth substrates, present individually and in combi-
nation. Specifically, the objectives of the present study
were to: (1) characterize the substrate inhibition at
higher phenol concentrations by an isolated Acineto-
bacter strain, (2) describe kinetics of 4-CP transforma-

tion under resting cell conditions, and (3) validate an
inhibition model by the growth (phenol) and nongrowth
(4-CP) substrates using parameters estimated from
phenol utilization tests alone, 4-CP transformation by
Acinetobacter resting cells, and phenol/4-CP degradation
data.

2. Materials and methods
2.1. Acinetobacter isolate

The selected Acinetobacter strain was isolated from
activated sludge and identified as the genospecies com-
plex 1-2-3 according to the classification proposed by
Bouvet and Grimont (1986). This isolate was able to
grow aerobically on phenol, but not 4-CP. However,
phenol-grown cells readily degraded 4-CP under aerobic
conditions. Additional characteristics of the Acineto-
bacter isolate, and details on its cometabolic degradation
of 4-CP, are presented in Kim and Hao (1999).

2.2. Phenol degradation

For each batch experiment, autoclaved basal medium
with phenol concentrations varying from 60 to 350 mg/1
was added to a reactor (MultiGen, New Brunswick
Scientific, 1 1 of working volume). A detailed description
of the basal medium composition is available in Kim
and Hao (1999). Air was supplied by a built-in com-
pressor and passed through a sterilized filter. Mixing
was provided at 300 rpm, and a constant temperature
of 30 °C was maintained. During the period of batch
growth, samples were periodically taken for optical
density analyses. Immediately after measurements of
optical density, samples of suspended culture were cen-
trifuged (Beckman GPR) at 3800 rpm for 15 min at 4 °C,
filtered through glass fiber (Whatman GF/C) and 0.45
um membrane (Gellman, GN-6) filters and stored at
4 °C for later analyses of phenol, 4-CP, and chemical
oxygen demand (COD). The details of the analytical
methods used for optical density measurements, phenol
and 4-CP analyses by gas chromatography (GC), and
COD are described in Kim and Hao (1999). A calibra-
tion curve was prepared between optical density and dry
suspended solids. The same procedures were also fol-
lowed in batch growth experiments using a mixture of
phenol and 4-CP.

2.3. Resting cell experiments

Resting cell cultures of the Acinetobacter isolate were
prepared after growth in a batch reactor (1 1) on basal
medium containing 300 mg/l phenol. When cell growth
neared the end of the exponential stage, as monitored by
measurements of optical density, the reactor was dis-
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mantled and known volumes of suspended culture were
placed in tubes, centrifuged, washed with a saline solu-
tion, and recentrifuged. The concentrated cell pellet was
mixed in a flask with 100 ml of a freshly prepared basal
medium solution containing known 4-CP concentrations
(10-75 mg/1). Samples were taken immediately after the
mixing for 4-CP measurements. The mixtures were then
incubated in a rotary shaker at 30 °C. Thereafter, cul-
ture samples (5 ml) were periodically taken, filtered
through glass fiber and membrane filters, and stored at
4 °C for GC analyses of 4-CP.

3. Results and discussion
3.1. Phenol degradation

The results (phenol concentration and cell biomass)
of phenol degradation tests for initial nominal phenol
concentrations of 200 and 300 mg/l are shown in Figs.
1(a) and (b), respectively. Several duplicate runs were
conducted and the reproducibility was reasonable. The
rate of phenol utilization always increased as time pro-
gressed, a clear indication of the reduced inhibitory
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Fig. 1. Simulated and observed growth results of phenol de-
gradation: (a) initial nominal phenol concentration of 200 mg/l,
and (b) 300 mg/l.

effect at lower phenol concentrations. This is also evi-
dent in the semi-log plot of Fig. 2. The initial specific
growth rate, p;, of 0.45 h™' immediately after inocula-
tion was less than the observed maximum specific
growth rate, u,,., estimated from the upper portion of
the growth curves prior to the stationary phase. The
maximum specific growth rates for all batch experiments
performed at 30 °C ranged from 0.80 to 0.85 h™' (Table
1), with a mean value of 0.83 h™'. As the initial phenol
concentration increased, however, much lower values of
the initial specific growth rates were obtained; a phe-
nomenon solely due to substrate inhibition. Conversely,
at the low initial phenol concentrations, the y; is close to
the u,,., €.g., they are 0.73 and 0.82 h™", respectively, at
an initial nominal phenol concentration of 60 mg/l.

Biomass concentrations at the end of each batch run
always abruptly increased even after phenol was com-
pletely utilized (Fig. 1(b)). Similar observations have
also reported for the growth of Pseudomonas strains
with phenol (Sdez and Rittmann, 1993) and with tolu-
ene, xylene or benzene (Chang et al., 1993). Transfor-
mation of various intra cellular metabolites that lag
behind the phenol utilization rate might have contrib-
uted to the observed growth of Acinetobacter in the
absence of phenol toward the end of each batch culture
period (Allsop et al., 1993).

A typical example of a time-independent plot of
biomass concentration versus residual phenol concen-
tration is shown in Fig. 3, for an experiment with
an initial nominal phenol concentration of 200 mg/l.
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Fig. 2. Maximum growth rate estimation for initial nominal
phenol concentration of 200 mg/l.
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Table 1

Maximum growth rates, growth yield and inhibition constants of phenol utilization by an Acinetobacter species isolate at 30 °C

Initial phenol concentration

Maximum specific growth

Yield constant, Yy, Inhibition constant,

(nominal), mg/l rate, fpax h! mg cell/mg phenol K, mg/l
60 0.85 0.72 -
120 0.82 0.72 315
200 0.85 0.69 311
250 0.81 0.73 238
300 0.83 0.73 201
350 0.80 0.70 188
Mean 0.83 0.72 -
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The biomass and phenol concentrations were linearly
related for most of the active growth phase. The impli-
cation of this observation is that, despite the substrate
inhibition, the yield coefficient is relatively constant.
Coefficients of correlation for all experiments were
above 0.99 with a mean yield (Y,) value of 0.72 mg cell
biomass/mg phenol utilized during the active growth
period (Table 1). The relatively high growth yield value
can be attributed to not only the high metabolic effi-
ciency of Acinetobacter, but also to the high carbon/
oxygen ratio in phenol. For instance, a lower growth
yield value of 0.51 was reported for other Acinetobacter
spp. growing on the more oxidized substrate acetate,
which has a lower carbon/oxygen ratio (Du Preez et al.,
1981). Nevertheless, the determined growth yield value
was within the range of values (0.52-1.24) from other
pure culture studies with phenol (e.g., Yang and Hum-

Fig. 4. COD measurement at initial nominal phenol concen-
tration of 200 mg/l.

phrey, 1975; Hill and Robinson, 1975; D’Adamo et al.,
1984; Saez and Rittmann, 1993).

The dissolved COD data (Fig. 4) indicate that phenol
and/or intermediate metabolite leakage is not evident
during the batch growth period of Acinetobacter. A 1:1
linear relationship was obtained between the expected
COD due to the remaining phenol concentration (2.34
mg COD/mg phenol, as compared to the theoretical
value of 2.38) and the measured COD values (insert in
Fig. 4(b)). The measured COD was, however, always
above the expected COD. This consistent difference can
be attributed to the nitrilotriacetic acid used in the basal
medium.
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3.2. Substrate inhibition model

The following coupled equations for the phenol
substrate utilization and the overall growth rates were
used for model simulation:

Q _ —k1 XS, @)
dt Ky + 81+ (S7/Kn)

and

dx —ds,

where k; is the maximum specific phenol utilization rate,
mg/mg h, X is the biomass concentration, mg/l, and b is
the decay coefficient, h™'. Because the growth yield was
constant (0.72 mg biomass/mg phenol utilized) and the
decay coefficient (b =0.05d™', not shown) could be
neglected, Eq. (3) was integrated to yield the following
linear equation:

X = XO + Ym(S10S1)7 (4)

where X, and S, are initial biomass and substrate con-
centrations, respectively. Also, the maximum substrate
utilization rate is related to the specific maximum
growth rate as follows:

ki :MyLm (5)

Hence, the maximum phenol utilization rate was esti-
mated to be 1.2 mg phenol/mg biomass h using the
previously estimated i, and Y.

As a result, the number of fitting parameters for Eqs.
(2) and (3) was reduced to two (i.e., K; and K;), which
were estimated by applying a dynamic nonlinear nu-
merical fitting routine that used a steepest descent gra-
dient method. The half saturation constant (K;) was
determined by using the data from the lowest initial
phenol concentration batch experiment (60 mg/l), and
several different initial K, values used for the estimation
resulted in the same final estimate of 1.5 mg/l. Hence,
the two values k; = 1.2 mg phenol/mg biomass h and
K; = 1.5 mg/1 were subsequently used in the estimation
of inhibition constants for other phenol concentrations.
The estimated K;; values are given in Table 1.

The consistently small magnitude of K; values (<1-
2.4 mg/l) for all the pure culture studies (e.g., Yang and
Humphrey, 1975; Hill and Robinson, 1975; D’Adamo
et al., 1984; Sdez and Rittmann, 1993) indicate that for
microbial species utilizing phenol, the maximum growth
rate could be attained immediately, if substrate inhibi-
tion has not been a factor. However, a certain degree of
substrate inhibition as reflected by the magnitude of the
inhibition constant delays the attainment of the maxi-
mum growth rate. As compared to other pure culture

studies (K;; values ranging 36-470 mg/l), phenol exerted
a mild substrate inhibition on the Acinetobacter species
used in this study (K;; values ranging 188-315 mg/l). A
decreasing trend in Kj; values was observed with in-
creasing initial phenol concentrations (Table 1). The
opposite results have been reported for the batch growth
of Pseudomonas spp. (Saez and Rittmann, 1993), i.e.,
increased values of Kj; at higher initial phenol concen-
trations. Inspection of the Haldane equation, however,
indicates that, if higher phenol concentrations exert
more toxic effects, the value of K;; should decrease as
shown in this study. Okaygun et al. (1992) have reported
the same decreasing trend of K, for activated sludges
(predominantly Pseudomonas spp. and Klebsiella spp.)
fed consecutively with pulse phenol loadings. They pro-
posed an inhibition factor (y) to explain the decreased
K, values such that the observed inhibition constant
(K9P*) was related to the maximum inhibition constant
(KTh) as follows:

Koy =1 (©)

However, no such clear relationship was evident in this
study.

The predicted values for both cell and substrate
concentrations obtained by numerically solving Egs. (2)
and (3) and using the determined kinetic values matched
the observed values well (dashed lines in Figs. 1(a) and
(b)). A slight discrepancy, however, was noted in the
cases of higher initial phenol concentrations. Predictive
discrepancy of the Haldane equation in general can be
best demonstrated by examining instantaneous specific
growth rates under substrate inhibition conditions. The
simulation results for cell concentration are plotted in a
semi-log scale in Fig. 5 to compare with those of the
actual growth data. Qualitatively, the simulation results
indicate that there exists a threshold substrate concen-
tration above which the instantaneous specific growth
rate will be constant (i.e., the linear relationship is
manifested in the early phase of simulated growth in
Fig. 5). When the substrate concentration is reduced
below the threshold limit, the instantaneous specific
growth rate begins to increase to approach the maxi-
mum growth rate. In other words, the greatest change in
instantaneous specific growth rates is always evident
toward the end of the batch growth period. Similar
results of the maximum instantaneous growth rate at the
end of exponential growth were also obtained by using
other substrate inhibition kinetic equations proposed by
Edwards (1970).

On the contrary, the substrate-inhibited growth data
in this study indicated that the substrate inhibition was
apparently reduced from the very beginning of the
growth, as evident by increases in the instantaneous
specific growth rates in the earlier stage of the growth.
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Fig. 5. Variation of specific growth rates due to phenol inhi-
bition.

The instantaneous specific growth rate continued to
increase from the time of inoculation, eventually ap-
proaching the maximum growth rate. The experimen-
tally observed pattern of ever-increasing changes in
the maximum growth rate in the early phase of the
growth is expected because the reduced substrate con-
centration exerts a lesser inhibition on the growth. The
observations of ever-increasing rates in the present
study, are substantiated by other substrate-inhibition
growth data, although not explicitly mentioned by the
authors, e.g., the substrate inhibition in the growth of
Pseudomonas putida ATCC 17484 on phenol (Hill and
Robinson, 1975), growth of phenol-acclimated activated
sludges on phenol (Rozich et al., 1985), and growth of
both Acinetobacter and Pseudomonas spp. on benzoate
(D’Aquino et al., 1988).

The error between the experimental and simulation
growth results becomes insignificant as the initial phenol
concentration is lowered (Fig. 5). This is expected be-
cause higher phenol concentrations would exert a higher
substrate inhibition. The inadequacy of the Haldane
substrate inhibition kinetics is apparent at higher sub-
strate concentrations in which the gradual increase of
instantaneous growth rate could not be accommodated.
This inadequacy could also explain some inconsistencies
reported in the literature. For instance, the Haldane
substrate inhibition kinetic parameters obtained from
batch growth data (i.e., high substrate concentrations)
tend to overpredict the steady-state substrate concen-
trations (Rozich and Gaudy, 1985). On the other hand,
the Haldane substrate kinetic parameters obtained from
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continuous culture steady-state growth data (i.e., low
substrate concentrations) represent the steady-state
growth data well (Yang and Humphrey, 1975). How-
ever, Haldane substrate inhibition kinetic models under
dynamic conditions (e.g., increase in the feed substrate
concentration) are severely limited in their predictability
(Allsop et al., 1993).

The need for better understanding of substrate inhi-
bition kinetic models is apparent. In particular, the
gradual lessening of substrate inhibition as the substrate
concentration decreases warrants a further evaluation in
substrate inhibition kinetic models. A descriptive struc-
tured model has been suggested in which the substrate
uptake rate is no longer a limiting factor, but rather the
accumulation of unidentified intracellular intermediates
is proposed to account for substrate inhibition (Allsop
et al., 1993). However, the structured model approach
would require greater effort in terms of estimation of an
increased number of parameters and identification of
suitable variables.

3.3. Resting cell experiments

The likely involvement of oxygenase-mediated reac-
tions for transformation of 4-CP by phenol-grown Aci-
netobacter cells is demonstrated by the experimental
results shown in Fig. 6. After the phenol was consumed
(initial nominal concentration 250 mg/l) and the cell
biomass concentration had leveled off, the batch reactor
was purged with N, gas to create anaerobic conditions.
One hour after N, purging was begun, 4-CP was added
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Fig. 6. Growth of Acinetobacter on phenol and aeration effect
on 4-CP degradation (initial nominal phenol concentration =
250 mg/l).
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at a nominal concentration of 40 mg/l. The concentra-
tion of 4-CP remained essentially the same after a 2 h
anaerobic incubation period, but 4-CP was readily
transformed when aeration was resumed. The involve-
ment of the oxygenase enzymes for phenol oxidation
in the observed 4-CP cometabolic transformation was
further demonstrated by experiments (not shown) in
which acetate grown cells were unable to transform
4-CP.

Resting cell transformation experiments were per-
formed in two experimental arrays: (1) constant initial
cell concentration with varying initial 4-CP concentration
(Fig. 7(a)), and (2) constant initial 4-CP concentration
with varying initial cell biomass concentrations (Fig.
7(b)). Three characteristics were evident in all of these
batch experiments. The first characteristic was that the
concentration of 4-CP was immediately reduced to a
lower level (referring to 4-CP reduction between ¢ =0
and when the first sample could be taken at/ = 1 /2 min in
Fig. 7). The amount of 4-CP immediately reduced during
the initial sampling period (1/2 min) was proportional to
the initial amount of cell biomass used (Fig. 8(a)). On the
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Fig. 7. Effect of initial 4-CP and cell concentrations on trans-
formation of 4-CP by resting cells: (a) initial cell concentra-
tion = 182 mg/l, with variable initial 4-CP concentrations; and
(b) initial 4-CP concentration =40 mg/l, with variable initial cell
concentrations.
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Fig. 8. Effect of initial cell (a) and 4-CP concentrations (b) on
the amount of 4-CP reduced.

other hand, the different concentrations of 4-CP at
a constant culture density of 182 mg/l only showed a
relatively constant initial 4-CP reduction of 2 mg/l (Fig.
8(b)). Polnisch et al. (1992) have also reported the im-
mediate 4-CP reduction by phenol-assimilating resting
cells of yeast Candida maltosa and ascribed it to absorp-
tion onto cell surface. However, the exact reason(s) is
unclear. Further study is needed to clarify the immediate
reduction in concentration of chlorinated phenols by
resting cells capable of cometabolism.

Secondly, resting cell cultures of Acinetobacter showed
a residual amount of 4-CP in most of the experiments
after 15 h, indicating a finite transformation capacity for
4-CP. The residual amount of 4-CP was higher for those
experiments with higher initial amounts of 4-CP (or a
lower amount of cells). This initial 4-CP (or cell) con-
centration-dependent effect on the extent of residual
4-CP concentration implies that the depletion of cell
internal energy might be responsible for the observed
finite transformation capacity by resting cells of Acine-
tobacter.

The finite transformation capacity by resting cells has
also been attributed to product toxicity, e.g., epoxide
formation in TCE transformation (Fox et al., 1990;
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Folsom et al., 1990; Oldenhuis et al., 1991). However, no
product toxicity was associated with 4-CP transforma-
tion products for the growth of Acinetobacter species in
the presence of phenol and 4-CP (Kim and Hao, 1999).
This suggests that the finite 4-CP transformation ca-
pacity exhibited by resting cells of Acinetobacter species
in this study could mainly be attributed to the limited
amount of reductant supply during endogenous cell
decay. Likewise, for other oxygenase systems that do not
show product toxicity, the requirement of an electron
donor cofactor could also be the critical limiting factor.
However, for many resting cell transformation systems
that show product toxicity, both limited reductant sup-
ply and product toxicity contribute to the finite trans-
formation capacity of resting cells. How these two
factors interact to affect the finite transformation ca-
pacity of resting cells is not clear (Alvarez-Cohen and
McCarty, 1991).

Third, after the initial 4-CP reduction, the 4-CP de-
creased linearly (Fig. 7), but with reduced initial rates at
higher initial 4-CP concentrations (Fig. 7(a)). The de-
creased 4-CP transformation rate with higher initial 4-
CP concentration implies that 4-CP acts as an inhibitor.
Therefore, the Haldane substrate inhibition model was
used to characterize the 4-CP inhibition on its own
transformation by resting cells of Acinetobacter. Because
the 4-CP transformation is not coupled to the cell
growth, only the substrate utilization term analogous to
enzyme substrate inhibition kinetics is required to de-
scribe the kinetics of 4-CP transformation as follows:

T
Cdr 1+ (Ky/Sh) + (S2/Kn)’

(7)

where S, is the 4-CP concentration, mg/l, &, is the
maximum specific 4-CP transformation rate, mg 4-CP/
mg cell h, K, is the half saturation coefficient for 4-CP,
mg/l, and K5, is the inhibition constant, mg/l. In order to
estimate the &, value, the specific initial 4-CP transfor-
mation rates were plotted against the initial cell con-
centration (Fig. 9). By extrapolating the linear line, the
k, value of 0.15 mg 4-CP/mg cell h was determined.
At high S, concentrations, Eq. (7) is simplified as:

_1.,.s
v o kzX KzzkzX ’

®)

Plotting the inverse of the initial 4-CP transformation
rate versus initial 4-CP concentrations yields a straight
line at high 4-CP concentrations with a slope of
6.3 x 10~ h/(mg 4-CP/1)*, which represent 1/Ky, - k-
Xy (not shown). Thus, a K>, value of 60 mg 4-CP/l was
determined from the previously estimated k, value of
0.15 mg 4-CP/mg cell h and the initial cell concentration
of 182 mg/l; the same value is also obtained from the x-
intercept of the 1/v versus S, plot.
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Fig. 9. k, Determination from the specific initial 4-CP trans-
formation rates.

For comparison, the modeled and actual initial 4-CP
transformation rates are shown in Fig. 10. Although the
model prediction captures the general trends in the data,
the magnitude of the predictions for the transformation
rate do not match the data well. One possible explana-
tion for this is a problem with one or more of the model
parameter estimates. For example, the observed imme-
diate reduction of 4-CP concentration upon contact with
the resting cells of Acinetobacter could be due to an in-
creased affinity of 4-CP for phenol-induced enzymes,
in particular, the oxygenases involved in the initial
co-oxidation of 4-CP. Because an electrophilic-type
mechanism is speculated to be operative in oxygenase
activities (Gibson, 1968; Hamilton, 1974; Fox et al.,
1990), both the maximum transformation rate and af-
finity constant are significantly influenced by the sub-
stituent group on the cometabolite. In particular, the
substituent groups significantly impact the transforma-
tion of substituted catechols, because the ring cleavage
reaction is usually a limiting factor (Knackmuss and
Helwig, 1978). Based on the results obtained by Dorn
and Knackmuss (1978) using 1,2-dioxygenases, it is
expected that the presence of an electron-withdrawing
group (e.g., halogenated catechols) will reduce the
maximum velocity and increase the affinity of catechol.
Consistent with these findings, the estimated maximum
specific rate value of k&, = 0.15 mg 4-CP/mg cell h is less
than k; = 1.2 mg phenol/mg cell h. Thus, a K, value of
0.15 mg/1 for 4-CP by resting cells of Acinetobacter was
estimated which was less than the K| value of 1.5 mg/l
for phenol.
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Fig. 10. Simulated and determined initial 4-CP transformation
rates.

The fact that K, actually decreased implies a short
time to attain k,, possibly causing the observed imme-
diate 4-CP reduction, because the substrate had to bind
to intracellular enzymes (e.g., oxygenases) before the
transformation could proceed. This explanation is sup-
ported by the observation that the amount of 4-CP that
disappeared is correlated with the initial amount of
biomass present, not the initial 4-CP concentrations

(Fig. 8).
3.4. 4-CP cometabolic transformation

A typical pattern for 4-CP transformation by the
Acinetobacter isolate growing on phenol is shown in
Fig. 11. Synchronous 4-CP and phenol utilization (e.g.,
Fig. 11) was observed when the initial phenol:4-CP
concentration ratio was sufficiently high ( = 200:50 mg/l).
Those runs resulting in the synchronous phenol utiliza-
tion and 4-CP transformation indicated that sufficient
energy from phenol utilization was available. On the
other hand, the 4-CP transformation data with the ini-
tial phenol concentration lower than 200 mg/l (initial
nominal 4-CP concentration =50 mg/l) resulted in the
incomplete 4-CP transformation (Kim and Hao, 1999).
The focus here is on the 4-CP transformation data with
initial phenol concentrations sufficient to result in the
complete 4-CP transformation.

The 4-CP transformation in the presence of phenol
was modeled based on the following equations, which
are written in terms of the respective maximum rate
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Fig. 11. Experimental data and model simulations for phenol
and 4-CP degradation at an initial phenol:4-CP ratio of 300:25
mg/l.

constants (ki,k,) and equilibrium determined enzyme-
substrate complex concentrations (Broholm et al., 1992;
Ely et al., 1995):

—ds,
Eodt
B ki [ES)]
T EH [ES\ |+ [ESy] + [ES1 S+ [ES2S2] + [ES1 S5] + [ES: 1]
©)

—ds,
Eqdt

ky [ES))
[E]+ [ES)]+ [ES2]+ [ES|S1] +[ES2S:] + [ES| o] +[ES, S|
(10)

The total enzyme concentration (Ey) = E + ES| + ES, +
ES| S| + ES>S, + ES| S, + ES>S), where the free enzyme
(E) will combine with phenol (S;) and 4-CP (S,) to form
enzyme-substrate complexes. Potential interactions be-
tween growth and nongrowth substrates include sub-
strate inhibitions and cross-inhibitions.

The concentration of each enzyme-complex species
can be further written in terms of substrate concentra-
tion and dissociation constants (e.g., K1 = [E][S1]/[ES1];
therefore, [ES|| = [E][S1]/K1). By substituting for the
concentration of each enzyme-substrate species into Egs.
(9) and (10), and treating Ej as cell concentration (X),
the degradation rate of the growth and nongrowth
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Table 2

Kinetic parameters used in modeling synchronous degradation of 4-CP and phenol

Kinetic parameter Values Estimated method

ki, mg phenol/mg cell h 1.2 Phenol alone tests

k,, mg 4-CP/mg cell h 0.15 Resting cells test

K;, mg phenol/l 1.5 Phenol alone tests

K, mg phenol/l 250 Phenol alone tests

K>, mg phenol/l 233 Phenol/4-CP tests

K>, mg 4-CP/1 0.15 Dorn and Knackmuss (1978)
Ky, mg 4-CP/1 60 Resting cells tests

K31, mg 4-CP/1 194 Phenol/4-CP tests

substrates is obtained in terms of substrate concentra-
tion (S, S,) and the model parameters:

kXS
dsi bis, an
dt S S St 55 518 518,
I+ 48 T on Tk T ok T o
XSy
ds, = 12
At g s my S S L ss s (12
Ky Ky L KiK' KyKyp ' KK KKy

where K, and K,; are the cross-substrate inhibition
constants by phenol and 4-CP, respectively.

Table 2 provides the values for all parameters used in
the model simulation. All the model parameters except
Ky, and K, were obtained from the growth data with
phenol alone and 4-CP transformation by resting cells
of Acinetobacter. The cross-inhibitory constants (K,
and K;;) were estimated through a dynamic nonlinear
optimization technique using the 4-CP transformation
data in the presence of phenol shown in Fig. 11. The
simulation results for the synchronous disappearance of
phenol and 4-CP are shown as dash lines in Fig. 11.
Excellent agreement between the model predictions and
the experimental data for disappearance of phenol and
4-CP was obtained for the cases when the initial phe-
nol:4-CP concentration ratio was 300:25 mg/l (Fig. 11).
Similarly, generally good agreement was also found for
an initial phenol:4-CP concentration ratio of 200:50
(data not shown).

4. Summary and conclusions

The kinetics of phenol and 4-CP biodegradation by
an isolated Acinetobacter strain were investigated. Batch
phenol degradation tests clearly demonstrated an in-
hibitory effect at higher phenol concentrations. Model
analyses indicated that the Haldane kinetic model using
experimentally determined parameter values adequately
predicted phenol and cell concentrations. However, the
Haldane substrate inhibition kinetics were found to be
inadequate at high substrate concentrations.

4-CP degradation experiments using resting, phenol-
induced Acinetobacter cultures indicated the likely
involvement of oxygenase-mediated reactions in the
transformation of 4-CP. In addition, an array of
resting-cell 4-CP transformation batch experiments
demonstrated several key characteristics. First, the
concentration of 4-CP was immediately reduced to a
lower level. The amount of the reduction was propor-
tional to the initial amount of cell biomass used, but
the exact mechanism of this initial reduction is un-
clear. Second, observations of residual amounts of
4-CP at the conclusion of these experiments indicated
a finite transformation capacity for 4-CP by the rest-
ing cells. This is possibly due to the depletion of cell
internal energy reserves. Third, decreased 4-CP trans-
formation rates with higher initial 4-CP concentrations
indicated that 4-CP inhibited its own degradation. In-
deed, a Haldane model for substrate utilization using
experimentally estimated parameter values was able to
describe the trends in 4-CP transformation by the resting
cell cultures.

Finally, when phenol and 4-CP were both present,
synchronous phenol and 4-CP utilization by the Acine-
tobacter isolate was observed when the initial phenol:4-
CP concentration ratio was sufficiently high (>200:50
mg/l). These data indicated that under such conditions,
sufficient energy from the phenol utilization was avail-
able for 4-CP transformation. The 4-CP and phenol
transformation data were described using a competitive
kinetic model of cometabolism that included growth and
nongrowth substrate inhibition and cross-inhibition
terms. This model successfully predicted the synchro-
nous disappearance of the phenol and 4-CP mixture.
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