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Abstract

Several types of biodegradation experiments with benzene, toluene, or p-xylene show accumulation of intermedi-
ates by Pseudomonas putida F1. Under aerobic conditions, the major intermediates identified for benzene, toluene,
and p-xylene are catechol, 3-methylcatechol, and 3,6-dimethylcatechol, respectively. Oxidations of catechol and
3-methylcatechol are linked to biomass synthesis. When oxygen is limited in the system, phenol (from benzene)

and m-cresol and o-cresol (from toluene) accumulate.

Introduction

Because of the frequent presence of benzene, toluene,
and p-xylene (BTX) at sites contaminated by petro-
leum products, biodegradation of BTX has been stud-
ied extensively. Depending on the bacterial culture and
community, degradation of BTX can proceed along
drastically different pathways. For example, Figure 1
summarizes the reported initial steps of toluene de-
gradation by different Pseudomonas strains (Duetz et
al. 1994). None of the reactions shown in Figure 1 re-
leases net electrons (shown as H) or carbon-containing
components that can be used directly in synthesis.
Therefore, the pathways must proceed beyond the last
compounds shown if synthesis of new biomass is to
occur. Because of the differences in chemical struc-
tures and the enzymes needed, benzene or p-xylene
may or may not be biodegraded using enzymes of the
pathways shown in Figure 1.

Degradation of toluene by Pseudomonas putida
mt-2 follows the ol pathway, in which the side-chain
methyl group is first oxidized in a monooxygenase-
catalyzed reaction (Assinder & Williams 1990). Be-
cause xylenes have two methyl groups, they can also
be degraded via the tol pathway. Benzene, on the
other hand, cannot be used by P. putida mt-2 as sole

carbon source. Several other bacterial strains, such
as Pseudomonas aeruginosa and several Nocardia
sp., also degrade alkylbenzenes similarly (Gibson &
Subramanian 1984).

Pseudomonas cepacia G4 and Pseudomonas men-
docina KR1 first attack the aromatic ring of toluene
with monooxygenase enzymes. Neither P. cepacia G4
nor P. mendocina KR1 can grow with benzene as sole
carbon source (Shields et al. 1989; Whited & Gib-
son 1991). The former, however, shows very weak
growth on p-xylene, while the latter shows no growth
on p-xylene.

Toluene degradation by P. putida F1 follows an-
other typical pathway, the fod pathway, in which the
aromatic ring is dioxygenated first and produces 3-
methylcatechol (Gibson et al. 1970a; Spain & Gibson
1988). Benzene can be degraded by P. putida F1 via
the same pathway and produces catechol. Catechol
and 3-methylcatechol can be further degraded by P.
putida F1. However, the product from dioxygena-
tion of p-xylene, 3,6-dimethylcatechol, is a dead-end
product of the tod pathway (Gibson et al. 1974).
Therefore, P. putida F1 cannot use p-xylene as sole
carbon source. Similar pathways are observed with
other bacterial strains, such as Pseudomonas milden-
bergii, an Achromobacter sp., and Nocardia coral-
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Figure 1. Different toluene-degradation pathways for Pseudomonas strains (after Duetz et al. 1994).

lina (Rittmann et al. 1994), a microbial consortium
and a Pseudomonas strain (PPO1) (Oh et al. 1994),
and Pseudomonas fragi and Pseudomonas fluorescens
(Chang et al. 1993).

Further degradation of catechol or 3-
methylcatechol occurs by ring cleavage. The reaction
products are or can be easily converted to tricarboxylic
acid cycle (TCA cycle) intermediates, which are
further broken down into CO, and water (Madigan

et al. 2000; Rittmann & McCarty 2001; Rittmann
et al. 1994). Because none of the reaction path-
ways shown in Figure 1 results in a net release of
electrons (H), it must be the subsequent oxidation
of the catechol intermediates that supports biomass
synthesis. This phenomenon is similar to the fungal
growth on sucrose, which happens primarily after the
conversion of sucrose to intermediates such as glucose
and fructose (Crueger & Crueger 1990).



Each reaction is modulated by a number of factors,
such as concentrations of the enzymes, substrates,
and cosubstrates (such as oxygen and or an electron
carrier). Consequently, each reaction in the pathway
proceeds at its own rate, and substrates for the slow-
est reaction step can accumulate. The overall rate of
reaction will be determined by how fast this slowest-
reacting substrate can be transformed. For example,
the overall rate of toluene mineralization may be con-
trolled by the toluene itself or by one of its interme-
diate(s). When an intermediate controls the overall
mineralization kinetics, the growth rate of the cells
does not depend directly on the transformation rate of
toluene.

Results from prior studies suggest that intermedi-
ates, rather than the original substrates, control the
bacterial growth of cells during BTX degradation. In
their study of biodegradation of BTX by two Pseudo-
monas isolates, Chang et al. (1993) observed that the
biomass production lagged behind the removal of the
single growth substrate (toluene or benzene). They
also reported that biomass continued to grow even
after all the growth substrates had been completely
removed. They recognized that the phenomenon might
be the result of slow degradation of intermediates. In
order to fit the experimental data of substrate removal
and biomass growth to model output, they numerically
incorporated a time lag into the Monod model. The
model with a time lag in biomass growth fit the ex-
perimental data better than the model without the lag.
The fates of the intermediates were disregarded in the
model.

Acting as a cosubstrate for oxygenation reactions
(e.g., Figure 1) and a terminal electron acceptor,
oxygen is important during aerobic degradation of
BTX. By affecting the regeneration of electron carrier
NAD* from NADH + H*, oxygen also affects the
availability of the reduced electron carrier NADH +
H™, thus indirectly affecting any reaction using NAD™
or NADH + H™ as a cosubstrate (Bae & Rittmann
1996a,b). As a result, the oxygen concentration has
significant and complex impact on the overall rate
of BTX degradation. For example, Malmstead et al.
(1995) found that, during biodegradation of quinoline,
the oxygen concentration affected dioxygenase reac-
tions and respiration reactions, but to markedly dif-
ferent extents. Dioxygenation was slowed much more
easily by a low oxygen concentration than was res-
piration. This means that the overall degradation rate
can be slowed significantly by low dissolved oxygen
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concentrations, even when respiratory use of oxygen
is not significantly affected.

Because intermediates and oxygen play very active
roles during BTX degradation, this study investigates
their interacting effects on the mineralization of BTX
by P. putida F1 and the resulting growth of P. putida
F1.

Experimental setup and analytical methods

Three types of reactors were used in the study: open-
system batch reactors, closed-system batch reactors,
and a closed-system chemostat. The temperature of all
experiments was 22 °C. The minimal mineral medium
for all experiments was composed of KH,PO4 (2040
mg 171), Na;HPOy (2130 mg 171), (NH4)2SO4 (1000
mg 171), CaCl,-2H,0 (11 mg 171), MgS04-7H,0
(200 mg 171, FeSO4-7H,0 (7 mg 171, ZnSO-7H,0
(2 mg 171, MnSO4-H,0 (1.54 mg 171), CuCl, (0.21
mg 171), CoCly-6H,0 (0.404 mg 1), H3BO3 (0.11
mg 171), and Na;MoO4-2H,0 (0.25 mg 171). The P
putida F1 culture used in this study was maintained in
petri dishes on agar prepared with the same minimum
mineral medium. Toluene was the sole carbon source
and was supplied by dripping 4—8 drops of toluene on
a piece of filter paper and sticking it onto the inside of
the top of the petri dish. Every month, the pure culture
was transferred to a new set of dishes.

The open batch system included a 1-liter flask
with a side-port and a J-shaped glass tube supplying
benzene, toluene, or p-xylene from the vapor phase.
During operation, 500 ml of minimum mineral me-
dium were autoclaved and then added to the flask; then
one of the substrates (pure liquid form) was loaded
into the J-shaped tube, which was suspended in the
reactor headspace, and a cotton plug was used to cover
the flask opening. The reactor was inoculated with P.
putida F1 and placed on a stirrer plate. Toluene vapor
(from the J-tube) and oxygen (through the cotton plug)
filled the headspace and diffused into the medium to
support the growth of bacteria. Sampling could be
done through the sampling port without interrupting
the supply of toluene or oxygen. This system provided
a high concentration of the BTX substrate at all times,
despite its biodegradation and volatilization.

Closed-system batch reactors were used when the
volatile substrates were fed via the liquid phase only
and uncontrolled volatilization losses were unaccept-
able. The closed-system batch reactors were 1-liter
glass bottles with Teflon-faced septa at the center of
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the sealing caps. Unless specified otherwise, 800 ml
of autoclaved medium was inoculated with P. putida
F1 and saturated with oxygen. Then, the 200-ml head-
space was purged with oxygen. Finally, predetermined
amounts of saturated solutions of toluene, benzene,
or p-xylene (solubility of 519 mg 1~!, 1827 mg 171,
or 207 mg 1-'at 21 °C, respectively) were added to
yield initial concentrations of 10-30 mg 17!, and the
bottles were sealed immediately. The medium was
stirred vigorously for the substrates to reach equilib-
rium between the gas and liquid phases. Samples were
taken through the septum using a gas-tight syringe
equipped with a 16-gauge needle.

The closed chemostat is illustrated in Figure 2.
The reactor had a liquid volume of 1.45 liter. In or-
der to minimize precipitation during autoclaving, the
chemicals for the minimal mineral medium were sep-
arated into two groups. Group A included the pH buf-
fers and nitrogen and phosphorus sources (KH>PO4,
NayHPOy4, and (NH4)2SO4). Group B included the
rest of chemicals that provided metals and trace ele-
ments critical for bacterial growth. Ten-times concen-
trated solutions of group A and B (10X-A and 10X-B)
were diluted by reverse osmosis (RO) water. The sat-
urated substrate stock was injected into the bacterial
culture directly. A Teflon gas-sampling bag was at-
tached to the top of bottle containing the substrate
stock to maintain atmospheric pressure in the bottle
and prevent toxic vapor from releasing into the air. The
reactor was closed to the atmosphere and maintained
at a small positive pressure (~1 cm of H,O) by a regu-
lator connected to an oxygen tank. When oxygen was
consumed, the pressure in the headspace decreased
slightly, and more oxygen was supplied. This oxygen
system provided a fully aerobic environment in the
reactor (DO > 12 mg 1=h.

Analyses performed in this study include determ-
ining the concentrations of suspended biomass, BTX
in gas and liquid phases, and BTX intermediates.
The suspended biomass was measured according to
its optical density (OD) at 540 nm with a spectropho-
tometer, which was calibrated to biomass dry weight
per liquid volume (mg 17 !) after correcting for salts in
the medium. Biomass dry weights used in the calib-
ration were measured on a balance after the sample
standards were filtered through a pre-weighed filter
paper (47-mm, 0.2-mm) and then dried at 104 °C
(Yu 1998). An HP 5890 gas chromatograph (GC)
equipped with a flame-ionization detector (FID) with
a fused silica column (Model DB-5 0.53mm ID, J&W
Scientific) was used to analyze the concentrations of
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Figure 2. Closed chemostat setup.

toluene, benzene, or p-xylene in the gas or liquid
phase. For each sample, 1 ml of liquid sample was
first filtered (0.2-um pore size) to remove the bio-
mass. Then the BTX compound in the sample was
extracted into methylene chloride (DCM), which was
injected using a HP automated injector (Model 6890).
The GC/FID output signals were analyzed by an HP
integrator (Model 3396). The concentrations of BTX
in the samples were calculated from their peak areas
on the GC/FID chromatographs based on standard
calibration curves (Yu 1998).

Chemical oxygen demand (COD) of intermediates
was measured with Standard COD vials from Hach
Co. (Loveland, CO). During a COD test, 2 ml of
filtered liquid sample were added to the vial containing
the chemical oxidizing agent and measured for ab-
sorbance using a spectrophotometer following Hach’s
standard method. The COD value of the sample was
obtained from a standard calibration curve, which was
prepared following the protocol provided by Hach Co.

A Hitachi HPLC system equipped with a diode-
array detector was used to identify intermediates of
BTX degradation. A HP-Hypersil column (C-18, 5
pum, 2.1-mm ID, and 10-cm length) was used to
separate the compounds. The mobile phase included
acetonitrile and 10 mM KH,PO4 buffer (pH 2.88) at a
volume-to-volume ratio of 20-to-80. The flowrate used
was 0.2 ml/min or, when a guard column was installed
in front of the HP-Hypersil column, 0.5 ml/min.



The chromatograms were collected at 207 nm. The
HPLC analysis in this study was mostly qualitative.
Therefore, no calibration curves were made.

Results and discussion

Observations for the different biodegradation
experiments

Three open-batch reactors, loaded with toluene, ben-
zene, or p-xylene, were inoculated with a small colony
of P. putida F1 from the petri dish. Within one day,
flasks fed with toluene and benzene showed growth of
biomass with concentrations up to 70 mg 1=!. In the
flask fed with p-xylene, OD measurement showed no
biomass growth one week after inoculation. A flask
reactor containing 50 mg 1~! biomass (grown on tolu-
ene) was then setup and supplied with p-xylene alone
from the headspace. No increase of biomass was ob-
served after a week. The color of the medium, on the
other hand, turned slightly brown a few hours after
inoculation and stayed that way. The brown color sug-
gested that p-xylene was being incompletely degraded
as a cometabolic substrate. HPLC analysis of the li-
quid showed that 3,6-dimethylcatechol accumulated
in the flask. The batch degradation of benzene also
showed the transient buildup of an intermediate, as a
light yellow color appeared rapidly during the exper-
iments. The color in this case disappeared during the
later stage of experiments, indicating the intermedi-
ate was subsequently removed from the medium. The
batch experiments showed that toluene and benzene
were readily transformed by P. putida F1. Toluene and
benzene were able to support the growth of P. putida,
but p-xylene was not able to support biomass growth
and was degraded incompletely.

The chemostat was fed continuously with only one
growth substrate, either toluene or benzene. Biomass,
substrate, and COD concentrations in the liquid were
measured daily. During the chemostat experiments,
the analysis of liquid samples supported the presump-
tion that intermediates, rather than toluene or benzene,
were supporting the biomass growth. Throughout the
chemostat experiments, neither toluene nor benzene
was detected in either the gas or the liquid phase of
the reactor by GC/FID (detection limit of 0.1 g 17!
for gas and 0.1 mg 17! for liquid samples). How-
ever, analysis of the effluent showed soluble COD in
the samples. The fact that biomass was synthesized
and maintained in the reactor without the presence of
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detectable toluene or benzene suggests that the reac-
tion from toluene or benzene to the intermediates was
faster than the degradation of intermediates.

One interesting phenomenon took place when the
substrate was switched from toluene to benzene when
the biomass concentration was relatively high (53
mg 17!) and dilution rate was quite high (7.3 day™').
Each substrate concentration was 70 mg 17! in the in-
fluent. Within 20 minutes of the switch to benzene,
the color of the reactor contents became bright yellow.
The color gradually intensified to greenish yellow.
After about 3 hours, the color was darker, and the
biomass appeared to be washing out of the reactor.
Five and half-hours after the switch, the reactor me-
dium was a light yellow color, and the liquid phase
was almost clear of biomass. About 20 hours after
the switch, bacterial growth became obvious again
in the chemostat. After another three hours, the bio-
mass concentration in the chemostat was dense again,
nearly returning the biomass concentration prior to the
switch.

Several conclusions can be drawn from the ob-
servations after the switch from toluene to benzene.
First, toluene-degrading P. putida was able to trans-
form benzene to its intermediate (catechol, identity
demonstrated below) readily without any adaptation
period. This suggests that either the same dioxygenase
enzyme attacked toluene and benzene, or a benzene-
specific dioxygenase was co-induced with toluene.
Second, the subsequent steps for catechol transform-
ation likely involved different enzymes from those
transforming 3-methylcatechol (identity of the tolu-
ene intermediate as 3-methylcatechol also is shown
below). If the same enzyme was used to degrade cat-
echol and 3-methylcatechol, degradation should be
immediate and could generate electrons and carbon
for biomass growth. In reality, new biomass synthesis
took place only after induction of a dioxygenase for
catachol. Thus, the chemostat experiments suggest
that degradation of catechol or 3-methylcatechol was
responsible for biomass synthesis, and each catechol
intermediate seems to have its own dioxygenase. Fur-
thermore, no utilizable carbon or electrons are released
from the transformation from toluene and benzene to
their intermediates.

The presumption that degradation of the intermedi-
ates supported biomass growth, while the transform-
ation of toluene or benzene to the intermediate did
not support growth, was further proved by benzene
and toluene degradation in closed-system batch re-
actors. If only toluene or benzene supported biomass
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Figure 3. Closed-system batch experiment of aerobic toluene de-
gradation.

growth, the biomass growth would stop once toluene
or benzene was depleted from the closed-system batch
reactors. Instead, in the closed-system batch reactors,
the biomass concentration continued to increase for
several hours after depletion of the benzene or toluene.
For example, Figure 3 shows the loss of toluene, the
delayed growth of biomass, and the COD values of the
filtered liquid phase (intermediates), which increased
at the beginning of the experiment and then decreased
after toluene was depleted. Once the COD value of
intermediates stabilized to a small, but non-zero value,
biomass growth also stopped. These results clearly
show that biomass growth was more closely associated
with the change in the intermediates than to removal of
toluene. Similar trends were observed during benzene
degradation in closed-system batch reactors.

Identification of the intermediates

HPLC chromatograms of samples taken at data points
3, 4, 7, and 10 in Figure 3 show the accumulation
and subsequent consumption of 3-methylcatechol (RT
3.07 min at 0.5 ml min~! with guard column) in the
experiment. The peak areas at these data points are
202860, 337080, 423480, and 11840, respectively.
Accumulation of 3-methylcatechol during toluene bio-
degradation confirms that P. putida F1 used the tod
pathway (Figure 1), which involves an initial dioxy-
genase enzyme that requires two cosubstrates: oxygen
and the reduced electron carrier NADH + H*.
Because the biodegradation pathway for benzene
begins with hydroxyl substitution at vicinal carbons,
catechol should buildup in the batch experiment with
benzene. We identified the intermediate of aerobic
benzene degradation in an open-system batch reactor.

First, P. putida F1 was grown to a high density (200
mg 1~!) with toluene vapor fed from the headspace.
Then, toluene was removed for three hours to let the
bacteria consume all the intermediates accumulated in
the flask. Next, benzene vapor was supplied from the
headspace for one hour before a sample was taken for
HPLC analysis. Finally, benzene was replaced by tolu-
ene for two hours, and another sample was collected
for HPLC analysis. Figure 4 shows the HPLC chroma-
tograms of catechol and 3-methylcatechol standards
(a) together with the two samples (b and c). As ex-
pected, catechol (RT 3.9 min at 0.2 ml min~—!) was
found in the first HPLC sample. However, a second
peak (RT 7.7 min) also was observed in Figure 4(b).
The compound was later identified as phenol using
HPLC. In Figure 4(c), the majority of catechol had
been consumed, while 3-methylcatechol (RT 8.6 min)
accumulated when benzene was replaced by tolu-
ene. The removal of phenol must have been slower
than catechol, as phenol persisted. In addition, other
compounds (RT 17.0 and 18.2 min) were detected.
They were later identified as m-cresol and o-cresol by
comparing with standard HPLC chromatographs.

When p-xylene was fed in the open-batch
reactor, the accumulated intermediate was 3,6-
dimethylcatechol (RT 4.4 min), which is consistent
with the dioxygenation reaction forming catechol and
3-methylcatechol.

Effects of oxygen

The presence of phenol and cresols in the open-batch
experiments probably was due to oxygen limitation in
the reactor, which was aerated only through mixing
with a stir bar. Phenol or cresols were never detected
in the chemostat experiments, where the oxygen con-
centration was always maintained above 12 mg 1!,
To examine the effects of oxygen during toluene de-
gradation, two 165-ml closed-system batch reactors
were seeded with 10 mg 1-'of P. putida F1. Tolu-
ene was added to 50 mg 171, the bottles were sealed,
and the headspace of one bottle was flushed with pure
oxygen and the other with pure nitrogen for about
30 seconds. The cultures were then stirred vigorously
with stir bars. HPLC samples were collected every
several hours from each bottle.

The chromatograms of samples collected three
hours after the start show the presence of different in-
termediates. A significant amount of 3-methylcatechol
(RT 3.07 min) accumulated in the oxygen bottle (peak
area 1282365). Several small peaks also were present
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(peak area 113564 at RT 2.24 min and peak area 42274
at RT 5.79 min), but not identified. Toluene was identi-
fied a RT of 30.9 min (peak area 580680). On the other
hand, 3-methylcatechol clearly was absent in the ni-
trogen bottle, while the only non-toluene compounds
accumulated in significant quantity were the m-cresol
and o-cresol (RT 5.79 and 6.3 min) with a total peak
area of 136920. The toluene peak of 1605540 was
much larger than that of the oxygen bottle. The larger
toluene peak in the nitrogen bottle indicates slower
transformation of toluene when oxygen was severely
limiting.

Figure 5 shows the possible reactions that led
the formation cresols from toluene when oxygen was
limited as a cosubstrate for dioxygenation. The reac-
tion pathway from toluene to cis-toluene dihydrodiol
and then to 3-methylcatechol is well known. When
oxygen is not limiting, 3-methylcatechol is further
degraded to CO, and H,O. However, when oxygen
is limiting, most oxygen could be consumed during
transformation from toluene to cis-toluene dihydro-
diol, because this step is faster than the transformation
of 3-methylcatechol. Thus, a bottleneck develops in
the path of electron flow from the donor to the ac-
ceptor. The electrons are “trapped” in the electron

carriers (NADH + H™) inside the cells, thus caus-
ing the concentration of NADY to decrease relative
to NADH + H™ (Bae & Rittmann 1996a,b). As
shown in Figure 5, NAD™ facilitates the reaction from
cis-toluene dihydrodiol to 3-methylcatechol. When
NAD is low in the cells and NADH + H™ high, it be-
comes more likely for cis-toluene dihydrodiol to lose
a water molecule to form m-cresol or o-cresol.

Implications of the observations

The formation and accumulation of intermediates dur-
ing the biodegradation of BTX has important implic-
ation for the treatment of BTX-contaminated waters
and gases. First, all the observed intermediates —
phenol, cresols, and the catechols — are toxic to hu-
mans and other organisms in the environment. Second,
these intermediates contain most of the initial chem-
ical oxygen demand (COD) and all of the dissolved
organic carbon (DOC) of the original BTX. These
two factors show that successful treatment of the BTX
contamination is not effected until the intermediates
are removed. Third, oxidation of the catechols allows
biomass synthesis. Hence, the viability of any mi-
crobiological process demands that the catechols be



mineralized so that their electrons and carbon can be
utilized to synthesize and maintain the biomass that
transforms the BTX.

Conclusions

When oxygen was available to P. putida F1, toluene,
benzene, and p-xylene were transformed by a dioxy-
genase reaction that produced a catechol intermediate,
but did not support biomass growth. Instead, miner-
alization of the intermediates — catechol for benzene
and 3-methylcatechol for toluene — supported bio-
mass growth. The 3,5-methyl catechol produced from
p-xylene was a dead-end product, making transforma-
tion of p-xylene strictly cometabolic for P. putida F1.
Being a cosubstrate in oxygenation reactions and a
terminal electron acceptor, oxygen affected the biode-
gradation rates and the intermediates formed. When
oxygen was severely limiting, phenol (from benzene)
and m-cresol and o-cresol (from toluene) were formed
via an alternative pathway that involved only the
first step of the initial dioxygenation. It appears that
phenols and the cresols persisted when oxygen was
absent. In order to have a viable microbiological pro-
cess that achieves treatment goals (removal of toxicity,
COD, and DOC), the catechol intermediates must be
mineralized.

References

Assinder SJ & Williams PA (1990) The fol plasmids: determinants
of the catabolism of toluene and xylenes. Adv. Microb. Physiol.
31: 1-69

Bae W & Rittmann BE (1996a) A structured model of dual-
limitation kinetics. Biotechnol. Bioengr. 49: 683-689

Bae W & Rittmann BE (1996b). Responses of intracellular cofactors
to single and dual substrate limitation. Biotechnol. Bioengr. 49:
690-699

Chang MK, Voice TC & Criddle CS (1993) Kinetics of competitive
inhibition and cometabolism in the biodegradation of benzene,

463

toluene, and p-xylene by two Pseudomonas isolates. Biotechnol.
Bioeng. 41: 1057-1065

Crueger W & Crueger A (1990) Biotechnology: A Textbook of
Industrial Microbiology, 2nd ed., Sinauer Associates Inc, Sun-
derland, MA

Duetz WA, de Jong C, Williams PA & van Andel JG (1994) Compet-
ition in chemostat culture between Pseudomonas strains that use
different pathways for the degradation of toluene. Appl. Environ.
Microbiol. 60: 2858-2863

Gibson DT, Hensley M, Yoshioka H & Mabry TJ (1970a) Forma-
tion of (+)-cis-2,3-dihydroxy-1-methylcyclohexa-4,6-diene from
toluene by Pseudomonas putida. Biochemistry 9: 1626—-1630

Gibson DT, Mahadevan V & Davey JF (1974) Bacterial metabol-
ism of para- and meta-xylene: oxidation of the aromatic ring. J.
Bacteriol. 119: 930-936

Gibson DT & Subramanian V (1984) Microbial degradation of aro-
matic hydrocarbons. In: Gibson DT (Ed), Microbial Degradation
of Organic Compounds. Marcel Dekker, Inc., New York. pp.
181-252

Madigan MT, Martinko JM & Parker J (2000). Brock Biology of
Microorganisms, Prentice-Hall, Inc., New York

Malmstead MJ, Brockman FJ, Valocchi AJ & Rittmann BE (1995).
Modeling biofilm biodegradation requiring cosubstrates: the
quinoline example. Wat. Sci. Technol. 31: 71-84

Oh T-S, Shareefdeen Z, Baltzis BC & Bartha R (1994) Interac-
tions between benzene, toluene, and p-xylene (BTX) during their
biodegradation. Biotechnol. Bioeng. 44: 533-538

Rittmann BE & McCarty PL (2001) Environmental Biotechnology:
Principles and Applications. McGraw-Hill Book Co., New York

Rittmann BE, Seagren E, Wrenn B, Valocchi AJ, Ray C & Raskin
L (1994) In Situ Bioremediation. 2nd ed. Noyes Publishers, Inc.,
Park Ridge, NJ

Shield MS, Montgomery SO, Chapman PJ, Cuskey SM & Pritchard
PH (1989). Novel pathway of toluene catabolism in the
trichloroethylene-degrading bacterium G4. Appl. Environ. Mi-
crobiol. 55: 1624-1629

Seagren E (1994) Ph.D. Thesis. University of Illinois at Urbana-
Champaign, Illinois

Spain JC & Gibson DT (1988) Oxidation of substituted phenols by
Pseudomonas putida F1 and Pseudomonas sp. strain JS6. Appl.
Environ. Microbiol. 54: 1399-1404

Whited GM & Gibson DT (1991) Separation and partial characteriz-
ation of the enzymes of the toluene-4-monooxygenase catabolic
pathway in Pseudomonas mendocina KR1. J. Bacteriol. 173:
3017-3020

Yu H (1998) Kinetics of removing volatile organic compounds from
gas streams using three-phase biofilm reactors, Ph.D. Thesis,
Department of Chemical Engineering, Northwestern University,
Evanston, Illinois





