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Integrated bioproduction and extraction of 3-methylcatechol
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Abstract

Pseudomonas putida MC2 is a solvent-tolerant strain that accumulates 3-methylcatechol. In aqueous media, 10 mM
of 3-methylcatechol was produced and production was limited by 3-methylcatechol toxicity to the biocatalyst.
Production levels increased by introduction of a second, organic phase that provides the substrate toluene and
extracts the product from the culture medium. Octanol was shown to be an appropriate second phase with respect
to tolerance of the strain for this solvent and with respect to partitioning of both substrate and product. Per unit of
overall reactor volume (octanol and water), best results were obtained with 50% (v/v) of octanol: an overall
3-methylcatechol concentration of 25 mM was reached with 96% of the product present in the octanol phase. These
product concentrations are much higher than in aqueous media without organic solvent, indicating that biocatalysis
in an organic/aqueous two-phase system is an improved set-up for high production levels of 3-methylcatechol. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

In biocatalysis, many processes are limited by
inhibition of substrates and/or products

(Robinson et al., 1992; Collins et al., 1995; Mar-
shall and Woodley, 1995; Bont, 1998). Cells start
to produce the desired compound, but after a
while they are inactivated because the product
reaches a toxic level. In case the substrate is toxic,
cells require a low initial substrate concentration.

Substituted catechols are valuable precursors in
pharmaceutical production processes (Ennis and
Ghazal, 1992; Scharrenburg and Frankena, 1996;
Hartog and Wouters, 1988), but they are difficult
to synthesize chemically (Scharrenburg and
Frankena, 1996; Held et al., 1999). We studied the
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model conversion of toluene to 3-methylcatechol
by Pseudomonas putida MC2 in aqueous media
(Hüsken et al., 2001a,b). For this bioconversion,
growing cells are needed. Growth stopped early
during this process, due to the rising product
concentration, and production was therefore
limited.

There are several ways to overcome substrate
and product inhibition. In situ product removal,
for example with an adsorbent column, can im-
prove reaction conditions for the biocatalyst. Lilly
and Woodley (1996) validated this approach for
the conversion of fluorobenzene to 3-fluorocate-
chol by P. putida ML2 by adsorbing substrate and
product onto activated carbon. Robinson et al.
(1992) used a similar product removal system in
3-methylcatechol production from toluene by P.
putida 2313; a packed bed with granular activated
charcoal removed the product. Held et al. (1999)
described the production of 3-phenylcatechol
from 2-phenylphenol by Escherichia coli JM101
(pHBP461). In their integrated process, substrate
and product were adsorbed on Amberlite™
XAD-4.

A second means to overcome substrate and
product inhibition and to enhance production is
the use of an organic phase as substrate reservoir
and product sink (Brink and Tramper, 1985; Har-
bron et al., 1986; Tramper et al., 1992; Collins et
al., 1995; Bont, 1998; Collins and Daugulis,
1999a,b; Wery et al., 2000). Exchange kinetics and
optimization of organic/aqueous systems have
been studied by Cesário et al. (1996, 1997). How-
ever, many bacteria are intolerant to otherwise
appropriate organic solvents (Cruden et al., 1992;
Harrop et al., 1992; Vermuë et al., 1993; Isken et
al., 1999).

Toxicity of organic solvents for micro-organ-
isms depends on the hydrophobicity of the solvent
(Weber and Bont, 1996). Log Po/w values denote
the tendency of a compound to partition over a
two-phase system of octanol and water (Rekker
and de Kort, 1979; Vermuë et al., 1993); the
higher the log Po/w, the better the compound dis-
solves in octanol and the more hydrophobic it is.
Most bacterial cells do not survive in the presence
of a second organic phase with a log Po/w value
in-between 1 and 4 (Bont, 1998).

The log Po/w of 1-octanol is 2.92 (Osborne et
al., 1990), indicating its toxicity (Bont, 1998). P.
putida DS10 (derived from P. putida S12), how-
ever, was tolerant to this solvent and was shown
to be capable of producing 3-methylcatechol in a
10 ml scale octanol/aqueous two-phase system
(Wery et al., 2000).

In 3-methylcatechol production, partitioning of
substrate and product are in favor of octanol.
Substrate toluene (log Po/w=2.60; Osborne et al.,
1990) dissolves 400 times better in octanol than in
water, while product 3-methylcatechol (log Po/w=
1.58; Meylan and Howard, 1995) dissolves 38
times better in octanol.

In this paper, we show that P. putida MC2, a
recombinant derived from P. putida F1, a strain
with a relatively high solvent-tolerance, thrives in
the presence of 1-octanol. Optimal bioproduction
of 3-methylcatechol as depending on the octanol
fraction is defined by: (1) a high overall 3-methyl-
catechol concentration; (2) the fraction of product
that is present in the octanol phase for down-
stream processing; and (3) the total process time
to produce the acquired amount of product. P.
putida MC2 is shown to be capable of producing
high amounts of 3-methylcatechol in an octanol/
aqueous two-phase system, both at 10 ml and at
0.80 l scale. Overall product concentrations were
found to be high as compared to aqueous produc-
tion systems and depended on the ratio between
the organic and the aqueous phase.

2. Materials and methods

2.1. Pseudomonas putida MC2

P. putida MC2 was previously constructed and
characterized (Hüsken et al., 2001a). The strain
originally contained a natural toluene degradation
pathway under control of a toluene promoter.
This native pathway was mutated such that enzy-
matic degradation of the product was not possible
anymore. Into this strain, additional sets of
todC1C2BAD genes for 3-methylcatechol produc-
tion and a kanamycin resistance gene were intro-
duced. The additional todC1C2BAD genes were
under control of a salicylate promoter.
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2.2. Media

Solid media were used for overnight precultures
from −80°C glycerol stocks; they contained 2%
of agar and 50 �g of kanamycin per ml of LB
medium (Sambrook et al., 1989).

LB broth was used as complete medium. Tolu-
ene (0.5 mM) was added to liquid precultures for
induction of the native genes for toluene degrada-
tion and 3-methylcatechol accumulation. Cells
were grown at 30°C without an antibiotic. For
3-methylcatechol production studies, the strain
was pregrown to a cell density of 0.60 g l−1 on
the basis of cell dry weight (logarithmic phase),
measured as the optical density at 660 nm
(OD660).

2.3. 3-Methylcatechol production

At t=0, sodium salicylate (1.0 mM) was added
to the incubation media for induction of the genes
involved in 3-methylcatechol formation by P.
putida MC2. The reaction substrate toluene was
added to such an extent that an initial aqueous
concentration of 1.0 mM was established. In wa-
ter–air systems, the main amount of toluene was
present in the gas phase (Amoore and Hautala,
1983). Final product concentrations could there-
fore be considerably higher than initial aqueous
toluene concentrations. The partition coefficient
of toluene over air and water, 1:3.8 (Amoore and
Hautala, 1983), and the air:water volume ratio
were used to calculate the required total amount
of toluene.

For two-liquid-phase incubations, liquid tolu-
ene was supplemented together with solvent 1-oc-
tanol to the aqueous, salicylate-containing
medium at t=0. Cells were not pre-adapted to
the solvent. Desired toluene concentrations for
two-liquid-phase systems were calculated from
known log Po/w values and phase ratios. Accord-
ing to the log Po/w value of toluene, 2.60 (Osborne
et al., 1990), the octanol phase should contain 400
mM of toluene to obtain a concentration of 1.0
mM of toluene in the aqueous phase at equi-
librium. The equilibrium toluene concentration in
the gas phase was 0.26 mM (Amoore and Hau-
tala, 1983).

2.4. Small-scale experiments

Small-scale experiments were carried out in air-
tight Boston bottles (Phase Separations), contain-
ing 10 ml of liquid and 240 ml of air. These
experiments were batches without aeration or pH
control. The bottles were incubated in a horizon-
tally shaking waterbath at 30°C.

Organic and aqueous medium together had a
volume of 10 ml in small-scale experiments, while
their ratio varied. The large air volume was cho-
sen to minimize oxygen limitation.

2.5. Fermentations

The bioreactor used was an Applikon 1.8 l
flat-bottom fermentor (Applikon Dependable In-
struments, Schiedam, The Netherlands) and con-
tained 0.80 l of total liquid. 0, 20, 40 or 50% (v/v)
of this volume consisted of the organic phase
1-octanol. Octanol contained 400 mM of toluene,
resulting in an aqueous concentration of 1.0 mM
of toluene if equilibrium between octanol and
aqueous medium is assumed.

The medium contained 2‰ (v/v, based on
aqueous medium) of antifoam agent polypropy-
lene glycol (average MW 2000) and was aerated at
200–400 ml min−1. Clean air was mixed with
toluene–saturated air, resulting in air containing
toluene at 18% saturation. Since the maximum
solubility of toluene in water is 5.6 mM (Osborne
et al., 1990), at 18%, 1.0 mM of toluene is main-
tained in the aqueous phase by feeding this air to
the reactor, assuming toluene degradation was
slower than toluene transport.

The pH of the aqueous medium was maintained
at 7.0 with 1.0 M of HCl. The oxygen tension was
monitored to manually control agitation rates. At
inoculation, the agitation rate was 200 rpm. After
1 min it was increased to 400 rpm and when the
oxygen tension dropped, a higher rate was ap-
plied. The maximum applied agitation rate was
800 rpm for an aqueous system and 500 rpm for
a two-phase system.

Samples of approximately 3 ml were taken
through a sample port. A 50 ml syringe and 0.2
�m filter were used to push air through the sample
port, to get rid of stagnant zones inside the sam-
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ple pipe. After that, a sample was extracted from
the reactor.

2.6. Analytical methods

Cell densities in aqueous systems were mea-
sured in a spectrophotometer (Perkin-Elmer
lambda 2 UV/VIS spectrophotometer), at 660 nm
(OD660) using 1.0 cm plastic cuvettes (Greiner).
The product did not interfere with this measure-
ment as long as the broth color did not turn
brown. In two-phase systems, it was not possible
to use this method for measuring cell densities;
here CO2 concentrations were measured in
headspace (small scale) or off gas (bioreactor) to
monitor cell activities. CO2 concentrations were
measured in 100 �l headspace samples in a model
1530A gas chromatograph (Hewlett Packard
HP6890 Series GC System) with a Poraplot Q
column (Chrompack). Toluene concentrations
were measured in 100 �l headspace samples in a
similar gas chromatograph with a 10% SE-30
chromosorb WMP column (Chrompack).

Samples for 3-methylcatechol measurement
were centrifuged in an Eppendorf centrifuge (Her-
aeus Instruments, Biofuge Fresco) at 13000 rpm
and 4°C for 3 min. Maximally 200 �l of the
aqueous phase supernatant was used in a colori-
metric determination at 510 nm of 3-methylcate-
chol (Arnow, 1937) (extinction coefficient in LB
medium 1.65 mM−1 cm−1).

Using this same analysis, the partition coeffi-
cient for 3-methylcatechol over octanol and LB
medium was measured. In a known quantity of
LB medium, 3-methylcatechol was dissolved and
the Arnow method was used to measure the
product concentration (Arnow, 1937). After that,
an equal quantity of octanol was added. The
volume was vortexed for 15 min at 30°C and the
aqueous product concentration was again mea-
sured. From these two concentrations, the parti-
tion coefficient was determined.

As a control, occasionally product concentra-
tions in octanol were determined. An HPLC was
used with a C18 column of 250×4.6 mm (L×
ID; Chrompack Chromsep, Zorbax 7), applying a
flow of 1.2 ml min−1 of eluents, containing 0.1%
trifluoracetic acid in a 1:1 methanol–water ma-

trix. 3-Methylcatechol was detected in a UV spec-
trophotometer at 210 nm (retention time 5 min).
These measurements were carried out as a check
for partitioning.

3. Results and discussion

3.1. Biocatalysis

Our transconjugant strain P. putida MC2 was
tolerant to octanol. This tolerance is exceptional
and essential for the kind of bioconversions that
are described here. In contrast, Harrop et al.
(1992) showed that neither free nor immobilized
P. putida UV4 cells could resist the presence of a
second phase of octanol. Furthermore, P. putida
MC2 does not need antibiotics to maintain stable
integration of the pertinent genes and to ensure
stable 3-methylcatechol production from toluene
(Hüsken et al., 2001a); it is thus a good candidate
for two-phase 3-methylcatechol production.

3.2. Single-phase fermentations

As a reference for two-phase experiments,
growth and 3-methylcatechol production in sin-
gle-phase LB medium by P. putida MC2 in a
bioreactor were monitored (Fig. 1). Under the
conditions applied, the production rate was
highest at late-exponential growth. Once growth
stopped at 5 mM of 3-methylcatechol (t=7 h),

Fig. 1. Typical graph of growth of Pseudomonas putida MC2
(�) and accumulation of 3-methylcatechol (�) in a bioreactor
with aqueous medium and a constant toluene concentration of
1.0 mM. Error bars indicate standard deviation between two
samples.
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production also ceased within a few hours (t=
12 h) at a product concentration of 10 mM.
The final cell-dry-weight concentration was 1.7 g
l−1; without toluene, and thus without 3-
methylcatechol production, a biomass concentra-
tion of 2.1 g l−1 was found. On minimal
growth media with glucose or succinate, this dif-
ference was more pronounced (Hüsken et al.,
2001b). The nearly constant toluene concentra-
tion of 1.0 mM does not actually affect the
growth rate (results not shown). On the other
hand, on succinate medium 0.7 mM of 3-
methylcatechol decreased the maximum specific
growth rate with 50% (Hüsken et al., 2001a),
while above 6 mM, no growth was observed at
all, although cells were still active. This agrees
with the results of Fig. 1. Elevated product con-
centrations thus inhibit growth and consequently
production in single-phase 3-methylcatechol pro-
duction processes.

3.3. Partitioning

P. putida MC2 is tolerant to 1-octanol and
active in its presence. Also, octanol hardly dis-
solves in water, while partitioning is good: both
substrate and product dissolve much better in
octanol than in water. From the calculated
log Po/w of 3-methylcatechol (1.58; Meylan and
Howard, 1995), a partition coefficient of 38
would be expected for 3-methylcatechol over an
octanol/water two-phase system. A somewhat
lower partition coefficient of 22 (log Po/w=1.34,
based on mM) was found experimentally for 3-
methylcatechol over octanol/LB medium (results
not shown). Partitioning thus seemed appropri-
ate and sufficient for improving the production
process.

3.4. Small-scale two-phase optimization
experiments

Various conditions for growth and 3-methyl-
catechol production in two-phase systems were
examined in 250 ml Boston bottles containing
10 ml of total liquid. The octanol phase con-
tained a large reservoir of toluene: 400 times the
aqueous concentration, according to log Po/w=

Fig. 2. Accumulated aqueous and octanol concentrations of
3-methylcatechol as a function of aqueous and octanol toluene
concentration in a 1:1 octanol/aqueous two-phase system
(small scale).

2.60 (Osborne et al., 1990). This was checked
experimentally. Because of the high volatility of
toluene, quantitative measurements of aqueous
toluene concentrations by HPLC were unreli-
able. Therefore, from a bottle containing air, LB
medium, octanol and dissolved toluene, the gas
phase toluene concentration was analyzed by gas
chromatography. Calculations using this mea-
sured toluene concentration and the water–air
distribution ratio (Amoore and Hautala, 1983)
revealed that the aqueous toluene concentration
in LB medium was 1 mM, as expected, assum-
ing toluene partitioning between aqueous LB
medium and air is equal to partitioning between
water and air (3.8:1). Using this same assump-
tion, the toluene mass balance then ascertains
that 400 mM of toluene is present in octanol
and the log Po/w is thus 2.60.

One-fourth or less of the total toluene quan-
tity was converted, resulting in an aqueous tolu-
ene concentration that always remained higher
than 75% of its initial value. To obtain the opti-
mal toluene concentration for 3-methylcatechol
production, bottles with 1:1 organic/aqueous
two-phase systems were tested. Highest product
concentrations were obtained with a starting
aqueous toluene concentration of 1.0 mM (Fig.
2); this value was chosen for the subsequent
bioreactor experiments.
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Table 1
Batch 3-methylcatechol (3-MC) accumulation (mM and mmol)a

Phase ratio (octanol over LB, v/v) 0.80 l scale, bioreactor10 ml scale, shake flasks

3-MCtotal (mmol)c[3-MC] (mM) oct:LBb [3-MC] (mM) oct:LBb 3-MCtotal (mmol)c

0.078 [0] 9.5 (�1.9)0:10 8 [0]7.8 (�0.64)
0.20 [0.17] 65:3.0 (�0.35)83:3.8 (�0.24) 12 [10]2:8

74:3.4 (�0.09)4:6 0.32 [0.30] 54:2.5 (�0.25) 19 [17]
0.38 [0.36]5:5 48:2.2 (�0.28)72:3.3 (�0.21) 20 [19]
0.20 [0.19] NDd24:1.1 (�0.13) NDd8:2

a Standard deviations over aqueous (LB) concentrations are shown in brackets. All incubations contained 1.0 mM of toluene in
the water phase at time t=0; in small-scale experiments, this concentration dropped during production, while in 0.80 l experiments,
the LB toluene concentration was kept constant by aeration with air that contained toluene.

b Octanol product concentration (mM):LB product concentration (mM).
c In square brackets the amount of 3-methylcatechol in octanol (mmol).
d ND, not determined.

Table 1 shows final product concentrations
from small-scale experiments at various organic/
aqueous phase ratios between 0 and 80 vol.% of
octanol. The highest product concentration in oc-
tanol was observed at 20 vol.% of octanol, while
the highest overall product accumulation was
measured at an octanol fraction of 50 vol.% (72
mM of product in octanol, corresponding to an
overall concentration of 38 mM; Table 1). In
bioreactor experiments, various phase ratios were
tested as well (see below).

In aqueous systems, the best medium for high
specific production rates was minimal glucose
medium (Hüsken et al., 2001b), but in two-phase
Boston bottles this medium showed a long lag
time of 40 h (results not shown). Final product
concentrations in systems with minimal glucose
and with LB medium were comparable. There-
fore, LB medium was used in two-phase studies.
It was assumed that cells had sufficient growth
and maintenance substrate when using LB
medium: four-fold concentrated LB medium did
not improve production of 3-methylcatechol. In
Boston bottles, the pH was not controlled. Ini-
tially, it was 7, but it increased to 8.5 upon
growth of P. putida MC2. At higher pH, the
product is less stable, resulting in a brown
medium color at the end of the incubation due to
e.g. polymerization. This implies that more
product was accumulated than was measured.

3.5. Organic/aqueous two-phase fermentations

Small-scale experiments were scaled up to 0.80 l
experiments in a bioreactor, with the advantages
of pH control, constant toluene concentrations
and easier sampling. The bioreactor contained
0.80 l of liquid at varying organic/aqueous phase
ratios. Table 1 shows results of bioreactor experi-
ments. Overall production was increased as com-
pared to single-phase aqueous medium and high
3-methylcatechol concentrations were obtained in
octanol.

Fig. 3 shows experiments in which 3-methylcat-
echol concentrations vs. time were measured in a

Fig. 3. Accumulation of 3-methylcatechol in organic/aqueous
two-phase system. In the bioreactor, 40 vol.% of octanol was
present. Results of two independent experiments are depicted.
�, �, 3-methylcatechol concentration in octanol phase; �,
�, concentration in aqueous phase.
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system with 40 vol.% of octanol. In these fermen-
tations, an overall product concentration of 23
mM was obtained, consisting of 54 mM in the
octanol phase and 2.5 mM in the aqueous phase.
CO2 production decreased after 50 h (results not
shown), indicating that cells were no longer ac-
tive. Octanol kept substrate and product concen-
trations low during the reaction and volumetric
production was clearly improved.

The time to attain the final product concentra-
tion (53 h, Fig. 3) was longer than in single-phase
systems (12 h, Fig. 1), because cells needed to
adapt to the organic solvent.

Again, total product accumulation was highest
at 50 vol.% of octanol. In the octanol phase, 48
mM of 3-methylcatechol was present, vs. 2.2 mM
in aqueous medium, corresponding to a volume-
averaged concentration of 25 mM. Highest con-
centrations in octanol were achieved at the lowest
phase ratio (2:8), where 65 mM of 3-methylcate-
chol was present in octanol (Table 1).

It is believed that differences between final
product concentrations in small-scale and in 0.8 l
bioreactor experiments are a result of upscaling.
Only when no octanol was present, bioreactor
experiments showed higher 3-methylcatechol con-
centrations than small-scale experiments. This was
caused by toluene limitation in single-phase small-
scale experiments, whereas in the bioreactor, the
toluene concentration was kept constant. In the
small-scale incubations, flasks were shaken, while
in the 0.8 l bioreactor, culture medium and oc-
tanol were stirred and aerated. This resulted in a
lower activity, probably due to more stress to the
cells, as was found previously (Harrop et al.,
1992). At the end of the process, a stationary state
was reached, indicating that changes in overall
product concentrations at different scales were
not caused by slow product transfer to the oc-
tanol phase or by a possibly lower area available
for this transfer at larger scale.

The colour of the emulsion changed. At the
start, it was off-white, subsequently gray, and via
brownish red it changed to dark brown at the end
of the incubation, probably as a result of product
polymerization (Shirai, 1987; Robinson et al.,
1992). In a buffer at pH 7, 9% of 3-methylcate-
chol disappears in 24 h (Hüsken et al., 2001a). It

Fig. 4. Average product concentration over total volume as a
function of phase ratio octanol/water, both in small-scale
Boston bottles (�) and in bioreactor experiments (�). Error
bars indicate standard deviations. (�) Fraction of product in
organic phase as a function of phase ratio octanol/water.

is therefore assumed that the actually produced
amount of 3-methylcatechol was higher than the
measured amount. Product stability was higher at
a lower pH, but then cells had more severe prob-
lems in coping with the organic phase.

3.6. Optimization of phase ratio

Figure 4 shows averaged product concentra-
tions and the fraction of the product that is
present in the octanol phase, as a function of the
volume fraction of octanol phase. Linear plots
should be expected for averaged 3-methylcatechol
concentrations when production would stop at a
constant inhibitory product concentration in the
aqueous phase. From Table 1 however, it is clear
that the final aqueous concentrations were not
constant, but decreased at increasing octanol
hold-ups. If the single-phase aqueous concentra-
tion of 10 mM would have been achieved in all
two-phase incubations, Fig. 4 would show steeper,
linear plots of the overall 3-methylcatechol con-
centration. Still, overall concentrations were much
higher than in single-phase systems due to the
large octanol reservoir, satisfying our
requirements.

Optimal production of 3-methylcatechol is
defined by the octanol fraction at which: (1) a
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high overall 3-methylcatechol concentration is
achieved; (2) the fraction of product present in the
octanol phase is high; and (3) the total process
time to produce the acquired amount of product
is low. The fraction of product present in octanol,
for downstream processing, does not change
much above 40 vol.% of octanol (Fig. 4). It is
therefore reasonable to regard an octanol hold up
of approximately 50% as optimal for the first two
requirements: accumulating large quantities of 3-
methylcatechol and achieving a high product re-
covery in octanol.

Process times (including lag time) were not
taken into account in Fig. 4. In small-scale exper-
iments, process times were rather similar for dif-
ferent volume fractions of octanol, except for 80
vol.%, were the process time was doubled. In
bioreactor experiments however, larger differences
were found: the higher the octanol fraction, the
higher the process time. It is thus crucial to define
the importance of short process times (low oc-
tanol volume fraction) and high production and
product recovery (50 vol.% of octanol).

For the recovery of 3-methylcatechol from oc-
tanol, the octanol phase can be extracted with 1
M NaOH. The sodium salt of 3-methylcatechol
will then be present in the aqueous phase. The
catechol can be extracted in a different organic
phase, that can be evaporated to yield 3-
methylcatechol.

In conclusion, without the need to add antibi-
otics, an improved set-up for high production
levels of 3-methylcatechol was achieved, using a
stable solvent-tolerant bacterium in an organic/
aqueous two-phase system. This integrated pro-
cess increased overall product accumulation and
entailed a first extractive step in downstream
processing.
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