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Abstract

In technical as well as natural ecosystems, pollutants are often mineralised in the presence of easily degradable
carbon sources. A laboratory model system consisting of Escherichia coli ML 30 growing with mixtures of 3-
phenylpropionic acid (3ppa, ‘pollutant’) and glucose (easily degradable substrate) was investigated in batch and
carbon-limited continuous culture. Untypically, a linear growth pattern was observed during batch cultivation with
3ppa as the only carbon/energy source. When exposed to mixtures of both substrates in batch culture, E. coli utilised
the two compounds sequentially. However, 3ppa and glucose were consumed simultaneously in continuous culture.
Whereas a pulse of excess glucose to a batch culture growing with 3ppa led to the repression of 3ppa utilisation, an
excess of glucose added into continuous culture did not inhibit the utilisation of 3ppa. During continuous cultivation
the 3ppa-degrading enzyme system operated close to saturation.

Nomenclature

3ppa  3-phenylpropionic acid

D dilution rate (specific growth rate in chemostat) h~!
DOC  dissolved organic carbon mgL~1!
DW  dry weight mg L—!
WUmax  maximum specific growth rate h—1
Introduction

In natural as well as engineered environments,
microorganisms most probably utilise and grow with
many different carbon compounds at the same time (a
phenomenon that has been referred to as "mixed sub-
strate growth", e.g., Egli 1995; Harder & Dijkhuizen
1982; Matin 1979). Among the many different natu-
rally available carbon substrates, sugars and aromatic
hydrocarbons certainly belong to those chemical struc-
ture units that are most abundant in nature (Miinster
1993).

Whereas the metabolic pathways of sugars in
Escherichia coli have been well studied (reviewed

in, e.g., Lendenmann & Egli 1995; Lengeler 1993;
Neidhart et al. 1987), there is so far little known on
the catabolism of aromatics. Although many differ-
ent microorganisms are capable of degrading aromatic
compounds, most of the present knowledge on aro-
matic catabolism has come from studies of bacteria
that belong to the genus Pseudomonas (e.g., Smith
1990). The ability of E. coli to degrade aromatic com-
pounds to completion was first reported in 1980 (Coop-
er & Skinner 1980). In particular the catabolism of
3-phenylpropionic acid (3ppa; chemical structure see
Figure 1) was investigated by Burlingame & Chapman
(1983), and a pathway for the degradation of 3ppa to
succinate, acetaldehyde, and pyruvate was proposed.
The reaction sequence was initiated by a dioxygenase
attack at the aromatic ring, and the meta-ring cleav-
age occurred before the side chain degradation. This
catabolic pathway in E. coli is similar to that observed
eatlier in Acinetobacter sp. (Dagley et al. 1965). To
date only, some genes of the 3ppa degradative path-
way have been cloned (Bugg 1993), and an E. coli aro-
matic hydrolase with a broad substrate range, which is
involved in the degradation of 4-hydroxyphenylacetic
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acid (unfortunately, there is no reference to 3ppa speci-
ficity) has been characterised by Prieto et al. (1993).

The existing concepts on microbial growth kinet-
ics are based on the assumption that single substrates
are utilised (e.g., Monod 1942) despite the fact that the
microorganisms in nature grow with substrate mixtures
and under conditions of changing substrate availability
- both with respect to the concentration and the pres-
ence of particular substrates. Therefore, it is essential to
extend such kinetic models to mixed substrate growth,
especially for the case of the degradation of pollutants
in the presence of mixtures of natural substrates. These
particular aspects have been investigated in three par-
allel studies using a model system consisting of . coli
ML 30 growing with mixtures of glucose (here, easily
degradable substrate) and 3ppa (‘pollutant’; Kovéfova
et al. 1996a,b, and this study). Using this experimental
system, we were able to re-examine the tentative mod-
el proposed for utilisation of mixtures of sugars (Egli
et al. 1993; Lendenmann et al. 1996) for two carbon
substrates that are quite different with respect to the
metabolic pathways involved in their utilisation and
the regulation of enzyme expression. Here, a detailed
investigation of the growth dynamics of E. coli with
mixtures of 3ppa and glucose is presented.

Materials and methods
Medium and culture conditions

Escherichia coli ML 30 (DSM 1329) was grown at
37°C in both batch and continuous culture. The min-
eral medium was supplemented with either 3ppa, or
with mixtures of 3ppa (Fluka) and glucose (Merck) as
the only sources of carbon and energy. Details on the
medium composition and cultivation conditions were
described previously (Senn et al. 1994).

Analytical procedures

Glucose analysis

The glucose concentrations in batch cultures and
during the pulse experiments (where concentrations
were in the mg 1.~! range) were measured enzymat-
ically using the GOD-Period® method (Boehringer
Mannheim, Germany). The samples were analysed at
420 nm (instead of 560 nm as recommended by the
manufacturer). This modification allows a higher sen-
sitivity (detection limit ca. 1-2 mg L~! of glucose).

Residual concentrations of glucose in continuous
culture (in the ug L~! concentration range) were
analysed by HPLC according to Senn et al. (1994).

3ppa analysis

The samples were immediately filtered after they were
withdrawn from the bioreactor or batch culture, and
the pH was adjusted to 3 by adding concentrated HCL.
The 3ppa-concentrations were analysed by a standard
HPLC application (Waters- Millipore 625LC; Waters
712 WISP injector, 50 to 150 uL injection volumes
used) with UV detection at 206 nm (Waters 991 pho-
todiode array detector). The reverse-phase separation
was achieved on a Nova Pak C-18 column (Waters-
Millipore) by applying a 1:1 mixture of 50 mm H3;PO4
and methanol (pH adjusted to 3.1) as the eluent with a
flow rate of 0.6 ml min—!. The detection limit was ca.
0.01 mg L~'of 3ppa.

Acetate analysis

The concentration of acetate was measured by ion-
exclusion chromatography as described by Schneider
et al. (1988).

Dissolved organic carbon (DOC)

DOC concentrations were measured in the filterate
(0.2 pm polycarbonate membrane filter; Nuclepore,
U.S.A.) after acidification with HCI using a Tocor 2
analyser (Maihak, Germany).

Biomass determination

Biomass was measured as dry weight (DW) by filtra-
tion through a 0.2 um pore size polycarbonate mem-
brane filter (Nuclepore). Cells collected on filters (usu-
ally from of 100 mL cell suspension) were washed with
distilled water, and filters were dried at 105°C to con-
stant weight. Optical density was determined in 5-, 2-,
or 1-cm cuvettes at 546 nm with a Uvikon 860 spec-
trophotometer (Kontron, Switzerland).

Specific oxygen uptake rates

A sample of culture liquid (12 mL) was collected
directly from the chemostat, centrifuged, washed twice
with mineral medium, and resuspended in 3 mL of
mineral medium (Senn et al. 1994). The samples taken
from batch cultures were also washed two times, but
resuspended in mineral medium to the original volume.
The 3ppa- or glucose- stimulated oxygen uptake rate
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Figure 1. Typical linear batch growth curve for E. coli growing with
3ppa (200 mg L~ lof C) as the sole source of carbon and energy. a
— @ — biomass concentration measured as optical density, — O
— 3ppa concentration; b - logarithm of optical density as function of
time, the dashed line indicates the ‘nearly’ linear part of this curve;
¢ - the specific growth rate as function of time, the maximum of this
curve was referred to as a [lmax of 0.45 h~1, which is indicated by
the dashed line.

was recorded at 37°C in a Clark-type oxygen probe
(Rank Brothers). The total volume of the assay was 3
mL, consisting of 2.8 mL cell suspension of a known
biomass concentration and 0.2 mL of 0.1M glucose or
3ppa solution. The deviation of our measurements was
about 10 to 20 nmol O, min~—! (mg DW)~1.

The rate of linear growth

The maximum specific growth rate is conventionally
determined from the exponential phase of a growth
curve. Untypically in our case, no exponential growth
was observed over an extended period of time, and the
initial ‘exponential growth’ was quickly followed by a
linear growth phase. Because during the linear growth
the growth rate changes with the time, we determined
the p = & - L as a function of time. Here, the ‘true’ pmax
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was determined as the maximum of the p(t) function;
the approach is explained in Figure 1.

Results

Growth with 3ppa as sole carbon and energy source
in batch culture

When E. coli ML 30 was grown in batch culture with
3ppa as the sole carbon and energy source, no dis-
tinct phase of exponential growth was observed, but
the cells grew linearly (Figure 1). This did not change,
although the cells were transferred repeatedly (eight
times) from one batch culture to the next, where they
always were supplied with 200 mg L~1of 3ppa carbon
as the only carbon/energy source. In this way they all
grew over more than 100 hours (i.e., ca. 50 genera-
tions) at an average maximum specific growth rate of
0.4340.05 h~!. Although the cells grew linearly, 3ppa
was completely utilised and decreased from an initial
concentration of 248 mg L~ (= 180 mg L~ !of carbon
from 3ppa) to concentrations < 1 mg L~! and final
DOC concentrations in the medium of about 40 mg
L. (of the 40 mg L~!, 28 mg L~! of DOC originated
from the non-utilisable EDTA present in the mineral
medium.

The linear growth pattern did not significantly
change when yeast extract (to a final concentration
of 1 mg L™1), vitamins (for exact composition see Egli
et al. 1988) or trace elements (supplied in the fresh
mineral medium) were added to growing cells. How-
ever, the growth rate increased (but remained linear)
when sterile filtered culture supernatant from a chemo-
stat fed with a mixture of glucose and 3ppa was added
to a culture growing in batch mode (Figure 2). Further-
more, no significant difference in the growth curves
with 100, 200, and 400 mg L~! of 3ppa-carbon was
observed, indicating no toxic effects of 3ppa within
the tested concentration range. The growth yield was
1.13+0.07 mg DW (mg carbon) 1.

Growth with mixtures of 3ppa and glucose in batch
culture

To obtain information concerning the regulation of the
utilisation of 3ppa in the presence of alternative easily
degradable carbon sources, the bacterium was grown
in batch culture with mixtures of 3ppa and glucose
(Figure 3). In these experiments the total carbon con-
centration was kept constant at 200 mg L~! DOC, and
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Figure 2. Growth of E. coli in batch cultures with 3ppa as the
sole carbon/energy source (200 g L~ of 3ppa carbon; total culture
volume of 500 mL) when pulsed with 20 mL of sterile filtrate from
a chemostat culture grown with a mixture of 3ppa and glucose. As
an inoculum cells grown in continuous culture with a 7:3 mixture of
glucose:3ppa (C:C) were used; @ OD of pulsed culture, the pulse is
indicated by a vertical line; O reference experiment.

only the proportion of the two substrates in the mix-
ture was changed. The growth of E. coli followed a
diauxic pattern (Figure 3). The utilisation of 3ppa was
not detectable until glucose was exhausted (data for
substrate concentrations not shown), and a lag-period
of several hours was observed between the two growth
phases. A typical example of the described growth pat-
tern including the actual 3ppa and giucose concentra-
tions is presented in Figure 4. Surprisingly, the specific
growth rates observed in the two growth phases were
influenced by the mixture composition (Figure 5). The
maximum specific growth rate observed during growth
with glucose decreased when increasing proportions
of 3ppa were supplied in the initial mixture. Converse-
ly, the maximum specific growth rate achieved in the
3ppa growth phase increased with increasing propor-
tion of 3ppa in the mixture. The length of the lag-phase
was dependent on the initial 3ppa:glucose ratio, and it
increased with decreasing proportion of 3ppa in the
mixture. Differently than in the previous experiments
(Figures 1 and 2), the cells exponentially grown for
more than 100 generations with glucose only (and nev-
er exposed to 3ppa) in batch culture were used as the
inoculum. It appears that such a different pre-treatment
of the inoculum caused that 3ppa in the initial phase
of the batch culture to support exponential growth, in
contrast to the data shown in Figures 1 and 2. During
the later phase of batch growth, the cells clearly grew

1.2 , ,

Optical density (560 nm, 2cm)

Time (h)

Figure 3. Growth of E. coli in batch culture with mixtures of 3ppa
and glucose as the sole sources of carbon/energy (total carbon con-
centration of 200 mg L~ 1). As an inoculum cells pregrown in batch
culture with glucose were used; the mixture composition is given
in% of carbon: (1 100% of glucose; M mixture of 90% glucose and
10% 3ppa; @ mixture of 50% each substrate; A mixture of 10% of
glucose and 90% of 3ppa; O 100% of 3ppa.

linearly. (However, it is difficult to statistically distin-
guish the point at which the culture changes from an
exponential to a linear growth behaviour.) Addition-
ally, linear growth was observed when the cells were
grown in batch culture with a mixture of 3ppa and
glucose (Figure 3); the standard deviation of the pmax
estimates being 0.05 h—!.

Similar experiments were performed with mixtures
of 3ppa and acetate. The utilisation patterns for acetate
and 3ppa, as well as the DOC balance, gave strong
evidence that 3ppa was not utilised before acetate was
exhausted. However, no lag-phase was detected in the
growth curve (data not shown).

The response to changing substrate availability and
its effect on the utilisation of 3ppa

In both natural and technical environments, microor-
ganisms are often exposed to fluctuating substrate
availability. A ‘new’ substrate (pollutant) can be intro-
duced into such a system either pulswise or more or less
continuously over a longer time period. Here, ‘simple’
pulse and transient experiments were carried out as a
contribution to the understanding of the complex reg-
ulation patterns involved in the utilisation of substrate
mixtures when the substrate availability is changing.



0.8? 250
o _
% 41 <
- o] ..
£ o 1200 E
5 ] 5
g 04 & ° k=
§ I o - 150 §
-2 [ ] lll.‘h.-. - o s
£ e’ 2
.
8 I . - 100 &
g 02 ) ™ 5
£ . . 3
o o a
* [0}
° -
on®
o e | b o olo-ooocloo® g
0 2.5 5 7.5 10

Time (h)

Figure 4. Batch growth of E. coli with a 1:1 (C:C, 100 mg L~ 1of
carbon each) mixture of 3ppa and glucose. (@ optical density; O
glucose concentration; M 3ppa concentration).
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Figure 5. Maximum specific growth rates during growth of E. coli
with mixtures of 3ppa and glucose in batch culture, as a function
of the fraction of carbon from 3ppa in medium feed (for the growth
curves see Figure 3; the standard deviation of the Wmax estimates
being 0.05 h~1). Open column - Pmax determined during the growth
phase on glucose; black column - Umax determined during the growth
phase on 3ppa.

Pulse of glucose to batch culture growing with 3ppa

To investigate in more detail to what extent the 3ppa
utilisation can be inhibited by glucose, E. coli was
grown in batch mode with a mixture of 3ppa and glu-
cose (initial concentrations being 100 mg L™! of car-
bon from glucose and 200 mg L~! of carbon from
3ppa). As an inoculum, cells from continuous culture
growing with a 3:7 (C:C) mixture of 3ppa and glucose
were used. Although the cells (when washed) exhib-
ited 3ppa-oxidising capacity (Figure 6¢), no apparent
mixed substrate utilisation was detected (Figure 6a,
d). When glucose was exhausted, the cells started to
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grow with 3ppa as the sole carbon/energy substrate
after a short lag. An addition of excess glucose (to a
final concentration in the culture medium of 100 mg
L~!of carbon) during the 3ppa growth phase transient-
ly repressed the utilisation of 3ppa (Figure 6). The
specific 3ppa-stimulated oxygen uptake rate increased
when 3ppa was utilised and decreased during glucose
growth phases (Figure 6¢). An opposite pattern was
observed for glucose-stimulated specific oxygen con-
sumption rates (Figure 6b).

Pulse of glucose to a continuous culture growing with
3ppa and glucose

In contrast to batch culture, the two substrates were
utilised simuitaneously in carbon-limited continuous
culture (see also Kovafova et al. 1996a). In order to
study the effect of glucose on the utilisation of 3ppa in
continuous culture, cells growing at D=0.6 h—! with a
7:3 (C:C) mixture of glucose and 3ppa (100 mg L~!
of glucose and 23.8 mg L.~ !of 3ppa) were pulsed with
an excess of glucose (Figure 7). Immediately after the
pulse, the glucose concentration in the bioreactor was
200 mg L~'(i.e., 80 mg L~'of C, which is a com-
parable concentration range as that used in the batch
experiments shown above). The biomass concentra-
tion, as well as the substrate concentrations and the
specific oxygen consumption rates stimulated by glu-
cose or 3ppa, were measured as function of time (Fig-
ure 7). After the pulse, glucose concentration started
to decrease (to final concentration of < 1 mg L~!
of glucose), and at the same time the biomass con-
centration started to increase. However, the utilisation
of 3ppa, as indicated by the residual 3ppa concentra-
tions in the culture, was not repressed (Figure 7a), and
only a transient increase of 3ppa concentration from
300 pg L~ (steady-state value prior the pulse) up to
1000 pg L~ (peak concentration) was measured. Nev-
ertheless, after the pulse, the 3ppa-stimulated specific
oxygen consumption rates decreased until glucose was
exhausted. After the exhaustion of glucose, the excess
biomass resulting from the pulse started to wash-out
from the bioreactor, and the 3ppa-stimulated oxygen
consumption rates reached again the initial steady-
state level of 88+15 nmol O, min~! (mg DW)~L.
During the whole experiment, the glucose- stimulated
specific oxygen consumption rates remained constant
at 167+18 nmol O, min—! (mg DW)~! (Figure 7b).
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Figure 6. Pulse of excess of glucose into a batch culture growing
with a mixture of glucose and 3ppa.The initial mixture contained
100 mg L~ of glucose carbon and 200 mg L~! carbon from 3ppa;
after ca. 840 minutes of cultivation glucose was pulsed (final con-
centration of 100 mg L~ lof glucose carbon) to the culture in the
3ppa/growth phase; the arrows indicate the growth phases either
with glucose or 3ppa; a - growth curve; b, ¢ - glucose (@) or 3ppa
(O) stimulated specific oxygen consumption rate; d -% of the initial
substrate concentration left, @ - glucose, O - 3ppa.

Transient shift from glucose to a mixture of glucose
and 3ppa

To investigate how fast E. coli can respond to a sudden
availability 3ppa, the cells were grown with glucose
(100 mg L~1) as the only carbon/energy source until
a steady-state was reached. Then inlet medium was
shifted to one containing the same concentration of
glucose and, additionally, 3ppa. The mixture compo-
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Figure 7. Pulse of excess of glucose into a continuous culture of
E. coli growing with a 3:7 (C:C) mixture of 3ppa and glucose.
a - O - biomass concentration followed as optical density, @ -
3ppa concentration, the dashed line indicates the wash-in of 3ppa
assuming that the utilisation of 3ppa had stopped immediately after
the pulse; b - glucose ((O0') or 3ppa (M) stimulated specific oxygen
consumption rate.

sition was 7:3 glucose:3ppa (C:C). This culture was
during its ‘history’ transiently exposed to 3ppa for the
second time; i.e., the culture was first grown with glu-
cose for 260 generations, then it was cultivated with a
mixture of 3ppa and glucose (590 generations), which
was followed by a second period of growth with glu-
cose only (234 generations). Then the above described
experiment was performed. During the first medium
shift, the steady-state with respect to biomass concen-
tration was required two to three times more time then
during the 3ppa-transient described above.

Similar to the pulse experiment in continuous cul-
ture, the glucose-stimulated specific oxygen consump-
tion rate remained constant at 178220 nmol O, min~!
(mg DW)~! (Figure 8a). Approximately 1 hour was
required until a stable 3ppa-stimulated specific oxy-
gen consumption rate of 80£15 nmol O, min—! (mg
DW)~! was achieved (note, the sample preparation,
during which the culture remains in contact with 3ppa,
takes approximately 10 minutes). During this time peri-
od (see point 1, Figure 8b), only 30% of the 3ppa con-



8
T

|

|

I g
{

|

!

g

I.
[

lo
[
]

150

{nmol O, (Min mg DW) ')

Specific oxygen uptake rate

3ppa concentration (mg L)

Ju n__o-l.n

"o 25 55 75
Time after shift of carbon source (h)

Optical density (546 nm, 5 cm)

Figure 8. Transient behaviour of E. coli grown in carbon-limited
continuous culture after switching the feed from medium containing
glucose (100 mg 1.—1) as the only carbon and energy source to one
containing the same concentration of glucose plus additionally 30%
of 3ppa-carbon. a - glucose (@) or 3ppa (O) stimulated specific
oxygen consumption rate; b - Ml - biomass concentration; ] - actual
3ppa concentration, the curve indicates the theoretical wash-in of
3ppa from the new medium feed; the arrows indicate the effectively
utilised 3ppa concentration at the particular time point (1 - 8 mg
L1, 2-22mgL™Y).

centration in the medium feed was effectively washed-
in into the bioreactor and utilised (the actual 3ppa
concentrations were always < 3 mg L~1). However,
biomass concentration was still increasing due to the
utilisation of the inflowing 3ppa (Figure 8b). Because
the cells exhibited the same 3ppa-stimulated specif-
ic oxygen consumption rate (80+15 nmol O, min~!
(mg DW)~') whether 8 or 22 mg L~'of 3ppa were
effectively utilised (Figure 8b), they temporarily had a
‘spare capacity’ for 3ppa utilisation.

Discussion
The phenomenon of linear growth in batch cultures

Linear growth in batch cultures is known to be linked to
conservative trace nutrient uptake (Brown et al. 1988),
intracellular accumulation of the limiting substrate in
any form (Novak et al. 1990), or inappropriate culti-
vation condition resulting in limitation by oxygen or
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substrate flux (i.e., constant rate of supply of oxygen
or limiting substrate, reviewed by Brown et al. 1988).

Concerning the experimental observations during
the growth of E. coli with 3ppa as the sole source of car-
bon and energy, we can only speculate what is respon-
sible for the linear growth pattern observed in these
batch cultures. However, several factors can be exclud-
ed. For example, when the same mineral medium was
supplemented with glucose or acetate instead of 3ppa,
no linear growth pattern was observed. Because, the
cultures growing with 3ppa were extensively aerated
and they did not show any response to the addition
of trace elements (trace nutrients) or vitamins, only a
limitation by intracellular metabolite accumulation or
substrate transport might be considered. The cultures
grew faster or nearly exponentially when sterile filtered
culture supernatant from cells already growing with a
mixture of 3ppa and glucose was added (e.g., Figure 1).

It should be pointed out that the linear growth
behaviour observed during batch cultivation with 3ppa
as the sole substrate did not hamper growth in con-
tinuous culture. During continuous cultivation in the
presence, or even without glucose (for more details on
continuous cultivation see Kovéafova et al. 1996a and
1996b), the cells grew exponentially (if E. coli was
growing linearly in the chemostat the culture would
have washed out). Therefore, only when estimating
the pyax from batch growth data the linear growth
pattern has to be considered (Figure 1). It was also
observed that it is easier to start up a continuous cul-
ture with medium containing a mixture of 3ppa and
glucose than with 3ppa alone. Applying a ‘too high’
dilution rate in the initial phase after switching the
culture to the chemostat mode with 3ppa as the sole
carbon and energy substrate occasionally resulted in a
wash-out.

Surprisingly, no ‘spare capacity’ with respect to
3ppa consumption could be measured for cells grow-
ing in continuous culture (Kovafovd et al. 1996b). The
measured excess specific 3ppa consumption rate was
virtually identical to that calculated from the dilution
rate and medium composition. This indicates that we
worked with a system that was close to saturation with
respect to 3ppa uptake. Therefore, even when an excess
of 3ppa was added to the culture, it was impossible to
detect any difference in the consumption rate. Con-
sequently, a virtual ‘spare capacity’ with respect to
3ppa consumption was observed transiently during the
initial phase of the shift experiment (Figure 8).



452
How is the 3ppa degradation regulated?

Our understanding of the regulation of 3ppa utilisa-
tion in mixtures with glucose remains at the phenom-
enological level that involves following the substrate
concentrations and the substrate specific consumption
capacities (i.e., excess rates). Here, we were mainly
interested to what extent the utilisation of 3ppa can be
inhibited by a second substrate.

In batch culture, the utilisation of 3ppa was imme-
diately repressed by glucose, regardless of whether
glucose was present in the initial substrate mixture or
was pulsed to cells growing with 3ppa alone. Surpris-
ingly, pulsing cells growing with 3ppa in continuous
culture showed quite a different response (Figures 7
and 8). Although the amount of glucose added resulted
in comparable concentrations in both experiments, the
pulse of excess glucose to continuous culture did not
inhibit the utilisation of 3ppa. The effect of glucose
was only visible as a transient reduction in the 3ppa-
stimulated oxygen uptake rate. This observations raises
the question of what is the difference in the regulation
of these two systems.

One explanation might be that in continuous culture
- in contrast to batch growing cells - the glucose uptake
system did not operate so close to saturation. A ‘spare
capacity’ to take up glucose was always measured
under steady-state growth conditions (Kovarova et al.
1996b, Lendenmann & Egli 1995). However, within
the exponential growth phase in batch culture with glu-
cose, the cells are supposed to work close to saturation
(shown in Figure 6 for the first growth phase). Due to
this ‘spare capacity’ the cells grown in continuous cul-
ture might be able to utilise the excess glucose without
visibly affecting the utilisation of 3ppa.
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