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Abstract Dynamic stimulus-responses of Escherichia coli
DPD208S, yciG::LuxCDABE reporter strain, to glucose
pulses of different intensities (0.08, 0.4 and 1 gL™") were
compared using glucose-limited chemostat cultures at dilu-
tion rate close to 0.15 h™!. After at least five residence times,
the steady-state cultures were disturbed by a pulse of glu-
cose, engendering conditions of glucose excess with con-
comitant oxygen limitation. In all conditions, glucose
consumption, acetate and formate accumulations followed
a linear relationship with time. The resulting specific uptake
and production rates as well as respiratory rates were rapidly
increased within the first seconds, which revealed a high
ability of E. coli strain to modulate its metabolism to a new
environment. For transition from glucose-excess to glucose-
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limited conditions, the cells rapidly re-established its
pseudo-steady state. The dynamics of transient responses
at the macroscopic viewpoint were shown to be independent
on the glucose pulse intensity in the tested range. On the
contrary, the E. coli biosensor yciG::luxCDABE revealed a
transcriptional induction of yciG gene promoter depending
on the quantities of the glucose added, through in situ and
online monitoring of the bioluminescence emitted by the
cells. Despite many studies describing the dynamics of the
transient response of E. coli to glucose perturbations, it is
the first time that a direct comparison is reported, using the
same experimental design (strain, medium and experimental
set up), to study the impact of the glucose pulse intensity on
the dynamics of microbial behaviour regarding growth,
respiration and metabolite productions.

Keywords Dynamic responses - Escherichia coli biosensor
yeiG::luxCDABE - Effect of the glucose intensity - Glucose
pulse - In situ and online bioluminescence monitoring

Introduction

With the increasing interest in the use of bioprocesses to
substitute traditional chemical processes for production of
synthons (chemical intermediates, building blocks etc.) and/
or biomolecules (metabolites, recombinant proteins etc.), a
deep understanding of the dynamics of interactions between
microorganism and microenvironment is one of the major
challenges to improve the bioprocess scale-up (Neubauer
and Junne 2010). Indeed, it is well-known that inside indus-
trial bioreactors microorganisms encounter local concentra-
tion gradients, due to both process mode and mixing
efficiency which affect the global bioprocess performance
(Enfors et al. 2001; Hewitt et al. 2007; Lara et al. 2006a;
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Nienow 2009). Many industrial biotechnologies usually use
fed-batch mode where a high concentration of feed substrate
is added at one point on the top of the large-scale bioreactor
leading to local glucose gradients (Enfors et al. 2001).
Microorganisms circulating inside the different zones of
the large-scale bioreactor are in fact submitted to various
kinds of microenvironment perturbations which could affect
the microorganism physiology: induction of stress
responses, metabolic shifts for example (Lara et al. 2006a).
In the case of Escherichia coli, a high concentration of
glucose would induce the well-known acetate overflow
mechanism with a concomitant local acidification
(Eiteman and Altman 2006; Lara et al. 2008; Neubauer et
al. 1995; Wolfe 2005). This glucose excess could moreover
lead to a local oxygen limitation which could engender the
fermentation metabolic pathways (Clark 1989; Xu et al.
1999), thereby organic acid accumulation.

Up to now, several studies investigating the effect of
substrate gradients on E. coli responses were conducted both
in large-scale bioreactors (Bylund et al. 1998; Enfors et al.
2001; Xu et al. 1999) and in scale-down bioreactors using
different operating culture modes: fed batch (Hewitt et al.
2000; Lin et al. 2001; Lin and Neubauer 2000; Xu et al.
1999) or chemostat (Buchholz et al. 2002; Chassagnole et
al. 2002; De Mey et al. 2010; Hoque et al. 2011; Hoque et
al. 2005; Lara et al. 2009; Schaefer et al. 1999; Schaub and
Reuss 2008; Taymaz-Nikerel et al. 2011). In order to simu-
late substrate gradients occurring in large-scale bioreactors,
the scale-down strategy involved one- or two-stage systems:
one-stage system using substrate-limited chemostat culture
with pulse type perturbation (Taymaz-Nikerel et al. 2011;
Theobald et al. 1993); two-stage systems consisting of a
stirred-tank reactor combined with a plug-flow reactor
(PFR) with circulation loop between the two compartments
(Buchholz et al. 2002; Buziol et al. 2002; Lara et al. 2009;
Visser et al. 2004). However, the limits of the latter system
are linked to the difficulties to get a direct measurement of
oxygen concentrations created by substrate gradients and to
sample along the PFR. Furthermore, the circulation time and
the volume ratio between the two compartments led to
different competence states of the strain related to the his-
tory of the cells, thus the resulting behaviour to the stress
conditions corresponds to the behaviour of different popu-
lation classes.

In order to investigate and compare the effect of a single
perturbation on the cell behaviour, substrat-limited chemo-
stat culture is a precious tool to maintain cells in a chosen
physiological steady state. Most of the studies using chemo-
stat mode have been carried out at low dilution rate
(<0.2h™") to avoid co-metabolite productions, only biomass
should be produced in those conditions. However, Schaub
and Reuss (2008) studied the effect of glucose pulse on
different dilution rates in order to quantify the impact on
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intracellular metabolite concentrations and thus to provide
information on the dynamic behaviour of the superior part
of the glycolytic pathway which is involved in the PTS
transport. Different wild-type strains, gene knock-out
mutants and different type of pulses were carried out and
the resulting microbial responses were analysed at the mac-
roscopic level (kinetics of substrate uptake and extracellular
metabolite productions, intracellular metabolite quantifica-
tions, and metabolic flux analysis) (Buchholz et al. 2002;
Chassagnole et al. 2002; De Mey et al. 2010; Hoque et al.
2011; Hoque et al. 2005; Lara et al. 2009; Schaefer et al.
1999; Schaub and Reuss 2008; Taymaz-Nikerel et al. 2011)
and at the molecular level using microarrays and quantita-
tive RT-PCR (Ishii et al. 2007; Lara et al. 2006b).
Perturbations with different substrates (glucose, glycerol,
pyruvate, succinate and acetate) were also conducted
(Buchholz et al. 2002; Link et al. 2010).

Despite a growing number of studies describing the tran-
sient microbial responses to a sudden change of substrate
concentration, it is still quite difficult to evaluate whether £.
coli would have a similar behaviour in response to a glucose
pulse of different intensities due to the various experimental
designs: various strains, media, pulse intensities, analytical
methods and sampling methods. In this context, the purpo-
ses of this paper are: (1) to present a direct comparison of
the dynamics of the transient responses of E. coli DPD
2085, containing yciG::luxCDABE fusion, to a glucose
pulse of three different intensities on steady-state glucose-
limited chemostats under the same operating conditions; (2)
to investigate the impact of the glucose pulse intensity on
the transcriptional induction of a specific promoter which
involved in stress response by means of the biosensor E. coli
strain through in situ and on-line bioluminescence monitor-
ing. However, this latter part has been specifically described
in the previous work (Sunya et al. 2012), and this paper
focuses on the integration of both the dynamics of extracel-
lular metabolite response and the induction of the transcrip-
tional response.

Materials and methods
Bacterial strain

The strain E. coli DPD2085 which is a plasmid-based /ux
fusion was obtained from DuPont Company (USA).
Plasmid/strain construction has been previously described
(Van Dyk et al. 1998; Van Dyk and Rosson 1998; Van Dyk
et al. 2001b; Zanzotto et al. 2006). Briefly a plasmid
pDEW215 was constructed from a moderate-copy-number
probe vector pDEW201 containing the promoterless
luxCDABE cassette from Photorhabdus luminescens. The
probe vector construction and its restriction map were
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described in detail by Van Dyk and co-workers (Van Dyk et
al. 2001a; Van Dyk and Rosson 1998). The yciG gene
promoter was fused to the probe vector pPDEW201 in ap-
propriate orientation to give a plasmid named pDEW215.
Then the plasmid transformation, pDEW215, was intro-
duced in E. coli strain DPD1675 used as the host strain for
screening for induction of bioluminescence from the yciG::
luxCDABE genetic fusion.

The strain was maintained at —80°C in Luria-Bertani
(LB) medium (10 gL' tryptone, 10 gL' NaCl, 5 gL'
yeast extract and 5 gL' glucose), supplemented with
75 mg L™ ampicillin, 75 mg L' streptomycin and 30%
(v/v) glycerol (glycerol stocks).

Minimum media composition

The defined minimum medium (MM) used for all batch and
continuous fermentations was the following (all concentra-
tion in grammes per litre): C¢HgO- (citric acid), 3.0;
KzHPO4, 40, NazHPO4 12H20, 10, (NH4)2SO4, 0375,
(NH4),HPO,4, 4.0; NH4CI, 0.065; MgSO,4 7H,0, 0.5,
CaCl,. 2H,0, 0.02; FeSO4; 7H,0, 0.02; thiamine-HCI,
0.01; MnSO4 H,O, 0.01; CoCl, 6H,0, 0.004; ZnSOy,
7H,0, 0.002; Na,MoO,4 2H,0, 0.002; CuCl,; 2H,O0,
0.001; H3BO3, 0.0005, prepared in deionised water. The
pH was adjusted to 6.7 by addition of 28% (w/w) ammonia
solution prior to sterilisation. After sterilisation of the me-
dium, 10 gL™"' glucose, 150 mg L™' ampicillin and
0.5 mL L™ polypropylene glycol (antifoam PPG) were
added in the culture.

Batch and continuous cultures

Batch and continuous fermentations were carried out in a
1.6-L stainless-steel stirred tank bioreactor (11 cm diame-
terx20 cm total height) with a working volume of 1 L
(BIOSTAT® Bplus, Sartorius, Germany). The vessel was
equipped with 2 six-bladed Rushton impellers, fitted with
four equally spaced baffles (1 cm width), with dissolved
oxygen, pH, temperature probes, stirred speed and airflow
controls. Regulation and monitoring were done using
MFCS/win 2.1 software package.

For each culture, one glycerol stock was streaked on a
Petri dish and incubated overnight at 37°C. Only one colony
was used for the pre-culture. Three successive steps of pre-
cultures were then carried out in baffled-shake flasks at 10%
(v/v) ratio with increasing culture volumes (5 mL LB, 5 mL
MM and 100 mL MM). The flasks were incubated at 37°C
overnight.

The 100 mL preculture was used for inoculating the
bioreactor. Cells were exponentially grown in batch mode
and subsequently, a glucose-limited continuous mode of
operation was initiated by feeding fresh medium (MM

supplemented with 10 gL' glucose and 10 mg L' thia-
mine) and removing broth from the bioreactor by means of a
stainless steel cannula placed at the upper level of 1-L
culture. The reactor was stirred at 800 rpm and aerated at
0.5 vvm to ensure a well-mixed reactor without any oxygen
limitation. An overpressure of 60 mbars was applied in the
bioreactor headspace. pH was maintained at 6.70 and regu-
lated by addition of 7% (v/v) ammonia solution. The anti-
foam (PPG) and ampicillin were added to maintain their
constant concentrations in the bioreactor. All continuous
cultures were carried out at a dilution rate close to
0.15 h™'. The system was considered to be in a steady state
after at least five residence times.

Glucose pulse experiments and sampling system

A sugar pulse was performed into the bioreactor by a rapid
injection of a sugar-concentrated solution using a sterile
syringe through a septum placed on the top of the reactor.
The volume injected was less than 0.5 % of the total work-
ing volume. During the course of the glucose pulse, the
medium feed had kept running. Samples were taken before
and after the glucose pulse. In this paper, three independent
glucose pulses of different intensities (0.08, 0.4 and 1 gL™")
were carried out on the characterised steady-state culture.

Samples for extracellular metabolite analysis were
obtained by continuously withdrawing the broth from the
bioreactor using a rapid sampling system. This vacuum
filtration system is composed of a Multiscreen® HTS 96-
well filter plate (0.45 pum pore size filter, Durapore®
Membrane, Massachusetts, USA) and of a receiver plate
(0.8 mL 96-well storage plate, Thermo Scientific, UK)
combined with a vacuum pump. Direct withdrawal of the
broth at the middle of the bioreactor was performed via a
needle connected to sampling tubing at the rate of
175 uL s ' with a small dead volume of 0.42 mL as well
as a short residence time of 2 s. The broth was quasi-
instantaneously filtered. Then the supernatant of about 30—
50 pL was collected for each sample in the 96-well receiver
plate which was then kept at —4°C for further extracellular
metabolite analysis.

Chemical products

The purchased chemicals were of the highest grade com-
mercially available. The salts except for magnesium sul-
phate (Panreac, France), oligo-elements, orthophosphoric
acid and ammonia solution were provided by Rectapur/
Normapur/Prolabo. Thiamine-HCl and ampicillin-Na were
purchased from Sigma (USA). A 46/51% (w/w) sodium
hydroxide solution was obtained from Fischer Scientific
(UK). Glucose and fructose were obtained from Rectapur/
Prolabo respectively and sucrose from Merck (Germany).
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Biomass determination

Cell biomass was determined from optical density measure-
ment at 620 nm (ODg,,m) using a visible spectrophotome-
ter (Biochrom Libra S4) with a 2-mm absorption cell
(Hellma). ODg,onm Was calibrated against cell dry weight
measurements. The cells were harvested by filtration on
0.20-pm-pore-size polyamide membranes (Sartorius
Biolab Product) and dried in an oven at 60°C (with the
presence of gel silica) under a vacuum of 200 mm Hg
(~26.7 kPa) for at least 48 h (HERAEUS, France). One unit
in ODgz0nm value corresponded to 2.06 gL ™' biomass dry
weight concentration during steady-state cultures.

Determination of plasmid stability

In order to verify that we were able to maintain a homoge-
neous population of our mutant E. coli strain throughout the
chemostat runs, plasmid stability of the culture was
assessed. The numbers of plasmid-bearing cells and of the
total cells were determined using a simple plate count meth-
od on plate count agar (PCA) medium with and without
antibiotic, respectively. Steady-state broth samples were
withdrawn from the chemostat culture (about 8-h interval).
One millilitre of broth was serially diluted with 9-mL sterile
physiological solution of 0.85% NaCl (w/v; BioMerieux®,
France) and 50 puL of the resulting cell suspension were
plated out, in triplicate, onto PCA medium with and without
150 mg L 'ampicillin by means of a Whitley Automatic
Spiral Plater-WASP (Don Whitley Scientific Limited, UK).
The plates were incubated overnight at 37°C, and the colo-
nies were manually counted. Percentage of the ratio between
plasmid-bearing colonies and total colonies can be then
determined.

Sugar and organic acid analysis by high-performance ionic
chromatography techniques

Culture supernatant was obtained by centrifuging (MiniSpin
Eppendorf, USA) fermentation broth samples in Eppendorf
tubes at 13,400 rpm for 3 min and stored at —20°C. Before
high-performance ionic chromatography analysis, superna-
tant was filtered on Minisart filters 0.2-um pore diameter
polyamide membranes (SARTORIUS, Germany) and was
diluted (1:10 and/or 1:100) in deionised water. Fresh Milli-
Q grade water (18.2-m{2-cm resistance) was used for eluent
preparations and sample dilutions.

Glucose and organic acids concentrations were determined
using an ICS-3000 system (Dionex) equipped with an AS
autosampler (Dionex) and with an ED40 electrochemical
detector (amperometric and conductivity detections).

Glucose was separated on a CarboPac™ PA1 analytical
(4%250 mm) and guard (450 mm) columns at an isocratic
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concentration of 25% deionised water (eluent 1) and 75%
200 mM NaOH (eluent 2), at a flow rate of 1.0 mL min " at
30°C for 15 min, followed by a pulsed amperometric detec-
tion (a working gold electrode and a reference electrode pH-
Ag/AgCl combination). The waveform of pulsed ampero-
metric detection used was: t=0.00 s, £=0.10 V; r=0.20 s,
E=0.10 V (Begin); =0.40 s, £=0.10 V (End); t=0.41 s,
E=-2.00 V; t=0.42 s, E=—2.00 V; t=0.43 s, £=0.60 V;
t=0.44 s, E=—0.10 V; and r=0.50 s, E=—0.10 V.

Acetate, formate, lactate, pyruvate, succinate and fuma-
rate were separated on an lonPac AS11-HC analytical (4 x
250 mm) and AGI11 (4x50 mm) guard columns equipped
with a carbonate removal device (CRD 200, 4 mm), a
continuously regenerated anion trap column and an anion
self-generating suppressor (ASRS" 300, 4 mm) followed by
a conductivity detection. The mobile phase was a KOH
solution (EGC II KOH cartridge) at a flow rate of
1.5 mL min'. The gradient was self-generated as followed:
0 to 13 min, 1 mM KOH; 13 to 25 min, the gradient
increased linearly from 1 to 15 mM KOH, raised stepwise
to 30 mM from 25 to 35 min, then to 60 mM from 35 to
45 min and kept at this concentration from 45 to 50 min and
finally returned to 1 mM for 20 min.

Chromatographic data were collected, analysed and
quantified using Chromeleon software (version 6.80 SP4
Build 2361) and autocalibration chromatograms. External
standards (glucose and organic acids) were used at the
beginning, the middle and the end of sample sequence to
ensure the stability along the sequence analysis. The regres-
sion coefficients were always superior to 0.99.

In situ bioluminescence measurement

Photons emitted by E. coli yciG::luxCDABE were counted
using a photomultiplier (PMT) H7360-01 Photon Counting
Head (Hamamatsu photonics K.K., Japan). PMT was
connected to a glass window specifically designed in the
stainless-steel lightproof bioreactor. This provides in situ
light intensity detection with high efficiency through a wide
effective area of lenses (22 mm diameters). Light intensity
unit is relative light units (RLU) per second corresponding
to the sum of the photon incidents on the PMT in 1-s
integration time.

To ensure the absence of external light interferences in
the bioreactor, background noise was measured and must be
lower than 100 RLU s ' according to the supplier’s value.
This very low value was neglected, regarding to an induced

signal on the order of magnitude of 10’ RLU s .

Correction of the basal bioluminescence signal

The relative bioluminescence intensity was measured as a
total intensity minus the basal level which was considered,
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in our studies, to be an average of the bioluminescence
intensity observed in a steady-state culture. This basal level
was quite low compared with the intensity obtained from
induction of the reporter gene. The relative bioluminescence
intensity was then calculated according to the following
equation (de Jong et al. 2010):

L(t) = L(t) — L(2)

where /() is the total bioluminescence intensity, /,(f) is the
average bioluminescence intensity during a steady-state cul-
ture, /,(¢) is the relative bioluminescence intensity.
Normalisation of the signal is done in order to compare
different kinetics of bioluminescence responses according
to the following expression:

(1)
Iy (1)

where /() is the normalised bioluminescence intensity, I,

(¢) is the maximum value of relative bioluminescence
intensity.

L(t) =

Gas analysis and monitoring

Inlet and exhaust gas analyses were conducted using a fermen-
tation gas monitor system (LumaSense Technologies Europe).
The system combines a multipoint sampler 1309 with a gas
analyser (INNOVA 1313). The latter simultaneously measures
the concentrations of oxygen (O,) and carbon dioxide (CO,)
using two acoustic-based measurement methods: photo-
acoustic spectroscopy to measure CO, concentrations and
magneto-acoustic spectroscopy to measure O, concentrations.
The acoustic gas analyser has excellent characteristics with
regard to high precision, good accuracy, long-term stability
and fast response time (0.2 s). Therefore, it is well adapted to
the exhaust gas monitoring during transient responses in well-
controlled high-performance bioreactors (Christensen et al.
1995).

Calculation methods
Glucose uptake and organic production rates

The glucose uptake rate (rg), acetate and formate production
rates (Facetate AN Formate) Were calculated from their mea-
sured data by means of the respective mass balance equa-
tions, taking into account the volumetric feed medium rate
and the withdrawal volume from the sampling.

Off-gas rates

The oxygen uptake rate (ro,) and carbon dioxide production
rate (rco,) were calculated from the mass balances in the gas

and liquid phases as described in the Electronic supplementary
material. During the substrate perturbation, exhaust gas
analysis was conducted every second, considering that
the composition of the inlet air maintained constant. The
ro,and rco, were calculated from the mass balance
equations, taking into account the inlet and outlet gas
compositions, the evolutions of the temperature, pH, salin-
ity, liquid volume in the reactor.

Estimation of the specific growth rate during the glucose
pulse

In most recent study, Taymaz-Nikerel et al. (2011) esti-
mated the dynamics of growth rate of E. coli after the
glucose pulse on aerobic glucose-limited chemostat by
means of the degree of reduction balance and of the
ATP stoichiometry (very low turnover time of ATP about
1 s). They found the same increase of growth rate
estimated from these both independent calculation meth-
ods. Therefore, the changes in biomass formation rate in
response to the exposure to glucose excess conditions
were calculated, using the degree of reduction balance
with the available measurements data (formate and ace-
tate productions, glucose and oxygen consumptions) as
mentioned in the following equation:

YxTx = Vsl's T Y0,70, = Vacetate!acetate — ¥ formate! formate

Then growth rates were determined as the ratio r/X
where X is the biomass concentration.

Results

Steady-state chemostat characteristics and glucose pulse
experiments

Three steady-state runs (SS1, SS2 and SS3) were character-
ised and assessed by a stable biomass concentration and a
constant concentration of the exhaust gases. The steady-
state cultures were performed at the dilution rates of 0.14
and 0.16 h™'. The mean biomass yield on glucose (Yy) at
steady states is 0.42+0.05 gxgs ' and the mean residual
glucose concentration is 0.010+0.004 mM. Trace amounts
of acetate and formate were also detected in steady-state
cultures, 0.06+£0.01 and 0.03+£0.01 mM corresponding to
0.038+0.007 and 0.021+0.007 mmol CmolX ' h™", respec-
tively. The carbon and redox balances at steady-state con-
ditions were calculated as the ratio of the amounts of carbon
(Csubstrats/ Cproducts) and of the number of moles of electrons
for transfer to O,, corresponding to 98% and 97%, respec-
tively (Table 1). In addition, plasmid stability of E. coli
DPD2085 was verified throughout the chemostat. The
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Table 1 Carbon and redox recoveries were calculated from the raw data of the steady state (SS) glucose-limited chemostats of E. coli DPD2085

Steady D (h_l) [Sfeea (g L_l) [XT (gx L_l) —qs — 4o, qco, Carbon recovery Redox recovery
state (%) (%)

SSi1® 0.14 10.8 4.21+0.05 48.2+0.5 136.1+0.5 146.2+0.5 98.3+£0.9 97.5+0.9

SS2¢ 0.16 11.2 4.78+0.12 52.6+2.8 136.4+8.8 147.1+£8.4 98.7+2.7 98.3+2.6

SS3 0.14 10.8 4.26+0.02 46.2+0.2 127.8+5.5 142.1+1.6 99.6+0.1 97.3+2.4

Average specific uptake and production rates, q;, were expressed in mmol CmolX™" h™' with their associated standard deviations

#Steady state from three independent chemostat cultures

percentage of the ratio between numbers of plasmid-bearing
cells and of total cells was always superior to 80% at the
moment of the glucose pulse experiments.

Table 1 represents the characterised aerobic steady states
of glucose-limited chemostat runs under similar operating
conditions. After at least five residence times, the glucose
pulse of different intensities (0.08, 0.4 and 1 gL™") was
carried out directly in the bioreactor, corresponding to time
zero. The time-frame period of the glucose pulse of different
intensities can be divided into three different phases (Fig. 1).
Phase I, right after the glucose pulse, corresponded to the
presence of excess glucose concomitant with oxygen limi-
tation and organic acid excretion. Afterwards, phase I, E.
coli was no longer in glucose excess conditions and the
strain switched its metabolism from glucose excess to glu-
cose limitation with a re-assimilation of acetate. Following
this phase, a new glucose-limited culture was established,
phase III.

Standard online measurements
Standard online measurements such as dissolved oxygen

(DO), pH and volume fractions of O, and CO, in the
exhaust gas reflect changes in the metabolic activity of the

s Steady Phase | Phase Il |Phase lll
= state | -Glucose excess| -Glucose limitatign
[ . .
= -Organic acid -Acetate
&  |Glucose pulsel formation consumption
e -Microaerobiosis | -Aerobiosis
8 '~
o
°
Ko
5
9]
S
— 7
] e ~
E O N
® i N
[&] e ~
E // \\
- e - N
> EO—— N SO e
1L

0 X

Time

Fig. 1 Scheme of the defined different time periods after performing a
glucose pulse on a steady-state chemostat culture
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cells as results of modification of their environmental con-
ditions. These parameters provide directly global observa-
tions of the cellular responses inside the bioreactor. The
dynamics of these online monitoring parameters (DO, pH,
off-gas O, and off-gas CO,) were compared after the glu-
cose pulse at time zero (Fig. 2). Phase I, sharp and rapid
decreases in DO occurred and reached a lower level in DO
between 0.4% to 2.9% (0.7 to 5.3 umol O, L") within about
1.5 min(Fig. 2a), thereby the cells can be considered to be
under microaerobic conditions. Such a decrease of DO
pointed out a rapid increase in oxygen uptake rate of E. coli
which was consistent with the off-gas measurements
(Fig. 2c, d). In the same manner, the pH values rapidly
dropped due to an extracellular acidification as results of
both accumulations of organic acids and produced CO,.
One can notice that the pH profile of the 0.4 gL' glucose
pulse experiment was different from the two others because
different proportional-integral controllers were applied for
pH regulation in different experiments.

In phase 11, the cells switched back to the glucose-limited
condition, accompanied by rapid increases in DO, pH and
off-gas O, and a gradual decrease in off-gas CO,.
Nevertheless, the dynamics in phase II were more gradual
than the observed dynamics in phase I, which were due to
the co-consumption of both glucose and produced acetate by
E. coli strain during this phase.

In phase 111, these online measurement parameters returned
thereafter to a new pseudo-steady-state values which were
slightly inferior to the previous steady-state values due to an
insubstantial increase in biomass concentration.

In addition, a rapid increase in glucose concentration led
to a rise in temperature inside the bioreactor (Fig. 3) and a
concomitant decrease in temperature of the cooling water
inside the jacket in order to maintain the temperature set-
point (data not shown), indicating that the glucose pulse
involved exothermic reactions. The temperature probe can
then be used for the determination of the characteristic times
of microbial responses due to its non-invasive and online
measurement.

With standard online measurements, the similarities of
these superimposed profiles were observed in response to
the rapid glucose up-shift of different intensities.
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Transient organic acid formation and glucose consumption

In order to investigate the effect of glucose perturbations of
different intensities on the dynamics of extracellular metabo-
lite production and glucose consumption, rapid sampling with
quasi-instantaneous filtration, as described in ‘Materials and
methods’, was used to separate the supernatant from broth.
Glucose and organic acid concentrations were quantified as a
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Fig. 3 Temperature evolution in response to glucose pulses: 0.08
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function of time (Fig. 4). After the glucose perturbation, the
residual glucose concentration increased from the steady-state
values to higher concentrations as indicated in Fig. 4a. Then
the glucose was gradually consumed by E. coli DPD2085,
describing a linear relationship with time. However, for the
first 1-2 min, a progressive increase in glucose was observed
that can be attributed to the micro-mixing issue inside the lab-
scale bioreactor, despite the calculated mixing time at 99% of
1.55 s using a suitable correlation for the bioreactor configu-
ration: bioreactor geometry, stirring speed (Roustan et al.
1999). This delay can be explained by the quite small size of
sampling port (0.8 mm diameter) within a small time interval
on the order of magnitude of seconds. This delay was verified
by applying the glucose pulse in the 1 L bioreactor containing
MilliQ water using the same sampling device, and a delay
of quantified glucose concentration was also observed
(data not shown). Such verification suggested that the
observed delay was not due to the microbial activities
but rather due to the sampling system and bioreactor
configurations. Consequently, the period of glucose uptake
for first 2 min after pulse cannot be precisely measured in
these studies.

During the transient state, the accumulations of acetate
and formate were observed, whereas other organic acids and
ethanol were not detected. The patterns of acetate and for-
mate formation during the glucose perturbation of different
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Fig. 4 Dynamic responses of residual glucose concentration and of
organic acid production after the glucose pulses of different intensities:
0.08 (green), 0.4 (blue) and 1 gL.™" (red). The symbols indicate mea-
sured values and the /ines correspond to smoothed data

intensities are also depicted in Fig. 4b, c, respectively. Their
concentrations quasi-linearly increased in the phase I. The
acetate produced in phase II was re-consumed by E. coli as a
carbon source with a linear tendency under glucose-limited
chemostat conditions. A rapid decrease in produced formate
was noticed during this phase and estimated at about 22% of
the maximum value, and then the residual formate concen-
tration in the culture kept quasi-constant.

The patterns of residual glucose concentration, acetate
and formate accumulations in phases I and II appeared to
be similar and independent of the glucose intensities.

@ Springer

Dynamic responses of specific uptake and production rates

To quantify the dynamics of microbial responses to the glu-
cose up-shifts, the specific rates of glucose consumption,
acetate and formate productions (=Ggiucoses Gacetate A0d Fformate)
were calculated from the respective mass balance equations.
As described above, acetate and formate accumulations and
glucose consumption followed a linear relationship as a func-
tion of time, the cells responded thus to these defined envi-
ronment with their respective constant specific rates (Table 2).

The evolutions of specific oxygen uptake rate ( — go,)
and of specific carbon dioxide production rate (qco,) were
quite reproducible in response to the independent glucose
pulses in Fig. 5a, b, respectively. The initial responses for
the first 8 min following the glucose pulse experiments are
presented in Fig. 5c, d, respectively. The patterns of — go,
and gco, transient evolutions were similar for all experi-
ments. The g0, and gco, sharply increased within about 75 s
to reach their maximum values and returned to quasi-stable
values, independent of the glucose pulse concentrations.

The dynamics of the growth rate after the glucose pertur-
bation were determined by means of the degree of reduction
balance with the available measurement data (Fig. 6), as
described in ‘Materials and methods’.

Dynamic responses of whole-cell luminescent biosensor
of E. coli

In order to have an overview of the behaviour of E. coli
from excess glucose to glucose limitation and inversely, E.
coli DPD2085 carrying a plasmid pDEW215 with an yciG::
luxCDABE gene fusion was used to follow the induction of
a reporter gene in response to glucose pulses of different
intensities. The yciG gene has been reported not only to be

Table 2 Measured and calculated specific uptake and production rates
of Escherichia coli DPD2085 in response to the glucose pulses of
different intensities during phases I and II

Specific  Glucose Steady Phase 1 Phase I1
rates pulse state
~Gaiucose 008 gL' 49.0£33 107.9420.5  48.8+1.8
0.4 gL~ 119.7£9.5 53.7+1.0
1gL™! 116.0+6.1 48.1+3.8
Gacetate 0.08 gL' 0.038+0.007  62.4+165 —35.4+438
0.4 gL 46.8+3.6 —49.8+1.9
1gL™! 53.5+3.1 ~51.143.2
Gromae  0.08 gL' 0.021£0.007  203+102 -
04 gL' 433+3.8 -
1gL™! 32.942.1 -

Average uptake and production rates, g;, were expressed in mmol
CmolX ' h™! with their associated standard deviations
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Fig. 5 Transient evolutions in the specific rates of consumed O, (a) and of excreted CO, (b). In (¢) and (d), the first 8 min after the glucose pulses

was being focused: 0.08 (green line), 0.4 (blue line) and 1 gL' (red line)

controlled under RpoS regulation (Kalyanaraman 2003;
Rudd 2000; Weber et al. 2005) but also to be positively
controlled by acidification-responsive regulatory circuits
(Slonczewski and Foster 1987; Van Dyk et al. 1998; Van
Dyk et al. 2004). Figure 7 represents a comparison between
the dynamics of normalised bioluminescence response, spe-
cific oxygen uptake rate and the acetate formation as results
of the glucose pulse of three concentrations as described

0.5

0.4 4

Growth rate (h'1)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (min)

Fig. 6 Dynamics of the growth rate as results of the glucose pulses:
0.08 (green line), 0.4 (blue line) and 1 gLfl (red line)

above. After the glucose pulse in phase I, the biolumines-
cence signal sharply increased with respect to normalised
bioluminescence signal within 1.5 min, accompanied by
rises in acetate formation and in specific oxygen uptake rate.
The transition state between the phases I and II showed an
overshoot of bioluminescence signal, called a sharp peak,
which occurred during the metabolic shift from the glucose
excess to glucose limitation (Sunya et al. 2011). Then one
can observe in phase II the bioluminescence responses
obtained from the three glucose pulses were distinguished.
For the 0.4 and 1 gL' glucose addition and after the
glucose peak, the expressions of yciG::luxCDABE were
observed as a bell curve. The amplitude of this belle curve
was higher for the 1 gL' glucose pulse compared with the
0.4 gL' glucose pulse. This emitted light corresponded to
the induction of the yciG::luxCDABE reporter gene in phase
I for glucose pulses of 0.4 and 1 gL', whereas it did not
occur for a small pulse of 0.08 gL™'. Consequently the
induction of yciG::luxCDABE E. coli biosensor depended
on the quantities of added glucose whereas other macro-
scopic measurements returned to a new steady state. The use
of the bioluminescence strain for monitoring changes pro-
vides a direct assessment of the fluctuating effect on
changes in environmental condition with in situ and online
measurement, by overcoming the quenching/sampling steps
compared with others available tools.
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Discussion

In large scale bioreactors, the heterogeneities due to ineffec-
tive mixing can significantly affect cell physiology and cell
metabolism. Nature, intensity and frequency of gradient
concentrations can be responsible for different microbial
behaviour (Enfors et al. 2001; Lara et al. 2006b). Focusing
on the effect of the glucose concentrations, we investigated
how E. coli adapts its metabolism and which are its dynam-
ics from the glucose limitation to glucose excess and in-
versely. An E. coli biosensor, plasmid-based.:luxCDABE
harbouring a stress-responsive gene, yciG, is used in order
to in situ monitor the transcriptional induction of the pro-
moter gene in real time.
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In this study, a single glucose pulse of different intensities
was performed directly in independent well-controlled
steady-state cultures to monitor dynamic changes in extra-
cellular metabolites, in the respiratory evolution as well
as the growth rate in the time window of minutes. The
sudden increase in available residual glucose has, in turn,
engendered concomitant oxygen limitation during the
glucose excess phase. Since the added glucose was de-
pleted, the transition from glucose excess to glucose-
limited conditions under aerobic conditions was also
investigated. Differences in microbial behaviour on the
exposure to glucose perturbations were discussed below
and compared as results of three independent glucose
pulses of different concentrations.

Dynamics of glucose consumption

After the glucose up-shift of different intensities to a steady-
state E. coli DPD2085 culture, the residual glucose concen-
trations were linearly consumed by a first-order rate, in
concordance with the previous reports (Lara et al. 2009;
Link et al. 2010; Taymaz-Nikerel et al. 2011). Under these
conditions, the average specific glucose uptake rates, —g;
rapidly increased from 49 to 115 mmol CmolX ' h™', about
2.3-fold with respect to its previous steady-state value.
However the —¢g, under glucose excess and microaerobic
conditions was about 71% of the average —¢s patch in batch
phase (162 mmol CmolX ' h™"). The lower —¢, compared
with =g, batch (116 vs. 276 mmol CmolX ' h™") were also
found in the work of Taymaz-Nikerel et al. (2011). It is
interesting to note that the average —¢; obtained from three
different concentrations of the glucose pulse approximately
followed the same correlation with time, indicating that the
ability of E. coli to uptake glucose remains unaltered in the
ranges of the tested glucose concentrations (Table 2).
Furthermore, the —¢, sharply decreased during the phase 1/
phase II transitions to its former steady-state value of
50 mmol CmolX ' h™', despite the glucose and acetate co-
metabolisation due to the re-assimilation of the produced
acetate in this phase.

Dynamics of the organic acid accumulation

The trends in acetate and formate productions were nearly
linear as a function of time in phase I (Fig. 4). The specific
rates of acetate and formate production (Gacetate @04 Gformate)
were approximately constant for the three glucose pulses of
different concentrations under microaerobic conditions, ex-
cept for Ggormate Obtained from the 0.08 gL71 glucose pulse
(Table 2). Consistent with these results, both acetate and
formate productions were also observed as response to the
glucose pulse in the works of Lara et al. (2009, 2011) and of
Lin et al. (2001) where the glucose pulse was performing
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outside the bioreactor. A similar glucose pulse-based exper-
iment was carried out in a bioreactor using oxygen-enriched
air in order to ensure fully aerobic conditions during the
glucose excess, in that condition, acetate and formate were
not detected (Taymaz-Nikerel et al. 2011). This is probably
due to the low intensity of the glucose pulse (0.4 gL ™)
regarding to the biomass concentration (10 gxL™') in the
bioreactor under fully aerobic conditions.

The average ¢ucetate iNStantaneously increased from 0.04
to 54.23 mmol CmolX ' h™" which corresponds to the
combination of the overflow and fermentative metabolisms.
The accumulations of acetate and formate were clearly
explained by the fact that the cells were exposed to glucose
excess under oxygen-limited conditions. These results were
in accordance with the simulated results of Varma et al.
(1993), using flux balance approach to determine optimal
microbial behaviour of E. coli to various levels of oxygen
limitations. The authors reported that when the — go, were
between 172 and 295 mmol CmolX ' h™! (7 to
12 mmol gx 'h™') corresponding to the — go, value
(250 mmol CmolX ' h™") obtained during phase I in this
work, only acetate and formate metabolites were produced.
The dissolved oxygen level has thus a strong effect on
cellular metabolism, especially the metabolite production
rates in order to maintain the redox balance during
oxygen-limited conditions.

From previous data reported in literature, the impact of
the dissolved oxygen availability on acetate accumulation
was inversely correlated to the DO levels (O’Beirne and
Hamer 2000; Phue and Shiloach 2005; Varma et al. 1993).
The sudden increase in glucose was simulated both in aer-
obic and anaerobic steady-state E. coli cultures. Both simu-
lations led to acetate accumulation with a specific rate
higher in anaerobic conditions (97 mmol CmolX ' h™")
compared with aerobic conditions 31 mmol CmolX ' h™
(Lara et al. 2009). In this present study, the Gacerae under
microaerobic conditions ranges between those previous
studies. However the ¢acerare dynamic patterns were differ-
ent, dependent on the dissolved oxygen levels in the culture.
It is interesting to note that the gaceate 1S higher, compared
With ¢omate Under aerobic/microaerobic conditions whereas
contrary results can be observed under anaerobic conditions
(Lara et al. 2009). For the three glucose pulse experiments,
an immediate consumption of acetate produced was ob-
served during the transition from phases I to II. The average
specific rate of acetate consumption in phase II, —¢acetate
(45.43 mmol CmolX ' h™') was slightly lower compared
With Gacetate in phase I (54.23 mmol CmolX ' h™).

Concomitant with acetate production, formate was line-
arly excreted by the cells as a function of time during phase |
with its specific rate of 32.17 mmol CmolX ' h™'. In phase
II, formate was no longer neither produced nor consumed. It
has been reported that formate is derived from pyruvate

through pyruvate formate-lyase which is activated not only
under microaerobic and anaerobic conditions (Alexeeva et
al. 2003) but also under aerobic conditions at a very low
basal level (Pecher etal. 1982). A trace amount of formate was
detected during steady-state cultures (0.021+0.007 mmol
CmolX ' h™") and a rapid increase in formate accumulations
under microaerobic conditions occurred. In phase II, formate
was no longer accumulated and held nearly constant. Indeed
E. coli genome encoded membrane-associated formate hydro-
genlyase (FHL) enzyme complex which converts formate into
CO, and H, (Sawers 1994). Trace amounts of selenium,
molybdenum and nickel have an essential function in the
formation of FHL (Ferry 1990). Without trace of selenium
and Nickel in the minimum medium used in this work, the
FHL was not functional; thereby no changes in residual for-
mate concentrations occurred in phase II. Moreover Soini et
al. (2008) suggested the addition of these trace elements to
prevent formate accumulation which may have a toxic effect
on E. coli cells under glucose and oxygen oscillation in lab-
and large-scales bioreactors.

Dynamics of the exhaust gases

The exhaust gas monitoring of the O, and CO, content is
one of the online parameter which provides a direct mea-
surement and reflects real dynamic changes in cell respira-
tory activity during the environmental perturbation from
seconds to minutes (Bloemen et al. 2003). The specific rates
of oxygen uptake, — go,, and of carbon dioxide production,
qco,, were calculated from the measured O, and CO,, using
the mass balance equations for the gas and liquid phases as
described in Materials and methods. In phase I, the — go,
and gco,, instantaneously increased and reached their max-
imum values of 284 mmol O, CmolX ' h™! and 376 mmol
CO, CmolX ' h™! within about 75 s, corresponding respec-
tively to 71% of — go, max (398 mmol O, CmolX 'h ') and
90% of gco, max (417 mmol O, CmolX ! hfl) in the batch
phase (Fig. 5a—d). In addition, the — go, and gco, profiles
followed similar patterns for the first 75 s, independent on
the glucose intensities (Fig. 5¢, d). The dynamic responses
of — go, and gco, revealed an overshoot after glucose up-
shifts and then reached a plateau at the specific rates of
263 mmol O, CmolX ' h™' and 285 mmol CO,
CmolX ' h™" respectively, in less than 3 min (Fig. 5c, d).
Such similar overshoot of the — go, was also reported by
Taymaz-Nikerel et al. (2011) where the — go, was calcu-
lated from the measured dissolved oxygen, using the dy-
namic dissolved oxygen balance during the pulse. These
authors estimated the time required for E. coli to achieve a
pseudo-steady state after about 60 s, faster than the results
from our experiments of about 3 min. The results of this
present study highlighted the fact that the E. coli cells
rapidly consumed the dissolved oxygen before achieving a
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pseudo-steady state, in response to the transition state from
glucose limited to glucose excess conditions.

After the glucose pulse, one can also observe the rapid
increase in CO, production (Fig. 2d), accompanied by a
gradual decrease in pH (Fig. 2b). As it is known, the carbon
dioxide exists under different forms (CO» gas; CO2, dissolved;
HCO;5;CO3™) which are interconverted (Gutknecht et al.
1977). The equilibrium between these forms can be affected
by the variation of salinity, temperature and pH of the broth.
In response to the glucose up-shift, the pH decrease from 6.7
to 6.6, where HCO; form is in majority (>80%) and must be
taken into consideration for estimating the total CO, pro-
duced by the cells during the transient environmental re-
sponse. The resulting dynamics of qco, profiles were quite
similar to those of — go,, with the overshoot for the first
3 min. We would like to highlight that the transient response
of gco, in response to pulse of glucose has not been
documented in literature. Based on these results, it appears
that the mechanisms of transfer of CO, from biomass to
liquid and from liquid to gas are much more complex than a
simple diffusion transfer as in the case of oxygen. Further
investigation is required to elucidate the complexity of CO,
transfers inside bioreactors.

Dynamics of the growth rate to a glucose up-shift
of different concentrations

The dynamics of the calculated growth rate (i) after the
glucose up-shifts of different intensities are represented in
Fig. 6. A sudden switch to glucose excess led the E. coli
cells to instantaneous increase up to approximately 0.46 h™"
within 15 s, corresponding to the maximum specific growth
rate (fimax, batch) Observed during exponential growth in
batch cultures. Then this overshoot returned to lower growth
rates and reached a plateau about 0.32 h™" at 90 s after the
glucose pulses, estimated about 70% of the maximum
growth rate, fimax. baten (0.32 vs. 0.46 h™"). This suggested
that at low dilution rate (about 0.15 h™') the E. coli cells
possessed some requisite constituents such as the enzymes
involved in the metabolism but in insufficient concentra-
tions to sustain the maximum growth rate. In the recent
work of Taymaz-Nikerel et al. (2011), a strong instanta-
neous increase in growth rate was first reported, followed
by a stable value of about 69% of the fimax, baten (0.48 vs.
0.7 h™") within few seconds. Their finding corroborated the
results from this current study. Same statement has been
established by Harvey (1970), who described a brutal in-
crease in growth rate, in RNA and proteins synthesis when
addition of glucose into glucose-limited E. coli B-SG1 che-
mostat culture at low dilution rates (D<0.3 h™"). Whereas, at
the dilution rate greater than 0.3 h™", the exposure of glucose
excess to glucose-limited culture did not cause an increase
in the growth rate until after 30 to 60 min. This author found
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also that the cells reached its jumax (0.57 h™') after two to
three generation times. Moreover, Yun et al. (1996) studied
the effect of the dilution rate up-shift (from 0.2 to 0.6 h™') on
the variation of functional ribosome content in E. coli K12.
After the up-shift, the functional ribosome concentration
gradually increased and reached a stable concentration in
7 h. One can argue that the E. coli cells living at a low
dilution rates contains the surplus enzymes to support the
small change in substrate concentration but need a finite
delay, on the time scales of hours, to be able to grow at the
maximum rate.

Concerning the transition from phases I to II, the sudden
decrease in growth rates was observed to rapidly reach a
new pseudo-steady state. Independent on the glucose inten-
sities, the growth rate in phase II was in average 0.21 h™',
due to the co-uptake of glucose and produced acetate by the
strain during this phase, leading to a higher growth rate.
Interestingly, in the 1 gL' glucose pulse experiment, the
specific growth rate remained nearly stable for about
6.5 min and then gradually increase from 0.21 to 0.25 h™!
(Fig. 6). This could indicate that E. coli cells need few
minutes (6.5 min) to adapt its metabolism to catabolise the
produced acetate more efficiently.

This work reported for the first time a comparison of the
dynamics of responses of E. coli to glucose pulse of differ-
ent intensities (0.08, 0.4 and 1 gL™") on the time scale of
minutes. It was shown the ability of the E. coli cells to adapt
their metabolism from a glucose-limited steady state to
glucose excess and inversely. Despite a number of studies
on microbial responses to substrate perturbation, no such
comparison has been documented in the literature, under
similar experimental designs (strain, medium, experimental
conditions and data analysis). The following conclusions
can be drawn from the present study, firstly, the E. coli cells
can rapidly modulate, after the glucose up-shift, their spe-
cific rates of consumption (—¢s and — ¢o,) and of produc-
tion (gco, » Gacetate AN Grormate) Since the first seconds.
However, these rates are lower (about 60% to 70%) than
the maximum rates observed in batch phase. Secondly, the
dynamic profiles of these responses appear to be similar and
independent on the glucose pulse in the range of tested
concentration. Finally, the cells are able to regain rapidly
their former steady state at the macroscopic level of obser-
vation since the glucose added is depleted.

However, the monitoring of the bioluminescence signal
in response to the induction of the yciG.::luxCDABE reporter
gene of E. coli DPD 2085 biosensor revealed on the con-
trary the dependence of the glucose intensities on the level
of transcriptional induction of the yciG gene promoter
(Sunya et al. 2012). The promoter yciG is described to be
under the control of ¢° (rpoS) which is involved in the
general stress response and strongly induced when cells
enter the stationary phase (Kalyanaraman 2003; Rudd
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2000; Weber et al. 2005). The yciG promoter is reported to
be also involved in the response to cytoplasmic acidification
(Van Dyk et al. 1998). Whereas the cells seem to be able to
handle, at the macroscopic level, changes in substrate per-
turbations in the range of the tested concentrations, the cells
would also activate their stress response mechanisms which
could affect their long-term behaviour.

These results can be relevant to show that when the
cells circulate thought the substrate fluctuations concom-
itant with oxygen limitation inside the large-scale bio-
reactors, their dynamics at the macroscopic level should
be similar independently on the glucose intensities up to
1 gL™"; concentrations which are in the range of Large
Eddy Simulation of glucose concentration fluctuations
close to the feed point in the 22 m® bioreactor as
described by Enfors et al. (2001).
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