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Green fluorescent protein (GFP) leakage from microbial
biosensors provides useful information for the evaluation
of the scale-down effect
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Mixing deficiencies can be potentially detected by the use of a dedicated whole cell microbial
biosensor. In this work, a csiE promoter induced under carbon-limited conditions was involved in
the elaboration of such biosensor. The cisE biosensor exhibited interesting response after up and
down-shift of the dilution rate in chemostat mode. Glucose limitation was accompanied by green
fluorescent protein (GFP) leakage to the extracellular medium. In order to test the responsiveness
of microbial biosensors to substrate fluctuations in large-scale, a scale-down reactor (SDR) ex-
periment was performed. The glucose fluctuations were characterized at the single cell level and
tend to decrease the induction of GFP. Simulations run on the basis of a stochastic hydrodynam-
ic model have shown the variability and the frequencies at which biosensors are exposed to glu-
cose gradient in the SDR. GFP leakage was observed to a great extent in the case of a culture op-
erated in well-mixed fed-batch mode, by comparison with those operated in SDR. GFP leakage
seems to be correlated to a higher membrane permeability, confirming previous studies high-
lighting a better cell viability in cultures operated in a fluctuating environment. Our results sug-
gest that GFP leakage could be used in parallel to the normal GFP biosensor function in order to
assess microbial viability in process conditions.
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1 Introduction tions [1, 2]. These studies involved the use of stress

responsive promoters coupled to the GFP coding

In previous works, the dynamics of GFP synthesis
from several microbial biosensors has been evalu-
ated in different scale-down bioreactor configura-
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sequence in order to allow an easy detection of the
fluorescent signal. In this context, we have used
semi-specific whole cell microbial biosensors in-
volving stress promoters responsive to carbon lim-
itation. The term semi-specific means that the pro-
moter can be induced by a set of environmental
conditions [3], i.e. in our case such conditions lead-
ing to the induction of a stress regulon involving
several interconnected genes. The induction of
such stress regulon can have severe final conse-
quences at the level of the bioprocess, such as a sig-
nificant reduction of the growth rate. Since these
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conditions are usually strongly interrelated and
met in fed-batch bioreactor, GFP is actively syn-
thesized in normal cultivation conditions and is de-
activated when biosensors are exposed to substrate
heterogeneities. In this work, we used the carbon
starvation-induced csiE promoter, which exhibits a
significantly higher level of GFP expression than
the previously used rpoS promoter [1]. This csiE
promoter is subjected to the control of the rpoS sig-
ma factor and is induced when cells encounter car-
bon limitation. Considering its location far below
the global regulatory level (on the opposite of the
rpoS promoter which is a global regulator located
at the top of the transcriptional network [4]), we ex-
pect more specificity from this kind of promoter.
This principle can thus be used to detect bioreactor
mixing imperfections at the single cell level. How-
ever, during cultivations, significant release of GFP
to the extracellular medium can be observed [5].
This phenomenon is not well documented in the
literature in relation with bioprocess performanc-
es. It is known that about 30% of the proteome of
Gram negative bacteria is exported to the extracel-
lular medium, this fraction being described as
the secretome [6]. The secretome fraction of
Escherichia coli comes from the specific leakage
(and not from membrane lysis) of proteins which
are initially located in the outer membrane com-
partment [7]. Protein leakage can be correlated to
the occurrence of stress and/or changes in growth
conditions. There is indeed a strong correlation be-
tween growth rate, membrane stress and protein
leakage [8—10]. More recently, a series of cultiva-
tion tests carried out in intensive fed-batch biore-
actor has allowed the validation of the periplasmic
origin of the secretome of E. coli and the fact that
this secretome is modulated in function of cell den-
sity and growth rate [11]. The purpose of this work
is to determine if this release can be correlated to
the extracellular fluctuations met in the scale-
down bioreactors. At this level, relationship be-
tween GFP leakage and membrane permeability
would be a very interesting parameter to investi-
gate, considering the fact that membrane integrity
is one of the most used parameter to assess micro-
bial viability [12]. If the relationship with GFP
leakage can be established, this information could
be potentially used to expand to the use of GFP mi-
crobial biosensors for viability assessment. As stat-
ed before, the proteome of E. coli, as well as its se-
cretome fraction has been relatively well charac-
terized in the literature [13], but only a few studies
deal with the release of protein in process-related
conditions. Only a single study involving the char-
acterization of the E. coli secretome in high cell
density culture with control of the main environ-
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mental variables (i.e., dissolved oxygen, glucose
level, pH and temperature) has been performed so
far [11]. However, this study has been conducted in
a lab-scale, well-mixed bioreactor. In industrial
bioreactors, considering the drop at the level of the
mixing efficiency, microbial cells are exposed to
fluctuations at the level of the main environmental
variables [14, 15]. It could be thus interesting to
characterize the secretome fraction affected by
these fluctuations since some studies suggest a
strong modulation of the secretome in function of
the environmental conditions [16]. In this work, we
have followed the leakage of GFP when microbial
biosensors are exposed to changes in environmen-
tal conditions in chemostat and in fed-batch biore-
actors operated in normal mode as well as in scale-
down mode.

2 Material and methods
2.1 Strains and medium

E. coli K12 MG1655 bearing a pMS201 (4260 bp)
plasmid with a stress promoter and a kanamycin
resistance gene. The strain is provided from a
cloning vector library elaborated at the Weizmann
Institute of Science [17]. The carbon starvation in-
duced promoter csiE has been chosen as a biosen-
sor of carbon limitation in our different bioreactor
experiments. Microbial biosensors are maintained
at -80°C in working seeds vials (2 mL) in solution
with LB media and with 40% of glycerol. Precul-
tures and cultures have been performed on a de-
fined mineral salt medium containing (in g/L):
K,HPO, 14.6, NaH,PO,-2H,0 3.6; Na,SO, 2;
(NH,),SO, 2.47, NH,C1 0.5, (NH,),-H-citrate 1, glu-
cose 5, thiamine 0.01, kanamycin 0.1. Thiamin and
kanamycin are sterilized by filtration (0.2 um). The
medium is supplemented with 3 mL/L of trace ele-
ments solution, 3 mL/L of a FeCl,-- 6H,0 solution
(16.7 g/L), 3 mL/L of an EDTA solution (20.1 g/L)
and 2 mL/L of a MgSO, solution (120 g/L). The trace
elements solution contains (in g/L): CoCl,- H,0 0.74,
ZnSO,-7H,0 0.18, MnSO,-H,0 0.1, CuSO,-5H,0,
CoSO,- - 7H,0. Before each bioreactor cultivation
experiment, a precultivation step is performed in
100 mL of the above-mentioned medium in baffled
shake flask at 37°C and under orbital shaking at 160
rounds per minute. Cell growth has been monitored
by OD at a wavelength of 600 nm. Cell dry weight
has been determined on the basis of filtered sam-
ples (0.45 um) dried during 24 h at 105°C. Glucose
concentration has been monitored by an electro-
enzymatic system YSI.
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2.2 Bioreactor configurations: Fed-batch, SDR and
continuous cultures

Microbial GFP biosensors was cultivated in a lab-
scale stirred bioreactors (Biostat B-Twin, Sarto-
rius) operated in fed-batch mode (total volume: 3 L;
initial working volume: 1 L; final working volume:
1.5 L; mixing provided by a standard RTD6 rushton
turbine). The bioreactor platform comprises two
cultivation vessels in parallel monitored and con-
trolled by the same control unit (remote control by
the MFCS/win 3.0 software). For each reporter
strains, experiments have been conducted in paral-
lel by considering a culture performed in the clas-
sical stirred vessel and another one conducted with
the stirred vessel connected to a recycle loop. This
last apparatus correspond to a scale-down strategy
allowing to reproduce heterogeneities expected
in large-scale bioreactors [14, 18, 19]. The SDR
arrangement is based on the previously described
stirred bioreactor connected to a recycle loop (sili-
con pipe; diameter 0.005 m; length 12 m). A contin-
uous recirculation of the broth between the stirred
reactor and the recycle loop is ensured by a peri-
staltic pump (Watson Marlow 323) with the glucose
feed solution being added at the inlet of the recycle
loop in order to generate a concentration gradient.
Fed-batch is controlled on the basis of dissolved
oxygen (setpoint: 30% above saturation). The dis-
solved oxygen in the recycle loop is monitored by a
set of sterilizable optical probes (Flow-through
cell, Presens). The sensor spot inserted in the flow-
through cell contains a fluorogenic compound that
is excited at a wavelength of 540 nm. The emission
signal can then be recorded at 640 nm. The dis-
solved oxygen measurement is based on the prop-
erties that molecular oxygen is able to absorb a part
of the emission energy. The relationship between
dissolved oxygen and fluorescence intensity is
nonlinear and can be expressed by the Stern-
Volmer equation [20]. The excitation and emission
signals are generated/recorded at the level of a
miniaturized set of excitation led and photomulti-
plier. The fluorescence signal coming from planar
sensors is then processed and recorded at the lev-
el of an oxy-4 mini transmitter. During the experi-
ments, pH was maintained at 6.9 (regulation by am-
monia and phosphoric acid) and temperature at
37°C. Stirrer rate is maintained at 1000 rpm with a
RDT6 impeller and air flow rate is set to 1 L/min at
the beginning of the culture. Once fed-batch phase
is started, the agitation rate and the air flow rate are
progressively raised to 1300 rpm and 2 L/min, re-
spectively. Culture is fed with 500 mL of a solution
containing 400 g/L of glucose diluted in mineral
medium (see above for composition). Continuous
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cultures have also been performed on the basis of
the same stirred bioreactor with the same parame-
ters, unless the working volume which is adjusted
to 500 mL. In this case, culture medium is added
continuously and spent medium is withdrawn in
order to keep a constant volume. The feed rate of
medium is modulated in order to reach dilution
rate D within the range of 0.02 and 0.2 h™™.

2.3 Flow cytometry

The analysis of the GFP expression level has been
performed by fluorescence activated cell sorting
(FACS) on a FACScan (Becton Dickinson) flow cy-
tometer. Samples are taken directly from the reac-
tor and are diluted in 900 uL of PBS and 100 pL of
a chloramphenicol solution (50 ug/mL) in order to
stop protein synthesis. For each measurement,
30 000 cells are analyzed. GFP is excited at 488 nm
and emission signals are collected by using filters
at 530 nm. The gfpmut2 variant has been especial-
ly engineered to optimally match the excitation/
emission range of the FACS instrument [21]. Con-
sidering that bacterial cells exhibit a high side scat-
ter (SSC) signal [22], a threshold of 52 has been set
up on the SSC channel in order to limit noise sig-
nal. The forward scatter channel of flow cytometer
(FSC), FL1, FL2 and FL3 channels are logarithmi-
cally amplified with the following settings: FSC
E00, FL1 620, FL2 420, FL3 420. The results have
been analyzed by the Flow]Jo version 7.6.1 software.
Flow cytometry has also been used in order to de-
termine the residence time distribution inside the
recycle loop of the SDRs and the membrane per-
meability of the cells (see above).

2.4 Determination of the residence time
distribution inside the recycle loop of the
SDRs and mathematical model for the
characterization of the substrate profiles
experienced at the single cell level

Fluorescent microspheres (Fluosphere 1 um, den-
sity: 1060 g/L, molecular probes, Invitrogen) have
been used as representative tracer for the determi-
nation of the residence time distribution of the mi-
crobial cells inside the recycle loop of the SDRs. In-
deed, tracer test involving particulate dye instead
of soluble dye has been recently recognized as
more relevant to describe the transport of micro-
bial cells [23]. We have also used this method pre-
viously for the characterization of the transport of
fluorescently labeled microbial cells in SDRs [24].
Our methodology has been improved in the pres-
ent work, mainly at the level of the method used to
detect fluorescent particles. A tracer pulse of 1 mL
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containing 10° fluorescent beads has been injected
at the inlet of the recycle loop. Samples of 3 mL are
taken at different time intervals at the outlet of the
recycle loop. Samples are analyzed by flow cytom-
etry. Beads are easily detected according to their
high green fluorescent level (FL1 detection). The
analysis is performed for 30 s and the number of
events recorded during this period is used as a
measure of the beads concentration. The number of
events is gated on the basis of the FL1 parameter in
order to make the distinction between fluorescent
beads and background (software analysis per-
formed on Flow]Jo 7.6.1.). The residence time distri-
bution (RTD) curves are processed with MatLab to
determine the following parameters:

n-i
Y. tCAt
— 1
- n—i
Y. Ca
1
At
— 1
- n—i
Y
1

With t, being the mean residence time of the RTD
(s); C; the number of beads detected during the time
interval t, and o2 the variance of the RTD (s?).In the
case of our SDR, the following parameters have
been determined: t, = 79.8 s and ¢% = 120.7 s2.
These data have been exploited in order to elab-
orate a hydrodynamic model able to simulate the
glucose gradient inside the SDR as well as the ex-
posure of single microbial biosensor to these gradi-
ents. The most critical parameter that has to be tak-
en into account in order to simulate efficiently glu-
cose gradients generated in the SDR is the pulse
frequency of the feed pump. In general, different
categories of behavior can be depicted in function
of the relative importance of the feed pump fre-
quency and the mixing time of the SDR or the res-
idence time inside the recycle loop [25]. For a time
interval between two pulses (Tpulse) smaller than
the global mixing time of the system, the mean con-
centrations experienced by the microorganisms
are very low. This is due to the fact that, between
two pulses, the concentration gradient at the level
of the mixed part of the SDR disappears. For T puse
approximatively equal or superior to the mixing
time of the SDR, concentration gradient is main-
tained. This concentration gradient persistence
leads to the increase of the mean concentration ex-
perienced by the microorganisms, as well as an in-
crease of the variance of the frequency distribu-
tion. In order to take into account this very impor-
tant source of glucose level variation, experimental
data of the feed pump have been directly extracted

tr
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from the bioreactor control unit (MFCS/win 3.0
software), processed with MatLab and added to the
hydrodynamic model. Indeed, the glucose addition
frequency is governed by a regulation loop involv-
ing the dissolved oxygen signal, i.e. when the DO
signal raise above 30% from saturation, glucose is
depleted and the feed pump is thus activated. On
the opposite, when DO signal drops below 30% from
saturation, glucose is accumulating in the broth
and the oxygen transfer efficiency of the bioreactor
is overwhelmed by the biological oxygen require-
ment, the feed pump is thus deactivated. At the lev-
el of the hydrodynamic model, the stirred part of
the SDR is conceptualized as a single perfectly
mixed reactor, whereas the recycle loop exhibits a
strong plug flow behavior and must then be mod-
eled as a series of n = 90 perfectly mixed reactor.
The number n = 90 of perfectly mixed compart-
ments has been adjusted on the basis of a RTD pa-
rameters measured previously (i.e., t; and o).

The compartimentalization of the SDR has been
performed according to the following mathematical
formulation. For the stirred part of the SDR

dc
VMT;V[ =qCp—qCy (3)
And for the recycle loop:
dc
Vi dl;rl =qCy—qCry (4)
dcC
Vo dth =qCp —qCry (5)
dc
Vin len =qCry 1 —qCry (6)
Leading to in matrix form:
Cu
Cry
d Cr2 /dt=
_CTn
(-q/V,, 0 0 000gq/V, ] c
q/Ve =4/ V0 00 00 P
0q/Vpy —q/Vpy 00 00 CTl
0 0 : .0 0 o || T2 @
0 O 0 .. 0 0 )
0 0 0 0. . 0
0 0 0 00q/Vp, —q/Vp, C.
- “L%“Tn

971



Biotechnology

Journal

With C being the concentration of the species in the
different compartments (g/L), index M referring to
the mixed compartment and index T referring to
the tubular recycle loop, V being the volume of the
compartment (m3) and g being the liquid flow rate
between compartment (m?3/s). This system of equa-
tion (Eq. 7) can be resolved numerically in order to
simulate, for example, the dynamics of homoge-
nization of a substance in the SDR. In our case, we
will use the model is order to simulate the glucose
concentration gradient experienced by microbial
cells during a fed-batch reaction performed in the
SDR. In order to simulate this process, additional
equations, representing the glucose addition and
consumption and biomass formation must be con-
sidered. The displacement of microbial cells in the
environment and in engineered systems such as a
bioreactor can be represented roughly by convec-
tion and/or diffusion-based equations, according to
the nature of the convoying medium. However, one
of the biggest advantages of using whole cell
biosensors is their ability to detect stress at the mi-
crometer scale. If this kind of data has to be inter-
preted, the environmental fluctuations have to be
described at the single cell level and the random
component linked with the displacement of the cell
has to be taken into account. In the case of biore-
actor operations, such displacement can be de-
scribed by a stochastic version of the hydrodynam-
ic model presented previously. Roughly, the same
equations are kept but the algorithm used to per-
form the simulation is quite different since the sto-
chastic component of the process has to be added
to the problem. The basic principle is to use the
same model structure as used previously for the
simulation of glucose gradient by integrating a ran-
dom component. The matrix M containing the ex-
change flow rate (m3/s) of the model will be assim-
ilated as the generator matrix Q of the stochastic
version of the model [26]:

-—qii q;j 00 0 0|
g - -000
0o ...00
M=Q-= 8)
Q 0o0. ..O0 (
000
000 0. .|

Physically, Q contains the exchange rates (s7!) be-
tween fluid zones. The main diagonal of Q contains
the escape rate from the ith fluid zones and is de-
scribed by the vector A
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qii

Considering mass balance

Qi == Ay (10)

This equation leads to the fact that the sum of each
line of matrix Q (Eq. 8) equals zero. This property
can be used to verify mass balance of the system.
Value of vector 4 (Eq. 9) can be used to compute the
residence time distribution for a given fluid zone.
This vector is then usually called sojourn time vec-
tor. For example, in the case of a fluid zone i:

P (Xi) = q;e i (11)

The outlet flow rates A4, will be used to define the
occurrence of an event (i.e., in our case the dis-
placement of a microbial biosensor from a fluid
zone to another). The times at which events occur
are determined from an exponential distribution:

1
=0 (12

1

T=-

For which r is a random number determined from
a uniform distribution on the interval [0 1]. When
an event is determined, the displacement of the mi-
crobial biosensor, i.e. the coordinates of the incom-
ing fluid zone, is determined from the generator
matrix Q (Eqg. 8):

100000
010000

~Q.|0o0.000

P=5*l000 .00 (13)
0000 .0

000001

In the algorithm, the occurrence of an event is de-
termined by generating a random number and by
comparing the obtained value with the probability
value contained in the ith line of the P matrix
(Eq. 13). The stochastic simulation can be then su-
perimposed to the deterministic simulation of the
glucose gradient field in the SDR, leading to the
glucose concentration profile experienced at the
level of a single biosensor cell.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnol. ). 2011, 6, 968-978

2.5 Supernatant analysis: Fluorescence, SDS-page
and western blot

Samples coming from bioreactor are centrifuged at
12 000 rpm for 3 min and filtered on 0.2 um cellu-
lose membrane in order to remove the cells. Fluo-
rescence of the supernatant (samples of 200 puL on
96 wells black microtiter plate) is analyzed by spec-
trofluorimetry (Victor? V Wallac, Perkin Elmer).
Proteins coming from the supernatant (20 uL) are
separated on 30% polyacrylamide gels (Biorad).
Immunoblot is performed in order to detect the
band corresponding to GFP (ECL plus detection
system, Amersham). Detailed procedures can be
found in our previous work [5].

2.6 Membrane permeability

Samples taken from bioreactor are diluted in PBS
in order to reach an OD of 4. Cells are stained by
adding 10 pL of propidium iodide solution (PI) for
15 min at 37°C. After staining, cells are washed
twice in order to remove excess PI by alternating
centrifugation and resuspension in PBS. Samples
are then analyzed by flow cytometry with the
following settings: FSC E00, FL1 620, FL2 420,
FL3 520. Heat stressed cells have been obtained by
exposing 1 mL of cell suspension in PBS (at an OD
of 4) to 60°C for 30 min. Full procedures for the
analysis of PI stained cells by flow cytometry are
detailed in the Supporting information online.

www.biotechnology-journal.com

3 Results and discussion

3.1 Dynamics of csiE GFP microbial biosensor in
chemostat conditions

In order to assess the responsiveness of the micro-
bial biosensor, a culture in chemostat mode has
been performed by considering a sharp variation at
the level of the dilution rate. Indeed, the csiE
biosensor is supposed to be induced upon carbon
limitation, a condition that can be easily imple-
mented in a glucose-limited chemostat (i.e., con-
stant cell density and growth rate with constant en-
vironmental variables such as pH and dissolved
oxygen). The first phase that has been followed
corresponds to the transition of the batch phase to
the continuous mode at a dilution rate D = 0.02 h™!
(Fig. 1). During the batch phase, cisE promoter is
not active considering that cells are growing at
their maximum rate, substrate being in large ex-
cess. Consequently, global GFP-related fluores-
cence remains at the basal level (Fig. 1A). Flow cy-
tometry allows the measurement of GFP content at
the single cell level. The specific fluorescence
recorded by this way (i.e., the ratio of GFP fluores-
cence on the amount of microbial cells) tends to de-
crease with time, considering that no new GFP
molecules are synthesized and that background
GFP is diluted by cell division (Fig. 1B). As expect-
ed, csiE promoter is induced at the end of the batch
phase according to the elevation of the GFP-relat-
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Figure 1. Changes in the fluorescence level during culture of the csiE
biosensors in chemostat mode. (A) Shift from batch phase to chemostat
mode at D = 0.02 h™' (batch phase was started with 5 g/L of glucose and
is finished when all the glucose is consumed and when dissolved oxygen
comes back to the saturation level). (B) Same experiments as A, but spe-
cific fluorescence was measured by flow cytometry (mean fluorescence
level of the population) (C) Shift from D =0.02 to D=0.2 h™'. (D): Glu-
cose pulse added to a culture stabilized at D =0.02 h™! (representative
results of two independent experiments).
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ed fluorescence. Fluorescence reaches a constant
level after 5 h of culture in chemostat at D =0.02 h™!.
In chemostat conditions, global GFP-related fluo-
rescence and specific GFP are the same since cell
density remains constant during the culture. The
second phase that has been investigated is the evo-
lution of fluorescence upon the shift of dilution rate
from 0.02 to 0.2 h™1. As expected, fluorescence in-
tensity drops when D is modified. The fluorescence
level reached at steady state is then lower than that
obtained in the case of D = 0.02 h™!, but is signifi-
cantly higher that the initial level, suggesting that
the csiE promoter is always active, but to a lower
extent, at D = 0.2 hl. The microbial biosensor
seems thus to exhibit a response proportional to
the degree of substrate limitation in the reactor.
The phenomenon is reversible when D is readjust-
ed to 0.02 h™!. The third phase (Fig. 1D) consists to
follow the reaction of the biosensor after the injec-
tion of a glucose pulse to reach a final concentra-
tion of 5 g/L in the reactor. After the pulse, fluores-
cence drops rapidly to its initial level correspon-
ding to a culture growing at its maximal growth rate
in the presence of an excess of substrate. The csiE
biosensor responds thus quite well to glucose lim-
itation and could be used to detect local hetero-
geneities in large-scale or scale-down bioreactors.
However, it must be taken into account that exper-
iments have been carried out in constant environ-
mental conditions with abrupt shift between dilu-
tion rates. In large-scale bioreactors, the frequency
and the amplitude of the environmental fluctua-
tions are by far higher [27] and the biosensor has
thus to be tested in order to assess its performance
in fluctuating environment. For this purpose, a SDR
able to reproduce such environmental fluctuations
will be used in a next section. Before this step, GFP
leakage to the extracellular medium during upshift
and down shift of dilution rates will be investigat-
ed.

55 KDa \

A B
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Batch | ChemostatD=0.02h* D=0.02h1! D=0.2h1
aigr B RRR R
: = 72 KDa .- :__.
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i 34 KDa i
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3.2 Glucose limitation tends to increase GFP
leakage when steady-state is reached

Western blot analyses of the supernatant taken at
different time of the chemostat cultivation have
been carried out (Fig. 2). A thin GFP band at 27 kDa
has been detected at the end of the batch phase
(3 h). When the bioprocess is shifted to chemostat
mode at a dilution rate of 0.02 h™!, this band disap-
pears. However, when steady-state is reached GFP
can be clearly detected in the supernatant. When
dilution rate is shifted, GFP intensity in the super-
natant tends to initially decrease when environ-
mental conditions are perturbed. Once a new
steady-state is established after the initial pertur-
bations, GFP leakage can be detected again (Figs.
2B and C). These results suggest that GFP is ex-
creted to the extracellular medium when microbial
biosensors are exposed to glucose limitation,
whereas leakage is stopped (or proteins are con-
sumed) when they are exposed to environmental
fluctuations. A second band at approximately
60 kDa has been detected by western blot. This
band corresponds to a GFP dimer [28] and is only
detected after prolonged cultivation at constant di-
lution rate. Membrane integrity has been deter-
mined in parallel on the basis of the permeability
of PI. Flow cytometry reveals that microbial bio-
sensors exhibit an intermediate permeability stage
between healthy cells and heat damaged cells (fig-
ures showing flow cytograms are shown in the Sup-
porting information online). This observation has
been confirmed by observation by fluorescent mi-
croscopy where cells do not show any visible stain-
ing with PI, by comparison with the heat stressed
standard. It seems also that membrane permeabil-
ity of cell population is modulated and tends to be
higher in the case of prolonged cultivation in
chemostat mode, which correlated to the intensity
of GFP leakage.

Chemostat
D=02h? | _

& a8

Figure 2. Immunoblot analysis of the supernatant for denatured GFP during cultivation of the csiE biosensor in batch and chemostat mode. (A) shift from
batch phase to chemostat mode at D = 0.02 h™' (batch phase is started with 5 g/L of glucose and is finished when all the glucose is consumed and when
dissolved oxygen comes back to the saturation level). (B) Shift from D =0.02 to D = 0.2 h™". (C) Shift from D =0.2to D =0.02 h~'. Denatured GFP can be
easily visualized at a band corresponding to 27 kDa (representative results of two independent experiments).
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3.3 Effect of scale-down conditions on the csiE
promoter activity

The extracellular fluctuations are more complex in
the case of cultures operated in fed-batch mode
and in scaled-down conditions. Indeed, the extra-
cellular environment of the biosensor depends on
the global mixing efficiency of the system as well as
the residence time in the recycle loop. In order to
get a better insight at this level, a stochastic hydro-
dynamic model has been used to simulate glucose
concentration profiles experienced at the single
cell level (Fig. 3). This model has been validated by
RTD measurement performed on the basis of 1 um
fluorescent beads and by incorporating the exper-
imental pulse frequency of the glucose feed pump
(for additional informations, see material and
methods section). Simulations show that, consider-
ing our operating conditions, microbial biosensors
are exposed to strong glucose fluctuations when
crossing the recycle loop of the SDR. Electroenzy-
matic analysis performed at the different locations
of the SDR and at different cultivation times high-
lights a glucose variation ranging between 0.01 and
0.25 g/L (results not shown) which is in good ac-
cordance with the simulated glucose concentration
profile perceived at the single cell level. These re-
sults are of importance because the simulated glu-
cose levels are sufficient to induce overflow metab-
olism resulting in lower biomass yield [29]. Howev-
er, this simulation (Fig. 3) is only representative of

www.biotechnology-journal.com

the glucose profile experienced by a single micro-
bial biosensor. According to the fact that microbial
biosensors displacement is stochastic and depends
on the respective residence time inside the stirred
part and the recycle loop of the SDR, each biosen-
sor exhibits its own glucose concentration profiles.
Simulation shows that the passage frequency of
microbial biosensor varies in the range of one to
several hundred seconds. Considering that oxygen
isrequired for GFP maturation [30], dissolved oxy-
gen has been measured at two points of the recycle
loop during the culture by a set of optical probes
(results not shown). Oxygen limitation is observed
at the outlet of the recycle loop for the whole dura-
tion of the culture. However, considering the fact
that GFP maturation time (about 4 min. in the case
of the gfpmut2 variant [21]) is significantly higher
than the mean residence time in the recycle loop,
oxygen limitation is expected to have no impact on
GFP folding. This process seems to have not impact
at the level of the maximum GFP expression level,
as shown by the flow cytometry diagrams recorded
for the different cultivation tests (Fig. 4A). Howev-
er, the maximal level for GFP induction has been
noticed after 14 h of culture in normal mode,
whereas the same process take 23 h in the case of
the SDR, suggesting that the exposure of microbial
biosensors to glucose excess in the recycle loop
tends to diminish csiE promoter activation. Anoth-
er mechanisms possibly involved are the leakage of
GFP to the extracellular medium. This hypothesis
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8 ©0.08¢
@ c
. 5
0 —oeect & T 0.06¢
0 100 200 E
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3]
2002t J Figure 3. Simulation of the SDR hydrody-
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5 0 \ / \ : 3 /\_ (B) Glucose concentration profile experi-
0 500 1000 1500 2000  enced at the single cell level using a
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Standard fed-batch conditions

is not valid since the amount of protein excreted is
significantly higher in the case of the culture oper-
ated under the normal fed batch mode (Fig. 4B).
Immunoblot analysis confirms this observation for
the GFP (Fig. 4C).In the case of the classical biore-
actor, GFP is detected earlier after only 7 h of cul-
ture. GFP is only detected after 14 h of culture in
the SDR and the amount excreted are significantly
lower than in the case of the classical fed-batch
bioreactor. A 37 kDa band corresponding to GFP

976

Scale-down conditions

time at various time points. (C): Western
blot analysis of the supernatant collected
at different times during the culture of
the ¢siE biosensor in standard fed-batch
(left) and scale-down (right) conditions
(representative results of two independ-
ent experiments).

conformation

1 GFP27kD
conformation

conformation exhibiting fluorescence and a 60 kDa
band, probably corresponding to a GFP dimer have
been detected in great amount only in the case of
the culture operated in normal mode. The presence
of such form indicates the leakage of a large
amount of GFP in the medium, with a fraction be-
ing not affected by the denaturing procedure pre-
ceding SDS-PAGE analysis. GFP leakage seems
also to be correlated with membrane permeability,
as shown by PI staining experiments (Fig. 5).
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Fed-batch, early phase (5h)

Fed-batch, mid-phase (13h)
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Fed-batch, late phase (24 h)
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Figure 5. Changes in the membrane permeability of microbial biosensors according to permeability to PI. Red intensity related to the accumulation of Pl
inside cells is detected at the level of the FL3 channel. Cell size is determined on the basis of the FSC channel. (A) Culture operated in normal mode,
(B) culture operated in SDR. (representative results of two independent experiments).

4 Conclusions

Detection of GFP in the extracellular medium is
correlated with bioreactor operating mode. Our re-
sults suggest that the amount, but also the forms
(mono or oligomeric) of the GFP in the extracellu-
lar medium are indicative of the stress encountered
by microbial cells in a given bioreactor. Interest-
ingly, membrane state seems to be better in the case
of the SDR than in the case of the classical fed-
batch bioreactor. This result is in good accordance
with those obtained previously by Hewitt and
coworkers [31] using approximately the same tech-
niques, suggesting that in SDR biomass yield is
lower but cell viability tends to be better. This state-
ment can be confirmed by our results showing that
the secretome exhibited by the csiE GFP biosensor
exhibits a significantly lower amount of GFP, prob-
ably due to a lower membrane permeability. In the
case of the classical bioreactor, GFP is detected ear-
lier during the fed-batch phase and tends to be ex-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

creted in great amount in the medium. Our results
suggest that GFP leakage could be used in parallel
to the normal GFP biosensor function in order to
assess microbial viability in process conditions. In
addition, the results highlighted in this work are
also of practical importance in the case of recombi-
nant protein expression since our observations
suggest that protein excretion is lower in scale-
down conditions.
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