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Abstract

In Escherichia coli fermentation processes, a drastic drop in viable cell count as measured by the number of colony
forming units per ml (c.f.u. ml−1) is often observed. This phenomenon was investigated in a process for the produc-
tion of the recombinant fusion protein, promegapoietin (PMP). After induction, the number of c.f.u. ml−1 dropped
to ∼10% of its maximum though the biomass concentration continued to increase. Flow cytometric analysis of
viability and intracellular concentration of PMP showed that almost all cells were alive and contributed to the
production. Thus, the drop in the number of c.f.u. ml−1 probably reflects a loss of cell division capability rather
than cell death.

Introduction

In fed-batch processes for the production of recombin-
ant proteins with Escherichia coli a drastic drop in vi-
able cell counts, as measured by the number of colony
forming units per ml growing on an agar surface
(c.f.u. ml−1), is often interpreted as cell death (An-
dersson et al. 1994). Glucose limitation in fed-batch
processes has been discussed as a cause of this decline
(Strandberg et al. 1994) and a drop in c.f.u. ml−1 was
encountered when the specific glucose consumption
rate (qS) approached a low level (0.04 g g−1 h−1,
Andersson et al. 1994). Further, a drop in c.f.u. ml−1

occurred at the same time as the specific growth rate
(µ) fell below a critical value (0.02 g g−1 h−1) in high
cell density cultures (Andersson et al. 1996).

Colonies derived from single cells have been ex-
amined since Koch developed the technique more than
a century ago. However, the strength of this technique,
its high amplification factor (109−12), is also its weak-

ness since it depends on post-sampling growth and its
success is limited by our ability to grow bacteria in
an artificial environment (Hewitt & Nebe-Von-Caron
2004). Classical microbiology states that a cell is only
viable when it has been shown to reproduce and a
demonstration of this has become the microbiologists
‘gold standard’ for proof of cell viability. However,
the inability of a cell to divide is not the same as
cell death and this argument is, and has been, subject
to extensive discussions and investigations (Hewitt &
Nebe-Von-Caron 2004, Nebe-Von-Caron et al. 2000).
The occurrence of such viable but non-culturable cells
(VBNC) is thought to be a survival strategy adop-
ted by non-sporeforming bacteria when exposed to
environmental stress (Colwell 2000). The rpoS gene
and guanosine 5′-diphosphate 3′-diphosphate (ppGpp)
have been implicated in the activation of the VBNC
state (Boaretti et al. 2003). The expression of rpoS,
is modulated by the growth rate and a large number
of genes involved in the response to severe stress are
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regulated by the RpoS protein (Booth 1999). ppGpp
functions as an alarmone in the starvation activated
stringent response which is coupled with a concom-
itant reduction in growth rate, ribosomal synthesis and
cell size (Lengeler & Postma 1999).

The advantages of multi-parameter flow cytometry
over the more conventional micro-biological tech-
niques such as dilution plating (c.f.u. ml−1) are well
documented (Hewitt et al. 1999, Nebe-Von Caron &
Badley 1995) but, briefly, it is possible to resolve the
physiological state of an individual microbial cell bey-
ond culturability, based on the presence or absence
of an intact polarised cytoplasmic membrane and the
transport mechanisms across it, enabling assessment
of population heterogeneity. This technique has suc-
cessfully been applied to the study of high cell density
fed-batch fermentations of E. coli where a similar,
but less extensive, drop in cell viability was observed
(Enfors et al. 2001, Hewitt et al. 2000).

Clearly, the problem of the presence of VBNC
bacterial cells in fermentation processes remains un-
resolved. Further, since the presence of a high propor-
tion of dormant, dying or dead cells at any time during
a fermentation process will have an obvious detri-
mental effect on the synthesis of any desired product
it was proposed, in this study, to compare the more
traditional techniques of viable cell count (c.f.u. ml−1)
with the viability as measured by multi-parameter flow
cytometry during an E. coli fed-batch fermentation
process to produce the recombinant fusion protein pro-
megapoietin (PMP). In this way we hoped to highlight
the dangers of relying on measurement of the numbers
of c.f.u. ml−1 alone to monitor biomass viability in
fermentation processes.

Materials and methods

Organism and growth conditions

Escherichia coli MON105 was used. This is a pro-
totrophic strain derived from E. coli K-12 strain
W3110 containing rpoH358 as a chromosomal muta-
tion (Obukowicz et al. 1992). The production of
promegapoietin is controlled by a production plasmid
and induced by nalidixic acid. The strain was kindly
provided by Pharmacia AB (Sweden).

The culture medium was composed of (per litre
distilled water): Na2PO4 · 2H2O 8.71 g; KH2PO4
3 g; NaCl 0.5 g; NH4Cl 1 g; yeast extract 20 g;
Breox polyalkylene glycol (antifoam) 0.5 ml; 1 M

MgSO4 2.5 ml; 0.1 M CaCl2 3.5 ml; trace ele-
ments solution 3 ml; glucose 50% (w/w), 8 g in
shake flask and 10 g initially in the bioreactor. The
trace element solution was composed of (per litre dis-
tilled water): thiamine · HCl 0.833 g; FeCl3 · 6H2O
12.6 g; ZnSO4 · 7H2O 0.133 g; CoCl2 · 6H2O 0.233 g;
NaMoO4 · 2H2O 0.233 g; CuSO4 · 5H2O 0.267 g;
H3BO3 66.7 mg; MnSO4 · H2O 0.167 g; conc. H2SO4
1.13 ml. All chemicals used were of analytical or
pharmaceutical grade.

E. coli MON105 was inoculated into the shake
flask medium and cultivated at 37 ◦C until the dry cell
wt, DCW (g l−1), was between 2–6. Fed-batch cultiv-
ations were performed in a 10 l lab-scale bio-reactor
(Belach, Sweden) with an initial volume of 5 l and an
inoculum volume of 100 ml. NH4OH (25% v/v) was
added on demand to maintain the pH at 7 and temper-
ature was controlled at 37 ◦C. A feed of 50% (w/w)
glucose solution, was started when the initial concen-
tration of glucose was consumed as indicated by a rise
in the DOT and pH signals. A low constant feed of
glucose, 3–4 g l−1 h−1, was used to ensure carbon lim-
itation so that the DOT was maintained above the 30%
saturation level. At a DCW ∼ 5 g l−1, the recombinant
protein was induced with nalidixic acid (0.05 g l−1)
and cells were harvested ∼15 h after induction, when
the dry cell weight was ∼ 30 g l−1.

Analyses

Cell biomass was measured turbidimetrically by op-
tical density at 550 nm in a double beam spectrophoto-
meter, calibrated against dry cell weight (DCW g l−1)
at 105 ◦C to constant weight. The concentrations of
glucose and acetic acid were measured enzymatic-
ally with test kits from Boeringer Mannheim GmbH
(Mannheim, Germany). Samples for glucose analysis
were quenched with perchloric acid and then imme-
diately frozen (−20 ◦C) until required (Larsson &
Törnkvist 1996). The filtered supernatant from the
DCW samples was used for analysis of acetic acid and
total protein. Analysis of total protein in the medium
was performed according to the Bradford procedure.
For each measurement the average value of triplicate
representative analyses was used.

Analysis of promegapoietin (PMP)

Bacterial cell samples were disintegrated using a
French press (internal working pressure ≈90 MPa).
To dissolve the inclusion bodies, samples were treated
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with equal volumes of solubilizing solution contain-
ing: SDS (2% v/v), dithiothreitol (0.2 M) and Tris
(0.4 M). The solubilizing reaction took place at room
temperature for 30 min. Cell debris was then removed
by centrifugation at 10 600 g for 2 min. The super-
natant was used for quantification of the PMP by
reversed phase HPLC using a VydacTM Protein C4
analysis column (Grace Vydac) coupled with a UV
detector (214 nm) and an acetonitrile gradient with
trifluoroacetic acid. The percentage (v/v) of acetoni-
trile was gradually increased from 42% to 70% over
a period of 14 min, after which it was gradually
decreased from 70% to 42% over a further 11 min.

Labelling inclusion bodies in permeabilised cells

Samples taken from the bioreactor were stored at
−20 ◦C until analysed. Cells were thawed at room
temperature and diluted to a DCW of ∼1. One ml
of the diluted sample was centrifuged at 10 600 g

for 2 min. Pellets were re-suspended in 1 ml DMSO
and then washed twice in PBS by centrifugation at
10 600 g for 2 min. Pellets were re-suspended in 1 ml
of PBS and incubated with lysozyme at 1 mg ml−1

for 15 min at room temperature. To stop the lysozyme
reaction, samples were washed as above. Five µl of the
primary antibody (anti-PMP) solution was added and
the samples were incubated for 30 min at room tem-
perature. After incubation, samples were washed as
above and 5 µl of a secondary antibody conjugated to
Alexa Fluor 488 (Molecular Probes) was added and in-
cubated for 30 min at room temperature. Samples were
washed once more as above before being analysed on
the flow cytometer.

Measurement of viability by number of c.f.u. ml−1

Samples were diluted in a saline solution (0.9% NaCl)
and 100 µl was spread-plated on to Luria–Bertani
agar plates, in triplicate, for each dilution. Plates
were incubated at 37 ◦C for 24 h and the c.f.u. ml−1

calculated.

Multi-parameter flow cytometric measurements

All flow cytometric measurements were made using a
Partec PAS flow cytometer (Partec GmbH, Münster,
Germany) with 488 nm excitation from an argon-
ion laser at 20 mW. Samples taken from the fer-
menter were immediately diluted with PBS (0.16 M

NaCl, 0.003 M KCl, 0.008 M Na2HPO4 and 0.001 M

KH2PO4, pH 7.3) and stained with a mixture of

two fluorescent dyes, propidium iodide (PI, Sigma)
and bis-(1,3-dibutylbarbituric acid) trimethine oxonol
(BOX, Molecular Probes). Stock solutions of each
dye were prepared as follows; PI was made up at
200 µg ml−1 in distilled water. BOX was made up
at 10 mg ml−1 in DMSO. DMSO stock solution was
maintained at −20 ◦C and the distilled water stock
solution was maintained at 4 ◦C. The working con-
centrations of PI and BOX were 5 µg ml−1 and
10 µg ml−1 respectively in PBS. In order to facil-
itate staining with BOX, 4 mM EDTA was added to
the working solution. Ten µl of the working solution
was then added to approx. 1 ml of the appropriately
diluted cell sample suspension for staining. All solu-
tions were passed through a 0.2 µm filter immediately
prior to use to remove particulate contamination. Ad-
ditionally, software discriminators were set on the
right angle light scatter (RALS) signal to further re-
duce electronic and small particle noise. The optical
filters were set up as standard for the Partec PAS
flow cytometer so PI fluorescence was measured above
630 nm whilst both BOX and Alexa Fluor 488 fluor-
escence were measured at ∼520 nm. Since there is a
spectral overlap between BOX and PI-emitted fluor-
escence, the software compensation was set up in
such a way that BOX-emitted fluorescence was elim-
inated from the PI-emitted fluorescence detector and
vice versa. Samples were analysed at a data rate of
∼1500 counts sec−1 and ∼50 000 cells were analysed
(error <0.1%, Shapiro 2003) for each measurement in
triplicate. For determination of total cell number the
Partec true volumetric absolute counting function was
used (www.partec.de/products/PartecPAS.pdf, 2004).
All measurements were calibrated using 3 µm diam.
fluorescent beads (Standard 05-4008, Partec GmbH).
Data analysis was made by Partec FloMax software
(version 2.4b) and MATLAB.

Results and discussion

Two methods were used to measure the cell viability
in recombinant fed-batch fermentation processes with
E. coli: determination of the number of colony form-
ing units (c.f.u. ml−1) and determination of the num-
ber of cells with depolarised permeabilised cytoplas-
mic membranes (cells positively stained with prop-
idium iodide) by multi-parameter flow cytometry. A
series of duplicate fed-batch fermentations for the pro-
duction of promegapoietin (PMP, as inclusion bodies)
was carried out in order to gain a better understanding
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Fig. 1. Colony forming units (c.f.u. ml−1, circles) and number
of PI-negative cells (NPI-ml−1, squares) during two reproducible
fed-batch processes. Open symbols show cultivation A. Filled sym-
bols show cultivation B. The point of induction is signified by the
arrow (4.5 h).

Fig. 2. Concentrations of PMP for the cultures shown in Figure 1
(g l−1, circles). Dry cell weight (dcw g l−1, squares) and OD550nm
(triangles) from one of the cultures (A) are also included for com-
parison. Corresponding dcw (g l−1) and OD550nm curves from
cultivation B have been omitted for clarity. The point of induction is
signified by the arrow (4.5 h).

of the apparent drastic drop in c.f.u. ml−1 observed
in earlier work. The results from two representative
cultivations are shown in Figure 1. A drastic drop in
the number of the c.f.u. ml−1 was associated with the
addition of the inducing agent and PMP expression at
a cell dry weight of about 15–20 g l−1.

However, while the c.f.u. ml−1 dropped by about
90% within 5–10 h, the DCW (g l−1) continued
to increase and the process was terminated when a
DCW of 30 g l−1 was reached. PMP accumulated
rapidly (Figure 2) during the period when the num-
ber of c.f.u. ml−1 was at its minimum post-induction
(Figure 1) reaching a maximum of ∼1.5 g l−1.

Flow cytometry was used to analyse the total cell
number and the number of dead cells (those with de-

Fig. 3. Percentage of PI-stained (circles) and BOX-stained
(squares) cells. The point of induction is signified by the arrow
(4.5 h). Data presented is from cultivation A. Cultivation B resulted
in similar data but is not presented.

polarised permeabilised cytoplasmic membranes, i.e.
PI positively stained cells). The difference between
total cell number and the number of PI positive cells
was calculated as the total number of viable cells ml−1

(Figure 1).
The number of viable (PI-negative) cells followed

the DCW (g l−1) profile and the amount of dead (PI-
positive) cells was less than 1% for the remainder of
the process after the start of the glucose feed (t = 0)
(Figure 3). As discussed earlier, PI does not penetrate
and stain cells with intact cytoplasmic membranes but,
when the cytoplasmic membrane is permeabilised, it
becomes PI-permeable and the cells are stained. Since
the cytoplasmic membrane is the way a cell commu-
nicates selectively with its environment and an intact
cytoplasmic membrane is essential for a healthy vi-
able cell, PI-positively stained cells are considered
to be dead and PI-negative cells are considered to
be alive. To further investigate the possibility that
the PI-negative cells were just impermeable to PI,
but metabolically inactive, an attempt was made to
counter-stain the cells with BOX. BOX is anionic,
lipophilic and only enters a cell if the cytoplasmic
membrane potential has collapsed. Since the cytoplas-
mic membrane potential is driven by the passage of
charged molecules across the membrane, and is there-
fore energy dependent, cells stained positively with
BOX can be considered to be metabolically comprom-
ised (Hewitt et al. 1999, Nebe-Von Caron & Badley
1995). Figure 3 shows that the proportion of BOX-
stained cells was only slightly larger than that of the
PI stained cells, which indicates that almost all cells
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Fig. 4. Flow cytometric analysis with PI-staining during a repres-
entative fed-batch fermentation process. Mass (dcw) per cell in
grams/PI-negative cell per ml. The point of induction is signified by
the arrow (4.5 h). Data presented is from cultivation A. Cultivation B
resulted in similar data but is not presented.

retained their cytoplasmic membrane potential and
hence their energy dependent metabolic activity.

PMP was induced by the addition of nalidixic acid,
which is known to inhibit DNA synthesis and cell di-
vision, resulting in cell elongation (Goss 1965, Keller
et al. 1990). However, in this case the induction of
PMP did not inhibit cell division after induction at
the concentration used, since the total number of cells
(as measured by multi-parameter flow cytometry) and
DCW g l−1 increased (Figures 1 and 2). Furthermore,
based on the flow cytometry data, the cell size was
relatively constant, at 0.2 × 10−11 g cell−1, except for
the period before the glucose feed was started and at
the very end of the process, where for both cases an
increase in cell size was measured (Figure 4).

From the acquired viability data, the dry weight
of ‘viable’ cells (XV), according to the two viability
analytical methods, was calculated (Figure 5). Cal-
culations were based on an average of the DCW per
‘viable’ cell at the time before the start of the carbon
feed (9 · 10−13 g/c.f.u. and 2 · 10−12 g/NPI−).

Almost all of the PMP was produced during the
period (7–16 h after the start of the carbon feed), when
the viable cell concentration, according to the number
of c.f.u. ml−1, was only 10–15% of the concentration
at the time of induction (Figures 1 and 2). If we as-
sume that the protein was produced only by ‘viable’
cells according to the two methods of viability ana-
lysis, the protein concentration was 3–4% of the total
viable mass when related to the total number of PI neg-
ative cells, but 40–55% when related to the number of

Fig. 5. Biomass profiles for viable cells based on the two viab-
ility measurements used in this study, c.f.u. ml−1 (circles) and
NPI−ml−1 (squares). The point of induction is signified by the
arrow (4.5 h). Data presented is from cultivation A. Cultivation B
resulted in similar data but is not presented.

Fig. 6. Promegapoietin concentration per cell mass (% w/w). Cell
mass according to: c.f.u. ml−1 analysis (PMP/Xv,c.f.u. circles),
PI-staining (PMP/Xv,PI− squares) and cell dry weight (PMP/dcw
triangles). The point of induction is signified by the arrow (4.5 h).
Data presented is from cultivation A. Cultivation B resulted in
similar data but is not presented. Note the different scales.

c.f.u. ml−1. The latter is an unrealistically high value
(Figure 6).

In order to investigate the possibility of extens-
ive cell lysis (which should naturally follow a drastic
drop in cell viability) during the fermentation pro-
cess, the concentration of extracellular protein in the
medium was measured. Since the medium contained
yeast extract the basal protein concentration was about
0.08 g l−1 before inoculation and this concentration
only increased to ∼0.17 g l−1 during the entire pro-
cess. The resulting amount, when the background had
been deducted, was then used to estimate the extent
of cell lysis during the process, assuming that a cell
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Fig. 7. Flow cytometric analysis of intracellular PMP inclusion
bodies stained with fluorescent antibodies. Sample 1: negative con-
trol of cells lacking PMP; sample 2: mixture of cells containing
PMP and negative control cells; sample 3: cells from the end of
the process.

is made up of 50% of its total weight as protein. The
total amount of extracellular total protein in the me-
dium ranged from about 0.5–1.5% of the total protein
present at the end of the cultivation, indicating that
only about 1% of the total population had undergone
cell lysis.

If the drop in c.f.u. ml−1 (Figure 1) were to truly
represent cell death, then a large population should
have no, or very low, concentrations of PMP since
most of the cells would have died (Figure 1) before
PMP production was initiated at ∼7.5 h (Figure 2).
Most of the PMP would then be synthesised only by
‘viable’ and growing cells after this time. This possib-
ility was investigated by analysis of the distribution of
PMP in the population by means of intracellular stain-
ing with PMP specific fluorescent antibodies followed
by flow cytometric analysis. If this scenario was cor-
rect, then ∼50% of the cells present before the drop in
the number of c.f.u. ml−1 and induction (7 h after the
start of the carbon feed, Figures 1 and 2) should have
no or very low amounts of PMP.

The results of such an analysis (Figure 7) show that
the negative control, with cells lacking PMP, produces
a weakly fluorescent peak, while the cells analysed at
the end of the process contains mainly one strongly
fluorescent peak, with only about 3% of the total pop-
ulation corresponding to those cells with a fluorescent
intensity similar to the negative control. As a further
control, and to prove that a mixed population of cells
could be resolved by the labelling technique used in
this study, a mixture of producing and non-producing
cells were analysed. In this case two distinct peaks

were obtained corresponding to those cells containing
PMP and those not. Thus, at the end of the pro-
cess, almost all of the cells (∼97%) contained PMP
and almost no cells had lysed though the number of
c.f.u. ml−1 indicated that the majority of the cells had
lost their capacity to divide on the LB agar plates used
in this study. Why this should be is not clear. How-
ever, it is known that conditions need to be absolutely
perfect for any cell to divide (Hewitt & Nebe-von-
Caron 2004) and the environmental conditions on the
surface of a solid LB agar plate are very different to
those experienced by a cell when submerged in a li-
quid medium in a bioreactor. Therefore it is possible
that whilst cells will not divide on the LB agar plate
they may be capable of division in the bioreactor or
other growth media (solid or otherwise).

Conclusions

In this study we have shown that recombinant pro-
megapoietin was produced as inclusion bodies at a
high rate in E. coli glucose-limited, fed-batch culture
and that there was a drastic drop (80%–90%) in the
number of c.f.u. ml−1 whilst viability with respect
to cytoplasmic membrane integrity as measured by
multi-parameter flow cytometry did not decline signi-
ficantly. All of the evidence presented suggests that
this drop in the number of c.f.u. ml−1 probably rep-
resents a loss in cell dividing capacity rather than cell
death. These results highlight the problem of solely
using the number of c.f.u. ml−1 in recombinant pro-
tein processes to follow metabolically active protein
producing cells. Further, it demonstrates the power
of multi-parameter flow cytometry for providing im-
portant physiological information at the individual cell
level about process efficiency that is difficult to obtain
in any other way.
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