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Abstract Multi-parameter flow cytometric techniques
coupled with dual colour fluorescent staining were used
to study the physical and metabolic consequences of
inclusion body formation in batch cultures of the
recombinant Escherichia coli strain MSD3735. This
strain contains a plasmid coding for the isopropylthi-
ogalactopyranoside-inducible model eukaryotic protein
AP50. It is known that the synthesis of foreign proteins
at high concentrations can exert a severe metabolic stress
on the host cell and that morphological changes can
occur. In this work, using various points of induction, it
was shown that inclusion body formation is followed
immediately by measurable changes in the characteristic
intrinsic light scatter patterns for the individual cell
(forward scatter, 90� side scatter) and a concomitant
progressive change in the individual cell physiological
state with respect to both cytoplasmic membrane
polarisation and permeability. This work establishes
flow cytometry as a potentially valuable tool for moni-
toring recombinant fermentation processes, providing
important information for scale-up. Further, we discuss
the possibility of optimising inclusion body formation
by manipulating the fermentation conditions based on
these rapid ‘‘real-time’’ measurements.
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Introduction

The ability to cultivate bacterial strains, expressing
heterologous recombinant proteins, to high cell density
is an increasingly important technique throughout the
field of biotechnology, from basic research programmes
(structural or kinetic studies) to large-scale pharmaceu-
tical production processes [4]. Escherichia coli remains
one of the most attractive organisms for the production
of recombinant proteins where no complex post-trans-
lational modifications (e.g. glycosylation or disulfide
bond formation) are required for biological activity,
because its genetics and physiology are well understood.
Indeed, continued developments in this area have re-
sulted in expression systems that produce foreign pro-
teins in quantities of up to 50% of the total cell protein
[1]. The process of scaling-up such a system is often the
last step in a research and development programme
leading to the industrial scale synthesis of recombinant
products by fermentation [6].

In a recent series of papers, we discussed the effect on
process performance of the different physiological
stresses imposed on an E. coli cell during a whole range
of fermentation processes and importantly at various
scales of cultivation (5–20,000 l). First, we compared
batch, fed-batch and continuous culture fermentations
[10, 11]. This work demonstrated that, whilst fed-batch
fermentations, as expected, produced a much higher
biomass, multi-parameter flow cytometry indicated a
relatively high proportion (ca. 16%) of dead cells present
at the end of the fermentation. In contrast, during batch
and continuous culture fermentations, cell viability was
found to be almost 100% throughout. This result was
discussed in terms of the severe stress imposed upon cells
by an ever-increasing level of glucose limitation during
the relatively long (37 h) fed-batch process. However,
these initial studies were carried out in a well mixed
laboratory-scale 5-l vessel, where it can be assumed that
spatial heterogeneities with respect to dissolved oxygen,
glucose and pH (even in the fed-batch case) do not exist
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[18]. With increasing scale, at equal levels of agitation
intensity (expressed as x W/kg, with typical large-scale
values being of the order of 2–3 W/kg), the assumption
of homogeneity with respect to dissolved oxygen (dO2)
concentration in batch or fed-batch fermentations [20],
or for dO2 and glucose in the fed-batch case [5], can no
longer be justified. Further, it has now been shown that
chemical concentration gradients exist in large-scale
bioreactors [23] and that cells circulating around a large-
scale bioreactor respond rapidly to such a changing
micro-environment by the fast transcriptional induction
of an alternative set of genes [21]. Therefore, in our next
papers [7, 12, 19], the problems associated with scale-up
were investigated. It was shown that a changing micro-
environment with respect to pH, glucose and dO2 during
high cell density fed-batch fermentations had a profound
effect on cell physiology and hence on viable biomass
yield. These studies were carried out at both production
(20,000 l) and laboratory (5 l) scale. These results were
then compared with those from a series of scaled-down
predictive experimental models (5 l) of the production
scale, where the difficulty of achieving good mixing
(broth homogeneity) as found at the production scale
was simulated by a two-compartment model. This work
revealed that a progressive change in the cell physio-
logical state (with respect to cytoplasmic membrane
polarity and integrity) generally occurs throughout the
course of a fed-batch fermentation and that the extent of
these changes was dependent on the scale of cultivation.
Further, it showed that the relatively poorly mixed
conditions in the large-scale bioreactor led to a low
biomass yield but a high cell viability (with respect to
cytoplasmic membrane permeability) and, conversely,
the small-scale well mixed fermentation gave the highest
biomass yield but the lowest cell viability.

However, all of these studies were carried out using the
untransformed wild-type bacterial strain, E. coli W3110.
So, this work does not take into account the additional
physiological stress imposed on a cell by having to syn-
thesise a foreign protein when trying to predict process
performance on scale-up. It is known that the synthesis of
foreign proteins at high concentrations exerts a severe
metabolic stress on the host cell [2, 3]. The consumption of
essential substrates (e.g. amino acids) and energy is swit-
ched away from normal cellular functions, resulting in a
reduction or cessation of growth and in extreme cases cell
death. Therefore, in this work, we compare the perfor-
mance of the untransformed host E. coli BL21 (DE3;
culture collection accession number MSD2052) with the
recombinant E. coli BL21 (DE3; culture collection
accession number MSD3735) in batch culture, using
multi-parameter flow cytometry. E. coli MSD3735 con-
tains a plasmid coding for an isopropylthiogalactopyr-
anoside (IPTG)-inducible model mammalian protein
AP50 encoding amino acids 164–435 with a N-terminal
His6-cmyc fusion tag, under the control of a T7 RNA
promoter and a tetracycline resistance marker [8]. The
recombinant system used here is further complicated
because, under normal growth conditions, the protein can

be mis-folded, accumulating in the form of insoluble,
phase-bright, biologically inactive, so-called ‘‘inclusion
bodies’’ in the cytoplasm of the cell. In this way, the effect
of any physiological or physical stress imposed by the
synthesis of AP50 in addition to that imposed by a batch
fermentationprocess could be investigated andused as the
basis for future studies investigating the scale-up of a
model industrial process.

Methods and materials

The recombinant strain of E. coli MSD3735 and the
untransformed host E. coli MSD2052 were obtained
from AstraZeneca (Alderly Park, Macclesfield, UK).
Both organisms were maintained at �80�C in Luria
Bertani (LB), broth (Difco, Nottingham, UK) supple-
mented with equal volumes of 2· cryogen solution con-
taining (per litre): 3.6 g KH2PO4, 12.6 g K2HPO4, 0.9 g
tri-sodium citrate, 1.8 g (NH4)2SO4 and 300 g glycerol. A
filter-sterilised aqueous solution (10 ml) of MgSO4Æ7H2O
(0.18 g/l) was added aseptically after autoclaving the
medium. The composition of the high yeast extract
growth medium used for batch fermentations was (per
litre of distilled water): 3.0 g KH2PO4, 6.0 g Na2HPO4,
05 g NaCl, 2.0 g casein hydrolysate, 10.0 g (NH4)2SO4,
35 g glycerol and 20 g yeast extract. After the medium
had cooled, the following post-sterilisation additions
were made (final concentration per litre): 0.5 g MgSO4,
0.0294 g CaCl2ÆH2O, 0.008 g thiamine, 0.040 g/0.020 g
FeSO4/citric acid and 0.5 ml/l of a trace elements stock
solution. The trace elements stock solution was made up
in distilled water as follows (per litre): 0.2 g AlCl3Æ6H2O,
0.08 g CoCl2Æ6H2O, 0.02 g CrK(SO4)Æ12H2O, 0.02 g
CaCl2, 0.01 g H3BO3, 0.2 g KI, 0.26 g MnSO4Æ4H2O,
0.009 g NiSO4Æ7H2O and 0.04 g NaMoO4. Tetracycline
(10 mg/l) was added to the growth medium for fermen-
tations with the recombinant organism MSD3735. IPTG
(0.5 mM) was added aseptically according to the exper-
imental protocol to induce expression of AP50. Chemi-
cals used were of reagent grade.

Batch fermentations were carried out in a 5-l cylin-
drical glass bioreactor (162 mm diam., 300 mm total
height), with a working volume of 4 l. The vessel was
fitted with two 82-mm, six-bladed paddle-type impellers
situated 80 mm apart with the bottom impeller 80 mm
above the bottom of the vessel. The vessel was fitted with
four equally spaced baffles, width 15 mm and equipped
with controls for dO2, pH, anti-foam, temperature and
impeller speed. The temperature was maintained at
37�C, the airflow rate was 1 vvm and the impeller speed
was varied in order to maintain dO2 above the 50%
saturation level. pH was controlled above 6.7 using 2 M
NaOH. Polypropylene glycol 2,025 was used, on
demand, to control foaming. dO2 was measured con-
tinuously using a polargraphic steam-sterilisable oxygen
electrode (Ingold). A 2% inoculum was prepared by
growing the culture on LB medium (50 ml) in a 500-ml
Erlenmeyer shake-flask for 13 h at 37�C and 300 rpm.
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Flow cytometry

The advantages of multi-parameter flow cytometry
over more conventional microbiological techniques
such as dilution plating (colony-forming units/ml) are
well documented [13, 17], but briefly, using various

mixtures of fluorescent dyes, it is possible to resolve
the physiological state of an individual microbial cell
beyond culturability, based on the presence or absence
of an intact polarised cytoplasmic membrane and the
transport mechanisms across it, enabling assessment of
population heterogeneity. For all fermentations, flow

Fig. 1 OD550 and DCW
profiles for a series of batch
fermentations where the point
of induction of AP50 synthesis
was varied by the addition of
0.5 mM IPTG at different
OD550
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cytometric measurements were made using a Coulter
Epics Elite analyser with 488 nm excitation from an
argon-ion LASER at 15 mW. Samples taken from the
culture were immediately diluted with Beckman
Coulter Isoton II and stained with a mixture of two
fluorescent dyes, propidium iodide (PI) and bis-(1,3-
dibutylbarbituric acid) trimethine oxonol (BOX), i.e.
PIX staining. Stock solutions of each dye were pre-
pared as follows: PI was made up at 200 lg/ml in
distilled water and BOX was made up at 10 mg/ml in
dimethylsulphoxide (DMSO). The DMSO stock solu-
tion was maintained at �20�C and the distilled water
stock solution was maintained at 4�C. The working
concentrations of PI and BOX were 5 lg/ml and
10 lg/ml respectively in Dulbecco’s buffered saline
(DBS, pH 7.2). In order to facilitate staining with
BOX, 4 mM EDTA was added to the working solu-
tion. The working solution (10 ll) was then added to
approximately 1 ml of the appropriately diluted cell
sample suspension for staining. All solutions were
passed through a 0.2-lm filter immediately prior to
use, to remove particulate contamination. Optical fil-
ters were set up as standard for the Coulter Epics
Elite analyser [16] to measure PI fluorescence at
630 nm and BOX fluorescence at 525 nm. Since there
is a spectral overlap between BOX- and PI-emitted
fluorescence, the software compensation was set up in
such a way that BOX-emitted fluorescence was elimi-
nated from the PI-emitted fluorescence detector and
vice versa.

Transmission electron microscopy

A cell sample (1 ml) was centrifuged at 9,000 g in a
laboratory-scale centrifuge (MSE, UK) for 10 min and
resuspended in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 1 h. The sample was again centri-
fuged (9,000 g) for 10 min and resuspended in 1%
osmium tetroxide in 0.1 M phosphate buffer (pH 7.2)
for 1 h. The fixed cells were dehydrated sequentially in
graded aliquots (70, 90, 100, 100, dried 100%) of ethanol
and embedded in a 1:1 mixture of propylene oxide/
Araldite resin. The resin was de-gassed and allowed to
polymerise at 60�C for 16 h. Ultra-thin sections (70 nm)
were cut using a Reichart–Jung Ultracut E microtome
and stained with uranyl acetate and Reynolds lead cit-
rate. The samples were then examined using a Jeol Ex
transmission electron microscope (TEM) with an accel-
erating voltage of 80 kV.

Additional analytical techniques

The cell biomass was measured by optical density at
550 nm (OD550) in a double-beam spectrophotometer,
calibrated against dry cell weight (DCW) at 100�C to
constant weight. For plasmid stability tests, samples
were taken and serially diluted with DBS; and 0.1 ml of
the resulting suspension was plated onto nutrient agar
supplemented with 10 mg/l tetracycline and incubated at
37�C for 24 h.

Fig. 2 Correlation (by linear
regression) between OD550 and
DCW for: (1) AP50 uninduced
(y=8.41+0.54x, R=83.5%),
(2) wild type where 0.5 mM
IPTG was added at OD550=0.1
(y=2+0.68x, R=81.0%), (3)
AP50 induced at OD550=0.1
for OD550<40
(y=2.15+0.174x, R=72%),
(4) AP50 induced at
OD550=0.1 for OD550>40
(y=�40+1.07x, R=88%), (5)
AP50 induced at OD550=1.0
for OD550<40
(y=1.82+0.274x, R=89%)
and (6) AP50 induced at
OD550=1.0 for OD550>40
(y=�23.62+0.73x, R=98%)
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The glycerol concentration was measured using a
Gilson HPLC system with an aminex HPX-87P analysis
column (Bio-Rad, UK), using 0.5 mM H2SO4 as the
mobile phase, with a flow rate of 6 ml/min, resulting in a
retention time of 13.4 min.

For recombinant protein AP50 analysis, suitable
broth samples were centrifuged for 10 min, the super-
natant discarded and each pellet re-suspended in double-
strength lysis buffer made up as follows: 375 g (30%)
sucrose, 37.5 g 1 M Tris-HCl and 187.5 g 0.4 M EDTA
in deionised water to 750 ml (pH 8), ensuring an equal
biomass concentration in each sample. To the resultant
suspension, 1.25 mg/ml hen egg lysozyme was added
and held on ice for 30 min. This was then sonicated at
50% amplitude on ice for consecutive pulses of 30 s,
until microscopic examination showed >95% of the
cells had been disrupted. Of this, 150 ll were taken for

total cell protein analysis. A further 1 ml was centri-
fuged at 13,000 rpm to separate the insoluble and solu-
ble fractions. The resulting supernatant (150 ll) and the
re-suspended pellet were used for soluble and insoluble
protein analysis, respectively. SDS-PAGE analysis [14]
was used to determine the percentage total soluble and
insoluble cell protein, using a 12.5% separation gel.
Each of the samples received 150 ll of Laemmli loading
buffer and 10 ll were loaded per lane. Protein was
stained with Coomassie brilliant blue R-250; and low
molecular weight protein markers (Amersham Pharma-
cia Biotech, Buckinghamshire, UK) were used to iden-
tify AP50 (35 kDa).

Results and discussion

Two series of batch fermentations were carried out: (1)
with the untransformed host E. coli MSD2052 strain
and (2) with the recombinant E. coli MSD3735 strain.
The timing of the addition of the inducing agent (IPTG)
was varied dependent on the OD550 of the culture,
within the range OD550=0.1–15.0. In addition, control
experiments were carried out where IPTG was added to
a batch fermentation of the untransformed host at
OD550=0.1 and was not added at all to a batch fer-
mentation of the recombinant strain. Reproducible
measurements of pH, dO2, OD550, DCW and [glycerol]
were made (Fig. 1, not all data shown). Additionally,
during the course of each fermentation, individual cell
physiology was measured by multi-parameter flow
cytometry. Batch fermentations were terminated when
the glycerol was exhausted and a DCW of 17–34 g/l was
achieved. The point of induction had a clear effect on
fermentation progression, as measured by OD550 and
DCW profiles (Fig. 1). In all cases, the profiles of glyc-
erol utilisation and dO2 were the opposite of the OD550

and DCW profiles. Whilst the maximum specific growth
rates for all fermentations (estimates made using DCW
measurements only) were comparable (0.46–0.51 per
hour), the time of termination and final DCW differed.
For fermentations where induction occurred in the range
OD550=0.1–1.0, glycerol was exhausted at between 20 h
and 25 h whereas, for all recombinant fermentations
either not induced or induced at OD550=15 or where
IPTG was added to a batch fermentation of the
untransformed host at OD550=0.1, the glycerol was
exhausted after ca. 12 h. Interestingly, the relationship
between OD550 and DCW seems to be very complex
(Fig. 2). Whilst, in all cases, the final OD550 for each
fermentation was similar (ca. 58–60) the final DCW for
those fermentations where the recombinant protein is
expressed was approximately half (ca. 17 g/l) that (ca.
34 g/l) of those fermentations where the protein was not
expressed. This drop in final DCW is not entirely
unexpected, since energy is presumably being redirected
away from cell growth towards protein synthesis in
producing cultures. Importantly however, the synthesis
or accumulation of the recombinant protein must also

Fig. 3a Light micrograph (·40) of a recombinant E. coli MSD3735
cell expressing AP50 as an insoluble inclusion body. b Intrinsic light
scattering (FALS vs RALS) for an E. coli MSD3735 population,
a proportion of which is producing AP50 as an inclusion body (R1)
and a proportion of which is not (R2)
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affect broth turbidity, i.e. cell suspensions producing
recombinant protein must transmit less light, for the fi-
nal OD550 measurements to remain the same for all
fermentation processes. Additionally, for those cultures
producing recombinant protein, the DCW/OD550 rela-
tionship changes for OD550>40. This seems to be
independent of inclusion body formation, since a similar
DCW/OD550 correlation is found for all fermentations
expressing recombinant protein, whether inclusion
bodies are formed or not. (Fig. 2, not all data shown).
The reasons are not known but this highlights the dan-
ger of relying solely on OD measurements when fol-

lowing the biomass concentration during fermentation
processes. Why the OD at which IPTG is added has such
an effect is uncertain; but, since the IPTG concentration
is kept the same (0.5 mM) for each fermentation, we
know that the concentration of IPTG per individual cell
at the exact time of IPTG addition is very different.
Therefore, at low OD, the induction effect may be
stronger than at higher OD. This may lead to a greater
level of expression of the protein and a greater stress for
the individual cell. Unfortunately, there is no reliable
assay for AP50 quantification, so expression level data
are not available. Since the addition of IPTG to the non-

Fig. 4 a–e Changes in the
intrinsic light scattering for
E. coli MSD3735 during the
course of a batch fermentation
where synthesis of AP50 was
induced at OD550=1.
a Immediately before induction,
b ca. 1 h after induction,
c 3 h, d 15 h, e 20 h. This
illustrates the change from the
bimodal clustering
characteristic for rod-shaped
cells towards a more diffuse
cluster representing cells
producing inclusion bodies and
the change back again
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recombinant fermentation had no effect on fermentation
progression, any toxic effects can be largely discounted.

Light scatter

In principle, it should be possible to detect inclusion
body formation based on changes in the intrinsic light

scatter measurements alone [9, 22]; and in some cases a
linear relationship has been shown to exist between
forward angle light scatter (FALS) and insoluble protein
accumulation [15]. When the cell passes through the
laser beam, scattered light is detected in two planes.
FALS is detected in the plane of the beam and is often
quoted as being a measure of relative cell size. Right
angle light scatter (RALS) is collected at 90� to the beam

Fig. 5 SDS-PAGE gel analysis
of cell samples taken at 10, 16
and 24 h during the course of a
batch fermentation where
synthesis of AP50 was induced
at OD550=1. This was used to
determine the ratio of soluble to
insoluble AP50. Low molecular
weight protein markers
(Amersham Pharmacia
Biotech) were used to identify
AP50 (35 kDa). An additional
unidentified protein band can
also clearly be seen, the
appearance of which coincides
with the disappearance of the
band associated with AP50

Fig. 6 a–d Changes in the
intrinsic light scattering for
E. coli MSD3735 during the
course of a batch fermentation
where synthesis of AP50 was
not induced. Time during
fementation: a 2 h, b 4 h, c 6 h,
d 9 h. All illustrate the bimodal
clustering characteristic for rod-
shaped cells
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and, being a measure of cell granularity, it is sensitive to
internal structure. Since the mis-folding of AP50 causes
a large phase-bright, refractive inclusion body to accu-
mulate at one end of a distended cell (Fig. 3), an increase
in both RALS and FALS should be measurable when
compared with a non-producing cell. It has been shown
that untransformed E. coli cells generate a unimodal
distribution with respect to FALS and a bimodal dis-
tribution with respect to RALS. This is characteristic for

rod-shaped cells because of their rotational asymmetry
[10]. In this work, it was shown that, during a re-
combinant E. coli MSD3735 batch fermentation, almost
immediately (ca. 1 h) after induction with 0.5 mM IPTG
at OD550 £ 1 there is a progressive increase in both
RALS and FALS signals, which is accompanied by the
accumulation of insoluble mis-folded AP50 within the
cell (Figs. 4, 5, not all data shown). Further, after 15 h
there is the beginning of a return to the bimodal distri-

Fig. 7 Cell samples taken:
a immediately before induction,
b ca. 1 h after induction, c at
3 h, d at 15 h and e at 20 h
during the course of a batch
fermentation where synthesis of
AP50 was induced at OD550=1.
Cells were stained with PIX and
up to three main sub-
populations of cells can be
distinguished, corresponding to:
healthy polarised cells (A) with
no staining, cells with no
membrane potential (B) and
stained with BOX and cells with
a depolarised permeabilised
cytoplasmic membrane (C) and
stained with both PI and BOX
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bution characteristic of wild-type cells (complete at
20 h); and this is accompanied by the main phase of cell
division and the inability of the cells to synthesise either
soluble or insoluble AP50. This was confirmed when
cells isolated from the fermentation at 20 h and plated
onto nutrient agar supplemented with tetracycline
formed colonies, indicating that there must have been
some form of structural instability within the foreign
gene sequence rather than plasmid loss for AP50 not to
be expressed. Indeed, a new band appears on the anal-
ysis gels, indicating that an unidentified protein is being
expressed instead of the target AP50 (Fig. 5). Light
scatter data similar to those obtained for these fermen-
tations were obtained for all other fermentations in-
duced with IPTG in the range OD550=5–15 using the
recombinant strain of E. coli MSD3735, although no
structural instabilities within the foreign gene sequence
were observed and there was no return to the bimodal
distribution characteristic of wild-type cells. In contrast,
throughout the course of the experiments where IPTG
was added to a batch fermentation of the untransformed
host at OD550=0.1 (data not shown) and not added at
all to a batch fermentation of the recombinant strain,
relatively little change in either RALS or FALS was
measurable (Fig. 6).

Fluorescent staining

Analysis of the fluorescent staining data as measured
by flow cytometry is very interesting. In all cases,
immediately after the addition of the IPTG there be-
gins a progressive change in the cell physiological state
that continues throughout the course of each fermen-
tation; and the extent of this is dependent on the
OD550 at which the IPTG was added, as revealed by
PIX staining (BOX and PI together). As described
previously [10–13], Fig. 7 shows three distinct areas:
area A (with no staining) represents healthy cells, area
B (stained with BOX) shows cells with a reduced
cytoplasmic membrane potential (stressed cells) and
area C (PIX-stained) shows cells with a depolarised
permeabilised cytoplasmic membrane (dead cells). For
the cases where IPTG was added at OD550 £ 1, the
number of cells identified as either being stressed or
dead increased to a maximum of ca. 50% at 15 h
(Fig. 7, not all data shown) and then progressively
decreased as the cells began to grow and divide, until
reaching a minimum of £ 10% (i.e. ca. 90% healthy
cells) at the termination of the fermentation. During
this period, those healthy cells producing the unknown
protein may have a competitive advantage over and

Fig. 8 Cell samples taken at:
a 2 h, b 4 h, c 6 h and d 9 h
during the course of a batch
fermentation where synthesis of
AP50 was not induced. Stained
with PIX, up to three main sub-
populations of cells can be
distinguished, corresponding to
healthy polarised cells (A) with
no staining, cells with no
membrane potential (B) and
stained with BOX and cells with
a depolarised permeabilised
cytoplasmic membrane (C) and
stained with both PI and BOX
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probably outgrow those expressing AP50. It is unclear
whether such cells are present at the start of the fer-
mentation or are produced in response to the induc-
tion process at low OD550(0.1, 0.5, 1.0) and when the
growth rates are slow. However, the latter case would
seem more likely, since such cells are not found when
the system is induced at higher OD550(5, 15). For the
cases of fermentations where IPTG was added at
OD550=5 or 15 (data not shown), the number of cells

identified as either being stressed or dead increased to
a maximum of 40% at the termination of the fer-
mentation. In contrast, throughout the course of the
experiments where IPTG was added to a batch fer-
mentation of the untransformed host at OD550=0.1
(data not shown) and not added at all to a batch
fermentation of the recombinant strain, there was
virtually no change in physiological state as measured
by PIX staining, with stressed or dead cells only just
starting to appear at the termination of the fermenta-
tion when glycerol was exhausted (Fig. 8). The dis-
tinctive clustering of BOX- and PIX-positive cells is
very interesting and deserves further discussion. In all
cases, positively stained cell sub-populations can be
divided into two further sub-populations, based on

Fig. 9 A representative TEM (·25,000) of cell samples taken 15 h
after the synthesis of AP50 was induced at OD550=1. This
illustrates the three types of cell (‘‘normal’’, semi-ghost, ghost),
the presence of which may give rise to the measurable differential
fluorescence of BOX-positive cells observed in Fig. 7a,b. The
former is reproduced here for clarity
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their relative BOX fluorescent-staining intensities. On
examination of the culture broth using TEM (Fig. 9),
it became clear that ‘‘cell type’’ structures existed in
the broth that had little (semi-ghost) and no (ghost)
cytoplasmic material inside the cell envelope. It is
thought that, where the contents of the cell leak out,
more lipophilic binding sites may become available
and BOX fluorescence enhanced [17]. Where the con-
tents of the cell entirely leak out (i.e. no nucleic acid
remaining), cells are only enhanced BOX-positive and
PI-negative, whilst cells in which nucleic acid still re-
mains are enhanced BOX- and normal PI-positive. If
this is the case, our estimates of the number of dead
cells in each corresponding fermentation process are
too low and the number of ghosts needs to be included
to give the true value.

Conclusions

This work confirms the findings of others [9, 15, 22] that
it is possible to follow inclusion body formation fol-
lowing induction by intrinsic light scatter alone
throughout the course of batch fermentations with re-
combinant E. coli MSD3735 producing AP50. Impor-
tantly, it goes further in discussing the effect that the
expression of a heterologous recombinant protein as
inclusion bodies has on the individual cell physiological
state. From the data presented here, it is obvious that
the expression of AP50 as an insoluble inclusion body,
measured either by changes in intrinsic light scatter or by
conventional gel electrophoresis, correlates very well
with any detrimental change in cell physiological state as
measured by PIX staining and, further, that such
expression exerts a profound physiological stress on the
host cell. However, it is possible that this stress is due
simply to the rather large physical presence of the
inclusion body and is not due to the metabolic load of
having to synthesise the foreign protein. Those cells
producing the unidentified protein in fermentations that
were induced at OD550 £ 1 (after 15 h) remained healthy
throughout.

The ability to make such measurements rapidly is
important for a fermentation process like this, where it is
possible to either increase or decrease inclusion body
formation by manipulating the fermentation conditions.
Typically, inclusion body formation can be avoided if
the fermentation is carried out at lower temperatures
(20�C) or if the concentration of the inducer is reduced.
Clearly, if the fermentation is carried out at a sub-
optimal temperature with respect to growth, the process
will take longer. Therefore, the rapid (within minutes),
reliable screening of 50,000 cells for the presence of
inclusion bodies by flow cytometry allows the fermen-
tation protocol to be optimised (in real time) for growth
before induction and then manipulated after induction
when the presence of low levels of inclusion body are
detected. In this way, the accumulation of mis-folded
inactive protein can be avoided, but at optimal growth

rates. This is not possible with the slower conventional
SDS-PAGE or traditional biochemical assays of protein
accumulation, where results are often available too late
for the engineer to make any meaningful changes to the
process.
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