
APPLIED MICROBIAL AND CELL PHYSIOLOGY

From shake flasks to bioreactors: survival of E. coli cells
harboring pGST–hPTH through auto-induction
by controlling initial content of yeast extract

Lianghui Jia & Hairong Cheng & Hengwei Wang &

Huairong Luo & Hua Yan

Received: 6 December 2010 /Revised: 3 February 2011 /Accepted: 4 February 2011 /Published online: 10 March 2011
# Springer-Verlag 2011

Abstract A high content of yeast extract in complex media
can cause auto-induction of phage T7 RNA polymerase and
the consequent expression of recombinant protein in
Escherichia coli BL21(DE3) during long-term cultivation.
Our study demonstrated that the auto-induction of recom-
binant protein varied in different vectors harboring heterol-
ogous genes. Trx, GST, and their fusion proteins such as
GST–human parathyroid hormone (hPTH), expressed by
pET32a (+), were easily auto-induced by media containing
a high content of yeast extract; however, rtPA was not
easily auto-induced when using pET22b (+), although both
pET systems were under the control of T7lac promoter.
Furthermore, the auto-induction of GST–hPTH may start
within 1–2 h after inoculation in bioreactors, which is a
deficiency in the scale-up from shake flasks to bioreactors.
Our results indicated that too much yeast extract in
bioreactor cultivations may be responsible for the early
auto-induction of target proteins and consequent loss of cell

viability and plasmid instability. To achieve a satisfactory
yield, host cells with both high cell viability and plasmid
stability were necessary for the starter cultures in shake
flasks and pre-induction cultures in bioreactors. This could
be achieved simply by controlling the initial content of
yeast extract and its subsequent supplementation.

Keywords Auto-induction . E. coli . pET systems . Yeast
extract . Cell viability . Plasmid stability

Introduction

Plasmid instability is a key concern in the industrial
utilization of Escherichia coli. It is mainly caused by
factors leading to an uneven distribution of plasmids to the
daughter cells during cell division. The plasmid-free
daughter cells that arise after segregational plasmid insta-
bility grow faster and can rapidly outnumber the plasmid-
bearing population resulting in a significant reduction in the
expression level of recombinant proteins in the culture
(Baneyx 1999). To counter the problem of plasmid
instability and to achieve a high heterologous protein yield,
different strategies, such as the modification of plasmids or
host cells and optimization of culture conditions, are
currently used. Plasmid stability can be enhanced by using
post-segregational killing genes that induce host killing
upon plasmid loss (Gerdes et al. 1997; Jensen and Gerdes
1995; Pecota et al. 1997; Sayeed et al. 2000). Pecota et al.
constructed the dual hok+/sok+ parDE+ and hok+/sok+ pnd+

killer systems. The combination of a proteic killer locus
(parDE+) with antisense killer loci (hok+/sok+) was able to
maintain high galactosidase expression, and led to a
significant increase in segregational stability as compared
to plasmids containing either hok+/sok+ or parDE+ alone
(Pecota et al. 1997). A selection based on antibiotics is not
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always necessary during cultivation. The use of an
endogenous essential gene marker in the antibiotic-free
selection can also improve plasmid stability and expression
yield during bioreactor production (Fiedler and Skerra
2001; Hägg et al. 2004; Peubez et al. 2010). For example,
Hägg et al. developed a complementation-based expression
system in which a plasmid was totally stable, since it
carried the essential gene infA (coding for translation
initiation factor 1) in an E. coli strain that has been deleted
for its chromosomal infA gene (Hägg et al. 2004). It is
expected that, in the near future, there may be “zero
tolerance” towards the usage of antibiotic-based selection
systems and that antibiotic-free selection systems will
become more popular (Peubez et al. 2010). E. coli mutant
screening on Luria–Bertani (LB) agar plates containing
ampicillin (Amp) and isopropyl-β-D-thiogalactopyranoside
(IPTG) was proved to be a satisfactory method. Zhao et al.
isolated E. coli BLRM (DE3), a derivative of E. coli BL21
(DE3) which showed superiority in terms of plasmid
stability and the production of three recombinant proteins
(Zhao and Wei 2007; Zhao et al. 2007). However, to
express a protein in E. coli cells, in most cases the simplest
method is to test a wide variety of commercially available
hosts and plasmids. Besides, many researchers focused on
the optimization of various culture conditions, including air
supply, selective pressure, culture temperature, toxicity of
target protein, catabolite repression caused by glucose, and
the ratio of carbon-to-nitrogen (Friehs 2004; Gupta et al.
1995; Huang et al. 1994; Martin et al. 2006; Kim et al.
1998; Patnaik 2001; Ryan et al. 1989; Zhang et al. 2003).

Until recently, little attention has been directed to auto-
induction or unintended induction in the E. coli cultivation
literature. Grossman et al. found that the pET system, in
which the phage T7 RNA polymerase gene is expressed via
lac operon control elements, exhibited un-induced protein
expression that increased markedly as cells grown in
complex medium entered the stationary phase (Grossman
et al. 1998). They also found that auto-induction did not
require the well-known inducer lactose, but required cyclic
AMP. Studier undertook a systematic study on the effects of
complex and defined media on cell growth and auto-
induction (Studier 2005). He realized that lactose might be
responsible for unintended induction and developed various
non-inducing and auto-inducing media for high cell density
shaking cultures. Fu et al. found that a high content of yeast
extract (Oxoid, UK) was responsible for the high level
expression of protein Trx–hPTH (Trx–tag human parathy-
roid hormone 1–84) in E. coli BL21(DE3) without the
addition of any specific inducer, and that this auto-
induction depended on the source of yeast extract (Fu et
al. 2006). Based on the results of lactose quantification in
yeast extract from different companies (namely, Difco
Laboratories, USA; Millipore, USA; and Sisco Research

Laboratories, India) and tryptone (Difco Laboratories, USA),
Nair et al. concluded that lactose contained in some yeast
extracts was responsible for the auto-induction of human
granulocyte colony stimulating factor (rhGCSF), human
interferon alpha 2b (rhIFN–α 2b), and staphylokinase (rSAK)
when using the vector of pET21a (+) (Nair et al. 2009).

Currently, the phenomenon of unintended induction of
the E. coli/T7lac system does not seem occasional as yeast
extract is widely used for cultivation in the laboratory. To
achieve a high expression level of target protein by auto-
induction, most cultivations of E. coli are conducted in
shake flasks or test tubes overnight or for more than 20 h in
order to approach cell saturation (Grossman et al. 1998;
Studier 2005). Furthermore, when cultivated in shake flasks
or test tubes, E. coli cells in the same medium can produce
widely different levels of target protein, depending on the
rate of aeration (Studier 2005). However, we still have no
information on when auto-induction starts and whether the
onset of the stationary phase is necessary for auto-
induction. In addition, we have no information on how
auto-induction caused by yeast extract affects plasmid
instability and cell viability, which is of key concern in
scale-up. Generally, E. coli cells grow faster in a bioreactor
and do not approach the stationary phase within 10 h under
relatively constant oxygen supply in a dense complex
medium. Cultivation of E. coli in bioreactors may be
helpful in providing further information on auto-induction.

In this study, we used a less toxic heterologous protein,
GST–hPTH, expressed by E. coli BL21(DE3)/pET32a (+),
as its expression would not cause abrupt cell death and
would allow the growth of plasmid-bearing (P+) cells for
several hours. Two well-known tag proteins, GST and Trx,
which are easy to be expressed, and a human tissue
plasminogen activator derivative, K2P (rtPA), which is
toxic to E. coli cells and expressed poorly with LB–glycerol
medium in shake flasks (Wang et al. 2009), were also used
in the auto-induction test. In our investigation, we aimed to
explore (1) the occurrence of an early, stationary phase-
independent auto-induction, (2) the dependence of auto-
induction on less toxic and easily expressed proteins, and
(3) the negative effects of yeast extract, a component most
used in high cell density cultivations, on cell growth,
viability and plasmid instability, and the necessity of
controlling the concentration of yeast extract in preparation
of overnight starter cultures and bioreactor cultivations.

Methods and materials

Bacterial strains and plasmids

E. coli DH5α was used for plasmid construction, and E.
coli BL21(DE3) was used as the host in all experiments of
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protein expression and plasmid stability. Two vectors,
pET32a (+) (Novagen) and pET22b (+) (Novagen), both
under the control of T7lac promoter, were used for
recombinant plasmid construction. The gene fragment
encoding the N-terminal 1–34 amino acids of hPTH was
achieved by chemical synthesis with a 5′–BamHI and a
3′–EcoRI restriction site introduced. The BamHI/EcoRI
digested fragment of gene hPTH was then inserted into
pGEX4T1 (Amersham) to generate pGEX4T1–hPTH. To
express GST–hPTH by pET32a (+), a 796-bp fragment was
amplified with primers 5′-GGCATATGTCCCCTATAC
TAGGT-3′ and 5′-GGAAGCTTTCAAAAATTGTGCA-3′,
using pGEX4T1–hPTH as template, and its NdeI/HindIII
digested fragment was inserted into pET32a (+), yielding
pGST–hPTH. To express the protein thioredoxin (Trx,
12 KDa) and glutathione S-transferase (GST, 26 KDa)
by pET32a (+), fragment containing the gene trx was
amplified from pET32a (+) with primers 5′-GATATACA
TATGAGCGATAAAA-3′ and 5′-GGAAGCTTTCAGT
TAGCGTCGAGGA-3′, and fragment containing the gene
gst was amplified from pGEX4T1, with primers 5′-GGCA
TATGTCCCCTATACTAGGT-3′ and 5′-GGAAGCTTT
CAGGATCCACGCGGAA-3′. The two fragments were then
digested with NdeI/HindIII and inserted into pET32a (+),
generating pTrx and pGST, respectively. pET22b (+)–
rtPA was constructed as previously described and
expressed the protein of rtPA (39 KDa) (Saito et al.
1994; Zhao et al. 2003).

Flask culture media and conditions

LB liquid medium containing 5 g/l yeast extract (Oxoid,
UK), 10 g/l tryptone (Oxoid, UK), 10 g/l NaC1, and
100 mg/l ampicillin was used for all starter cultures, and
LB–Amp agar plates were used to propagate colonies of
transformed competent cells. After a 10-h incubation
period, 0.5 ml of the starter culture was transferred into
250-ml shake flasks containing 25 ml of medium and
cultivated for 10 h in the auto-induction assay. For
recombinant E. coli cultivation and protein expression,
buffered LB–glycerol medium (LBG), buffered Terrific
Broth–glycerol medium (TBG) and other complex media

were prepared and used according to Table 1. Glycerol
supports E. coli cell growth similar to glucose and does not
prevent induction by lactose, thus, in our experiments
glycerol was chosen as the carbon source. Flask cultures
were grown at 37 °C and 200 rpm on a rotary shaker
(ZD-8800B, Hualida, China) in all experiments. The pH
of the medium in the shake flasks was controlled at 7.1±0.3
by adding 20–100 μl solution of 25% NaOH every 2 h in situ.
100 mg/l ampicillin was added at inoculation and 1 mM IPTG
was added when indicated to induce expression.

Fed-batch cultivations

Of the starter culture, prepared as described above, 1.0 ml was
transferred to a 250-ml shake flask containing 50 ml of LB–
Amp medium and cultivated for 4 h. This culture was used as
the inoculum for fermentation studies in 5-L bioreactors
(BIOSTAT A-plus, Sartorius Stedim Biotech). The fed-batch
cultivations were carried out with an initial culture volume of
3.8 L 20Y20T medium or 5Y20T medium (Table 1). In the
cultivation using 5Y20T medium, a stock of yeast extract
(300 g/l) was added to obtain a final concentration of 20 g/l at
induction. Glycerol in the culture was monitored offline and
controlled at 15±5 g/l by adding a glycerol stock of 500 g/l.
The temperature was maintained at 37 °C and pH was
controlled at 7.3 using ammonium hydroxide. Dissolved
oxygen (DO) was monitored using a polarographic oxygen
electrode and the inlet airflow rate was set at 4.0 l/min. To
maintain constant DO at about 12.5%, pure oxygen was also
used from 2 h and set in cascade control. In both cases,
100 mg/l ampicillin was added at the inoculation and 1 mM
IPTG was added to induce expression at about 6 h.

Determination of cultivation parameters

Cell growth was monitored by measurement of optical
density at 600 nm (OD600). Glycerol concentrations were
determined based on the enzymatic method of Fossati and
Principe (Fossati and Prencipe 1982). Expression of
recombinant proteins was analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
using either 12.5% or 15% polyacrylamide gels according

Components Media

LBG TBG 20T 20Y 10Y 5Y 20Y20T 5Y20T

Yeast extract (g/l) 5 24 0 20 10 5 20 5

Tryptone (g/l) 10 12 20 0 0 0 20 20

Glycerol (g/l) 10 10 10 10 10 10 15±5 15±5

Na2HPO4·12H2O (g/l) 9 9 9 9 9 9 9 9

KH2PO4 (g/l) 1 1 1 1 1 1 1 1

Table 1 Media used in this
study

The stock of glycerol (500 g/l)
was autoclaved separately and
added at inoculation
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to the Laemmli method (Laemmli 1970). To ensure
approximately equal amounts of cellular protein in each
lane of the SDS-PAGE gel, cultures were adjusted to OD600

5.0 and 15 μl of each sample per slot was loaded.
Viability of E. coli cells was measured by conventional

enumeration of culturable cells and the cellular capacity of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reduction (Wang et al. 2010a, b). Culturable
E. coli cells were determined by counting colony forming
units (CFU) on LB solid plates and were expressed as CFU
per milliliter broth per OD600. MTT, a yellow tetrazolium
salt, can be reduced into water-insoluble, purple formazan
crystals by cellular dehydrogenases. The lack of integrity of
cell membranes, and thus, of the electron transport chain
can greatly reduce the cellular MTT reduction activity

(Berridge et al. 2005; Berridge and Tan 1993; Liu et al.
1997). The cellular MTT reduction capacity is an integrated
index of cellular electron transport efficiency in viable E.
coli cells (Wang et al. 2010a, b). MTT reduction activity
was determined as previously described, with some
modifications, using alkaline dimethyl sulfoxide containing
about 2% ammonium hydroxide (v/v) as solvent and was
expressed as MTT reduction units (MRU) per milliliter broth
per OD600 (Wang et al. 2010a). At least two shake flasks
filled with 25 ml of medium were used on the same shaker in
the control or induction experiments. For each sampling
point, 100 μl of culture was transferred from shake flasks on
the shaker directly into sterile 1.5-ml centrifuge tubes and
used for the cell viability assay within 10 min. All measure-
ments were conducted in duplicate for each shake flask.
Results were expressed as the mean±standard deviation.

Plasmid stability was estimated by the enumeration of P+
cells on LB–Amp plates for 100 individual colonies picked on
LB plates and expressed as percent. It is worth noting that, for
the cells expressing a toxic recombinant protein, dilution of
10−5 was necessary to ensure that sufficient colonies grew on
the LB plates within 20 h at 37 °C.

Results

Auto-induction of pGST–hPTH in shake flasks and in a 5-L
bioreactor

E. coli BL21(DE3) cells harboring pGST–hPTH were
cultivated in LBG medium for 6 h and induced for 4 h
using IPTG. This led to a vast accumulation of GST–hPTH
in the cellular proteins (Fig 1a); however, in the control
experiments without addition of IPTG, no GST–hPTH was
detected after 10 h by Coomassie blue staining SDS-PAGE
analysis. This suggested that LBG medium in the shake

a b

Fig. 1 Auto-induction and induction of pGST–hPTH in shake flasks
(a) and in a 5-L bioreactor (b). a SDS-PAGE analysis of GST–hPTH
expression in LBG medium. E. coli cells harboring pGST–hPTH were
cultivated for 6 h and induced for 4 h using IPTG. E. coli cells
harboring pGST–hPTH cultivated for 10 h in LBG medium were used
as a control. b SDS-PAGE analysis of GST–hPTH expression in
20Y20T medium in a 5-L bioreactor. E. coli cells harboring pGST–
hPTH were cultivated for 6 h and induced for 4 h using IPTG. I1, I2,
and I4 present the cellular protein on induction at 1, 2, and 4 h,
respectively. Arrows indicate GST–hPTH (30 kDa)

a b c d

Fig. 2 Effects of GST–hPTH induction on cell viability and plasmid
stability in shake flask cultures. a Cell growth at OD600, b culturable
cells estimated by CFU counting, c cellular MTT reduction capacity,
and d plasmid stability estimated by percentage of P+ cells. In the

control experiment, E. coli cells harboring pGST–hPTH were
cultivated for 10 h in LBG medium without addition of IPTG. In the
induction experiment, E. coli cells were cultivated for 6 h and induced
for 4 h using IPTG. Arrows indicate induction with IPTG at 6 h
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flasks did not cause obvious auto-induction of pGST–
hPTH. In the cultivation using 20Y20T medium in a 5-L
bioreactor, E. coli BL21(DE3)/pGST–hPTH showed quick
auto-induction from about 1–2 h, and thereafter, GST–
hPTH expression increased continuously until 6 h (Fig 1b).
Induction by the addition of IPTG at 6 h did not markedly
increase GST–hPTH expression level in the subsequent
4-h period (Fig 1b). Our results demonstrated that auto-
induction of pGST–hPTH in the bioreactor appeared in the
early exponential growth, and thereafter, addition of IPTG
did not have the same effect as it did in shake flasks.

Effects of GST–hPTH expression on cell viability
and plasmid stability in shake flasks

Figure 2 shows the effects of GST–hPTH expression on
cell viability and plasmid stability of E. coli BL21(DE3)
grown in LBG medium in shake flasks. In these experi-
ments, viability of E. coli was determined not only by
conventional enumeration of culturable cells on LB solid
plates, but also by cellular capacity of MTT reduction, an
indicator of electron transport efficiency (Wang et al.

2010a, b). The induction of GST–hPTH caused a slight
inhibition in cell growth (Fig. 2a). During the 4-h induction
period, the concentration of culturable E. coli cells per
OD600 decreased by approximately 50%, from 1.30×
109 CFU/ml at 6 h to 0.66×109 CFU/ml at 10 h. The
cellular capacity of MTT reduction also dropped by
approximately 30% of that at induction and by 65% of that
in the control experiments. The content of P+ cells
remained above 94% during the 10-h cultivation period
when no IPTG was added, but dropped to 52% when induced
for 4 h. The results showed that the induction of GST–hPTH
expression caused a reduction in culturable E. coli cells,
cellular MTT reduction activity, and plasmid stability.

Auto-induction of pET32a (+) harboring different genes
by the complex components in the media

To study the effects of the complex components in the
media on the auto-induction of pGST–hPTH, we devel-
oped a variety of media (Table 1). Trx and GST, which
are much less toxic to host cells than many other
heterologous proteins and are very easily expressed in E.

a b c

Fig. 3 Effects of the complex components in media on the auto-
induction of pET32a (+) encoding GST–hPTH, Trx, and GST. LBG,
TBG, 20T, 20Y, 10Y, and 5Y media were used for the assay in 250-ml
shake flasks. E. coli BL21(DE3) cells harboring pGST–hPTH (a),

pTrx (b), and pGST (c) were cultivated in 25 ml of corresponding
medium for 10 h without addition of IPTG. Arrows indicate the three
proteins

a b c dFig. 4 Effects of tryptone (20 g/l)
and yeast extract (20 g/l) on the
growth, cellular viability, and
plasmid stability of E. coli BL21
(DE3) cells bearing pGST–hPTH
in shake flasks. a Cell growth at
OD600, b culturable cells estimated
by CFU counting, c cellular MTT
reduction capacity, and d plasmid
stability estimated by percentage
of P+ cells. E. coli cells harboring
pGST–hPTH were cultivated for
10 h in 20Tand 20Ymedium in the
presence of 100 mg/l ampicillin
without addition of IPTG
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coli, have been widely used as tags in the construction
of plasmids. Thus, they were also used in the test of
pET32a (+) auto-induction. E. coli BL21(DE3) cells
bearing pGST–hPTH, pTrx, and pGST were cultivated
for 10 h in 25 ml of corresponding medium without
addition of IPTG. Figure 3a shows that the cultivations
using TBG and 20Y medium both caused GST–hPTH
expression; however, 20T and other media containing a
low concentration of yeast extract did not. Figure 3b, c
showed similar results in terms of the induction of pGST

and pTrx. Our results are consistent with those reported by
Fu et al. (Fu et al. 2006). In fact, the auto-induction of
pET32a (+) started much earlier than 10 h, at the mid-
exponential growth phase in shake flask cultivations, as
demonstrated in the expression of fusion protein Trx–
hPTH (Fu et al. 2006). The results indicated that in order
to avoid unintended induction, a low content of yeast
extract in media was necessary when using the E. coli
BL21(DE3)/pET32a (+) system.

Effects of high-content tryptone and yeast extract
on the growth, viability, and plasmid stability
of E. coli BL21(DE3)/pGST–hPTH

Yeast extract (20 g/l) supported better growth of pGST–
hPTH-bearing E. coli BL21(DE3) cells than tryptone
(20 g/l) (Fig. 4a); however, this complex component led
to a drop in cellular viability and plasmid stability during
the 10-h cultivation period (Fig. 4b, c, d), which was due
to auto-induction of GST–hPTH (Fig. 3a). The results
demonstrated in Figs. 3 and 4 suggest that cultivation
using a high content of yeast extract was not suitable for
pET32a (+)-bearing E. coli BL21(DE3) cells, especially
when preparing overnight starter cultures.

Auto-induction and induction of pET22b (+)-rtPA in TBG
medium

In E. coli BL21(DE3) cells, pET22b (+)-rtPAwas under the
same control of the T7lac promoter as pGST–hPTH, pTrx,
and pGST; however, no obvious auto-induction of rtPAwas
detected by SDS-PAGE analysis during the 10-h cultivation
period in TBG medium (Fig. 5a), suggesting that auto-
induction also depended on specific proteins. The plasmid
stability of E. coli BL21(DE3)/pET22b (+)-rtPAwas constant-
ly above 96% over the 10-h cultivation period in the absence
of IPTG (Fig. 5b), but dropped to nearly zero 3 h after IPTG
was added (Fig. 5c). The culturable cells per OD600 decreased
abruptly by approximately 95%, from 2.0×109 CFU/ml at 3 h
to 0.1×109 CFU/ml at 6 h (Fig. 5c), suggesting that the
induction of rtPA caused severe host cell death.

Auto-induction and induction of pGST–hPTH in 5-L
bioreactor cultivations

The effects of yeast extract on auto-induction of pGST–
hPTH were further investigated in 5-L bioreactors using an
initial medium of 20Y20T or 5Y20T. During cultivation in
the latter medium, a supplement of 15 g/l yeast extract was
also added at induction. To maintain DO at a relatively
constant level of 12.5%, pure oxygen (O2) was added from
about 2 h in both cultivations (Fig. 6a, b). In addition, the
two cultivations were conducted in parallel using the same

a

b

c

Fig. 5 Auto-induction and induction of pET22b (+)-rtPA in TBG
medium. In the control experiments, E. coli BL21(DE3) cells
harboring pET22b (+)-rtPA were cultivated for 10 h without addition
of IPTG. In the expression experiments, E. coli BL21(DE3) cells
harboring pET22b (+)-rtPAwere cultivated for 3 h and induced for 7 h
using IPTG. All experiments were performed in shake flasks. a SDS-
PAGE analysis of rtPA expression, b auto-induction of pET22b (+)-
rtPA in control cultivations, and c induction of pET22b (+)-rtPA using
IPTG. Arrow indicates the addition of IPTG
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starter culture (2.5%, v/v). Figure 1b shows the auto-
induction of pGST–hPTH and the resulting expression of
GST–hPTH from about 2 h in 20Y20T medium. This
unintended induction at the early stage of cultivation caused
a drop in cellular viability and plasmid stability, similar to
that in the shake flasks (Fig. 6c–f). In contrast, in the
cultivation using 5Y20T medium, no protein expression
was detected by SDS-PAGE analysis until 6 h and
thereafter, the induction by IPTG led to a higher expression
level of GST–hPTH (Fig. 1b vs Fig. 7). This was due to the

fact that at 6 h, for E. coli cells cultivated in 5Y20T medium,
the culturable cells per OD600, cellular MTT reduction
capacity and plasmid stability were approximately 1.95,
1.70, and 1.75 times those cultivated in 20Y20T medium.

Discussion

Our results showed that (1) the auto-induction of E. coli
BL21(DE3)/pET32a (+) system strongly depended on the

a

b

c d e f

Fig. 6 Profiles of E. coli BL21
(DE3)/pGST–hPTH cultivation
in 20Y20T and 5Y20T medium
in 5-L bioreactors. In both cases,
E. coli cells harboring
pGST–hPTH were cultivated
for 6 h and induced for 4 h using
IPTG. To maintain pO2 (DO) at
a relatively constant level of
12.5%, pure oxygen (O2) was
added from about 2 h and set in
cascade control. (TEMP)
temperature (°C), (STIRR)
agitation speed (rpm). a
Cultivation in 20Y20T medium,
b cultivation in 5Y20T medium
supplemented with 15 g/l yeast
extract at induction, c cell
growth at OD600, d culturable
cells estimated by CFU
counting, e cellular MTT
reduction capacity, and f
plasmid stability estimated by
percentage of P+ cells
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concentration of yeast extract in the complex medium in
shake flasks and started within 1–2 h after inoculation in a
5–L bioreactor, (2) a high content of yeast extract caused a
drop in E. coli cell viability and plasmid instability through
auto-induction but to different extents, depending on
specific recombinant proteins. Yeast extract was better at
supporting cell growth than tryptone, but had to be
controlled at a low initial content to avoid unintended
induction in bioreactor cultivations, especially, if cells for
toxic protein production were needed at a high density.

It is well-known that intracellular cyclic adenosine
monophosphate (cAMP) positively controls the lac operon
as cAMP receptor protein binds it and stimulates lac operon
transcription (Ishizuka et al. 1993; Narang 2009; Reznikoff
1992). Glucose can reduce the intracellular level of cAMP
and thus depresses lac operon transcription, therefore
addition of glucose into complex medium can reduce
auto-induction, but does not completely eliminate it,
especially for the lacUV5 promoter that is currently used
in E. coli BL21(DE3) (Kuo et al. 2003; Wilson et al. 1980).
Our results demonstrated that the auto-induction of E. coli
BL21(DE3)/pET32 (+) was yeast extract-dependent, and
the control of this component could completely eliminate
the unintended induction (Fig. 3). Yeast extract, also called
yeast autolyzate, is produced from yeast autolysis, a process
induced by heating yeast to a temperature of about 50 °C
and is also stimulated by adding plasmolyzing or liquefying
agents such as salt and organic solvents. The resulting
autolyzed yeast material is then heated at 80–100 °C,
cooled, filtered and spray-dried to give a powdery yeast
autolyzate product (Akin and Murphy 1981; Chao et al.
1980). Yeast extract has long been used as a key medium
component for cultivating many microorganisms. However,
the auto-induction of T7lac promoter caused by yeast
extract was identified only recently, and the mechanisms

involved have not been well documented until now (Fu et
al. 2006; Grossman et al. 1998; Nair et al. 2009). In our
view, to identify the substance (for convenience, here
named X) from yeast extract which is responsible for the
auto-induction of T7lac promoter in E. coli BL21(DE3),
evidence from three aspects are required: (1) providing a
specific and sensitive assay to determine substance X in
yeast extract and other complex media, especially when the
content of X is low at around detectable levels; (2) being
capable of causing auto-induction when adding X, at the
same concentration as in the yeast extract, into other media
which are unable to cause auto-induction, such as 20 T
medium; and (3) being consistent with the evidence that
yeast extract technically deprived of X does not cause auto-
induction. Nair et al. claimed that the presence of
endogenous lactose in yeast extract is the inducing factor
in the auto-induction phenomenon (Nair et al. 2009).
However, they did not provide detailed information on the
detection limits and the specificity or selectivity of the
lactose assay they used. In addition, they did not provide
SDS-PAGE results of auto-induction using tryptone (Difco)
alone at any concentration. As their results demonstrated,
the lactose content in Difco tryptone was about 54–90% of
that in the yeast extract of various other brands. To further
support their conclusion, they also demonstrated that yeast
extract devoid of lactose did not cause auto-induction.
However, the method of lactose removal these authors used
was deficient, as various small molecules in the yeast
extract, including unknown substance X, especially of
small molecular weight, would be removed following
overnight dialysis using a 6,000-dalton cut-off membrane.
To address the possibility that yeast extract may contain
sufficient lactose to allow lac operon induction, Grossman
et al. treated 4× YT medium (containing 32 g/l Bacto
tryptone, 20 g/l Bacto yeast extract, and 5 g/L NaCl) with
β-galactosidase to digest any lactose present in the medium
(Grossman et al. 1998). Their results showed that the
treated medium did not alter this auto-induction, indicating
that lactose was not responsible for un-induced expression.
Therefore, further investigation to explore the mechanism
of auto-induction by yeast extract is necessary, and the
identification of natural substance X would be of impor-
tance in replacing IPTG in the pharmaceutical industry.

Although complex media can cause auto-induction of the
phage T7 RNA polymerase gene and the consequent expres-
sion of recombinant proteins (Grossman et al. 1998; Studier
2005), our study demonstrated that the auto-induction of
recombinant protein varied in different vectors harboring
heterologous genes. When using TBG medium, E. coli BL21
(DE3)/pET32a (+) was prone to auto-induction, providing
that the inserted genes were less toxic and easier to be
expressed, such as Trx, GST, and GST–hPTH (Fig. 3).
However, no auto-induction of pET22b (+)-rtPAwas detected

Fig. 7 GST–hPTH expression in the 5-L bioreactor cultivation using
5Y20T medium. Arrow indicates GST–hPTH
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by SDS-PAGE analysis due to unknown reasons, although
both were under the control of T7lac promoter (Fig. 5). Many
factors, such as the efficiency of translation initiation and rare
codons (Gustafsson et al. 2004; Iserentant and Fiers 1980;
Myasnikov et al. 2009; Stenström et al. 2001), may affect the
auto-induction of recombinant proteins.

Grossman et al. found that auto-induction increased
markedly as E. coli cells, grown in complex medium, enter
the stationary phase (Grossman et al. 1998). Studier also
suggested that long-term cultivation to saturation was
necessary for auto-induction at high cell densities (Studier
2005). This process usually took about 20 h. Our results
indicated that the auto-induction was not stationary phase-
dependent (Figs. 1b and 3) and could start within a few
hours. In addition, the early auto-induction could eliminate
the inducing power of IPTG. In the bioreactor cultivations,
20Y20T medium resulted in an abrupt auto-induction of E.
coli BL21(DE3)/pGST–hPTH, starting at approximately
1–2 h, and the addition of IPTG did not further increase
the final accumulation of GST–hPTH. When 5Y20T
medium was used, no auto-induction was detected until
induction and the subsequent addition of IPTG led to a
higher expression level of GST–hPTH (Fig. 1b vs Fig. 7).

It is worth noting that, the expression of GST–hPTH and
rtPA both caused a drop in cell viability and in plasmid
stability, but to different extents (Figs. 4 and 5). Auto-
induction is sometimes deficient in the scale-up from shake
flasks to bioreactors. To achieve a satisfactory yield, a high
density of cells is needed with both very high cell viability
and plasmid stability. Our experiments conducted in shake
flasks indicated that the quality of starter cultures could be
lowered by a high content of yeast extract due to the early
auto-induction of toxic recombinant proteins and the
resulting loss of cell viability and plasmid instability. For
the same reason, a final check of these parameters is
strongly recommended in bioreactor cultivations when
using medium containing a high concentration of yeast
extract, such as 20Y20T, and in order to avoid early auto-
induction, the control of initial yeast extract concentration
in bioreactors is necessary.

Acknowledgment The study was supported by the SA-SIBS
scholarship program and by the postdoctoral fellowship program
(2009KIP501) from Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences.

References

Akin C, Murphy RM (1981) Methods for accelerating autolysis of
yeast. US Patent 4,285,976

Baneyx F (1999) Recombinant protein expression in Escherichia coli.
Curr Opin Biotechnol 10:411–421

Berridge MV, Tan AS (1993) Characterization of the cellular reduction
of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT): subcellular localization, substrate dependence, and
involvement of mitochondrial electron transport in MTT reduc-
tion. Arch Biochem Biophys 303:474–482

Berridge MV, Herst PM, Tan AS (2005) Tetrazolium dyes as tools in
cell biology: new insights into their cellular reduction. Biotechnol
Annu Rev 11:127–152

Chao KC, McCarthy EF, McConaghey GA (1980) Yeast autolysis
process. US Patent 4,218,481

Fiedler M, Skerra A (2001) proBA complementation of an auxotrophic
E. coli strain improves plasmid stability and expression yield
during fermenter production of a recombinant antibody fragment.
Gene 274:111–118

Fossati P, Prencipe L (1982) Serum triglycerides determined colori-
metrically with an enzyme that produces hydrogen peroxide. Clin
Chem 28:2077–2080

Friehs K (2004) Plasmid copy number and plasmid stability. Adv
Biochem Eng Biotechnol 86:47–82

FuXY,Wei DZ, TongWY (2006) Effect of yeast extract on the expression
of thioredoxin-human parathyroid hormone from recombinant
Escherichia coli. J Chem Technol Biotechnol 81:1866–1871

Gerdes K, Gultyaev AP, Franch T, Pedersen K, Mikkelsen ND (1997)
Antisense RNA-regulated programmed cell death. Annu Rev
Genet 31:1–31

Grossman TH, Kawasaki ES, Punreddy SR, Osburne MS (1998)
Spontaneous cAMP-dependent derepression of gene expression
in stationary phase plays a role in recombinant expression
instability. Gene 209:95–103

Gupta R, Sharma P, Vyas VV (1995) Effect of growth environment on
the stability of a recombinant shuttle plasmid, pCPPS-31, in
Escherichia coli. J Biotechnol 41:29–37

Gustafsson C, Govindarajan S, Minshull J (2004) Codon bias and
heterologous protein expression. Trends Biotechnol 22:346–353

Hägg P, de Pohl JW, Abdulkarim F, Isaksson LA (2004) A host/
plasmid system that is not dependent on antibiotics and antibiotic
resistance genes for stable plasmid maintenance in Escherichia
coli. J Biotechnol 111:17–30

Huang CT, Peretti SW, Bryers JD (1994) Effects of medium carbon-
to-nitrogen ratio on biofilm formation and plasmid stability.
Biotechnol Bioeng 44:329–336

Iserentant D, Fiers W (1980) Secondary structure of mRNA and
efficiency of translation initiation. Gene 9:1–12

Ishizuka H, Hanamura A, Kunimura T, Aiba H (1993) A lowered
concentration of cAMP receptor protein caused by glucose is an
important determinant for catabolite repression in Escherichia
coli. Mol Microbiol 10:341–350

Jensen RB, Gerdes K (1995) Programmed cell death in bacteria:
proteic plasmid stabilization systems. Mol Microbiol 17:205–210

Kim CH, Lee JY, Kim MG, Song KB, Seo JW, Chung BH, Chang SJ,
Rhee SK (1998) Fermentation strategy to enhance plasmid
stability during the cultivation of Escherichia coli for the
production of recombinant levansucrase. J Fermen Bioeng
86:391–394

Kuo JT, Chang YJ, Tseng CP (2003) Growth rate regulation of lac
operon expression in Escherichia coli is cyclic AMP dependent.
FEBS Lett 553:397–402

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680–685

Liu YB, Peterson D, Kimura H, Schubert D (1997) Mechanism of
cellular 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) reduction. J Neurochem 69:581–593

Martin GJ, Knepper A, Zhou B, Pamment NB (2006) Performance
and stability of ethanologenic Escherichia coli strain FBR5
during continuous culture on xylose and glucose. J Ind Microbiol
Biotechnol 33:834–844

Appl Microbiol Biotechnol (2011) 90:1419–1428 1427



Myasnikov AG, Simonetti A, Marzi S, Klaholz BP (2009) Structure-
function insights into prokaryotic and eukaryotic translation
initiation. Curr Opin Struct Biol 19:300–309

Nair R, Salvi P, Banerjee S, Raiker VA, Bandyopadhyay S,
Soorapaneni S, Kotwal P, Padmanabhan S (2009) Yeast extract
mediated autoinduction of lacUV5 promoter: an insight. N
Biotechnol 26:282–288

Narang A (2009) Quantitative effect and regulatory function of cyclic
adenosine 5′-phosphate in Escherichia coli. J Biosci 34:445–463

Patnaik PR (2001) Enhancement of protein activity in a recombinant
fermentation by optimizing fluid dispersion and initial plasmid
copy number distribution. Biochem Engin J 9:111–118

Pecota DC, Kim CS, Wu K, Gerdes K, Wood TK (1997) Combining the
hok/sok, parDE, and pnd postsegregational killer loci to enhance
plasmid stability. Appl Environ Microbiol 63:1917–1924

Peubez I, Chaudet N, Mignon C, Hild G, Husson S, Courtois V, De
Luca K, Speck D, Sodoyer R (2010) Antibiotic-free selection in
E. coli: new considerations for optimal design and improved
production. Microb Cell Fact 9:65

Reznikoff WS (1992) The lactose operon-controlling elements: a
complex paradigm. Mol Microbiol 6:2419–2422

Ryan W, Parulekar SJ, Stark BC (1989) Expression of beta-lactamase
by recombinant Escherichia coli strains containing plasmids of
different sizes: effects of pH, phosphate, and dissolved oxygen.
Biotechnol Bioeng 34:309–319

Saito Y, Ishii Y, Sasaki H, Hayashi M, Fujimura T, Imai Y, Nakamura
S, Suzuki S, Notani J, Asada T, Horiai H, Masakazu K, Mineo N
(1994) Production and characterization of a novel tissue-type
plasminogen activator derivative in Escherichia coli. Biotechnol
Prog 10:472–479

Sayeed S, Reaves L, Radnedge L, Austin S (2000) The stability region
of the large virulence plasmid of Shigella flexneri encodes an
efficient postsegregational killing system. J Bacteriol 182:2416–
2421

Stenström CM, Jin H, Major LL, Tate WP, Isaksson LA (2001) Codon
bias at the 3′-side of the initiation codon is correlated with
translation initiation efficiency in Escherichia coli. Gene
263:273–284

Studier FW (2005) Protein production by auto-induction in high
density shaking cultures. Protein Expr Purif 41:207–234

Wang HW, Wang FQ, Wei DZ (2009) Impact of oxygen supply on
rtPA expression in Escherichia coli BL21 (DE3): ammonia
effects. Appl Microbiol Biotechnol 82:249–259

Wang HW, Cheng HR, Wang FQ, Wei DZ, Wang XD (2010a) An
improved 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) reduction assay for evaluating the viability of
Escherichia coli cells. J Microbiol Meth 82:330–333

Wang HW, Cheng HR, Wei DZ, Wang FQ (2010b) Comparison of
methods for measuring viable E. coli cells during cultivation:
great differences in the early and late exponential growth phases.
J Microbiol Meth 84:140–143

Wilson DM, Kusch M, Flagg-Newton JL, Wilson TH (1980) Control
of lactose transport in Escherichia coli. FEBS Lett 117(Suppl):
K37–K44

Zhang YK, Li TM, Liu JJ (2003) Low temperature and glucose
enhanced T7 RNA polymerase-based plasmid stability for
increasing expression of glucagon-like peptide-2 in Escherichia
coli. Protein Expr Purif 29:132–139

Zhao JB, Wei DZ (2007) Use of a derivative of Escherichia coli BL21
(DE3) for efficient production of three different recombinant
proteins. Biotechnol Prog 23:1043–1048

Zhao YC, Wang G, Kong Y, Zhang CK (2003) Cloning, expression
and renaturation studies of retaplase. J Microbiol Biotechnol
13:989–992

Zhao JB, Wei DZ, Tong WY (2007) Identification of Escherichia coli
host cell for high plasmid stability and improved production of
antihuman ovarian carcinoma x antihuman CD3 single-chain
bispecific antibody. Appl Microbiol Biotechnol 76:795–800

1428 Appl Microbiol Biotechnol (2011) 90:1419–1428


	From...
	Abstract
	Introduction
	Methods and materials
	Bacterial strains and plasmids
	Flask culture media and conditions
	Fed-batch cultivations
	Determination of cultivation parameters

	Results
	Auto-induction of pGST–hPTH in shake flasks and in a 5-L bioreactor
	Effects of GST–hPTH expression on cell viability and plasmid stability in shake flasks
	Auto-induction of pET32a (+) harboring different genes by the complex components in the media
	Effects of high-content tryptone and yeast extract on the growth, viability, and plasmid stability of E. coli BL21(DE3)/pGST–hPTH
	Auto-induction and induction of pET22b (+)-rtPA in TBG medium
	Auto-induction and induction of pGST–hPTH in 5-L bioreactor cultivations

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


