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1  Introduction

During fast aerobic growth on glucose, Escherichia coli
diverts a substantial carbon fraction to the organic acid
acetate, which is excreted and accumulates in the culti-
vation medium. This phenomenon, known as overflow
metabolism, remains a challenge not only for the suc-

cessful attainment of high cell densities, but also for
small-scale (shake-flask) cultivations for strain and prod-
uct screening, where pH control is rarely performed [1].
Acetate accumulation negatively affects the physiology
of E.  coli even at concentrations as low as 0.5  g/L [2],
reducing the biomass yield (Yx/s), recombinant protein
production, and plasmid DNA (pDNA) content per cell
[3–6]. Despite extensive research, the physiological
mechanisms that trigger overflow metabolism are not
clearly understood. Recent studies propose that overflow
metabolism also exists in a variety of microorganisms [7].
Overflow metabolism is usually explained as the result of
an imbalance between glycolysis and tricarboxylic acid
cycle (TCA), leading to the accumulation of acetyl-CoA,
which is transformed to acetate by the phosphotrans -
acetylase (Pta) and acetate kinase enzymes. An alterna-
tive pathway for acetate synthesis in E. coli is catalyzed
by the pyruvate oxidase (PoxB), which contributes signif-
icantly to acetate production during the stationary phase
or under environmental stresses [8, 9]. Several studies
have blocked the acetate-forming pathways in order to
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avoid overflow metabolism, however this strategy fre-
quently results in a reduction of the growth rate (μ) or in
the accumulation of other by-products (for a review, see
[10]). At the process level, overflow metabolism can be
avoided by limiting the specific glucose uptake rate (qS)
by means of controlled glucose addition to the bioreactor
(fed-batch processes). However, such processes can be
technically challenging and result in prolonged cultiva-
tion times [1]. A molecular strategy to reduce the qS is to
substitute the natural glucose transport system (the phos-
photransferase system (PTS) with a less efficient one such
as the galactose permease system [11]. This strategy has
several beneficial metabolic consequences [12] and
allows the development of better strains for the produc-
tion of recombinant proteins [13], amino acids [14] and
pDNA [5, 15]. These producer strains have low acetate
production and are able to reach high cell densities in
batch mode [3, 16]. Despite the success of these modified
strains, the main disadvantage is that μ is reduced [5].
Different transporters for glucose [17, 18] or modulation of
the PTS expression by antisense RNA [19] have also been
applied to reduce acetate production. Overflow metabo-
lism is not only linked to the qS, but also to the cellular
capacity to fully oxidize glucose to CO2 [20]. This is
reflected by the specific oxygen consumption rate (qO2),
which has been proposed to be a limiting factor for the
growth of E.  coli [21]. Because overflow metabolism
occurs under fully aerobic conditions, acetate synthesis is

influenced by the capacity of the cell to transfer electrons
from NADH and FADH2 to O2. The accumulation of such
cofactors reduces the rate of the TCA, which in turn may
result in higher acetate production. This partially explains
the lower acetate production by mutant strains with high-
er TCA activities. For example, mutants lacking the arcA
gene, a regulator of the TCA, produce less acetate than
wild-type strains but also exhibit a lower growth rate [22,
23]. Veit and coworkers [24] replaced the chromosomal
promoter of the succinate dehydrogenase (sdh) and
obtained the strain MG1655 ΔPsdh::Ptet, which displayed
a higher TCA and lower acetate formation rates, with 
little effect on μ. Vemuri and coworkers [25] modulated
the redox ratio in E.  coli by expressing a heterologous
water-forming NADH dehydrogenase, which drastically
reduced acetate production and increased growth rate.
Nevertheless, the Yx/s was also reduced, perhaps resulting
from the lower amounts of NADH used for energy gener-
ation and higher amounts of CO2 generated. 

In E. coli, Vitreoscilla hemoglobin VHb is a transmem-
brane protein [31] that captures O2 and transfers it to ter-
minal oxidases [31, 32]. While the O2 association rate con-
stant of VHb is similar to other hemoglobins, VHb’s O2
dissociation rate constant is considerably higher [33],
which indicates that the VHb can very efficiently deliver
O2 to the cytochromes, enhancing aerobic respiration.
This in turn would regenerate NAD+ faster, activating the
TCA (Fig.  1), which ultimately would decrease acetate
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Figure 1. Proposed mode of action of
VHb on the overflow metabolism of
Escherichia coli. VHb enhances aerobic
respiration and consequently increases
the consumption of NADH and genera-
tion of NAD+. Acetyl CoA is more effi-
ciently processed by the TCA, which
results in a decrease of acetate synthe-
sis. (+) in green denotes activation, 
(–) in red denotes repression. G6P: glu-
cose-6-phosphate; PTS: phosphotrans-
ferase system; Cyt: cytochrome; TCA: tri-
carboxylic acid cycle.
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synthesis. VHb has been widely applied to improve the
microaerobic performance of microorganisms for a variety
of products (for a review, see [26]). The physiology of
E.  coli expressing VHb has been extensively studied
under microaerobic conditions (defined as dissolved oxy-
gen tension (DOT) values below 5 or 3 % air saturation,
depending on the particular study). It has been demon-
strated that microaerobic VHb expression increases the
respiratory activity [27] and ATP formation rate [28], and
that the VHb promoter affects the expression of the
cytochrome d under microaerobic conditions [29].
Microaerobic VHb expression decreased the amount of
fermentation by-products accumulated in E. coli cultiva-
tions, although the specific acetate production rate
increased compared with the wild-type strain [30].
Despite extensive research on the effects of VHb under
microaerobic conditions, the effects of VHb during fully
aerobic growth of E. coli are barely described. 

In the current study, we propose the enhancement of
respiratory activity as a means to reduce overflow metab-
olism. This was achieved by aerobically expressing VHb,
encoded by the gene vgb. This approach was tested in
two E. coli K-12 derivatives, strains W3110 and MG1655.
Aerobic vgb expression was achieved by using the
pNKD1 plasmid, in which the natural vgb promoter was
modified to a CRP site 100 bp downstream of the gene.
Such modification increases the vgb aerobic expression
by 25% [34]. The effect of aerobic expression of vgb was
also tested in strains with an increased TCA activity with
different genetic basis: W3110 arcA– and the  MG1655
ΔPsdh :: Ptet (referred to here as MG1655 sdh+) strains.
The strains were compared in batch mode using a low
(7 g/L) glucose concentration, and the best strain was also
tested under high (45 g/L) glucose concentration in order
to achieve high cell densities in batch mode.

2  Materials and methods

2.1  Bacterial strains and plasmids

In this work two wild-type E.  coli strains: W3110
(K12 F–λ– INV (rrnD-rrnE)1) and MG1655 (K12 F– λ– rph-1)
and two modified strains: W3110 arcA– (ΔarcA) and
MG1655  sdh+ (ΔPsdh::Ptet) [24] were used. The strains
were transformed with pNKD1 plasmid, which was con-
structed based on the backbone of pBS (Stratagene, San-
ta Clara, CA), that contains an ampicillin-resistance gene.
The pNKD1 contains the vgb gene coding for VHb
(Accession Number: M27061) located adjacent to the
SmaI restriction site of pBS. Strains bearing the plasmid
pBS are denoted here as vgb– whereas those bearing the
plasmid pNKD1 are denoted as vgb+.

2.2  Culture media and preculture development

The medium for shake-flask and bioreactor cultiva-
tions had the following composition: 17  g/L K2HPO4,
5.3  g/L KH2PO4, 2.5  g/L (NH4)2SO4, 1  g/L (NH4)Cl,
1 g/L MgSO4 · 7H2O, 0.1 g/L ampicillin disodium salt, and
2 mL/L of a stock solution of trace elements [3]. Precul-
tures were obtained from cryopreserved transformed
E. coli cells inoculated in 50 mL medium supplemented
with 7 g/L of glucose and grown for 12 h at 37°C in 250 mL
baffled shake-flasks at an agitation rate of 250 rpm. Glu-
cose was added at an initial concentration of 7  g/L for
precultures and bioreactor cultures and 45 g/L for high-
cell-density cultures, as indicated for each experiment.

2.3  Specific oxygen uptake rate (qO2) determination

The qO2 of W3110  vgb– and W3110  vgb+ strains were
determined with the dynamic method [35] using freshly
collected cells growing exponentially under aerobic con-
ditions. The biomass concentration was adjusted to
1 OD600nm for all experiments, and the dry cell weight was
calculated with a predetermined factor of 0.40 g/L per OD
unit. Determinations were made in duplicate.

2.4  Bioreactor cultivations

Cultures for kinetic characterization at low cell densities
were performed in a 1-L Biostat A Plus bioreactor
 (Sartorius BBI, Melsungen, Germany) with a working vol-
ume of 0.5 L and an aeration rate of 1 vvm using medium
supplemented with 7 g/L of glucose. Culture conditions of
pH 7.0 ± 0.05 (controlled by addition of a 15% v/v NH4OH
solution), temperature of 37°C and DOT controlled at 30 %
air saturation by increasing the agitation rate) were con-
trolled by MFCS/DA software (Sartorius BBI, Melsungen.
Germany). DOT was measured using a polarographic sen-
sor (Hamilton, Reno, NV). Cultures of W3110  vgb– and
W3110 vgb+ strains at high glucose concentrations were
performed with the following changes to the conditions
described for the low-cell-density cultures: a 1 L Biostat B
Plus bioreactor (Sartorius BBI, Melsungen, Germany)
equipped with a microsparger to increase the oxygen
transfer rate was used, and the medium was supplement-
ed with 45  g/L of glucose. Additionally, cultivations of
W3110 vgb+ were supplemented with 30 g of glucose after
the consumption of the initial amount of glucose. All cul-
tivations were performed in duplicate.

2.5  Analytical techniques and calculation methods

Acetate concentration was determined using the Acetic
acid UV-method (R-Biopharm, Roche, Darmstadt, Ger-
many) according to the instructions of the manufacturer
and were scaled down to a total reaction volume of 333 μL
performed in 96-well microplates, and absorbance was
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read in a Tecan Infinite 200 PRO reader (Tecan, Mänen-
dorf, Switzerland). Glucose concentration was deter-
mined with an YSI  2900 Biochemistry Analyzer (Yellow
Springs Instruments, Yellow Springs, OH). Dry cell
weights were obtained from cell pellet samples dried at
80°C for at least 12 h. pDNA was extracted from 2 mg of
wet biomass using the Qiagen Spin Mini Prep kit (Hilden,
Germany), following the instructions of the manufacturer
and eluting the pDNA in 70 μL of TE buffer at 70ºC. The
DNA concentration was measured spectrophotometrical-
ly at 260 nm using a Nanodrop UV spectrophotometer ND-
1000 (NanoDrop, Wilmington, DE). The reported values of
yields and rates were calculated with the proper mass bal-
ances over the time periods involved.

3  Results

3.1  Effects of vgb expression on the aerobic growth
of wild-type strains

The W3110 and MG1655 strains expressing the vgb gene
(vgb+ strains) were cultivated under fully aerobic condi-
tions (DOT = 30 % air sat.) and compared to the strains
bearing the pBS plasmid (vgb– strains) (Table 1). Both the
W3110 and MG1655 strains displayed similar values of μ,
Yx/s, and qS. The expression of vgb did not cause signifi-
cant changes to these parameters. In contrast, the pres-
ence of the VHb resulted in a very strong decrease in
acetate yields (Yacet/s and Yacet/x) as well as the specific
acetate production rate (qacet) for both strains. 

Interestingly, while acetate production was slightly
higher for strain W3110 vgb– than for MG1655 vgb–, when
W3110 expressed the vgb gene, acetate accumulation
was almost suppressed, while acetate accumulation
in MG1655 was reduced to 50% when VHb was present.
This may be due to different vgb gene dosages in the two
stains. To gain more insight into this phenomenon, plas-
mid DNA was extracted from exponentially growing cells
and quantified. As seen in Table  1, vgb expression
increased the plasmid yield on biomass (YpDNA/x) by 100%
in W3110, whereas YpDNA/x did not change for MG1655.

Nonetheless, differences in vgb gene dosage cannot be
considered the sole cause for the observed differences in
acetate production by W3110 and MG1655, as discussed
in Section  4. To further test our hypothesis regarding
higher aerobic respiratory activity due to the presence of
VHb in E. coli, the specific oxygen uptake rate (qO2) was
determined for strain W3110, which was the highest
acetate-producing strain. By applying the dynamic
method (data not shown), the qO2 obtained for W3110 vgb–

was 5.89 ± 0.04 mmol O2/g h, whereas for W3110 vgb+ it
was 7.62 ± 0.32 mmol O2/g h, which is in agreement with
the results shown in Table 1.

3.2  Effects of vgb expression on the aerobic growth
of mutant strains

To further test the effects of VHb on the aerobic growth of
E. coli, mutant strains with high TCA activity were culti-
vated. The performance of such strains is summarized in
Table 2. When bearing the empty plasmid, both mutant
strains W3110  arcA– and MG1655  sdh+ displayed a
growth rate that was 45 and 32% lower, respectively, than
those of the parental strains bearing the empty plasmid
(Table 1). Strain W3110 arcA– vgb– also had lower Yx/s and
qS values compared to W3110 vgb–. The deletion of arcA
resulted in a strong decrease in acetate production and
yields, which is in agreement with previous reports [23,
25]. In contrast, the Yx/s of strain MG1655 sdh+ vgb– was
the same as that of MG1655  vgb–, whereas its qacet
decreased to nearly 50% of the value displayed by
MG1655  vgb–. The expression of the vgb gene in the
mutant strains resulted in a significant increase of the
growth rates, 32% for W3110  arcA– vgb+ and 43% for
MG1655 sdh+ vgb+, compared to the strains bearing the
empty plasmid. The expression of the vgb gene also
resulted in a significant increase of qS, attaining values
similar to those of the wild-type strains. Despite this, the
acetate yields and production rates remained nearly
unchanged, demonstrating that vgb expression results in
a more efficient carbon metabolism even for the mutant
strains. The mutation in W3110 arcA– and MG1655 sdh+

also resulted in a higher YpDNA/x compared to the wild-
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Table 1. Kinetic and stoichiometric parameters of wild-type strains expressing and non-expressing the vgb gene.a), b)

Parameter (units) W3110 vgb– W3110 vgb+ MG1655 vgb– MG1655 vgb+

μ (h–1) 0.45 ± 0.04 0.41 ± 0.01 0.44 ± 0.01 0.45 ± 0.01
Yx/s (g/g) 0.49 ± 0.01 0.47 ± 0.02 0.52 ± 0.05 0.55 ± 0.04
qS (g/g h) 0.92 ± 0.09 0.86 ± 0.01 0.86 ± 0.08 0.82 ± 0.06
Yacet/s (g/g) 0.19 ± 0.01 0.01 ± 0.00 0.14 ± 0.02 0.07 ± 0.01
Yacet/x (g/g) 0.41 ± 0.01 0.03 ± 0.01 0.24 ± 0.02 0.12 ± 0.01
qacet (g/g h) 0.18 ± 0.01 0.01 ± 0.00 0.11 ± 0.01 0.06 ± 0.01
YpDNA/x (mg/g) 0.33 ± 0.03 0.62 ± 0.01 0.31 ± 0.01 0.31 ± 0.02

a) Data were calculated in the exponential growth phase. 
b) Average values of two independent experiments are shown, with their respective experimental errors.
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type strains. This can be partially attributed to the lower
μ of the mutant strains compared to the wild type [12].
When μ was recovered by the expression of vgb, the
YpDNA/x decreased. Nevertheless, it is important to note
that the YpDNA/x of strain MG1655 sdh+ vgb– was nearly
7 times higher than that of its parent strain MG1655. This
finding may have applications in the production of pDNA-
based biopharmaceuticals [4].

3.3  High-cell-density cultivations in batch mode

The best results in the reduction of overflow metabolism
were obtained with strain W3110, because μ was high
and acetate accumulation was very low when vgb was
expressed. Therefore, the performances of strains
W3110 vgb– and W3110 vgb+ under high glucose concen-
trations were evaluated and compared. Figure 2 shows
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Table 2. Kinetic and stoichiometric parameters of mutant strains expressing and non-expressing the vgb gene.a), b)

Parameter (units) W3110 arcA– vgb– W3110 arcA– vgb+ MG1655 sdh+ vgb– MG1655 sdh+ vgb+

μ (h–1) 0.25 ± 0.03 0.33 ± 0.01 0.30 ± 0.03 0.43 ± 0.03
Yx/s (g/g) 0.37 ± 0.01 0.38 ± 0.01 0.53 ± 0.01 0.45 ± 0.04
qS (g/g h) 0.66 ± 0.03 0.84 ± 0.03 0.57 ± 0.02 0.96 ± 0.03
Yacet/s (g/g) 0.02 ± 0.00 0.03 ± 0.01 0.11 ± 0.01 0.11 ± 0.01
Yacet/x (g/g) 0.07 ± 0.02 0.09 ± 0.01 0.20 ± 0.01 0.20 ± 0.02
qacet (g/g h) 0.02 ± 0.00 0.03 ± 0.01 0.06 ± 0.02 0.09 ± 0.01
YpDNA/x (mg/g) 0.58 ± 0.03 0.21 ± 0.01 2.16 ± 0.19 0.26 ± 0.01

a) Data were calculated in the exponential growth phase. 
b) Average values of two independent experiments are shown, with their respective experimental errors.

Figure 2. Time profiles of batch cultiva-
tions of strains (A) W3110 vgb– and 
(B) W3110 vgb+. Error bars show the dif-
ference between duplicate experiments.
Cultivations were performed in a con-
trolled bioreactor using 45 g/L of glu-
cose, DOT = 30%, pH = 7 .0 ± 0.05 and
T = 37°C. Black circles: glucose concen-
tration; white circles: biomass concen-
tration; triangles: acetate concentration.
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the growth profiles of both strains cultivated in batch
mode with 45  g/L initial glucose concentration. Both
strains had a similar growth pattern, but glucose was con-
sumed slightly more slowly when W3110 expressed vgb.
The most relevant difference was seen with regard to
acetate production; while W3110 vgb– accumulated up to
3.85  ±  0.35  g/L of acetate, W3110  vgb+ produced only
1.11  ±  0.22  g/L (Fig.  2). Although the growth of strain
W3110 vgb– was not severely affected by these acetate
concentrations, it has been previously shown that the
amounts of glucose used and the resulting acetate pro-
duction strongly reduce the production of recombinant
proteins and pDNA by W3110 [3, 36]. The main stoichio-
metric parameters in cultivations with 45 g/L of glucose
were very similar to those obtained at 7  g/L for both
strains. The effect of VHb on the performance of W3110 at
high glucose concentrations was further tested with an
initial glucose concentration of 50 g/L and the addition of

60 g/L of glucose to the bioreactor once the initial glucose
was depleted. The growth profiles are shown in Fig.  3.
Both strains reached similar biomass concentrations 
after consuming the first 50  g/L of glucose, but strain
W3110  vgb+ consumed the glucose 1 h faster than
W3110 vgb–. After the addition of glucose, growth contin-
ued at approximately the same rate for W3110 vgb+, while
it decreased for W3110 vgb–, probably due to inhibition by
acetate. After the glucose addition, the acetate concen-
tration increased up to 11.50 ± 0.38 g/L for W3110 vgb–,
while W3110  vgb+ produced only 1.87  ±  0.11  g/L. This
amount of acetate is even lower than that produced by
W3110 vgb– using only 45 g/L of glucose. The presence of
VHb also had an important impact on the biomass accu-
mulated: it reached 35.17 ± 0.37 g/L for W3110 vgb–, while
W3110 vgb+ attained a maximum biomass concentration
of 41.90 ± 0.03 g/L.
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Figure 3. Time profiles of batch cultiva-
tions of strains (A) W3110 vgb– and 
(B) W3110 vgb+ using 50 g/L of initial
glucose followed by addition of 60 g/L
of glucose. Cultivations were performed
in a controlled bioreactor using at
DOT = 30 %, pH = 7.0 ± 0.05 and 
T = 37 °C. Vertical arrows indicate the
time of glucose addition. Two independ-
ent experiments were carried out with
similar results. Only the results from a
single experiment are reported for clari-
ty. Black circles: glucose concentration;
white circles: biomass concentration;
 triangles: acetate concentration.
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4  Discussion

While many studies have investigated the expression of
vgb under oxygen-limited conditions, published studies
on the metabolic consequences of vgb expression under
fully aerobic conditions are scarce. Among the few exam-
ples, early studies showed that the aerobic effects of VHb
in S. cerevisiae were linked to the electron transport chain
[37] and that VHb increased viability, biomass, and recom-
binant protein production of P. pastoris under aerobic con-
ditions [38, 39]. The focus of the current study is the
expression of the vgb gene under aerobic conditions as a
strategy to overcome acetate production by overflow
metabolism, in two closely related K-12 derivative strains,
W3110 and MG1655. This is, to the best of our knowledge,
the first report on the use of VHb for such purpose. Expres-
sion of vgb had the expected result, decreasing the acetate
production to 5 and 50% of the original value in W3110
and  MG1655 (Table  1), respectively. Remarkably, Yx/s, 
μ and qS were not affected, which is an advantage over
previous published strategies for the reduction of overflow
metabolism (see [10]). VHb increased the capacity for total
glucose oxidation, evidenced by the 29% increase of qO2 in
W3110. Since qS did not change, suggesting that the val-
ue obtained may represent the highest glucose transport
rate achievable under the conditions studied, the increase
in qO2 should result in a higher production of CO2, partial-
ly explaining the fact that Yx/s remained unchanged as
well. The higher ATP production in vgb+ strains [28] may
help to explain the increased pDNA content in
W3110  vgb+ compared to W3110  vgb–. The fact that
acetate production was drastically reduced in W3110 but
only partially reduced in MG1655 might be due to differ-
ences in the overall rates in the different metabolic path-
ways, which is consistent with the fact that energy-relat-
ed and TCA genes have higher expression levels in W3110
than in MG1655 [40]. The observed difference in vgb gene
dosage may also play a role, but this was not analyzed in
the present study. Nevertheless, the desired effect of vgb
expression was consistently seen in both strains.

The effects of vgb expression in strains with higher
TCA activity were different from the parental strains but
similar to each other. Both W3110 arcA– and MG1655 sdh+

produced less acetate than their parental strains, which
was expected due to higher TCA rates of such mutants
[22–24], and their lower μ. The expression of vgb in these
strains resulted in higher μ and qS values. Notwithstand-
ing, Yacet/x and qacet values were not affected, which is in
agreement with the hypothesis of the current work. High-
er activities of TCA are expected to increase the rates of
glycolysis, which in turn would explain the increase of the
glucose transport rate. Moreover, qS reached a value simi-
lar to that obtained in the wild-type strains, suggesting
again that this value is the highest achievable under the
experimental conditions. The fact that Yacet/x did not
decrease with the combination of mutations and vgb

expression indicates that overflow metabolism is regulat-
ed by more factors, such as the disruption of acetate
cycling processes in the phosphotransacetylase-acetyl-
CoA synthethase (Pta-Acs) node due to Acs repression at
μ higher than 0.2 h–1 [41]. In addition, PoxB may produce
part of the acetate accumulated [42]. Transcription of poxB
is controlled by the sigma factor RpoS, which is overex-
pressed in MG1655, compared to W3110 strain [40]. There-
fore, acetate production by PoxB could be higher
in MG1655 than W3110. Interestingly, the qS, μ, and qacet
of the W3110 arcA– and MG1655 sdh+ strains expressing
vgb reached values that approximate those of the wild-
type strains expressing vgb. It is possible that the mutant
and wild-type strains may converge to similar metabolic
states when VHb is present. However, detailed physiolog-
ical analyses are necessary to clarify such a possibility.

The use of engineered strains with low acetate pro-
duction has allowed us to achieve high cell densities in
batch mode [3, 5, 36], representing an alternative to tradi-
tional fed-batch processes. Our results show that
W3110 vgb+ retained low acetate production when culti-
vated with 45 g/L of initial glucose in batch mode. The
amount of acetate produced was lower than reported pre-
viously for commercial strains (such as BL21 [43]) or
strains expressing antisense RNA to repress the PTS [19]
under similar conditions (initial glucose concentration of
40 g/L). Moreover, the addition of 60 g/L of glucose after
the initial batch increased the amount of accumulated
acetate to 1.87 ± 0.11 g/L, which is only 16% of the amount
produced in absence of the VHb. As a result of better car-
bon assimilation, biomass production was 17% in cultiva-
tions of W3110 vgb+, compared to W3110 vgb–. In contrast
with previous reports using engineered strains with mod-
ified substrate transport system, the expression of VHb
resulted in a shorter cultivation time, since glucose was
depleted faster by W3110 vgb+ than by W3110 vgb–. This
can be explained by equal growth rates of both strains
when low acetate concentrations are present, followed by
inhibition of the growth of W3110 vgb– resulting from the
accumulation of acetate. Therefore, the results shown
here open up the possibility of expressing vgb during
high-cell-density processes in batch mode as an alterna-
tive for the aerobic production of useful biomolecules.
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