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B

acterial growth rate has traditionally been improved by modifying cultivation conditions, such as temperature, pH, and
nutrient concentrations. Some carbon sources allow a higher
growth rate than others (1). For example, Escherichia coli grows
generally better on glycolytic carbon sources than on gluconeogenic ones. This preference cannot be altered by modification of
growth conditions, and if the organism is to be efficiently cultivated using some nonpreferred carbon source, its metabolism has
to be modified to allow this. The growth rate of E. coli on two
gluconeogenic substrates, pyruvate and succinate, has been successfully increased by overexpressing its genes for phosphoenolpyruvate synthase or phosphoenolpyruvate carboxykinase, respectively (2). The growth rate and growth yield of Gluconobacter
oxydans on glucose have been improved by knocking out its genes
for gluconate formation (3). Less attention has been paid to enhancing the growth by expressing foreign genes.
Acinetobacter baylyi ADP1 (4), previously known as Acinetobacter calcoaceticus BD413 or LMD 82.3, is a Gram-negative and
nonmotile coccus that is known for its catabolic capabilities and
the ease with which it can be genetically transformed (5). It is a soil
bacterium and can grow on various carbon sources (6) from
which aromatic compounds’ catabolism is probably the best characterized (5, 7). Its genetics and metabolism have also been studied extensively (8). These traits make it an attractive host organism
for various biotechnological applications (9). The suitability of A.
baylyi has been studied, for example, in production of cyanophycin (10), emulsan (11), and storage lipids (12). A. baylyi has also
been used in D-xylulose production from D-xylose, where the cells
were used in oxidation of residual D-xylose to D-xylonic acid (13).
While A. baylyi ADP1 generally grows well on carbon sources
that enter main metabolic pathways through citric acid cycle, its
growth on glucose is rather slow. It catabolizes glucose with an
Entner-Doudoroff pathway (Fig. 1), where one molecule of glucose is converted to one molecule of pyruvate and one molecule of
glyceraldehyde-3-phosphate. While the former can be funneled
directly into citric acid cycle, the latter has to be converted to
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phosphoenolpyruvate, carboxylated to oxaloacetate, converted to
malate, and then decarboxylated to pyruvate (14), if it is to be
completely oxidized to CO2. This is necessary since A. baylyi ADP1
lacks the gene for one of the phosphoenolpyruvate-pyruvate-oxaloacetate node’s common enzymes, pyruvate kinase (15). It has
been shown that its parental strain, which lacks this enzymatic
activity, uses majority of the glyceraldehyde-3-phosphate produced in glucose catabolism for biosynthetic purposes (15). Thus,
it seems that by increasing the flux from glycolysis to citric acid
cycle it might be possible to affect growth characteristics of the
organism. E. coli’s phosphoenolpyruvate-pyruvate-oxaloacetate
node has been studied extensively (16) and has been subjected to
metabolic engineering (17). For example, overexpression of its
gene for phosphoenolpyruvate carboxylase reduced acetate formation when cultivated on glucose (18). To the best of our knowledge, A. baylyi’s phosphoenolpyruvate-pyruvate-oxaloacetate
node has not been subjected to extensive modifications. Elbahloul
and Steinbüchel have overexpressed A. baylyi ADP1’s gene for
phosphoenolpyruvate carboxylase in an attempt to increase its
cyanophycin production but did not report any change in growth
rate when grown on gluconate as a carbon source (10). Here, we
engineered A. baylyi ADP1 to express E. coli’s gene for pyruvate
kinase, pykF, and characterized its growth on gluconate and glucose.
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A high growth rate in bacterial cultures is usually achieved by optimizing growth conditions, but metabolism of the bacterium
limits the maximal growth rate attainable on the carbon source used. This limitation can be circumvented by engineering the
metabolism of the bacterium. Acinetobacter baylyi has become a model organism for studies of bacterial metabolism and metabolic engineering due to its wide substrate spectrum and easy-to-engineer genome. It produces naturally storage lipids, such as
wax esters, and has a unique gluconate catabolism as it lacks a gene for pyruvate kinase. We engineered the central metabolism
of A. baylyi ADP1 more favorable for gluconate catabolism by expressing the pyruvate kinase gene (pykF) of Escherichia coli.
This modification increased growth rate when cultivated on gluconate or glucose as a sole carbon source in a batch cultivation.
The engineered cells reached stationary phase on these carbon sources approximately twice as fast as control cells carrying an
empty plasmid and produced similar amount of biomass. Furthermore, when grown on either gluconate or glucose, pykF expression did not lead to significant accumulation of overflow metabolites and consumption of the substrate remained unaltered. Increased growth rate on glucose was not accompanied with decreased wax ester production, and the pykF-expressing cells accumulated significantly more of these storage lipids with respect to cultivation time.
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baylyi ADP1. Thin arrows indicate reactions that occur in the wild-type cell,
and the thick arrow indicates a reaction catalyzed by a pyruvate kinase for
which the wild-type cell does not have a gene for. (Adapted from Young et al.
[5] and Taylor and Juni [15].)

MATERIALS AND METHODS
Bacterial strains and construction of the plasmids. Wild-type A. baylyi
ADP1 (DSM 24193) was used as a host for the pykF expression plasmid.
Wild-type cells or cells with an empty plasmid were used as a control
strain. Construction of the plasmids was carried out in E. coli XL1-Blue,
and genetic engineering was performed according to well-established
methods (19). pykF was cloned with the primers 5=-GTTTCTTCGAAT
TCGCGGCCGCTTCTAGATGAAAAAGACCAAAATTGTTTG
CACC-3= and 5=-GTTTCTTCCTGCAGCGGCCGCTACTAGTATTACA
GGACGTGAACAGATGC-3= using the genomic DNA of E. coli K-12
MG1655 as a template. The 1.5-kb fragment was digested with EcoRI and
SpeI and ligated with pBAV1C-pBAD, which had been digested with the
same pair of enzymes. pBAV1C-pBAD plasmid used here is the one used
by Santala et al. (20) but to which the arabinose promoter had been cloned
with the primers 5=-GTTTCTTCGAATTCGCGGCCGCTTCTAGAGCA
ATTCCGATAAAAGCGGATTC-3= and 5=-GTTTCTTCCTGCAGCGGC
CGCTACTAGTAATTCCTCCTGTTAGCCCAAAAAAC-3=. The control
plasmid was produced by digesting pBAV1C-pBAD with XbaI and SpeI

7022

aem.asm.org

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on December 2, 2020 by guest

FIG 1 Simplified representation of catabolism of glucose to pyruvate by A.

and ligating the pBAV1C backbone with itself. The plasmids were transformed into E. coli, and the insert was verified with sequencing. Natural
transformation of the wild-type A. baylyi ADP1 with the plasmids was
carried out essentially as described by Metzgar et al. (21). The presence of
the plasmid in the chloramphenicol-resistant colonies, picked from an
agar plate with 25 mg/liter of the antibiotic, was verified by digesting the
purified plasmid with EcoRI and SpeI and subjecting the digested plasmid
to agarose gel electrophoresis analysis. The cells carrying the plasmid with
a correct insert size were used in cultivation experiments.
Growth medium and cultivation conditions. Cultivation experiments were carried out in a medium containing the following components: 6.7 g/liter K2HPO4·3H2O, 3.4 g/liter KH2PO4, 0.3 g/liter MgSO4,
22.2 mg/liter CaCl2, 4.2 mg/liter FeCl3, and 1.0 g/liter NH4Cl. Sodium-Dgluconate, D-glucose, and L-arabinose were used at the concentrations
indicated in Results. All cultivation experiments were carried out in 50
ml of the medium at 30°C with a shaking speed of 300 rpm. Main
cultivations were started by inoculating to an optical density at 600 nm
(OD600) of ⬍0.1.
Measurement of growth and analysis of metabolites. OD600 measurements were used to determine the growth rates of the cells. The measurements were taken once an hour, and the first data point was 2 h from
the beginning of each cultivation. Slopes of the ln(OD600) versus time (in
hours) were used to determine the growth rate in the exponential phase
(). Linear regression slopes were calculated from parts of the graph that
consisted of six data points (3 to 8 h after the beginning of the cultivation)
for gluconate cultivation and five data points (8 to 16 h after the beginning
of the cultivation) for glucose cultivation, and generally good R2 values
(⬎0.97) were obtained. Doubling times of the cells were calculated by
dividing ln 2 by the growth rates.
Concentrations of D-gluconate, D-glucose, lactate, glycerol, acetate,
ethanol, and butyrate were determined with high-performance liquid
chromatography (HPLC). HPLC was carried out using the same equipment and operation condition as those used by Santala et al. (12), except
for the column, which was a Rezex RHM-Monosaccharide H⫹ (8%) column (Phenomenex, Torrance, CA). Standards (0.05 to 10 mM) were prepared in sterile ion-exchanged water and were run in duplicates. The
samples were diluted in ratio of 1:10 with sterile ion-exchanged water
prior to HPLC analysis.
Lipids for thin-layer chromatography (TLC) analysis were extracted
by centrifuging the cells for 10 min at 20,000 ⫻ g and resuspending the
pellet in 0.5 ml of methanol. Next, 0.25 ml of CHCl3 and 0.1 ml of phosphate-buffered saline (PBS) were added to the suspensions, and the samples were mixed gently for an hour. The samples were centrifuged for 5
min at 20,000 ⫻ g, and then 0.25 ml of CHCl3 and 0.25 ml of PBS were
added, after which the samples were mixed gently overnight. The samples were centrifuged again for 5 min at 20,000 ⫻ g, and the lowest
phases were used in TLC analysis, which was carried out as described
previously (22). Wax esters were visualized with iodine staining. TLC
picture colors were modified using Microsoft Office 2010 Picture
Manager so that color saturation was decreased to 0% and contrast was
increased to 100%.
Determination of pyruvate kinase activity. The pyruvate kinase activity assay was performed essentially as described previously by Netzer et
al. (23). Cells were collected from the cultivations in the exponential
growth phase by centrifugation for 5 min at 25,000 ⫻ g. The pellets were
washed twice with 100 mM Tris-HCl (pH 7.5) before resuspending in 1 ml
of the same buffer. The suspension was placed in an ice bath and
sonicated for 1 min with Soniprep 150 Plus ultrasonic disintegrator
(MSE). The lysate was centrifuged for 10 min at 10,000 ⫻ g at 4°C and
the supernatant was used in the assay. The reaction was started by
adding 100 or 200 l of the crude extract to 0.9 or 0.8 ml of the reaction
solution with following composition: 100 mM Tris-HCl (pH 7.5), 15
mM MgCl2, 1 mM ADP, 10 mM phosphoenolpyruvate, 5.5 U of lactate
dehydrogenase, and 0.1 mM NADH. NADH oxidation was determined by measuring the decrease in absorbance at 340 nm with a
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symbols) and plasmid control cells (open symbols). Error bars represent the standard deviations of three parallel cultivations.

UV-1601 UV-visible spectrophotometer (Shimadzu). NADH oxidation was also measured in a reaction solution lacking the substrate,
phosphoenolpyruvate. This background activity was subtracted from
the activity in the presence of the substrate. The reaction was carried
out at room temperature, and a commercial preparation of pyruvate
kinase was used as a positive control.
Medium optimization experiments and analysis. In order to optimize the cultivation medium for the maximal growth rate, the concentrations of gluconate and arabinose were varied according to the full factorial
design. Three concentrations were examined for both variables, which
resulted in nine combinations. Four replicated experiments were performed in the middle of the design space. Regression analysis was used to
fit a quadratic model to the measured growth values. The model fit was
reasonable with R2 of 0.8502 and P value of 0.0185. The calculations were
performed using a MATLAB software environment (24).
Metabolic flux balance analysis. The mechanisms behind improved
growth rate were studied using a genome-scale metabolic model of A.
baylyi ADP1 (25) and metabolic flux balance analysis (26). In practice, the
the maximal growth rate of A. baylyi ADP1 was predicted in aerobic conditions using gluconate or glucose as the sole carbon source. The maximal
growth rate was predicted similarly both in the wild-type cell and in the
pykF-expressing cell.

RESULTS

The functional expression of pykF in A. baylyi ADP1 leads to
increased growth rate on gluconate. In order to enable pyruvate
kinase activity in A. baylyi ADP1, the gene coding for the enzyme
was cloned from E. coli K-12 MG1655 into an expression vector
pBAV1C, derived from pBAV1k (27), as explained elsewhere (20),
downstream of the arabinose promoter. This promoter was chosen because it allows the expression level of the pykF to be regulated by varying the arabinose concentration in the medium. In
addition, the arabinose promoter has been shown to be functional
in A. baylyi ADP1 (28).
The effect of pykF expression on growth rate was determined
by precultivating the cells in the absence of the inducer and using
it to start cultivations at a sodium-D-gluconate concentration of
20 g/liter and L-arabinose concentrations of 0, 0.5, or 1 g/liter
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(Fig. 2). Increasing the inducer concentration elevated both the
specific pyruvate kinase activity and the growth rate of the cells.
When the inducer concentration was increased from 0 to 1 g/liter,
the growth rate could be increased to an ⬃2.6-fold higher value,
whereas the growth rate of the plasmid control cells remained at
approximately the same level. A plating experiment was used to
verify that the increase in OD achieved with pykF expression correlated with an increased number of CFU (data not shown).
Computational prediction of the metabolic flux redistribution
caused by pykF expression was not able to explain the increased
growth rate. The new pykF pathway was predicted to be in use in
its full capacity, but the predicted growth rate increase was marginal. This contrast to the observed behavior is probably due to
missing functionality in the model such as the lack of genetic regulation.
Optimization of pykF expression and substrate concentration. The D-gluconate concentration for initial characterization of
the engineered cells was selected in arbitrary fashion, and the results presented above probably do not represent the most drastic
effect generated by the pykF expression. In the optimization of
growth rate, it was assumed that the difference in growth rates of
wild-type cells and the engineered cells would depend mainly on
the concentration of the substrate and pykF expression level. The
regression model predicted the maximal growth of the engineered
cells to be 0.44 h⫺1, which can be obtained using 4 and 15 g/liter of
L-arabinose and sodium-D-gluconate, respectively. The model indicated that the growth rates would not be improved by continuing the optimization (data not shown).
pykF expression increases growth rate on gluconate without
affecting biomass yield or substrate consumption and without
significant overflow metabolite production. A. baylyi ADP1 cells
with the pykF expression plasmid or an empty plasmid were cultivated for 31 h under the optimized carbon source and inducer
concentrations (Fig. 3). Both cell types grew to a similar biomass
and consumed similar amounts of gluconate, but pykF-expressing
cells reached stationary phase approximately twice as fast as the

aem.asm.org 7023

Downloaded from http://aem.asm.org/ on December 2, 2020 by guest

FIG 2 Effect of inducer (L-arabinose) concentration on growth rate (circles) and specific pyruvate kinase activity (triangles) of pykF-expressing cells (solid
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cultivations were carried out in triplicate.

plasmid control cells. The growth rates at the beginning of the
cultivations were 0.44 ⫾ 0.01 h⫺1 for the engineered cells and
0.12 ⫾ 0.01 h⫺1 for the plasmid control cells. The growth rates for
the engineered cells were included in the statistical medium optimization.
In the plasmid control cell cultivations no overflow metabolites were detected. For the engineered cells, the only overflow
metabolites detected with HPLC analysis were acetate and ethanol. Acetate concentration was above the detection level only transiently and remained below 1.0 mM. Ethanol was detected from
the early part of the cultivations until the end of the experiment,

and its concentration remained at a level of approximately 1.0 to
1.5 mM. Since the concentrations of these compounds remained
at very low levels, it can be assumed that the overflow metabolism
should not cause similar problems as, for example, acetate accumulation causes with E. coli, which generally starts to produce
acetate if the growth rate exceeds 0.2 h⫺1 (29).
Characterization of growth and wax ester production on glucose. Cells expressing pykF and cells with an empty plasmid were
cultivated on glucose to show that the improvement in growth
occurred also on this carbon source. Figure 4 shows that both
strains had a lag phase of similar length. In the exponential phase

FIG 4 pykF-expressing cell (solid symbols) and plasmid control cell (open symbols) growth (spheres) and substrate consumption (triangles) on glucose. Both
strains were cultivated in triplicates.
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FIG 3 Growth (circles) and gluconate consumption (triangles) of engineered cells (solid symbols) and cells with an empty plasmid (open symbols). The
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FIG 6 TLC analysis of wax ester production from glucose at 30 h after the

cells at 30 h (lanes 1 to 3) and pykF-expressing cells at 20 h (lanes 4 to 6) after
the beginning of the cultivation. The lipids were extracted from same volume
of triplicate cultivations of both cells and applied on the plate at volumes
corresponding to same amount of biomass. A 1-mg portion of palmityl palmitate (lane 7) was used as a wax ester standard (WE).

beginning of the cultivations. Samples from cultivations of plasmid control
cells (lanes 1 to 3) and pykF-expressing cells (lanes 4 to 6) were applied to the
plate at identical volumes. The wax ester standard (WE) in lane 7 is as described for Fig. 5.

of growth, pykF-expressing cells grew with a specific growth rate of
0.42 ⫾ 0.01 h⫺1 and plasmid control cells grew with a specific
growth rate of 0.18 ⫾ 0.00 h⫺1. Thus, there was no large difference
between gluconate and glucose cultivations with respect to the
growth rate of pykF-expressing cells, whereas plasmid control cells
grew somewhat more rapidly on glucose. pykF expression did not
affect substrate consumption, as was the case when gluconate was
used as a carbon source. On the other hand, neither of the cells
produced overflow metabolites during the cultivation on glucose.
Lipid extracts from pykF-expressing cells at 20 h and from plasmid control cells at 30 h after the beginning of the cultivations—
time points at which both types of cells were in approximately the
same phase of growth and had consumed similar amounts of glucose—were analyzed by TLC (Fig. 5). The samples were applied
to the TLC plate so that differences in ODs were taken into account. The difference between bands for wax esters is rather small,
but the wax ester production of pykF-expressing cells did not decrease with increased growth rate since they appeared to have
accumulated slightly more of these storage lipids. In order to show
that the increase in growth rate could be used to increase the wax
ester yield relative to the cultivation time, samples acquired at 30 h
after the beginning of the cultivations were analyzed by TLC (Fig.
6). At this time point, when pykF-expressing cells had consumed
nearly all of the glucose, the engineered cells had accumulated
drastically more wax esters compared to the plasmid control cells.
The intense bands below the wax ester bands in the lanes for the
pykF-expressing cell samples, which are very faint in the lanes of
plasmid control cells, were not specific to the engineered cells, and
they could be seen at similar intensities in samples of plasmid
control cells acquired at 52 h after the beginning of the cultivations
(data not shown).

(glucose at 28 mM [5 g/liter]) (30) and van Schie et al. (glucose at
10 mM) (31). The strain from which A. baylyi ADP1 has been
derived, BD4, has a doubling time on 28 mM glucose that is 0.6
times that of ADP1 and produces approximately twice as much
extracellular rhamnose, a major sugar component of exopolysaccharides, as ADP1 (30). Here, we were able to increase ADP1’s
growth rate on gluconate to a value more than three times higher
than that of control cells carrying an empty plasmid by inducing
pykF expression, and on glucose the growth rate was more than
doubled.
When grown to stationary phase on optimized gluconate and
arabinose concentrations, the engineered cells showed an expected increase in growth rate. The doubling time of the engineered cells was 1.6 h, while plasmid control cells had a doubling
time of 5.6 h. Furthermore, the amount of biomass formed and
substrate consumption did not change with the increased growth
rate. The expression of pyruvate kinase directs carbon flow from
glucose degradation toward acetyl coenzyme A production which
could be expected to trigger acetate accumulation. In Bacillus subtilis the removal of pyruvate kinase activity decreases acetate production and increases biomass yield on glucose (32). Also, the
increased growth rate, or increased glucose consumption, causes
E. coli to accumulate this overflow metabolite. However, we detected acetate only at very small concentrations in gluconate cultivations, and pykF expression did not greatly increase acetate production. Acetate is readily catabolized by A. baylyi ADP1, and its
presence represses consumption of aromatic compounds (7).
Thus, it might be that, if any acetate or some other organic acid is
produced in small amounts during the cultivation, it is consumed
rapidly and does not have time to accumulate in the medium.
However, this might not be the case if a stronger promoter would
have been used, but the results show that at optimized gluconate
concentration and pykF expression level, overflow metabolites do
not accumulate to any significant amount. It seems that organic
acid accumulation should not cause similar problems with A. baylyi as it does with some other bacteria used in biotechnological
applications, especially since all overflow metabolites were absent
from the samples of glucose cultivations.

DISCUSSION

A. baylyi ADP1’s growth rate on gluconate could be increased in a
controlled fashion by regulating expression level of E. coli’s gene
for pyruvate kinase, pykF. The growth rates of wild-type ADP1 in
our previous experiments (data not shown) have been in the same
range as in glucose cultivations reported by Kaplan and Rosenberg
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FIG 5 TLC analysis of wax ester production from glucose of plasmid control
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When glucose was used as a carbon source, an increase in
growth rate of pykF-expressing cells similar to the one on gluconate was observed. On this carbon source the plasmid control cells
grew somewhat faster than on gluconate and had a doubling time
of ⬃3.8 h. The doubling time of the engineered cells was ⬃1.7 h, a
value similar to the doubling time obtained on gluconate. This
increase in growth rate could be applied to increasing the wax ester
yield in the batch cultivation. After 30 h of cultivation, the pykFexpressing cells had accumulated much more of these storage lipids than the plasmid control cells. This is not unexpected, since it
has been shown that wax ester production continues in the stationary phase in A. baylyi cultivations (33), and the engineered
cells had had 10 h more time than did the plasmid control cells to
consume glucose. This increase in wax ester content could have
been simply due to the fact that more glucose was converted to it,
and the relative wax ester yield from this substrate could have been
decreased, which has been shown to occur with A. baylyi with
increasing growth rates in nitrogen-limited cultivations (33).
However, the samples acquired when both cells were in the late
exponential phase, when both strains had consumed similar
amount of glucose, showed that pykF-expressing cells’ wax ester
production had not decreased.
A. baylyi ADP1’s growth rate could be successfully increased
without major drawbacks by expressing E. coli’s gene for pyruvate
kinase, thus reducing greatly the cultivation time needed to reach
stationary phase on gluconate or glucose. This metabolic engineering approach was successfully applied in increasing wax ester
production from glucose in a batch cultivation, but its suitability
in production of other possible products, such as cyanophycin
and exopolysaccharides with emulsifying activities, remains to be
elucidated. The lack of any negative effects on the studied parameters indicate that this approach could be used in other biotechnological applications using glucose as a carbon source and A.
baylyi as a host organism.
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