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ABSTRACT
The broad adoption of the obligate aerobe Pseudomonas putida in industrial-scale production requires a good understanding of
the effect of changing oxygen availability due to the dissolved oxygen (DO) gradients apparent at such a scale. To that end, both
wild-type P. putida KT2440 and a genome-reduced derivative (strain SEM10) were subjected to different oxygen partial pressures
(pO2) in the aeration gas to evaluate the effect of low oxygen availability on growth characteristics in batch mode. Strain SEM10
consistently achieved a 12.7% higher biomass yield on glucose than the wild-type strain during non-DO limited growth, suggesting
that genome reduction had no adverse effects on the overall growth properties. Furthermore, when exposed to oxygen depletion
in cultivations at low pO2 (0.0525 atm), strain SEM10 kept a similar biomass yield and maximum specific growth rate. In fact, the
genome-reduced strain significantly outcompeted the wild-type strain under these conditions. SEM10 achieved 23.3% and 35.5%
higher biomass yields on glucose and oxygen, respectively, compared to strain KT2440 at low pO2. These findings indicate that the
genome-reduced strain, SEM10, could endure oxygen depletion during growth and even outcompete the wild-type strain under
these conditions, highlighting the advantages of using streamlined strains as a platform for industrial bioprocesses.

1 Introduction

The obligate aerobic soil bacterium Pseudomonas putida has
emerged as an alternative host for biochemical production over
the past decades [1, 2]. The bacterium harbors a remarkable
versatile metabolism that allows it to adapt readily to a range of
environmental demands [3]. One particular feature of its versatile
metabolism is its ability to oxidize glucose to gluconate and 2-
ketogluconate through the periplasmic glucose shunt (PGS)while
both generating energy and giving multiple entry points to the
carbon metabolism [4, 5]. Accordingly, the versatile metabolism
of P. putida has been the basis for the development of biochemical
production of a wide range of products, from biosurfactants to
biopolymers and even aromatics [6–8]. The development has

not been limited to product-specific research, as the P. putida
KT2440 strain has been subject to genome streamlining to obtain
more carbon-efficient platform strains. As such, the wild-type
P. putida KT2440 had its genome reduced by ∼4.3%, resulting
in the EM383 strain, which was further reduced by ∼0.5% to
yield the SEM10 strain [9–11]. For example, transposons and
antibiotic resistance genes were deleted to produce strains with
higher genetic stability, which are more suitable for genetic
engineering. In addition, a considerable amount of prophage
genes as well as the flagellar operon were deleted to reduce
the metabolic burden of the genome-reduced strain [9–11]. As a
result, EM383 showed improved growth characteristics such as
higher maximum specific growth rate, higher biomass yield, and
higher protein yields in bioreactor studies [10, 12]. Furthermore,
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Summary
∙ An energy-efficient, genome-reduced strain of the Pseu-
domonas putida KT2440 has the potential to increase
yields and rates in biochemical production.

∙ A lower energy consumption for futile processes, such
as flagellar, allows allocation of this energy for product
synthesis or survival. The latter being of importance
when the strain is applied for the production of harsh
biochemicals or intermediates.

∙ These attributes are of no use unless the obligate aerobe P.
putida can tolerate scarce oxygen supplies that may occur
in large-scale cultivations.

∙ Our findings suggest that the genome-reduced strain
performs equally well under oxygen-limited and non-
limited conditions and even outcompetes the wildtype
under oxygen-limited conditions.

∙ This highlights, for the first time, the potential application
of the genome-reduced P. putida strain for processes where
oxygen limitation may occur.

the SEM10 strain showed similar growth profiles in shake flask
cultivations compared to its predecessor [10, 11].

Cultivating microorganisms in large-scale industrial bioreactors
can be challenging due to mass transfer limitations observed
at that scale. The mass transfer limitations often result in
gradients of, for example, substrate or dissolved oxygen (DO)
[13, 14]. Such gradients expose the microorganisms to ever-
changing nutrient limitations, for example, high and low DO
concentrations, and may adversely affect their performance [13–
15]. The effect of oxygen starvation of the wild-type P. putida
KT2440 has previously been explored in scale-down systems,
where it demonstrated a remarkable ability to endure temporal
oxygen starvation [16]. Nonetheless, other studies showed that
changes in oxygen availability affected biomass accumulation
during growth on glycerol of P. putida KT2440 [17]. In addition,
the different steps of PGS in P. putida have been reported to show
different oxygen demands [5, 18].

Clearly, oxygen availability impacts the growth of P. putida
KT2440.However, none of the studies have investigated its impact
on the genome-reduced variants of P. putida KT2440. This study
aimed to elucidate whether continued low oxygen availability
affects the growth of P. putidaKT2440 and SEM10 on glucose and
whether the genome-reduced strain maintains its advantageous
growth characteristics at low oxygen availability.

The P. putida wild-type strain, KT2440, was cultivated in
shake flasks at three different agitation speeds to evaluate the
effect of different oxygen transfer rates growth on glucose.
The growth profiles obtained at different maximum oxygen
transfer rates (OTRmax) (obtained by adjusting the agitation
to 80, 180, and 280 rpm) are illustrated in Figures S1–S3.
Changing agitation in the applied interval did not incur any
apparent effect on the biomass accumulation profiles. However,
the calculated maximum specific growth rates (µmax) were sig-

nificantly different (ANOVA, p < 0.05), with the lowest µmax
(0.614 ± 0.004 h−1) observed at the highest agitation speed
and the highest (0.694 ± 0.005 h−1) at 180 rpm, whereas an
intermediate µ, 0.664 ± 0.017 h−1, was observed at the lowest
agitation speed. P. putida KT2440 appeared to be susceptible
to both insufficient and excess agitation. Whereas a different
P. putida strain, KTH2, has been shown to endure hydrody-
namic stress at high agitation speeds, but reduced growth on
glycerol was observed at insufficient oxygen supply [17, 19].
While the growth rate reduction at 80 rpm is caused by a
lower oxygen supply, the decrease in growth rate at 280 rpm
could be due to an increased oxygen supply affecting the
PGS. At 280 rpm, a lower accumulation of gluconate and 2-
ketogluconate (Figure S1), compared to lower agitation speeds,
could be observed. Such lower accumulation of PGS intermedi-
ates was also reported for P. putida BM014 chemostat cultivations
when the DO concentrations were high (40%–60%) compared to
lower (20%), non-DO-limited conditions [18]. This suggests that
higher DO concentrations might favor carbon uptake through
the PGS intermediates. This may also explain the reduced
growth rate, as previously reported for the gluconate and 2-
ketogluconate growth phases of P. putidamt-2 batch cultivations
[5].

Shake flask cultures are limited by the information they provide,
in this case, specifically by the DO concentration. To gain insights
into this aspect, the KT2440 and SEM10 strains were cultivated
in batch mode using a continuously stirred tank bioreactor. The
pO2 was kept constant throughout the cultivations at either 0.21
atm (high) or 0.0525 atm (low). More specifically, a reduction of
pO2 rather than agitation ensured that a low DO concentration
would be present regardless of the stage of the cultivation. This
approach enabled a simplified simulation of oxygen limitation
at an industrial scale by maintaining constant oxygen levels,
in contrast to the dynamic fluctuations commonly observed in
industrial-scale bioreactors [14]. Figure 1 illustrates the growth
profiles of P. putida KT2440 at a pO2 of 0.21 atm and 0.0525
atm, whereas Table S1 details the biomass yields of both strains
obtained from the exponential growth phase, the maximum
specific growth rates can be found in Table 1. KT2440 grew as
anticipated at high pO2 (0.21 atm), with a µmax of 0.596 ± 0.007
h−1 and a biomass yield on glucose (YX/S,exp) of 0.413 ± 0.011 g
CDW ⋅ (g glucose)−1. While glucose was completely depleted
after approximately 9–10 h, production and consumption of
both gluconate and 2-ketogluconate occurred simultaneously and
prior to glucose depletion, as presented in Figure 1c. Moreover,
oxygen consumption and CO2 production followed similar trends
and accumulated to the same extent. At low pO2, KT2440 grew
7.6%more slowly (µmax = 0.551± 0.013 h−1) but conversely reached
a 10.0% higher YX/S,exp (0.454 ± 0.017 g⋅g−1) during exponen-
tial growth, compared to high pO2. In addition, the cultures
grown at low pO2 reached DO depletion after approximately
7 h, resulting in further growth reduction, as visible from the
CDW concentration profiles in Figure 1b. Nonetheless, during
exponential growth, KT2440 utilized oxygen more efficiently at
low than at high pO2, achieving an 11.5% higher biomass yield on
O2 (YX/O2,exp).

The biomass yields calculated in the exponential phase (Table S1)
indicate that KT2440 utilizes glucose for growth more efficiently
at low pO2 compared to high pO2 before oxygen is depleted. This
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FIGURE 1 Batch cultivation of P. putida KT2440 at an oxygen partial pressure of 0.21 atm ((a), (c), and (e)) and 0.0525 atm ((b), (d), and (f)). (a)
and (b): CDW concentration (g⋅L−1, X), DO concentration (%, M). (c) and (d): Glucose concentration (g⋅L−1, –), gluconate concentration (g⋅L−1, ∀) and
2-ketogluconate concentration (g⋅L−1, 8). (e) and (f): consumed O2 (g, *) and produced CO2 (g, X). Black and light grey colors denote different replicates.

TABLE 1 Cultivation parameters at different pO2 for P. putida KT2440 and SEM10 bioreactor batch cultivations. The biomass yields and biomass
concentrations were obtained at the time point of glucose depletion.

Strain
pO2
(atm)

µmax
(h−1)

CDWend
(g⋅L−1)

YX/S, end
(g⋅g−1)

YX/O2, end
(g⋅g−1)

YX/CO2, end
(g⋅g−1)

KT2440 0.21 0.596 ± 0.007 3.94 ± 0.03 0.383 ± 0.016 0.775 ± 0.037 0.618 ± 0.031
KT2440 0.0525 0.551 ± 0.013 3.64 ± 0.28 0.352 ± 0.027 0.727 ± 0.005 0.567 ± 0.039
SEM10 0.21 0.637 ± 0.004 4.40 ± 0.25 0.432 ± 0.015 0.947 ± 0.113 0.738 ± 0.059
SEM10 0.0525 0.649 ± 0.027 4.56 ± 0.23 0.434 ± 0.008 0.985 ± 0.003 0.737 ± 0.058

contrasts with the lower final biomass concentration observed
for P. putida KT2440 growth on glutamic acid and glycerol at
reducedOTRmax [17, 19]. Furthermore, it contrasts the lowerCDW
accumulation reported for P. putida BM014 growth on glucose
at different DO levels [18]. Considering these contrasts and the
fact that the exponential growth phase only covers the non-DO
limited period, yields obtained at the point of glucose depletion
would better represent the entire cultivation period than yields
obtained during exponential growth. Notably, KT2440 showed a

similar CDW concentration of 3.64 ± 0.28 and 3.94 ± 0.03 g⋅L−1 at
low and high pO2, respectively, after glucose depletion. However,
the biomass yields of KT2440 obtained after glucose depletion,
presented in Table 1, were generally slightly lower (6%–8%) at low
pO2 compared to high pO2.

Figure 1d showed an absence of gluconate and 2-ketogluconate
after DO depletion during growth at low pO2. This observation
might indicate that glucose was phosphorylated rather than
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FIGURE 2 Batch cultivation of P. putida SEM10 at a pO2 of 0.21 atm ((a), (c), and (e)) and 0.0525 atm ((b), (d), and (f)). (a) and (b): CDW
concentration (g⋅L−1, X), DO concentration (%, M). (c) and (d): Glucose concentration (g⋅L−1, –), gluconate concentration (g⋅L−1, ∀) and 2-ketogluconate
concentration (g⋅L−1, 8). (e) and (f): consumed O2 (g, *) and produced CO2 (g, X). Black and light grey colors denote different replicates.

converted through the oxidative pathway in the periplasm.
The absence of gluconate and 2-ketogluconate agrees with the
reported lack of these metabolites during the oxygen-limited
growth of P. putida BM014 [18]. However, Choi et al. [18]
also reported a lower biomass concentration at oxygen-limited
growth, which is not the case in this study. These findings
suggest that P. putida KT2440 shifts from the conversion of
glucose through the oxidative pathway to glucose conversion via
phosphorylation during oxygen limitation and can retain similar
biomass yields.

The genome-reduced strain, SEM10, observed the same general
growth profile as KT2440 at high and low pO2, as illustrated
in Figures 1 and 2. However, as presented in Table 1, the
µmax was not affected by a reduction in pO2 and remained
similar across the tested conditions. The utilization of oxygen
was significantly increased during exponential growth at low
pO2, which is reflected by the 19.0% increase in YX/O2,exp from
0.978 ± 0.063 g⋅g−1 to 1.163 ± 0.018 g⋅g−1 at high and low pO2,
respectively. Moreover, no considerable drop in the end biomass
yields presented in Table 1 was observed for SEM10 when the

strain was exposed to oxygen depletion. For example, similar
YX/S,end of 0.432 ± 0.015 g⋅g−1 and 0.434 ± 0.008 g⋅g−1 for high
and low pO2, respectively, were obtained for the genome-reduced
strain. These findings suggest that SEM10 endures the lack of
sufficient oxygen supply and is, apart from the longer cultivation
period, not affected by the oxygen depletion.

At high pO2, the genome-reduced SEM10 strain grew slightly
faster (6.8%) than KT2440 and achieved a 12.7% higher YX/S,end
(see Table 1). Correspondingly, YX/O2,end and YX/CO2,end at the
end of the cultivation were 22.1% and 19.4% higher, respec-
tively, compared to KT2440. Otherwise, SEM10 growth at high
pO2 showed the same general trends as KT2440. Namely, the
improved biomass yields of SEM10, compared to KT2440, were
in good agreement with other studies comparing KT2440 and
predecessors of the SEM10 strain under non-DO limited condi-
tions [10–12]. More specifically, Lieder et al. [12] reported a 12%
higher YX/S for EM383 (a genome-reduced predecessor to SEM10),
which is of the same magnitude as reported here. Considering
that the additional deletions present in SEM10, compared to
EM383, are related to genetic engineering and stability rather than
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energy conservation, no increase in YX/S was to be expected for
SEM10 [11]. This proves that the additional genome reduction of
SEM10 has not adversely affected the strain regarding growth at
non-limiting DO concentrations.

While the wild-type strain observed slightly reduced biomass
yields and final biomass concentrations at low pO2 (see Table 1)
compared to high pO2, the SEM10 strain grew more efficiently
and observed no considerable difference in biomass yields
between the applied conditions. Notably, SEM10 accumulated
4.56 ± 0.23 g⋅L−1 CDW at low pO2, 25.3% more than the
3.64 ± 0.28 g⋅L−1 CDW accumulated by KT2440 under similar
conditions. This is further reflected in the 23.3% higher YX/S,end
achieved by SEM10 compared to KT2440 at low pO2. Accord-
ingly, these results indicate that SEM10, in regard to biomass
growth, outcompetes thewild-type strain, KT2440, during oxygen
depletion by retaining the previously described efficient glucose
utilization.

The 26.2% lower YX/O2,max of KT2440 (0.727 ± 0.005 g⋅g−1)
compared to SEM10 (0.985 ± 0.003 g⋅g−1) indicates that SEM10
requires less oxygen for growth during cultivation at low pO2.
Furthermore, a similarly 23.0% lower YX/CO2,end for KT2440
compared to SEM10 at low pO2 (see Table 1) suggests that most
of the consumed oxygen is used to generate ATP. This finding
is supported by a 35% lower ATP maintenance requirement
reported for the SEM10 predecessor, EM383, by Lieder et al.
[12] under non-DO limited conditions. In general, the lower
ATP maintenance requirement of EM383 should also apply to
SEM10, as the latter is a further reduction of the former [11].
Lastly, low DO concentrations have been suggested elsewhere
to reduce the activity of the respiratory chain of P. putida
KT2440, thereby compromising the activity of the ATP synthase
[1, 16]. Such a scenario favors SEM10 as it spends less ATP
on futile cellular processes and would thus be able to allocate
a scarce ATP supply more efficiently than KT2440 during DO
depletion.

Genome reduction of bacterial strains does not always yield a
better-performing strain or even a performance equal to the
parent strain [20]. Nevertheless, the further genome reduction of
SEM10 noticeably had no adverse effects on growth, as illustrated
by the 12.7% increase in YX/S during non-DO limited growth,
which was in the same magnitude as that reported for its
predecessor EM383 [12]. In addition, the SEM10 strain showed
no loss in yields or growth rate during oxygen depletion, unlike
the wild-type strain, which observed a modest 6%–8% reduction
in biomass yields. In fact, SEM10 outcompeted KT2440 when
exposed to oxygen depletion during cultivation at low pO2, as
reflected by the 23.3% and 35.5% higher YX/S,end and YX/O2,end,
respectively. This was consequently attributed to a compromised
ATP generation during oxygen depletion, during which SEM10
would be able to allocate a scarce ATP supply more efficiently
due to a lower ATP requirement. This attribute makes it an ideal
candidate for the production of energy-demanding products, such
as cis-cis muconic acid, as it may allocate scarcely available ATP
more efficiently [21]. Despite the simplified simulation of oxygen
limitation, these findings suggest that SEM10 can provide a
platform for large-scale bioprocesses as it can withstand potential
oxygen depletion at a large scale and outcompete the wild-type
under such conditions.

2 Materials andMethods

2.1 Bacterial Strains andMedium

Bacterial strains P. putida KT2440 and SEM10 [11] were used in
this study and stored at −80◦C in 50% (w/w) glycerol. Lysogeny
broth (LB) agar medium contained per liter: 10 g tryptone, 5 g
yeast extract, 10 g NaCl, and 20 g agar. The defined basis medium
contained per liter: 3.88 g K2HPO4, 2.12 g NaH2PO4 ⋅ 2H2O
and 10 mL trace element solution. The trace element solution
contained per liter: 1 g EDTA, 10 g MgCl2 ⋅ 6H2O, 0.2 g ZnSO4 ⋅

7H2O, 0.1 g CaCl2 ⋅ 2H2O, 0.5 g FeSO4 ⋅ 7H2O, 0.02 g Na2MoO4
⋅ 2H2O, 0.02 g CuSO4 ⋅ 5H2O, 0.04 g CoCl2 ⋅ 6H2O and 0.122 g
MnCl2 ⋅ 4H2O. Shaken cultures were supplemented with 4 and 2
g⋅L−1 (NH4)2SO4 and bioreactor cultivations with 10 g⋅L−1 glucose
and 5 g⋅L−1 (NH4)2SO4. All chemicalswere purchased fromMerck
(USA).

2.2 Shake Flask Cultures

Precultures were prepared in three steps: First, glycerol stocks
were activated by streaking on LB agar plates (Sarsted, Germany)
and incubated at 30◦C for 18 h. Second, 5 mL of a basis medium
in a 14 mL cultivation tube (Falcon, Corning, Mexico), was
inoculated with three colonies from a fresh LB agar plate and
incubated at 30◦C and 180 rpm for 8 h in a rotary shaker (Ecotron,
Infors HT, Switzerland). Third, a final liquid preculture was
inoculated to an initial cell dry weight (CDW) concentration of
4.59 mg⋅L−1 in 500 mL baffled shake flasks (DWK Life Sciences,
United Kingdom) containing 50mL basis medium and incubated
at 30◦C and 180 rpm for 18 h in a rotary shaker (Ecotron, Infors
HT, Switzerland).

Shake flask cultivations were performed with 200 mL of the basis
medium in 2000 mL baffled shake flasks (KAVALIERGLASS,
Czech Republic). The cultures were inoculated to an initial CDW
concentration of 45.9 mg⋅L−1 and incubated at 30◦C and 180 rpm
in a rotary shaker (Ecotron, Infors HT, Switzerland).

2.3 Bioreactor Cultivations

Bioreactor batch cultivations were performed in a 2 L working
volume EZ-control bioreactor (Getinge, Sweden). The bioreactor
was inoculated with a 2% (v/v) shake flask preculture. Agita-
tion and temperature were maintained at 1000 rpm and 30◦C,
respectively, throughout the cultivation. Likewise, the aeration
was fixed at 2 Ln⋅min−1 with a constant pO2 at either 0.21 atm
or 0.0525 atm. The pO2 was set by controlling individual gas flow
of air and N2 with S50 mass flow controllers (Sierra Instruments,
USA). The pH was kept at 7.0 by the addition of 2 M NaOH or
2MHCl.AntifoamagentAntifoam204 (SigmaAldrich,USA)was
added as required aseptically with a syringe to control foaming.

2.4 Analytics

The bioreactor off-gas composition of O2 and CO2 was measured
online by BlueInOne Cell (BlueSens, Germany). The off-gas
composition of KT2440 cultivations was measured every 16 min
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and every minute for SEM10 cultivations. The KT2440 off-gas
data were interpolated using a MATLAB 2019b shape-preserving
piecewise cubic interpolation function to obtain data at the
sampling points.

Glucose, gluconate, and 2-ketogluconate concentrations were
measured by high-pressure liquid chromatography (HPLC). The
analysis was performed in an Ultimate 3000 (Thermo Scientific,
USA) equipped with an Aminex HPX-87H ion exchange column
(Bio-Rad, USA). Operational settings were as follows: 30◦C
column temperature, 5 mM H2 SO4 mobile phase, 0.6 mL⋅min−1

flow rate, detection in the refractive index and ultraviolet (UV)
channel at 210 nm. Glucose and gluconate co-elute, but their
concentrations were correlated by their differential contribution
in the refractive index and UV channel. Samples for HPLC
analysis were first filtered through a 0.2 µm cellulose acetate
syringe filter (Phenomenex, USA) and then stored at −18◦C prior
to analysis.

Total biomass was analyzed as CDW. First, an appropriately
diluted sample was filtered through a 0.2 µm polyethersulfone
membrane filter (Sartorius Stedim Biotech, Germany), and sec-
ondly, the filter was flushed twice with 5 mL deionized water.
Lastly, the filter was dried in a microwave oven for 20 min
at 180 W and cooled for 48 h in a desiccator. The biomass
content of shake flask cultivations was estimated by optical
density measurements at 600 nm (OD600) using a UV-1800 UV-
spectrophotometer (Shimadzu, Japan). The optical density was
correlated to CDW as follows:

𝐶𝐷𝑊
(
𝑔 ⋅ 𝐿−1) = 0.459 ⋅ 𝑂𝐷600 (1)

2.5 Statistical Analysis

Shake flask experiments were performed with three replicates
and bioreactor experimentswith two replicates. Significant differ-
ences between parameterswere evaluatedwith either a two-tailed
t-test or analysis of variance (ANOVA), considering p value <0.05
as significant.
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