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Efficient production and secretion
of oxaloacetate from Halomonas sp. KM-1
under aerobic conditions
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Abstract

The alkaliphilic, halophilic bacterium Halomonas sp. KM-1 can utilize glucose for the intracellular storage of the bio-
plastic poly-(R)-3-hydroxybutyric acid (PHB) and extracellular secretion of pyruvate under aerobic conditions. In this
study, we investigated the effects of sodium chloride concentration on PHB accumulation and pyruvate secretion in
the KM-1 strain and, unexpectedly, observed that oxaloacetate, an important intermediate chemical in the TCA cycle,
glycogenesis, and aspartic acid biosynthesis, was secreted. We then further analyzed oxaloacetate productivity after
changing the sodium chloride additive concentration, additive time-shift, and culture temperature. In 42-h batch-cul-
tivation experiments, we found that wild-type Halomonas sp. KM-1 secreted 39.0 g/L oxaloacetate at a rate of 0.93 g/
(L h). The halophilic bacteria Halomonas has already gained attention for industrial chemical-production processes
owing to its unique properties, such as contamination-free culture conditions and a tolerance for high substrate con-
centrations. Moreover, no commercial scale oxaloacetate production was previously reported to result from bacterial
fermentation. Oxaloacetate is an important intermediate chemical in biosynthesis and is used as a health food based
on its role in energy synthesis. Thus, these data provided important insights into the production of oxaloacetate and

other derivative chemicals using this strain.
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Introduction

Oxaloacetate is an important intermediate chemical in
the TCA cycle, glycogenesis, and aspartic acid biosynthe-
sis. It is used as a health food based on its role in energy
synthesis; however, it can easily be decarboxylated to
pyruvate in ambient water solutions (Yin et al. 2015b).
Oxaloacetate was thought to have some effectiveness as
a health food, such as in providing brain neuroprotec-
tion by reducing excess glutamate concentration (Zlotnik
et al. 2007; Marosi et al. 2009; Boyko et al. 2012; Ruban
et al. 2012) and energy production via activation of mito-
chondria (Haas et al. 1988). To the best of our knowledge,
no commercial scale oxaloacetate production was previ-
ously reported to result from bacterial fermentation.
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and indicate if changes were made.

Recently halophilic bacteria are gaining attention for
industrial chemical-production processes owing to their
unique properties, such as contamination-free culture
conditions and a tolerance for high substrate concen-
trations (Quillaguamén et al. 2010; Yin et al. 2015a). In
addition, alkaliphilic bacteria are utilized to produce pure
organic acids (Calabia et al. 2011; Yokaryo and Tokiwa
2014). Therefore, alkaliphilic and halophilic bacteria are
appropriate candidates for industrial production of pure
organic acids.

The alkaliphilic, halophilic bacterium Halomonas sp.
KM-1 was isolated and found to store the bioplastic poly-
(R)-3-hydroxybutyric acid (PHB) intracellularly under
aerobic conditions (Kawata and Aiba 2010). In addition,
the KM-1 strain secretes organic acids such as (R)-3-hy-
droxybutyric acid ([R]-3-HB) under microaerobic condi-
tions (Kawata et al. 2012a) and pyruvate under aerobic
conditions (Kawata et al. 2016). As mentioned previously
(Kawata et al. 2012a, 2016), the KM-1 strain has potential
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for use in industrial fermentation applications, with some
specific advantages over other microorganisms, particu-
larly for the industrial-scale production of organic acids
(Kawata et al. 2012a, 2013, 2014, 2016).

In a previous study, we found that increased buffer
concentrations of sodium nitrate and sodium bicarbo-
nate resulted in reduced PHB productivity and enhanced
pyruvate secretion (Kawata et al. 2016). Passanha et al.
reported that addition of NaCl affected PHB produc-
tion by Cupriavidus necator (2014). Consistent with this,
we increased the concentration of sodium chloride and
found that it resulted in reduced PHB productivity and
enhanced oxaloacetate secretion by the KM-1 strain.
Therefore, in this study, we further explored this observa-
tion and investigated changes in oxaloacetate production
resulting from different concentrations of sodium chlo-
ride, incubation times, and culture temperatures in sim-
ple batch cultivations of the KM-1 strain under aerobic
conditions.

Materials and methods

Culture conditions

In this study, we used Halomonas sp. KM-1, which was
previously deposited at the National Institution of Tech-
nology Evaluation as FERM BP-10995 (Kawata and Aiba
2010). KM-1 cells were routinely cultivated in modified,
unsterilized SOT medium containing 12.5 g/L of sodium
nitrate (Ogawa and Terui 1970; Kawata et al. 2012a) sup-
plemented with 20% (w/v) glucose. Cells were cultured in
20 mL of medium in 200-mL Erlenmeyer flasks at 37 °C
with rotational shaking at 200 rpm. In fed-batch cultiva-
tion, an additional 25 mg (0.295 mmol) of sodium nitrate
was supplied at the 18, 24, 36, 42, and 48 h time points
(Kawata et al. 2014, 2016).

Optimal conditions for oxaloacetate production were
investigated by varying the NaCl concentration (an addi-
tional 0.3, 0.8, and 1.3 M), additive extra 0.8 M NacCl
time-shift (12, 18, and 24 h), and culture temperature (30,
33, 37, and 40 °C). All experiments were performed five
times.

Analysis of PHB, glucose oxaloacetate, and pyruvate levels
To measure PHB content, samples were collected every
12 h, unless otherwise stated. PHB content was ana-
lyzed by gas chromatography (Kawata et al. 2012a; Mon-
teil-Rivera et al. 2007) using a commercial PHB sample
(Fluka, Buchs, Switzerland) as a standard. Oxaloac-
etate, glucose, and pyruvate content were analyzed by
high-performance liquid chromatography (HPLC), as
described by the manufacturer (Aminex HPX-87H; Bio-
Rad, Tokyo, Japan), with commercially available, pure
samples of oxaloacetate, D-glucose, and pyruvate (Wako,
Osaka, Japan) used as standards.
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Results

Effects of changing the sodium chloride concentration

on the production of oxaloacetate, pyruvate, and PHB

by KM-1 cells

The KM-1 strain has a relatively high tolerance for salin-
ity until the NaCl concentration reaches 10% (w/v; 1.7 M)
(Kawata et al. 2012b). In a previous study, high lev-
els of pyruvate were observed in the secretion of KM-1
after increasing the buffer concentration of nitrate and
sodium bicarbonate (Kawata et al. 2016). We suspect that
increased sodium or nitrate levels induces pyruvate pro-
duction, thus we simply increased the concentration of
NaCl to attempt to increase pyruvate productivity; how-
ever, we unexpectedly detected oxaloacetate production
(data not shown).

To confirm production of oxaloacetate, we examined
the effects of increasing NaCl concentrations (0.3, 0.8,
and 1.3 M) in simple batch cultivations of the KM-1
strain under aerobic conditions. The amounts of cell dry
mass (CDM) and PHB produced by the KM-1 strain over
time are shown in Fig. 1a, b. Maximal CDM production
was observed after 72 h of aerobic cultivation includ-
ing the addition of 0.8 M NaCl to the sample after 60 h
of aerobic cultivation in the presence of 0.3 M NaCl or
in the control sample, whereas minimal cell growth
was observed in the sample that included an additional
1.3 M NaCl. In contrast, maximal PHB production was
observed at 60 h in all samples.

In previous studies, high levels of pyruvate were
obtained from samples incubated with 30.0 g/L (0.35 M)
sodium nitrate in the medium; however, after the pro-
duction of CDM and PHB, pyruvate stopped increasing
(Kawata et al. 2016). In this case, the KM-1 strain was
grown under aerobic conditions in simple batch cul-
tivation in the presence of 12.5 g/L sodium nitrate in
the initial medium and 6.25 g/L sodium nitrate in total
for the fed batch. An analysis of glucose contents in the
medium by HPLC revealed that glucose was consumed
at a constant rate until all the glucose in the medium
was consumed after 60 or 72 h of cultivation; however,
the production of CDM and PHB increased until after
36 h of cultivation and mostly stopped after this period
for the control and samples treated with an additional
0.3 M NaCl. In the sample exposed to an additional 0.8 M
NaCl, we observed a gradual increase in CDM and PHB
productivity, which reached nearly the same level as the
control and the sample treated with an additional 0.3 M
NaCl after 60 h (Fig. 1a, b, e). Thus, although higher
pyruvate productivity was expected (Kawata et al. 2016),
pyruvate production was surprisingly not observed
(Fig. 1d). Unexpectedly, oxaloacetate production reached
25.0 g/L after 72 h of aerobic cultivation after the addi-
tion of an extra 0.8 M NaCl to the sample (Fig. 1c). Thus,
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Fig. 1 Oxaloacetate, pyruvate, and bioplastic poly-(R)-3-hydroxybutyric acid production by Halomonas sp. KM-1 with different NaCl concentrations.
KM-1 cells were cultured under aerobic conditions (agitation speed: 200 rpm) at 37 °C. The medium was composed of modified SOT medium, with
the control (circles), extra 0.3 M (triangles), extra 0.8 M (squares), or extra 1.3 M (diamonds) NaCl samples shown. a Cell dry mass (CDM), b intracellu-
lar bioplastic poly-(R)-3-hydroxybutyric acid (PHB), € oxaloacetate, d pyruvate in the medium, and e glucose in the medium were analyzed. The data
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we considered that some part of the consumed glucose
was converted to oxaloacetate. We selected an additional
supplement of 0.8 M NaCl for use in further experiments.

Effects of changing the sodium chloride additive time-shift
on oxaloacetate production by KM-1 cells

Next, we examined whether changes to the NaCl addi-
tive time-shift affected oxaloacetate productivity in simple

batch cultivations of KM-1 cells under aerobic conditions.
Changes in CDM, PHB, oxaloacetate, and pyruvate pro-
duction as well as glucose consumption observed over
time in KM-1 cells are shown in Fig. 2a—e. For samples,
additions of 0.8 M NaCl were made at 12, 18, and 24 h;
the amounts of CDM and the amount of glucose con-
sumption were similar until the 72-h culture time point.
Until after 60 h of cultivation, pyruvate production was
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Fig. 2 Oxaloacetate, pyruvate, and bioplastic poly-(R)-3-hydroxybutyric acid production by strain KM-1 using different additive NaCl time-shifts. The
medium was composed of modified SOT medium. KM-1 cells were cultured under aerobic conditions (agitation speed: 200 rpm) at 37 °C, with addi-
tion of 0.8 M NaCl at 12 h (circles), 18 h (triangles), or 24 h (squares). a Cell dry mass (CDM), b intracellular bioplastic poly-(R)-3-hydroxybutyric acid
(PHB), c oxaloacetate, d pyruvate in the medium, and e glucose in the medium were analyzed. The data shown represent the mean =+ SD of five
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minimal (less than 2.9 g/L) for all samples; even at the
72-h time point, they were controlled to less than 8.7 g/L.
Thus, pyruvate production was substantially repressed
to low levels. Maximal oxaloacetate production was
observed by all samples after 48 h of cultivation and was
found to decrease gradually until 72 h of cultivation, espe-
cially for a sample in which additional NaCl was added at
24 h after cultivation and showed the highest oxaloacetate

production at 35.1 g/L in the medium (Fig. 2c). Thus, we
used this condition of sodium chloride addition at the
24-h time point for use in further experiments.

Effects of changing the culture temperature

on oxaloacetate production by KM-1 cells

Finally, we examined whether changes in the culture
temperature affected oxaloacetate productivity in simple
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batch cultivations of KM-1 cells under aerobic condi-
tions (Fig. 3a—e). For samples cultured at 30, 33, 37, and
40 °C, the amounts of CDM, PHB, and glucose consump-
tion were a little less in the sample cultured at 30 °C than
that in samples cultured at 33, 37, or 40 °C until the 36-h
cultivation time point (Fig. 3a, b, e). Moreover, CDM
and PHB levels were repressed compared to that in the
control sample in which NaCl was not added, especially
for samples after 36 h of cultivation (Figs. 1a, b, 3a, b, e).
Instead of increasing the amount of CDM and PHB, high
levels of oxaloacetate were observed, such as after 42 h of
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cultivation, which yielded 39.0 g/L at 33 °C, 37.9 g/L at
40 °C, 34.4 g/L at 37 °C; after 60 h of cultivation, 34.7 g/L
was produced at 30 °C, respectively (Fig. 3c). The pyru-
vate levels also increased after 48 h. At the same culture
time point at which maximal oxaloacetate production
was obtained, pyruvate production was found to be
negligible—less than 1.4 g/L until after 42 h of cultiva-
tion (Fig. 3d). Schiiger] (2000) suggested that organic
acid accumulation may suppress growth and byproduct
formation during organic acid fermentation. The alka-
liphilic, halophilic bacterium Halomonas sp. KM-1 have
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Fig. 3 Oxaloacetate, pyruvate, and bioplastic poly-(R)-3-hydroxybutyric acid production by Halomonas sp. KM-1 under varying culture tempera-

tures. The medium was composed of modified SOT medium. KM-1 cells were cultured under aerobic conditions (agitation speed: 200 rpm) at 30 °C
(circles), 33 °C (triangles), 37 °C (squares; dotted line in Fig. 2), or 40 °C (diamonds), with addition of extra 0.8 M NaCl at 24 h. a Cell dry mass (CDM), b
intracellular bioplastic poly-(R)-3-hydroxybutyric acid (PHB), € oxaloacetate, d pyruvate in the medium, and e glucose in the medium were analyzed.
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already shown to store PHB intracellularly (Kawata and
Aiba 2010), and secretes organic acids such as (R)-3-HB
under microaerobic conditions (Kawata et al. 2012a), and
pyruvate under aerobic conditions (Kawata et al. 2016)
with commercial productivity. Thus, we report a novel
method of oxaloacetate production that should produce
sufficient quantities for commercial application.

Discussion

In this study, changes in oxaloacetate secretion by strain
Halomonas sp. KM-1 were investigated in the presence of
different NaCl concentrations, additive NaCl time-shifts,
and culture temperatures in simple batch cultivations
under aerobic conditions. In the case of Cupriavidus
necator, a concentration of 0.15 M NaCl promoted PHB
production, whereas a slightly higher concentration of
0.26 M NaCl repressed PHB production (Passanha et al.
2014). In a previous study, a high level of pyruvate secre-
tion and suppression of PHB production by KM-1 was
observed with increased sodium nitrate and sodium
bicarbonate buffer concentrations (Kawata et al. 2016).
To clarify the relationship among pyruvate production,
PHB suppression, and sodium nitrate concentration, we
increased the concentrations of sodium chloride, finding
that pyruvate productivity was not increased, whereas
oxaloacetate secretion by KM-1 cells was unexpectedly
observed (Fig. 1c, d). Based on this phenomenon, the
sodium chloride concentration is associated with the
production of oxaloacetate and pyruvate as well as PHB
suppression. Moreover, the association between oxaloac-
etate, PHB, and pyruvate production and sodium chlo-
ride concentration observed in this study has not been
previously described.

The KM-1 strain is routinely cultured at pH 9.4, with
a sodium carbonate buffer concentration of 0.2 M and
a sodium chloride concentration of 1.0 g/L (17.1 mM)
(Kawata and Aiba 2010; Kawata et al. 2014). However,
the KM-1 strain has a relatively high tolerance for salin-
ity until the NaCl concentration reaches 10% (w/v; 1.7 M)
(Kawata et al. 2012b).

Some of the methods previously studied for the pro-
duction of oxaloacetate are as follows. Krebs and Eggles-
ton reported oxaloacetate synthesis from pyruvate and
carbon dioxide using minced pigeon liver (1940). Enzy-
matic conversion of the tartaric acids from oxaloacetate
(Shilo 1957) and production of oxaloacetate and other
organic acids from glucose using cancer tissue culture
(Abdel-Tawab et al. 1959) were also reported. Recently,
improvements in oxaloacetate production have been
attempted by engineering Escherichia coli to overex-
press codon-optimized PEPC genes from Dunaliella
salina (Park et al. 2013) and Photobacterium profundum
SS9 (Park et al. 2014). Production of oxaloacetate and its
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derivative acids were also reported using a gram-positive
bacterium (Murase et al. 2006). In our study, oxaloac-
etate production by the KM-1 strain, both in terms of
the quantity and rate, was relatively high compared to
other methods used for the industrial production of
oxaloacetate.

Our method for oxaloacetate production may have
advantages, particularly for industrial-scale oxaloacetate
production. As an alkaliphilic and halophilic bacterium,
Halomonas sp. KM-1 was grown under moderately alka-
line conditions (pH 9.4) and in the presence of moderate
to high salinity (0.2-1.0 M). Moreover, the KM-1 strain
does not require sterilization of culture-modified SOT
medium, an inexpensive, simple, and chemically defined
medium. In addition, the KM-1 strain is neither patho-
genic nor recombinant; thus, no strict safety regulations
are in place concerning the culture of this strain, and the
KM-1 strain can be cultured at simple facilities with a
low running cost. In addition, during the industrial pro-
duction of oxaloacetate, the presence of organic acids in
the medium may interfere with oxaloacetate purifica-
tion. With the exception of pyruvate, we rarely observed
peaks by HPLC analysis that were indicative of the pres-
ence of other organic acids from the KM-1 strain (data
not shown). Thus, the KM-1 strain may have economic
advantages for industrial oxaloacetate production.

In this study, after the addition of NaCl, the speed of
CDM and PHB production decreased; in contrast, the
glucose consumption rate was not changed (Fig. 3a, b,
e). If the synthesis of PHB is stopped, concurrent pro-
duction of pyruvate and acetate, which would be syn-
thesized from acetyl-CoA, was also predicted to occur.
However, in our study, pyruvate and acetate secretion
were minimally observed (Fig. 3d, data not shown).
Instead, a rapid increase in oxaloacetate production was
observed (Fig. 3c). In a former study, pyruvate secre-
tion was observed when sodium nitrate concentration
was increased; moreover, CDM and PHB production
was found to simultaneously stop (Kawata et al. 2016),
suggesting that neither oxaloacetate producing anaple-
rotic pathways (PEP to oxaloacetate by PEPC or pyru-
vate to oxaloacetate by PC) (Fig. 4) (Vuoristo et al. 2016)
were activated. In this study, the effect of sodium chlo-
ride addition seemed to activate anaplerotic pathways to
secret excess amounts of oxaloacetate (Fig. 3c), but the
mechanism underlying activation of oxaloacetate pro-
duction, especially the anaplerotic pathway for oxaloac-
etate production, is unclear. In the case of amino acid
production, Corynebacterium glutamicum also produces
oxaloacetate from pyruvate and carbon dioxide using
the anaplerotic pathway (Delaunay et al. 1999; Peters-
Wendisch et al. 2001; Shirai et al. 2007; Sato et al. 2008),
especially under biotin limiting conditions; moreover,
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overexpression of PEPC is crucial for glutamate produc-
tion via oxaloacetate (Sato et al. 2008). Prior to 48 h of
cultivation, oxaloacetate secretion was observed at high
concentrations as opposed to pyruvate secretion, which
was scarcely observed. After 48 h of cultivation, the glu-
cose consumption was still as active as before, whereas
oxaloacetate synthesis decreased and pyruvate secretion
started to be detectable (Fig. 3c—e). Thus, these findings
suggest that oxaloacetate secretion through anaplerotic
pathways (PEP to oxaloacetate by PEPC) is more likely to
be the pathway involved. In addition, the KM-1 strain was
induced to secrete oxaloacetate by application of excess
sodium chloride. Since this type of efficient oxaloacetate
production system has not been well studied, additional
studies are needed to clarify the mechanisms mediating
oxaloacetate secretion under these conditions.

The KM-1 strain has a relatively high tolerance for
salinity until the NaCl concentration reaches 10% (w/v;
1.7 M) (Kawata et al. 2012b). Thus, the wild-type KM-1
strain exhibits a natural tolerance of moderately high
osmolality; accordingly, a substrate concentration of up
to 20% glucose can be used to facilitate high oxaloac-
etate production. In this study, the alkaliphilic, halo-
philic bacterium Halomonas sp. KM-1 secreted 39.0 g/L
oxaloacetate at a rate of 0.93 g/(L h) after 42 h of aerobic

batch cultivation in sodium chloride- and glucose-rich
medium, without sterilization. Oxaloacetate production
was closely related to the sodium chloride concentration.
Notably, this mechanism has not been published previ-
ously. Oxaloacetate production in this study occurred
at a relatively high level, and the KM-1 strain provided
several advantages, such as a contamination-free culture
and the capacity for high substrate concentrations. These
results suggest that the KM-1 strain may be a suitable
candidate for future industrial oxaloacetate production.
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