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Abstract Acetoin is an important platform chemical,
which has a wide range of applications in many industries.
Halomonas bluephagenesis, a chassis for next generation
of industrial biotechnology, has advantages of fast growth
and high tolerance to organic acid salts and alkaline
environment. Here, a-acetolactate synthase and a-
acetolactate decarboxylase from Bacillus subtilis 168 were
co-expressed in H. bluephagenesis to produce acetoin from
pyruvate. After reaction condition optimization and further
increase of a-acetolactate decarboxylase expression,
acetoin production and yield were significantly enhanced
to 223.4 mmol-L™' and 0.491 mol-mol”! from 125.4
mmol-L™! and 0.333 mol-mol™!, respectively. Finally, the
highest titer of 974.3 mmol-L™"' (85.84 g-L™!) of acetoin
was accumulated from 2143.4 mmol-L™' (188.6 g'L™!) of
pyruvic acid within 8 h in fed-batch bioconversion under
optimal reaction conditions. Moreover, the reusability of
the cell catalysis was also tested, and the result illustrated
that the whole-cell catalysis obtained 433.3, 440.2, 379.0,
442.8 and 339.4 mmol-L~! (38.2, 38.8, 33.4, 39.0 and 29.9
g-'L™!) acetoin in five repeated cycles under the same
conditions. This work therefore provided an efficient H.
bluephagenesis whole-cell catalysis with a broad develop-
ment prospect in biosynthesis of acetoin.

Keywords acetoin, pyruvate, a-acetolactate synthetase,
a-acetolactate decarboxylase, Halomonas bluephagene-
sis, whole-cell biocatalysis

1 Introduction

Acetoin, also known as 3-hydroxybutanone, methyl
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acetyl methanol, is naturally existed in dairy products and
some fruits with a special milk flavor, and is widely used
in food, pharmaceuticals, chemical and other industries
[1-3]. In 2004, it was listed as one of the 30 platform
compounds for priority development and utilization by
the Department of Energy of the United States [4,5].
Biological production of acetoin exhibits better potential
compared with traditional chemical synthesis, such as
higher product safety and less pollution to the environ-
ment [3,6,7]. There are widely reported three strategies
for biological acetoin production, which are microbial
fermentation, in vitro enzyme biocatalysis, whole-cell
biocatalysis [6]. A range of native and recombined
microorganisms had been proved to produce acetoin
efficiently, including Bacillus subtilis [8], Serratia
marcescens [4], Saccharomyces cerevisiae [9], Escheri-
chia coli [5], etc. According to the reports on acetoin
production by microbial fermentation, a titer of 102.5 gL~
acetoin was obtained from glucose with a yield of
0.419 g-g~! by a fed-batch strategy in 5 L bioreactor using
engineered Corynebacterium glutamicum [10]. Besides,
Bae et al. [11] obtained 101.3 gL~ of (R)-acetoin with
high yield from glucose in rich yeast peptone dextrose
medium by engineered S. cerevisiae. Glycerol was also
used for acetoin production. Almuharef et al. [12] used
the strain SRWQI1 to produce a significant amount of
acetoin (8.38 + 0.76 g-L™!) with a yield of 0.06 g-g!
from glycerol. A wide range of substrates and host
bacteria were used in microbial fermentation for acetoin
production but the titer of acetoin was hard to further
elevate after it reached 100 g-L™!. As for in vitro enzyme
biocatalysis, it had a complex enzyme extraction and
purification process, which greatly increased the
complexity and cost of the bioconversion process, thus
this method was not much conducive to industrial
application. Compared with these two approaches, whole-
cell biocatalysis had the advantages of eliminating the
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complex enzyme extraction and purification steps as well
as maintaining the activity and stability of intracellular
enzymes. Therefore, a lot of chemicals with high-value
had been produced by whole cell biocatalysis [13,14] and
researches on the production of acetoin by whole-cell
biocatalysis had attracted a lot of interest. At present,
acetoin with high yield was mainly synthesized from 2,3-
butanediol or acetaldehyde. Yamada-Onodera et al. [15]
constructed a recombinant E. coli HB101 overexpressing
glycerol dehydrogenase, which could produce acetoin
from 2,3-butanediol with a high enantionmeric excess
(ee) value of over 99.9%. A new biocatalysis of E.
coli/pET-mbdh-nox-vgb was explored that could
synthesize chiral (3R)-acetoin from meso-2,3-butanediol.
Under optimized conditions, 86.74 g-L™! of (3R)-acetoin
was achieved from 93.73 gL~ meso-2,3-butanediol with
a yield of 0.925 g-g”!, a productivity of 3.61 g-L™"-h!
and an ee value of 95.78% [5]. Bao et al. [16] proposed a
strategy of constructing an NAD™ (nicotinamide adenine
dinucleotide) regeneration system for efficiently
converting 2,3-butanediol to acetoin by using engineered
B. subtilis as whole-cell biocatalysis and efficiently
produced 91.8 g-L7! of acetoin with a yield and
productivity of 0.765 gg! and 23 gL lhl
respectively. In addition, Zhou et al. [17] used Glucono-
bacter oxydans NL71 for bio-oxidization of 2,3-
butanediol to acetoin and 165.9 gL' of acetoin was
obtained with a yield and productivity of 0.932 g-g”' and
11.43 gL "-h7! respectively in 36 h. The highest titer
(222 g-L7!) of acetoin was produced from acetaldehyde
by an E. coli whole-cell biocatalytic system [18].
However, both 2,3-butanediol and acetaldehyde are
mainly coming from non-renewable fossil resources, the
use of fossil fuels might cause the aggravation of
environmental pollution and the shortage of fossil
resources [3]. Moreover, 2,3-butanediol and acetaldehyde
are relative expensive compared to other substrates such
as pyruvate and lactate. It is crucial to find a cheap and
renewable substrate to produce acetoin efficiently.

Pyruvate, which can be synthesized renewably, is an
important molecule in both chemical and biological
synthesis process [19-21]. It is the precursor of acetoin
that could be obtained by catalysis of a-acetolactate
synthetase (ALS) and a-acetolactate decarboxylase
(ALDC). In vitro enzyme biocatalysis was used to
transform pyruvate to acetoin, and 186.7 g-L™' (3R)-
acetoin was obtained by employing a two-enzyme system
composed of ALS and ALDC, which demonstrated a
tremendous potential of the acetoin production from
pyruvate [19]. However, the high cost of enzyme
preparation and short life of enzymes limited the further
application in industrial production. Hence, developing an
efficient and economic process for high-yield acetoin
production from pyruvate is desirable.

Halomonas bluephagenesis TDO1, known as the
chassis strain of the next-generation of industrial
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biotechnology, can grow over a wide range of salt
concentrations at alkali pH due to their unique
characteristics of halophilic microorganisms [22,23].
Compared with other chassis strains, H. bluephagenesis
has the characteristics of strong robustness and fast
growth under the condition of high salinity and alkali pH,
and most industrial producers cannot grow under the
same condition. Therefore its cultivation is not easy to be
contaminated by other microorganisms and it can be
cultivated in unsterile continuous biotechnological
process, which could greatly simplify operation process
and decrease the production cost [22,24-26]. Additio-
nally, with the development of gene editing technology
and the research on the metabolic network of halophiles,
the high-efficiency and abundant synthesis of important
chemicals including polyhydroxyalkanoates [27-29],
proteins [30] and chemicals (ectoine [31], 5-aminolevu-
linic acid [32], 3-hydroxypropionate [33], L-threonine
[34], itaconic acid [35], etc.) had been achieved by
manipulated halophiles. Moreover, the results of previous
substrate profiling and tolerance testing on H. bluepha-
genesis indicated that this chassis strain showed a distinct
advantage in utilizing organic acid salts [36]. Hence, H.
bluephagenesis is a kind of strong chassis strain for
industrial application and might utilize pyruvate greatly.

To investigate the feasibility of a new-type H.
bluephagenesis whole-cell Dbiocatalysis for acetoin
production, an efficient whole-cell bioconversion system
was constructed for production of acetoin with H.
bluephagenesis in this work. In the bioconversion system,
pyruvate is converted into acetoin by recombinant H.
bluephagenesis strains expressing ALS and ALDC.
Different means of expression of ALS and ALDC were
investigated, and conditions were optimized for efficient
acetoin production. Furthermore, acetoin productivity was
enhanced significantly by increasing the expression of
ALS and ALDC. Ultimately, the recombinant H.
bluephagenesis strain produced 974.3 mmol-L™' of
acetoin from 2143.4 mmol-L~! of pyruvate in 8 h, with a
promising yield of 0.455 mol-mol~! and a productivity of
10.72 g'L~!-h~!. Thus, an economically feasible, efficient
and competitive acetoin production bioprocess was
established.

2 Experimental

2.1 Strains, chemicals and culture conditions

All strains used in this study are listed in Table 1. H.
bluephagenesis TDO1 is a kind of halophilic bacterium,
which is isolated from Aydingkol Lake of China [23]. H.
bluephagenesis TD1.0 is derived from H. bluephagenesis
TDO1 which has a T7-like expression system that is
expressed under the lacl-controlled promotor P, and
induced by isopropyl f-D-thiogalactoside (IPTG) [37]. All
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Table 1 Stains and plasmids used in this study
Strains or plasmids Description Ref./source
Strains
E. coli DH5a Host for plasmid construction Lab stock
E. coli S17-1 pir A vector dononr for conjugation experiment harboring tra genes from plasmid RP4 in the chromosome [38]
H. bluephagenesis TD0O1 Wild-type H. bluephagenesis strain isolated from Aydingkol Lake in Xinjiang Province, China [39]
TD1.0 H. bluephagenesis TDO1 with chromosomal integration of T7-like induced system for inducible expression [37]
of target genes
TD1.0AphaC H. bluephagenesis TD1.0 with the deletion of phaC gene encoding PHA synthesis [40]
TDZ-1 H. bluephagenesis TD1.0 harboring plasmid pN59-Mmp1-ALDC-ALS This study
TDZ-2 H. bluephagenesis TD1.0AphaC harboring plasmid pN59-Mmp1-ALDC-ALS This study
TDZ-3 H. bluephagenesis TD1.0 harboring plasmid pN59-Mmp1-ALDC-S,-ALS This study
TDZ-4 H. bluephagenesis TD1.0AphaC harboring plasmid pN59-Mmp1-ALDC-S,-ALS This study
TDZ-5 H. bluephagenesis TD1.0AphaC harboring plasmid pN59-Mmp1-ALDC-S,-ALS and pN85-Mmp1-ALDC  This study
Plasmids
A medium copy number expression vector in H. bluephagenesis TD strain, KmR&SpR, RK2 replication
PN85 origin, oriT [41]
pN59 A high copy number expression vector in H. bluephagenesis TD strain, CmR. ColE1 replication origin, oriT [41]
pNS59-pet A high copy number expression vector in H. bluephagenesis TD strain, CmR. ColE1 replication origin, oriT [41]
pN59-Mmp1-MCS pN’59 derivates, containing a T7-like inducible promoter, Cm® This study
pN59-Mmp1-ALDC-ALS pNS59 derivates, containing alsD-alsS fusion gene driven by Prtmpt> CmR This study
pN59-Mmp1-ALDC-S,-ALS PpNS59 derivates, containing alsD-linker(10aa)-alsS fusion gene driven by Prtmpts CmR This study
pN85-Mmpl-ALDC pN8S5 derivates, containing alsD gene driven by Prtmpts KmR&SpR This study

engineered strains in this study were derived from H.
bluephagenesis TD1.0. E. coli DH5a was used as host
strain for plasmids construction. E. coli S17-1 was used
as donor strain for plasmids conjugation of H.
bluephagenesis.

Sodium pyruvate, magnesium chloride and other
chemicals were all obtained from Sangon (Sangon
Biotech, Shanghai, China), unless stated otherwise. In this
study, E. coli DH5a and E. coli S17-1 were cultured in
LB medium (10 g-L™! tryptone, 5 g-L™! yeast extract and
10 g-L7! NaCl). H. bluephagenesis and its derivatives for
molecular modification and seed were cultured in 60 LB
medium (10 g-L™! tryptone, 5 g-L™! yeast extract and 60
g-L™! NaCl, pH adjusted to 9.0 via 5 mol-L~! NaOH).
Antibiotics were added when necessary as following
concentrations: 50 ug-mL~! of kanamycin, 25 ug-mL~! of
chloramphenicol, 100 pg-mL~" of spectinomycin.

2.2 Plasmid construction

All the plasmids constructed in this study were listed in
Table 1. Plasmids pN59 and pN85 were used for gene
expression in strains [41]. All relevant primers using in
plasmids construction were listed in Table S1 (cf.
Electronic Supplementary Material, ESM). The genes
alsS and alsD were obtained from B. subtilis. The fusion
genes alsD-alsS and alsD-linker(10aa)-alsS were obtai-
ned by fusing alsS and alsD without or with a linker. The
sequences of fusion genes were stated in Table S2 (cf.
ESM). The fragment pN59, which was used for enzyme
expression, was amplified by the primers pN59-F/R. The
DNA fragment of promoter Py, was amplified by

polymerase chain reaction (PCR) from the plasmid pN59-
pct using the primers Mmp1-F/R. Then the two fragments
forementioned were fused by circular polymerase
extension cloning (CPEC), resulting in the plasmid pN59-
Mmp1-MCS. The DNA fragments of alsD-alsS encoding
ALDC and ALS were amplified by PCR from the
genome of B. subtilis using the primers DS-F/R. The
fragment of pN59-Mmpl1-MCS was amplified by the
primers pN59-M-F/R. All the fragments were digested
with BamH1/Sdal and assembled to obtain pN59-Mmp1-
ALDC-ALS and pN59-Mmpl-ALDC-S,-ALS respec-
tively. Likewise, the fragment Py, ,-alsD encoding
ALDC driven by promoter Py, was amplified by PCR
from the plasmid pN59-Mmpl-ALDC-ALS using the
primers D-F/R and assembled with the fragment of pN85
amplified by the primers pN85-F/R wusing CPEC,
obtaining the plasmid pN85-Mmp1-ALDC.

2.3 Plasmid conjugation

The plasmid conjugation was conducted according to a
previously reported method [23]. Briefly, E. coli S17-1
served as the donor strain containing target plasmids was
cultured in LB medium with corresponding antibiotics,
while the recipient strains were cultured in 60 LB
medium. After overnight cultivation, the culture of the
donor and recipient cells were collected by centrifuged
with the speed of 4500 xg at 4 °C, and washed twice
using fresh culture medium, then the cells were mixed
(1:1 vol) and spread on 20 LB agar plate and incubated at
37 °C for 812 h. At last, the mixed cells were re-
suspended by fresh 60 LB medium and spread on 60 LB
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agar plate with relevant antibiotics, then incubated at
37 °C for 24-48 h and correct single colonies were
selected.

2.4 Preparation of whole-cell biocatalysis

Firstly, the engineered strains were cultured in 5 mL
60 LB medium containing appropriate antibiotics at
37 °C, 220 r'min"! overnight. Secondly, the seed solution
was transferred with 1% inoculum to 1 L shake flasks
which contained 200 mL 60 LB medium with relevant
antibiotics and cultured at 37 °C, 220 r'min"'. After the
optical density (ODy,) reached to 0.6-0.8, 0.5 mmol-L!
IPTG was added and the temperature was adjusted to
30 °C to induce the expression of the enzymes for 12-14
h. Finally, the cells were harvested by centrifuged with
the speed of 5000 xg at 4 °C, and washed by 100 mmol-L!
sodium phosphate buffer containing 60 g-L™' NaCl (60
phosphate buffer (PB), pH 9.0). The cells were re-
suspended to a high cell density of 20 OD, by the same
buffer to obtain the whole-cell biocatalysis. Cell dry
weight (CDW, g-L™") of H bluephagenesis was
calculated from ODy, values using the experimentally
determined correlation factor of 0.54 g of cells (dry
weight [DW])/ liter for an ODy, of 1.

2.5 Production of acetoin by whole-cell biocatalysis
system

The whole-cell bioconversion was carried out in a 25 mL
bottle with a total of 10 mL reaction mixture initially
containing about 400 mmol-L™! sodium pyruvate,
0.4 mmol-L~! thiamine pyrophosphate (TPP), 10 mmol-L""!
MgCl,, and 100 mmol-L™! 60 PB. Therein, TPP and
Mg?" were necessary cofactors bound with ALS. The
components were added into the bottle one by one. The
collected cells were next added to obtain an initial ODy,
around 5 and then the reaction was activated. The
reaction was displayed at 37 °C and stirred at 220 r-min"".
The reaction mixture (100 puL) were taken and added into
900 uL of 5 mmol-L™! H,SO,. Then it was centrifuged
with the speed of 12000 xg and the supernatant were
taken as samples to measure the concentration of
pyruvate, acetoin and by-products.

To achieve a higher yield of acetoin, the effects of the
reaction temperature (30, 35, 37, 40, 45, and 50 °C),
concentration of Mg?" (0, 5, 10, 15, and 20 mmol-L™"),
shaking speed (100, 150, and 220 r-min~!), pH value (6.0,
7.0, 8.0, and 9.0), initial cell density (2.7, 5.4, 8.1, and
10.8 g-L! cells (DW)) and concentration of pyruvate
(400, 800, and 1200 mmol-L™") were investigated succes-
sively.

2.6 Fed-batch biotransformation of acetoin production

Fed-batch biotransformation was carried out in a 25 mL
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bottle with 10 mL reaction mixture at 45 °C, 220 r-min .
The pH of reaction cultures was adjusted to 6 every two
hours for four times. The initial concentration of pyruvate
was about 800 mmol-L™! and 5.4 g-L™! cells (DW) were
used for the biotransformation. To improve the efficiency
of biocatalysis, a mixture of pyruvic acid and sodium
pyruvate or pyruvic acid were fed to adjust the pH of the
bio-reaction system to 6.0-6.5 coupling with
supplementing the substrate. Samples were taken before
and after adjusting pH to measure the concentrations of
pyruvate, acetoin and by-products.

2.7 Recycling and reutilization of whole-cell biocatalysis
on acetoin production

Recycling and reutilization of whole-cell biocatalysis was
carried out in a 25 mL bottle with 10 mL reaction mixture
at 45 °C, 220 r-min"!. The pH of reaction culture was
adjusted to around 6 and 5.4 g-L™! cells (DW) was added
to the reaction system. The culture was centrifuged and
the cells were harvested by centrifuged with the speed of
5000 xg at 4 °C, and then the cell was washed by
100 mmol-L™! sodium phosphate buffer containing
60 g-L~! NaCl (60 PB, pH 9.0) every 12 h. Samples were
taken after each cycle to measure the concentrations of
pyruvate, acetoin and by-products.

2.8 Analytical methods

The biomass was represented by a spectrophotometer at
600 nm. The concentrations of pyruvate, acetoin and by-
products were detected via a high-performance liquid
chromatography system which was equipped with an
HPX-87H (300 mm x 7.8 mm) column (Bio-Rad,
Shanghai, China). The detailed information of HPLC
measuring method was shown in Fig. S1 (cf. ESM) and
Table S3 (cf. ESM). The samples were prepared by
filtering through the 0.22 pm syringe filters. The analysis
was carried out at 60 °C with a mobile phase of
5 mmol-L™! H,SO, at a flow rate of 0.5 mL-min"'. The
theoretical yield was 0.5 mol acetoin/mol pyruvate.

3 Results and discussion

3.1 Feasibility of acetoin production from pyruvate by
whole-cell biocatalysis

H. bluephagenesis TDO1, a chassis strain with a
resistance of alkali conditions, has been proved that it had
prominent tolerability to organic acid, such as itaconic
acid, succinic acid [36]. Therefore, it was rational to
propose that H. bluephagenesis TDO1 could have good
tolerance of pyruvate and use pyruvate -efficiently.
However, the metabolite detection and gene sequence
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analysis indicated that there was no acetoin synthesis
pathway in H. bluephagenesis, which meant acetoin could
not be synthesized naturally. Thus, the acetoin synthesis
pathway should be introduced heterogeneously into H.
bluephagenesis.

The pathway from pyruvate to acetoin includes a two-
step reaction process catalyzed by ALS and ALDC
(Fig. 1). ALS and ALDC from B. subtilis (bsu-ALS and
bsu-ALDC, respectively) were chosen due to their good
performance in acetoin production in our previous study
[10,19]. bsu-ALS and bsu-ALDC were fused in different
ways and overexpressed in H. bluephagenesis through
high copy plasmid pN59 to produce acetoin efficiently.
Hence, the engineered strains TDZ-1 to TDZ-4 (Table 1)
expressing the fusion enzymes were constructed using
strains TD1.0 or TD1.0AphaC as hosts. Subsequently,
the abilities of the engineered strains catalyzing
approximately 400 mmol-L~! pyruvate to produce acetoin
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were detected. TDZ-1 to TDZ-4 could utilize the pyruvate
completely within 36 h and the pyruvate consumption
rate showed nearly no difference. Among the four
engineered strains, TDZ-4 could synthesis 125.4
mmol-L™! acetoin in 36 h, which showed higher catalytic
activity with a yield of 0.333 mol-mol™! and a
productivity of 3.484 mmol-L™'-h™" (Fig. 2). Moreover,
different hosts also had different influence on the
catalytic ability to some extent. By employing the TD1.0
chassis, TDZ-1 and TDZ-2 with different fusion types
showed similar performance of acetoin production.
However, the engineered strains TDZ-3 and TDZ-4,
derived from TD1.0AphaC chassis, both exhibited higher
acetoin concentration. Significantly, the S, linker fusion
type and blocking PHB synthesis in TDZ-4, showed
synergistic effect on enhanced acetoin production. As
shown in Fig. 2, TDZ-4 afforded much higher acetoin
yield and productivity, which might be caused by the

Pyruvate
PDHl
PTA
Acetyl-CoA ——pp Acetyl-P

Oxalgacetate Cit‘ra@

¢ Y
Malate Isocirate
|
Fu‘marate oc-ket(;glutaratc
»
Su‘ccipate SudcCoA

pNS9-Mmpl-
ALDC-S,-ALS

a-Acetolactate

pNS8-Mmpl-

Acetoin

ACK
—p Acetate

Recombinant H. bluephagenesis

Fig.1 Scheme of acetoin production from pyruvate catalyzed by H. bluephagenesis (PDH, pyruvate dehydrogenase complex; PTA,

phosphate acetyltransferase; ACK, acetate kinase).
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concentration of engineered strains TDZ-1 to TDZ-4 (Error bars
represent the standard deviation of triplicate experiments).

highly efficient catalysis with S, linker and blocking the
PHB synthesis pathway to save more pyruvate for acetoin
synthesis. However, pyruvate was not completely
transformed into acetoin, which might be caused by the
unbalanced flux through the acetoin synthetic pathway.
Thus, optimization of reaction conditions could be an
efficient method to improve conversion rate of o-
acetolactate to acetoin.

3.2 Optimization of bioconversion conditions for acetoin
production from pyruvate

For the purpose of improving the efficiency of whole-cell
biocatalysis to obtain higher acetoin yield, a series of
reaction conditions were optimized with TDZ-4 (Fig. 3)
which had higher catalytic capacity.

Firstly, the effect of reaction temperature on whole-cell
biocatalysis was studied in the range of 30-50 °C. The
results displayed that pyruvate was completely consumed
at different temperatures within 36 h and the pyruvate
consumption rate increased along with the increase of
temperature (Fig. 3(a)). Moreover, the highest acetoin
titer of 140.2 mmol-L~! was obtained from 394.9 mmol-L~!
pyruvate at 45 °C in 30 h, and the acetoin yield and
productivity were 0.355 mol-mol~' and 4.67 mmol-L™"-h!,
respectively (Fig. 3(b)). The optimization of Mg?" concen-
tration could enhance the ability of ALS thus improved
the production of acetoin. Then the effect of Mg?"
concentration was investigated. Different concentrations
of Mg?" from 0 to 20 mmol-L™! were set to test their
effects on acetoin production. The increase of Mg>"
concentration showed positive effect on pyruvate
consumption (Fig. 3(c)), but it had little negative effect on
acetoin production (Fig. 3(d)). As a result, the production
of acetoin reached 167.7 from 436.7 mmol-L~! pyruvate
and the highest yield and productivity of acetoin (0.384
mol'mol™! and 5.41 mmol-L~-h™!, respectively) were
obtained at 45 °C without Mg?>" addition after 30 h
cultivation. Meanwhile, since the rotational speed was
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related to the catalytic stability and activity of strains, the
effect of rotational speed was detected. However, the
influence of different rotational speeds did not display
distinct difference (Fig. S2, cf. ESM). Considering that
the catalysis conditions with higher cell density and
substrate concentration would be tested in subsequent
experiments, the rotational speed was set to 220 r-min~!
in the following study.

The effect of pH on the whole-cell biocatalysis was
investigated due to its potential influence on enzyme
activities. The result indicated that the production of
acetoin decreased with the increase of initial pH. The
highest titer of acetoin reached 204.3 from 476.2
mmol-L™" pyruvate when the initial pH was set to 6.0
(Fig. 3(e)). However, pyruvate consumption rate was not
affected by different initial pH (data not shown). The
acetoin yield and productivity were 0.429 mol-mol™! and
7.46 mmol-L™"-h™!, respectively, after 24 h cultivation.
Therefore, the optimal initial pH value of 6.0 was used in
the following experiments. It had been reported that the
optimal initial pH was 6.0 that is the optimal pH for
ALDC activity [19]. The pyruvate consumption rate and
acetoin production rate were very fast, and pH rose to
alkalinity rapidly (data not shown). Moreover, the system
would remain in alkalinity for a long time, and H.
bluephagenesis that has good tolerance to alkaline
environment could be more adaptable to the catalytic
environment than other organisms such as E. coli.

Finally, the influence of cell density was surveyed
owing to its significant effect on the efficiency of product
formation rate. Unexpectedly, the acetoin productivity
didn’t increase with the increase of the cell density, and
the highest titer of acetoin reached 197.2 from 454.4
mmol-L~" pyruvate with the highest productivity and
yield of acetoin (8.10 mmol-L~"-h~! and 0.434 mol-mol !,
respectively) when the initial cell was 5.4 g-L™' (Fig.
3(f)). However, the pyruvate consumption rate obviously
improved with the increase of cell density, and the
acetoin formation was almost ceased at 12 h when the
cells was 8.1 or 10.8 g-L™' (DW) (Fig. S3, cf. ESM). We
speculated that the intermediate product a-acetolactate
could be accumulated to a much high level under the
condition of higher cell density, which exerted a negative
effect on cell activity. Therefore, the optimal conditions
for acetoin production were 45 °C, pH 6.0, 220 r-min”!
and 5.4 g-L! cells.

3.3 Further increase of ALDC expression for efficient
acetoin production

After a series of optimization, the strain TDZ-4 could
almost use the pyruvate up in 6 h with a yield of 85.7% of
the theoretical yield. However, the acetoin yield was still
not high, and the acetoin titer gradually reached its
maximum at 24 h, indicating the acetoin production rate
was much slower than pyruvate consumption rate, and the
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intermediate product a-acetolactate was probably accu
mulated. Possibly the second step was the rate-limiting
step and the expression of ALDC was insufficient. Thus,
it might be necessary to further increase the expression
level of ALDC in TDZ-4 to balance the rates of the two
reactions.

To enhance the metabolic flux from a-acetolactate to
acetoin and increase the acetoin productivity, the gene
alsD was cloned into plasmid pN85 equipped with the
promoter Py, to obtain pN85-Mmpl-ALDC. Subse

quently, the plasmid pN85-Mmp1-ALDC was conjugated
into TDZ-4, generating strain TDZ-5. As shown in Fig. 4,
the acetoin concentration of TDZ-5 was rather higher
than that of TDZ-4 in 6 h (Fig. 4(a)). Besides, the acetoin
yield and productivity of TDZ-5 were 0.491 mol-mol!
and 37.24 mmol-L "h™!, which increased 14.7% and
359.5% respectively compared with TDZ-4 (Fig. 4(b)).
The productivity was significantly improved by
overexpressing alsD, which indicated the rates of the two
reactions catalyzed by ALS and ALDC were well
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balanced. Many studies have indicated that coordination
of the expression levels or activities of enzymes could
improve catalysis efficiency significantly. Wang et al.
[42] optimized the expression of S5-aminovaleramide
amidohydrolase and L-lysine 2-monooxygenasethe by
transforming another plasmid and therefore the yield of
this engineered strain was 1.3 fold higher than that of the
former strain in the production of 5-aminovalerate from
L-lysine. Besides, Zhang et al. [35] increased the itaconic
acid titer from 3.38 to 5.70 gL' by increasing the
expression level of the rate-limiting enzyme cis-aconitase.

3.4 Effect of different pyruvate concentrations on acetoin
production

In order to obtain a higher production of acetoin, different
pyruvate concentrations in the range of 400 to
1200 mmol-L~" were used in order to get higher acetoin
concentration under the optimum conditions (Fig. 5). As
shown in Figs. 5(a) and 5(b), the reaction rate was quick
in first 2 h, both 400 and 800 mmol-L™! pyruvate can be
completely consumed within 2 h, and the time was
prolonged to 6 h for 1200 mmol-L ™! pyruvate. However,
acetoin productivity was decreased sharply as substrate
concentration increased over 800 mmol-L™!, and the yield

of acetoin dropped obviously with the increase of
pyruvate concentration. The pyruvate consumption rates
under different pyruvate concentrations in 2 h were 201.7,
400.0 and 281.9 mmol-L~!-h™! and the acetoin synthesis
rates were 106.7, 160.2 and 40.6 mmol-L™'-h7!,
respectively. The reaction rates indicated that the reaction
system still had a high catalytic ability under 800
mmol-L™! pyruvate. The titer of acetoin reached 388.5
mmol-L™" in 2 h and the yield kept at a high level of
0.485 mol-mol™!. The productivity of acetoin reached
199.58 mmol-L™!-h~!, which was much higher compared
with other whole-cell biocatalysis [43,44]. During the
reaction process, acetate and succinate were accumulated
as main by-products and their concentrations were also
increased with the increase of pyruvate concentration
(Fig. 5(c)). It could be seen that approximately 8.3
mmol-L™" acetate and 39.7 mmol-L™" succinate were
accumulated at 24 h when the concentration of pyruvate
was 1200 mmol-L™'. The accumulated succinate
demonstrated that some pyruvate was directed into the
tricarboxylic acid cycle. Moreover, the unstable
intermediate product a-acetolactic acid might be
extensively accumulated, which resulted in low acetoin
yield. Thus, knocking out or weakening by-products
synthesis genes would be conducted in future to enhance
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deviation of triplicate experiments).
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acetoin production and yield when a high concentration
of pyruvate is used. Therefore, the substrate concentration
was set as 800 mmol-L~! for subsequent study due to its
high acetoin titer, yield and productivity.

3.5 Enhancement of acetoin production in fed-batch
catalysis

As it’s difficult to increase acetoin titer by further
increasing pyruvate concentrations, a fed-batch strategy
was adopted to test its effect on acetoin synthesis (Fig. 6).
It was found that TDZ-5 could utilize 800 mmol-L~!
pyruvate completely in 2 h and the pH of reaction culture
increased to around 8.5 rapidly during the catalysis
process, which could greatly affect ALS and ALDC
activities whose optimal pH were 7.0 and 6.0,
respectively [45]. Therefore it was important to adjust pH
to maintain enzymes activities. Due to the difficulty of
monitoring pH and maintaining constant pH in a small
bottle (25 mL), a fed-batch strategy that adding the
mixture of pyruvic acid and sodium pyruvate every two
hours was used to not only adjust the pH but also provide
substrate (Fig. 6(a)). From 0 to 4 h, a mixture of pyruvic
acid and sodium pyruvate with a mole ratio of 5:1 was
used, and only pyruvic acid was used to adjust the culture
pH after 4 h. As shown in Fig. 6(b), a high titer of
974.3 mmol-L™" acetoin was accumulated from 2143.4
mmol-L~! pyruvate after 8 h cultivation, and the acetoin
yield and productivity were 0.454 mol-mol™! and 121.79
mmol-L™"-h7!, respectively. It was worth noting that the
acetoin titer no longer increased and the pyruvate
consumption rate also decreased to a relatively low level
after 8 h, which meant the strain lost the catalytic ability
probably caused by the high concentration of acetoin. We
tested the effect of acetoin addition on the performance of
whole-cell biocatalysis. As shown in Fig. S4 (cf. ESM),
the concentration, yield and productivity of acetoin
gradually decreased with the increase of initial acetoin
concentration. In our previous study, the acetoin titer
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Fig. 7 Acetoin production, acetoin yield and cell dry weight of
TDZ-5 in repeated batch bioconversion. The pyruvate addition
concentrations were 867.2, 882.6, 765.7, 907.9 and 853.6
mmol-L~!, respectively. Error bars represent the standard deviation
of triplicate experiments.

could reach 186.7 g-L™! (2118.9 mmol-L™") in a two-
enzyme cascade composed of ALS and ALDC [19], so it
was unlikely that the ALDC was inhibited when the
acetoin concentration reached 974.3 mmol-L! in this fed-
batch system. The exact reason for that is still unclear and
need to be explored in future study.

3.6 Recycling and reutilization of whole-cell biocatalysis

In order to test the reusability of the biocatalysis, a
repeated recycling process of whole-cell catalysis was
implemented. As shown in Fig. 7 and Table 2, the acetoin
titer was 433.3, 440.2, 379.0, 442.8 and 339.4 mmol-L!
(38.2, 38.8, 33.4, 39.0 and 29.9 g-L™") from the first to
the fifth round of catalysis, respectively. The correspon-
ding acetoin yields were 99.8%, 99.8%, 99%, 97.6% and
93.6% of the theoretical yield. However, the CDW
decreased from 6.14 to 2.47 g-L™! after four rounds, and
the loss of whole-cell biocatalysis during centrifugation
or inoculation might be related to the obviously decrease
of the bioconversion efficiency. The efficiency of whole-
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Table 2 Recycling and reutilization of biocatalysis

Cycle Pyruvate » Acetoin . Cell _ Acetoin Acetoin yield of the theoretical
concentration/(mmol-L™") concentration/(mmol-L™") density/ODg, yield/(mol-mol™") yield/%

1 867.2 £0.05 4333+2.4 11.37+0.37 0.499 +0.01 99.8 £ 1.0

2 882.6£0.0 4402+ 0.5 8.07+£0.04 0.499 +0.02 99.8 £2.0

3 765.7+£0.0 379.0+5.2 5.13+0.14 0.495 +0.023 99.0+2.3

4 907.9+0.0 442.8+5.4 496 +0.09 0.488 +0.017 97.6 £1.7

5 853.6+1.0 399.4+0.1 4.57+0.28 0.468 +0.022 93.6+2.2

cell biocatalysis could be maintained at a high level by
cell immobilization, by which the biocatalysis could be
separated easily from reaction system and reused in
repeated or continuous process [46].

A highest acetoin titer of 186.7 from 395.6 g-L’!
pyruvate in vitro with 94.3% theoretical yield and a
productivity of 15.56 g-L™'-h™' was obtained in our
previous study [19]. And the highest titer of acetoin by
microbial fermentation reached 102.45 g-L™! with a yield
of 0.419 g-g™! glucose and a productivity of 1.86 g-L!-
h™' [10]. Although the titer obtained here was not the
highest, this acetoin production process eliminated
enzyme extraction and purification steps which reduced
production cost, and enzyme activity could be remained
for longer time than that of in vitro. Compared to the
microbial fermentation, whole-cell biocatalysis using H.
bluephagenesis had advantages of high acetoin
production rate and simplified downstream separation
process. Due to the relatively simple composition of the
supernatant after reaction compared to fermentation
broth, it is beneficial to acetoin separation in the down-
stream. Salting-out extraction methods using acetone/
K,HPO, [47], ethanol/K;PO, or ethyl acetate/K,HPO,
[48] could be applied for extraction of acetoin. After the
extraction, acetoin could be further recovered and
concentrated through rotary evaporation.

The acetoin production in our work was not the highest
compared to other whole-cell biocatalysis using 2,3-
butanediol or acetaldehyde as substrates. However, the
cell density used in this catalysis route was very low, and
the pyruvate was relatively cheap and renewable which
could be produced with a titer of over 100 g-L™' by
fermentation from other renewable and cheap resources
[49]. In addition, the fermentation broth of pyruvate can
be directly used in this whole-cell biocatalysis process to
further decrease production cost. The result of this study
demonstrated the potential of whole-cell biocatalysis for
the bio-production of acetoin from pyruvate using
recombinant H. bluephagenesis.

4 Conclusions

In conclusion, an effective H. bluephagenesis whole-cell
bioconversion system was developed for acetoin
production from pyruvate. The engineered strains were
constructed using different plasmids to co-express ALS

and ALDC from B. subtilis 168 which exhibited high
efficiency of utilizing pyruvate to synthesize acetoin.
After a series of conditions optimization and further
increase of ALDC expression, 223.4 mmol-L~! of acetoin
was obtained from 458.1 mmol-L™! of pyruvate with a
yield of 0.491 mol-mol™! and a productivity of 37.24
mmol-L™"-h™! in 6 h. Finally, 974.3 mmol-L™! (85.84
g L) of acetoin was accumulated from 2143.4
mmol-L™!' (188.6 g-L™!) of pyruvate in 8 h with 90.8%
theoretical yield and a productivity of 121.79 mmol-L™"
h™' (10.73 g-L7"-h™") in fed-batch bioconversion, and
433.3, 440.2, 379.0, 442.8 and 339.4 mmol-L™" (38.2,
38.8, 33.4, 39.0 and 29.9 g-L!) acetoin were produced
respectively in the five batch of repeated cycling process.
To the best of our knowledge, this is the first report on
acetoin production from pyruvate by H. bluephagenesis
whole-cell biocatalysis. The results in this work
demonstrated that the recombinant H. bluephagenesis had
great potential to produce a high concentration of acetoin
and a promise of economically industrial acetoin bio-
manufacturing.
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