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Abstract: Acetoin (3-hydroxy-2-butanone) is an important frankincense flavor and 4-carbon platform compound, which is
widely used in food, daily chemical, chemical and pharmaceutical industries. With the continuous improvement of people's
living standards, it has proposed more food safety High requirements. At present, the US JM Company, German BASF Company
and Japan's Xinda Company mainly produce 3-hydroxybutanone in the world. At present, its production method is mainly based
on chemical synthesis. The process has serious pollution, complex process, unstable product quality, and limited raw material
sources. Biological method has abundant raw material sources and can be regenerated, environmentally friendly process, mild
conditions, and products. High quality and other advantages have attracted attention. At present, there is no report on the scale
production of 3-hydroxybutanone by biological method at home and abroad. Coming from the pressures of population, resources,
environment, etc., the traditional chemical industry using fossil resources as raw materials is bound to be gradually replaced by
new and environmentally friendly biochemical industries using renewable resources as raw materials. Carrying out
environmentally friendly, abundant sources of raw materials, mild conditions, products can be regarded as pure natural microbial
fermentation technology to produce 3-hydroxybutanone technology has broad prospects for promotion and application. This
article summarizes the research status of the production of 3-hydroxybutanone by biological methods, including
3-hydroxybutanone producing strains, 3-hydroxybutanone synthesis pathway, 3-hydroxybutanone decomposition pathway,
metabolic mechanism and related enzymes, metabolic regulation Mechanism and efficient accumulation strategy of
3-hydroxybutanone.

Keywords: Producing Acetoin, Biological Method, Strains, Metabolic Mechanism, Accumulation Strategy

used in the production of essence such as cream, dairy, yogurt
and strawberry. Acetoin is related to the flavor of beer and
glucose, and plays a key role in the flavor of producing cheese
during the fermentation of butter and cream [1, 9-12]. China's
standard GB2760-86 stipulates that it is a flavouring which is

1. Introduction

Acetoin is widely distributed throughout corn, grape, cocoa,
apple, banana, cheese and meat such food, which is a kind of
widely used flavouring with pleasant cream flavor. It is mainly
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allowed to be used [2]. The US FEMA safety number is 2008,
and the recommended dosages are shown in Table 1 [3].

The demand for acetoin for milk flavouring continues to
increase with the growth of people's living standards and the
sales of dairy products. In addition, in 2004, the US
Department of Energy listed acetoin as one of the 30
platform compounds that were developed and utilized
preferentially [4, 13-19], which is also sufficient to illustrate
the potential use and importance of acetoin. The production
and application research of acetoin, especially the research
on the producing acetoin by biological method which is
environmentally friendly and the product can be regarded as
pure natural has attracted people's attention [5, 20-24].

Table 1. Recommended dosage of acetoin.

Food category Recommended dosage (mg/kg)

Soft drink 7.4
Cold drink 33
Candy 1.8
Baked food 32

Pudding 21

Couda cheese 7.0
Margarine 50
Butter 8.0

The chemical synthesis of acetoin was reported as early as
1906 by the partial reduction of diacetyl by zinc and acid [6,
10-16]. At present, the producing acetoin by chemical
synthesis at home and abroad is mainly based on three
processes of partial hydrogenation reduction of butanedione,
selective oxidation of 2,3-butanediol and chlorination of
butanone. Processes are generally shortcomings such as low
product recovery and low vyield, serious environmental
pollution, and the quality and safety of products are
questioned [7, 8, 11-13]. Another serious problem is that the
raw materials used in the chemical synthesis process, such as
diacetyl or 2,3-butanediol, are mainly derived from
non-renewable fossil resources, and these raw materials are
also important chemical products, petroleum resources. The
growing shortage and rising oil prices, limited sources of raw
materials, and higher product costs have become the main
bottlenecks limiting the large-scale development of acetoin
by chemical synthesis. Since acetoin contains asymmetric
carbon atoms and has two chiral isomers (left-handed R,
right-handed S), it is not currently possible to synthesize
products with high optical purity and certain optical rotation,
using conventional physics. Methods (eg fractionation,
fractional crystallization, etc.), it is very difficult to carry out
chiral resolution of a racemic product of equal enantiomers
or directly synthesize a product with a specific optical
rotation, which must be carried out by means of microbial
methods. The special method such as induced crystallization
can achieve the purpose of chiral separation, which also
limits the development and application of acetoin by
chemical synthesis [9-11, 17-21, 25-29].

With the development of biotechnology, biotechnology
plays an increasingly important role in the synthesis of flavor
substances. Chemical or petrochemical synthetic flavor
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substances are gradually replaced by enzymatic synthesis or
fermentation technology production. It is well known that
biological processes are environmentally friendly. In addition,
food regulations in many countries have recognized that
natural wind agents can be obtained by biological method.
The research and development of bio-productive
technologies with commercial value of natural compounds
has attracted people's attention [8, 12-19]. In recent years,
there have been many reports on the technical research on the
production of acetoin by biological methods. Although most
of the research is still in the laboratory research stage or
small batch production stage, there are still many technical or
economic problems, and industrial large-scale applications
are still not feasible, but the advantages of bio-process
environmental friendliness, product safety and renewable raw
materials will become the leading direction of producing
acetoin in the future [13-18, 30-33].

2. Producing Acetoin by Enzymatic
Conversion

With the development of enzyme engineering technology,
there have been many successful examples of enzyme conversion
technology replacing traditional chemical processes. The key to
this process is to obtain a large number of specific enzymes
[19-22, 34-38]. In 1992, Hummel et al. [9] in the United States
applied butanone reductase (diacetyl reductase) in Lactobacillus
or Yeast cells as a biocatalyst to catalyze the reduction of
butanone to acetoin. The method firstly isolates and purifies the
diacetyl ketone reductase from the cells by culturing
Lactobacillus or Yeast, and catalyzes the reduction of the butyl
diketone reductase and the coenzyme NAPH at pH 5.0 and 70°C.
The advantage of this method is that the yield is up to 100%, and
no other by-products are produced. Due to the specificity of the
biological enzyme, a product with a certain optical rotation can
be obtained. In 1996, Zhang et al. [6] reported that it can be used
to prepare acetoin with 2,3-butanediol using Sorbitan, or to
ferment sugarcane juice by fungus such as Aspergillus and
Penicillium, but there are still many problems with the scale
application of these processes. In 2003, DeFaveri et al. [10] used
a membrane reactor adsorbed with alcohol dehydrogenase to
synthesize acetoin from 2,3-butanediol catalyzed by Acetobacter
hansenii. The effects of dissolved oxygen level and P/O ratio on
the catalytic reaction of the enzyme were investigated. Under the
optimum reaction conditions, the maximum molar conversion
rate of 2,3-butanediol to acetoin is 71.6%, and the highest is
acetoin. The mass concentration reached 893 g/L, and a
mathematical model of the material and energy balance of the
transformation process was established.

Although the yield of acetoin in the enzymatic conversion
process is higher, the by-products are less, and the product has
optical rotation, the enzymatic conversion to produce acetoin
is mainly based on diacetyl or butanediol. Its source is limited
and the price is higher, which is similar to the chemical
synthesis method. In addition, the production cost and
performance of the enzyme are the key to the process
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technology. It is difficult to obtain a large number of specific
enzymes, therefore, the preparation of raw materials and
enzymes restricts the development and application of acetoin
in the enzyme conversion process.

3. Producing Acetoin by Biological
Method

The biological method for producing acetoin has the
advantages of simple process, mild conditions and renewable
raw materials, and is the most promising method. Acetoin is
an intermediate in the metabolism of many microbial sugars,
which is the basis for the production of acetoin by
fermentation. The development of modern biotechnology,
metabolic control fermentation technology, metabolic
engineering technology and advanced fermentation parameter
control technology, separation technology and other
supporting technologies have laid a theoretical foundation and
technical support for the establishment of acetoin production
technology by fermentation. Since the discovery of some
microbial metabolism of sugars to secrete acetoin in the early
20th century, studies on the biosynthesis and metabolic
regulation of acetoin have been the focus of attention. There
are many reports on the microbial metabolism of sugars to
secrete acetoin, but most of them are related to microbial
metabolic mechanisms and gene regulation [10-13, 21-23,
39-42]. A few studies involving acetoin fermentation are
mainly as diacetyl and By-products of 2,3-butanediol
fermentation have been mentioned, and there have been few
reports on the production of acetoin by microbial fermentation
of saccharide raw materials, and most of them are still in the
preliminary research stage such as strain selection [42-46].

3.1. Acetoin-producing Microbial Strains

Acetoin is a metabolite of important physiological
functions secreted by many microorganisms. The Voges
Proskauer test to diagnose whether a strain secretes acetoin
as a marker for microbial classificationin. The secretion of
acetoin has important physiological significance for the
microorganism itself [11, 25-27]. Acetoin is an intermediate
of most microbial sugar metabolism. There are many
microorganisms that can convert sugar to produce acetoin in
nature. For fungi and bacteria, more bacteria are found in the
research [21-26, 47-49]. The bacterial strains reported mainly
include Enterobacter, Bacillus, Klebisella, Serratia, and
Lactococcus. The acetoin producing strains reported in the
literature are shown in Table 2. In 1948, Olson et al. [28]
reported that the fermentation of 100 mM glucose with
Aerobacter  aerogenes produced up to 80 mM
2,3-butanedione and 1.8 mM acetoin. In 1971, Braneni et al.
[29] reported that in the study of the effects of stirring, citric
acid and pyruvate on the growth of Lactobacillus and the
accumulation of 2,3-butanedione, it was found that this strain
accumulates 2,3-butanedione while also accumulating
acetoin and 2,3-butanediol. In 1987, Jeffrey et al. [30]
reported that the conversion of glucose can produce up to

10.8 mM acetoin by using of Streptococcus mutans wild-type
strain and lactate dehydrogenase-deficient mutant under
aerobic conditions. In 1991, Zeng et al. [17] reported that the
2,3-butanedione and acetoin with a final mass concentration
is 110 g/L by A4. aerogenes. The yield of the 2,3-butanedione
and acetoin of Enterobacter aerogenes engineering bacteria
which efficiently constructs hemoglobin (VHb) gene (vgb)
was increased by 83% which was constructed by Hikmet et al.
[31]. In 1996, Hespell [32] reported that when investigating
the substrate of Bacillus polymyxa, some strains were found
to produce 2,3-butanedione and acetoin with xylose, etc.,
with the substrate of 5% glucose and 5% arabinose, the yield
of acetoin reaches 11.3 g/L at a temperature of 30°C, pH 7.0,
and 250 r/min, and the yield of 2,3-butanediol is 2.3 g/L.
There are many reports on the simultaneous production of
2,3-butanediol by strains to produce acetoin, but most strains
have low concentrations of acetoin. It is impossible to
produce acetoin as a production strain for industrial
fermentation. Zhao et al. [25] and Liu et al. [26] obtained a
high-yield acetoin-producing Bacillus subtilis SFA-H31
(CGMCC1869) with two Chinese patents and one US patent
(US9315874B2), which yield of acetoin reached 55.67 g/L,
and this strain does not produce by-products such as diacetyl
and 2,3-butanediol. Hui Xu and Jianjun Liu constructed a
high-yield acetoin-producing Bacillus subtilis HB-32. The
yield of acetoin in the 50 L fermenter reached 63.55 g/L [1-4].
This strain is currently reported as a relatively high-yield
acetoin-producing strain, and is the most likely to be applied
to the industrialization of acetoin in fermentation technology,
especially the strain does not produce or accumulate a small
amount of by-products such as butanedione and
2,3-butanediol, and is essential for its application to acetoin
fermentation production.

Table 2. Recommended dosage of acetoin.

Strains Carbon  Yield References
source (g/L)

Bacillus subtilis HB-32 Glucose 63.55 [1]

Bacillus subtilis SFs-4 Glucose 55.7 [3]

Klebsiella pneumoniae NRRL B-199 Glucose 17~19 [12]

Enterobacter cloacae ATCC 27613
Bacillus subtilis AJ 1992

Serratia marcescens 1AM 1022

Glucose <14 [13]
Sucrose <20 [14]
Molasses 6.62 [15]
Glucose 9.28 [16]
10~12  [17]
Glucose 37.19  [20]
Molasses 13.1 [21]
Glucose 4.13 [22]
Molasses 63.0 [24]

Lactococcuslactis subsp. lactis 3022
Enterobacter aerogenes DSM 30053
Bacillus subtilis CICC10025
Klebsiella pneumoniae CICC 10011
Klebsiella oxytoca DSM 3539
Bacillus pumilus DSM 16187

Glucose

Bacillus subtilis CGMCC 1869 Glucose 55.5 [25, 26]
Hanseniaspora guilliermondii CCT3800 Glucose 0.365 [27]
Compared with chemical synthesis and enzymatic

conversion, the production of acetoin by microbial
fermentation has the advantages of simple process, mild
conditions, environmental friendliness, abundant raw material
source and renewable, and the product can be regarded as pure
natural and high security, which is the most economically
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viable production method for acetoin. With the deepening of
research on the production of acetoin by fermentation,
advanced biotechnology and traditional breeding techniques
are combined to breed and construct high-yield,
high-performance acetoin-producing strains, while focusing on
the supporting research on the upstream and downstream
technologies for the production of acetoin by fermentation, it is
the key to realizing the producing acetoin by bio-fermentation
as soon as possible [36-39, 50-55].

3.2. Biosynthesis Pathway of Acetoin

Since the discovery of some microbes having the ability to
secrete acetoin, the research on the synthesis and
decomposition pathways of acetoin in the organism has
attracted wide interest [12-14, 56-59]. The formation
mechanism of acetoin was studied as early as the 1940s, and
the ways to synthesize acetoin in bacteria, yeast, plants, and
animal livers have been found in the subsequent studies. In
bacteria, acetoin is synthesized only from pyruvate, in yeast
and animal tissues, it is synthesized by pyruvic acid and
acetaldehyde, but in plants and certain animal tissues, it is
only synthesized by acetaldehyde [30-33, 60-63]. There are
large differences in the routes of synthesis of acetoin between
different microorganisms and in plants or animal organs.
Mizuno et al. [82] onfirmed the transformation process of
bacterial strain pyruvate to acetoin by isotope tracer method,
it is shown in Figure 1. Juni [33] have reported the

CO,
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mechanism of acetoin by bacteria taking aerogens as the
research object, and it was confirmed that the bacterial
extract capable of forming acetoin from pyruvic acid can
convert a-acetolactate to form acetoin, in contrast, bacterial
extracts that are unable to form acetoin are unable to convert
alpha-acetolactate to form acetoin. Two kinds of enzyme
components are separated from the cell extract of
Aerogenophilus, one component acts on pyruvate to form
a-acetolactate, and the other component catalyzes
decarboxylation of a-acetolactate but has no effect on
pyruvic acid. It was later confirmed that the former is
a-acetolactate synthase, and the latter is o-acetolactate
decarboxylase. In 1954, Harold et al. [34] used bacterial cell
extracts to study the relationship between the pyruvate
oxidation system and the formation of acetoin, the formation
of acetoin is not related to aerobic oxidation of pyruvic acid
(into the tricarboxylic acid cycle) or anaerobic metabolism
(produce lactic acid or acetaldehyde), instead, there is
another way to form acetoin. Isabel et al. [51] studied the
formation and properties of o-acetolactate synthase in
Bacillus subtilis. Its pH value is between 6.0 and 8.0, which
is regulated by the feedback inhibition of proline and the
activation of pyruvate. The metabolic regulation mechanism
of branched-chain amino acids is not identical in different
strains. In Serratia marcescens, the metabolic regulation
mechanism of branched-chain amino acids and the synthesis
of acetoin are shown in Figure 2 [25-29, 64-69].

(o) 2 o]
14 I 14~ I!
CH;—C—COOH CH3;—C—H

3-14C Pyruvic acid

e "CH,

a-Acetolactic acid

C Active acetaldehyde

CO, o
H
OH 2 i J
L “CH;—C—C—"4CH;
C—"CH; I
| H
COOH

1,4-C Acetoin

Figure 1. Conversion of 5-14C pyruvate to acetoin.

Although there are differences in the structure and
properties of some enzymes related to the metabolism of
acetoin in different microorganisms, different scholars have
different opinions, but so far, there are a large number of
studies in biochemical and molecular organisms on the
synthesis of acetoin pathway by bacteria. it have been have
confirmed that the metabolic pathway of acetoin mainly
involves the glycolysis (EMP) pathway of glucose metabolism
(glucose to pyruvate) and the conversion of pyruvate to acetoin,
as shown in Figure 3 [31,36-38, 70-74]. There are two main
ways to synthesize acetoin in microorganisms: Two molecules
of pyruvic acid synthesize a molecule of a-acetolactate under

the action of o-acetolactate synthetase, alpha-acetolactate is
naturally oxidatively decarboxylated under acidic conditions to
form 2,3-butanedione, 2,3-butanedione is reduced to produce
acetoin by the action of butanedione reductase or
2,3-butanediol dehydrogenase, Another way, Two molecules of
pyruvic acid synthesize a molecule of a-acetolactate under the
action of o-acetolactate synthase, the o-acetolactate is
converted to acetoin by the action of a-acetolactate
decarboxylase. The reaction process of conversion from
glucose to acetoin is shown in Figure 4 [16-19, 41, 63, 75-82].
The theoretical conversion of glucose to acetoin is: (88+180)
x100%=48.89%.
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Figure 2. Metabolism of Branched-chain amino acid and Accumulation of acetoin.
Glucose
l EMP r Acetic acid
PDHS - ’
TCA cycle «——— Pyruvicacid ----- » Ethyl alcohol
ES o~
. l l El Lactic acid
Leucine ¢ _
a-Ketoisovaleric acid _€———  a-Acetolactic acid
Valine / %
E2
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Butanedione

2 3-Butanediol Acetoin < / \ >

NAD (P) NAD (P) H NAD (P) NAD (P) H

Figure 3. Synthesis route of acetoin. Note: EMP-glycolysis pathway, TCA-tricarboxylic acid cycle; PDHS-pyruvate dehydrogenase system; El-a-acetolactate
synthase (catabolic type); E2-a-acetolactate decarboxylase; E3-2,3-butanediol dehydrogenase; E4-butanedione reductase; E5-a-acetolactate synthase
(anabolic); NAD (P)-oxidized coenzyme I (II); NAD (P) H-reduced coenzyme I (II); NOD-non-enzymatic oxidative decarboxylation.

With the development of biology and related technologies, = mechanism of acetoin at the genetic level in the past decade.
there are many stuies on the isolation and purification of At the same time, it has laid a theoretical foundation for the
related enzymes related to acetoin metabolism, as well as the  construction of high-yield acetoin-producing strains by
study of the catalytic behavior of enzymes in vitro, it further = modern biotechnology such as genetic engineering and
reveals the anabolic pathway of acetoin in vivo, which lays a  metabolic engineering [40, 42-44, 85].
foundation for gradually revealing the metabolic regulation



95 Hui Xu et al.:

A Summary of Producing Acetoin by Biological Method

CHO(CHOH),CH,OH + Q;———— 2CH;COCOOH + 2H,0

2CH;COCOOH——— > CH;COH(COCH;)COOH + CO,

CH;COH(COCH;)COOH ——— CH;CHOHCOCH; + CO,

CHO(CHOH),CH,OH + O;— CH;CHOHCOCH; + 2H,0 + 2CO,

Figure 4. Conversion from glucose to acetoin.

3.3. Decomposition Pathway of Acetoin

Under normal circumstances, acetoin cannot be accumulated
in microorganisms. Microorganisms accumulate acetoin as a
storage energy source in order to withstand adverse
environments, after the easy-to-assisize carbon source such as
glucose is exhausted, it continues to consume acetoin to
maintain its own life activities, which fully indicates the
existence of acetoin catabolic system in microorganisms.
Although the catabolism of acetoin has been studied since the
1920s, it has been more than 80 years old [11, 33, 57, 67, 86-8§],
but compared with the biosynthesis of acetoin, the research
report about the catabolism of acetoin is still relatively small.
There are still different opinions on the catabolism of acetoin in
living organisms. Early studies suggested that the degradation of
acetoin was achieved by a circular pathway (2,3-butanediol ring).
As early as the 1950s, Juni et al. [35-37, 89-95] studied the
pathways of bacterial metabolism of 2.3-butanediol, acetoin and
diacetyl. It is proposed that a compound capable of growing
with 2,3-butanediol or acetoin as the sole carbon source has a
circular pathway to convert these compounds to produce acetic
acid, and clarified the composition of the circular pathway and
the transformation process between related substances, in
addition to 2.3-butanediol, acetoin and diacetyl, the cyclic
pathway is mainly involved in two new intermediates,
3-acetyl-3-hydroxybutanone and 3-acetyl-2,3-butanediol, in the
ring pathway, diacetyl is converted to
3-acetyl-3-hydroxybutanone and acetic acid by a ketamine
condensation catalyzed ketol condensation reaction, and
3-acetyl-3-hydroxybutanone is  reduced to  3-acetyl
Base-2,3-butanediol, which in turn is hydrolyzed to
2,3-butanediol and acetic acid, the effect of one cycle of the
circular pathway is that one molecule of acetoin forms two
molecules of acetic acid, which is a compound that can be
rapidly oxidized by microorganisms, thereby reaching the
microorganisms using 2.3-butanediol, acetoin as growth and the
purpose of the energy substrate. Many scholars have studied this
approach [38-39, 69, 96-98] and have proposed different views
afterwards. The composition of the 2,3-butanediol cycle is
shown in Figure 5 [35, 33]. Lopez et al. [39, 40] confirmed that
although Bacillus subtilis is capable of degrading all
intermediates in the 2,3-butanediol ring, for the catabolism of
acetoin, a complete ring is not required, blocking the mutant
strain in the two-step reaction in the loop can metabolize acetoin
as well as the standard strain. Later, Lopez et al. [41] studied the
degradation of acetoin in Bacillus subtilis by direct oxidative
cleavage. The direct oxidative decomposition products of
acetoin detectable in Bacillus subtilis cell extracts are acetic acid
and acetaldehyde. No diacetyl was detected in the reaction
system. Direct oxidative cleavage of acetoin explains that the

catalysis of acetoin does not necessarily require the oxidation of
acetoin to diacetyl, which requires thiamine pyrophosphate as a
cofactor. It was also confirmed that the mutant strain lacking the
acetoin cleavage ability could not utilize the acetoin
accumulated after the glucose sugar was depleted, which further
confirmed the true importance of the acetoin cleavage reaction
to the acetoin catabolism. The 3-acetyl-3-hydroxybutanone
synthase which catalyzes the formation of
3-acetyl-3-hydroxybutanone from diacetyl may be identical to
the enzyme which catalyzes the cleavage of acetoin. Their
conclusions indicate that B. subtilis directly cleaves acetoin into
two molecules of acetaldehyde, one of which is an activated
form which is subsequently further oxidized to acetic acid. This
conclusion is clearly inconsistent with the degradation of acetoin
proposed by Juni et al. [35-37] through the 2,3-butanediol ring
pathway. The rapid development of molecular biology provides
a guarantee for the gradual revealing of the acetoin catabolism
mechanism at the molecular level. In the past 20 years, there
have been many reports on the gene regulation mechanism of
acetoin catabolism, such as Grundy et al. [42] proposed the
catabolic products of Bacillus subtilis acetic acid and acetoin
utilization genes from CcpA (spherical Regulatory protein)
regulation. Huang et al. [43] proposed that the decomposition of
acetoin is related to the deletion of the strain acoA gene
(alpha-subunit encoding acetoin dehydrogenase dependent on
thiamine pyrophosphate). The view that the degradation of
acetoin is carried out through the 2.3-butanediol ring is
considered to be a false assumption. A growing number of
studies have shown that acetoin is more commonly catalyzed by
the direct oxidative cleavage pathway of acetoin dehydrogenase
(AoDH ES) in bacteria [44—47, 66-69, 24]. In summary, the
degradation pathway of acetoin in vivo is shown in Figure 6.

2Diacetyl

Acetate
I II

2Acetoin Acetylacetoin

C

2,3-Butanediol Acetylbutanediol

IV

Acetate

Figure 5. Constitute of 2,3 - butanediol cycle.
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Figure 6. Catabolic pathway of acetoin. Note: AACSase-acetylacetoin
synthase; AACRase-acetylacetoin reductase; TPP-pyrophosphate
pyrophosphate; other abbreviations annotated with Figure 1, E3/E4
catalyzed diacetyl and 3-hydroxy Whether the reaction between butanone
(dotted line connection) is reversible remains to be confirmed.

3.4. Acetoin Metabolism-related Enzymes

According to Figure 1 and Figure 3, the enzymes involved
in the metabolism of acetoin mainly involve a-acetolactate
synthase (E1) which catalyzes pyruvate to a-acetolactate, and
catalyzes the production of acetoin by a-acetolactate. Ketone
alpha-acetolactate  decarboxylase (E2), 2,3-butanediol
dehydrogenase (E3) catalyzing the conversion of
2,3-butanediol and acetoin, and catalyzing diacetyl to acetoin
Ketone 2,3-butanediol dehydrogenase (E3) and butanedione
reductase (E4). With the development of biochemical
separation and purification technology, there are many
studies on enzymes related to acetoin metabolism [43-45].
The enzymes related to acetoin metabolism in many
microorganisms have been isolated and purified and their
properties studied [33, 48-51, 57, 67, 85-88], the results show
that there are differences in the structure and properties of
enzymes catalyzing the same reaction in different
microorganisms, and there are still some problems to be
further confirmed.

The earliest study by Juni et al. [37] found that
2,3-butanediol dehydrogenase extracted from bacteria cultured
in 2,3-butanediol and mineral media lost substrate specificity
and it can catalyze several reactions in the process of
2,3-butanediol dissimilation. 2,3-butanediol dehydrogenases of
several microorganisms cultured from glucose have different
substrate specificities and different substrate affinities, when

Aerogenes are grown in glucose and acetoin as a carbon source.

In the base, different 2,3-butanediol dehydrogenases are
formed. Klaus et al. [52] purified the enzyme (E4) which
catalyzes the reduction of diacetyl in Aerobacteria and the
enzyme (E3) which reacts reversibly with acetoin and
2,3-butanediol to homogeneity. The ratio E3/E4 is kept
constant, and it is inferred that both reactions are catalyzed by

the same enzyme and it is recommended to name the enzyme
diacetyl (acetoin) reductase. Qyvind et al. [53] studied the
diversity of diacetyl (acetoin) reductase in acrobacteria, and
confirmed that the pure enzyme of diacetyl (acetoin) reductase
of aerogenic bacteria consists of at least 12 different protein
components. All of these components are enzymatically active.
Liv et al. [54] studied the kinetics of the
amphetamine-dihydroxy (acetoin) reductase catalyzing the
reduction of diacetyl to acetoin. It was confirmed that the
reaction of diacetyl (acetoin) reductase to catalyze the reaction
of acetoin to 2,3-butanediol and diacetyl to acetoin is a
reversible reaction. The enzyme is a tetramer composed of four
subunits of the same size. The reaction of 2,3-butanediol to
acetoin is inhibited by acetate and found at pH 5.8, the K,
value of 2,3-butanediol in acetic acid buffered liquid was
increased by 10 times compared with other buffer systems.
Forlani et al. [55] examined the mechanism of acetoin
production in suspension culture of carrot, tobacco, corn and
rice plant cells. The extract can catalyze the synthesis of
acetoin from pyruvate and/or acetaldehyde. Three acetoin
forming enzymes were isolated and purified by adsorption
chromatography and gel filtration chromatography, and the
diversity of acetoin forming enzymes in plant cells was also
studied. Halpern [56] confirmed that there are two different
enzymes that catalyze the synthesis of a-acetolactate in
Aerobacteria, one related to the synthesis of proline and the
other related to the formation of acetoin. In 1976, Zahler et al.
[57] confirmed that there are also two enzymes that can
catalyze the synthesis of a-acetolactate in Bacillus subtilis, one
is related to the synthesis of branched chain amino acids,
catalyzing one molecule of active acetaldehyde and one
molecule of acetone acid condensation to form a-acetolactate
(precursor of branched chain amino acids), another
a-acetolactate synthase catalyzes the condensation of two
molecules of pyruvate to form a-acetolactate, which is related
to the production of acetoin in the stationary phase of Bacillus
subtilis. It has been confirmed that the synthesis of acetoin and
the synthesis of branched-chain amino acids share a precursor
a-acetolactate, and the presence of two enzymes catalyzing the
formation of a-acetolactate has also been confirmed, which is
related to the synthesis of branched-chain amino acids is called
anabolic a-acetolactate forming enzyme or a-acetohydroxy
acid synthase (AHAS, E5), which is related to the formation of
acetoin is called catabolic alpha-acetolactate forming enzyme
or alpha-acetolactate synthase (ALS) [11]. Thomas et al. [58]
studied the mechanism of synthesizing acetoin from
carboxylase. High purity wheat embryo a-carboxylase
catalyzes the synthesis of acetoin from pyruvate and
acetaldehyde and only acetaldehyde. The synthesized products
consisted of 72% (+) dextrorotatory and 28% (-) left-handed
optical isomers, respectively. Holtzclaw et al. [59] purified
Bacillus subtilis degrading acetolactate synthase and studied
the properties of the enzyme. In-depth study of acetoin
synthesis and decomposition enzymes and their regulatory
mechanisms provides a theoretical basis for the targeted
transformation of acetoin production strains to achieve
efficient product accumulation. The question about acetoin
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metabolism is still inconclusive, such as whether
2,3-butanediol dehydrogenase or diacetyl reductase-catalyzed
reaction from diacetyl to acetoin is reversible is still to be
confirmed by further research.

3.5. Acetoin Metabolism Regulation and Accumulation
Mechanism

Acetoin is the product of the metabolism of many
prokaryotic and eukaryotic microorganisms. The microbial
metabolism of carbohydrates to secrete acetoin has important
physiological significance for the microorganism itself. The
more accepted meaning is to resist environmental acidification,
participate in the regulation of NAD/NADH ratios, and act as a
storage carbon source. Recognizing that bacteria can use
acetoin as a carbon source and energy source for growth for
more than 80 years [41, 60, 61, 38, 82-83]. The acetoin
combination metabolic pathway involves many enzymes such
as a-acetolactate synthase and o-acetolactate decarboxylase.
Many people’s attention has always focused on their research.
At present, great progress has been made on the molecular
mechanism of the regulation of the metabolism of bacteria
acetoin. In-depth understanding of the catabolism of acetoin
stems from the study of the diversity of the use of bacteria
acetoin, for example, Pelobacter carbinolicus [62,63],
Clostridium magnum [49], Klebsiella pneumoniae [46],
Bacillus  subtilis [64], Alcaligenes eutrophus [44] and
Pseudomonas putida [45], the catabolism of acetoin was found
to be catalyzed by the acetoin dehydrogenase enzyme system
(AoDH ES) in these bacteria, including acetoin dehydrogenase
(AoDH El), dihydrolipoamide acetyltransferase (AoDH E2),
and dihydrolipoamide dehydrogenase (AoDH E3), which are
dependent on thiamine pyrophosphate, and The structural gene
acoA of AoDH E (alpha-subunit encoding AoDH El), acoB
(B-subunit encoding AoDH E1), and acoC (encoded AoDH E2)
are linearly arranged on the chromosome. In P. carbinolicus, C.
magnum and K. pneumoniae, the acoL gene (encoded AoDH
E3) is also part of the aco gene cluster. The relevant genes in
the AoDH ES system reported in the current study are shown
in Table 3. Renna et al. [65] cloned and sequenced the
acetolactate synthase gene (alsS), acetolactate decarboxylase
gene (alsD) and regulatory gene alsR of Bacillus subtilis, and
found that alsS and alsD belong to the same operon. The
transcription of this operon is regulated by the alsR gene
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product, and alsS cannot be expressed if alsR is disrupted.
Acetoin is stored and secreted as an additional carbon source
in the logarithmic growth phase of the strain, and is utilized in
a still unclear pathway during the stable growth phase, acting
during sporulation [43, 66]. Grundy et al. [42, 67] proposed
that Bacillus subtilis was regulated by CcpA protein using
acetic acid and acetoin genes, and the acu gene cluster
downstream of ccpA gene was isolated and identified, and it
was confirmed that if the acuA gene was knocked out, the
strain Growth with acetoin or 2,3-butanediol as carbon sources
and formation of spores were affected. Huang et al. [43]
reported the biochemical and molecular characteristics of the
catabolism of acetoin of Bacillus subtilis. Different views were
put forward, it is believed that the enzyme that catabolizes
acetoin by Bacillus subtilis is encoded by the acu gene cluster,
which is completely different from that found in all other
bacterial strains that can grow using acetoin as a carbon source,
a multi-component acetoin dehydrogenase enzyme system
(AoDH ES) encoded by the aco gene cluster. Clostridium
magnum contains AoDH ES acoA and acoB gene fragments as
probes, and hybridized with Bacillus subtilis genome to isolate
homologous genes such as acoA, acoB, acoC, acol and acoR.
It was also found that if the acoA gene (alpha-subunit encoding
AoDH El) was knocked out, the cells could not be grown
using acetoin in the medium or acetoin as the sole carbon
source. It was shown that the use of acetoin by Bacillus subtilis
was also controlled by the aco gene cluster. According to the
molecular regulation mechanism of acetoin metabolism, the
alsR gene mutation can block the transcription of the alsSD
operon, and the ALSS gene deletion mutation does not
accumulate acetoin [65]. AcoA gene deletion mutant cells
cannot grow using acetoin as the sole carbon source [43]. Ali
et al. [47] also confirmed that the cumulative acetoin will not
continue to be consumed when the strain acoA gene is deleted.
A growing number of studies have shown that
3-hydroxybutanone is primarily degraded by the direct
oxidative cleavage pathway of the acetoin dehydrogenase
system (AoDH ES) in bacteria [38, 83, 86, 95]. In summary,
the relevant pathways for bacterial metabolism of acetoin are
shown in Figure 7 [92-98]. The results of this series of
theoretical studies laid the foundation for the construction of
high-yield acetoin strains by genetic engineering.

Table 3. Related genes of AoDH ES system.

Genes Strains Main function References
acoA Pelobacter carbinolicus Structural gene, encoding AoDH, ES, Ela- [63, 77]
acoB Clostridium magnum Structural gene, encoding AoDH, ES, E18- [49,85]
acoC Klebsiella pneumoniae Structural gene, encoding AoDH, ES, E2 [46, 76]
acoL Bacillus subtilis Structural gene, encoding AoDH, ES, E3 [38]
acoR Alcaligenes eutrophus Pseudomonas putida The regulatory gene of aco operon, encoding regulatory protein [44]
acoD Bacillus subtilis Encoding acetaldehyde dehydrogenase II, relative to AC catabolism [43]
acoE Clostridium magnum Encoding acetyl CoA synthase, relative to AC metabolism [83]
acoK Alcaligenes eutrophus Relative to AC expression induced by aco operon [75]
4coS Alcaligenes eutrophus Enct?ding Zinc sulfate synthase, locating in the downstream of operon acoC, [74, 74]
sharing the same operon with acoL
acoX Klebsiella pneumoniae Encoding unknown protein, relative to AC catabolism [73,74]
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Figure 7. Reaction process and Compounds involved in Catabolism of acetoin. Note: A: 2,3-butanediol cycle; (1) 2,3-butanediol dehydrogenase; (II) acetoin
dehydrogenase; (IIl) acetoin synthase (IV) 3-acetyl-hydroxybutanone reductase; (V) 3-acetyl-butanediol hydrolase; B: Oxidative-hydrolytic cleavage (eg, Ao:
DCPIP OR); C: Oxidative-thiolytic cleavage of acetoin; D: Oxidative hydrolysis of 3-methyl-hydroxybutanone (eg MeAo: DCPIP OR); E: Oxidative

hydrolysis of diacetyl ketones (eg Di: DCPIP OR); F: thiocyanate cleavage
coenzyme A.

3.6. Construction Strategy of Acetoin High-yield Strain

From the perspective of efficient accumulation of acetoin,
the strain should be characterized by high activity of E1 and
E2 and deletion or low level of E3 and E4. From a metabolic
engineering perspective, it is also a very effective strategy to
cut off branch metabolic pathways or reduce branch
metabolic flux. Mallonee et al. [68] obtained a catabolic
mutant of alpha-acetolactate-forming enzyme (E1) (AlsR-,
phenotype) by eliminating anabolic alpha-acetolactate
forming enzyme (ES). The yield of 2.3-butanediol was
increased by a factor of three. Hikmet et al. [31] cloned the
pUC8 plasmid encoding the Vitreoscilla (bacterial)

of diacetyl; TPP: thiamine pyrophosphate; CoA: Coenzyme A; CoASH: reduced

hemoglobin (VHb) gene (vgb) into Enterobacter aerogenes.
The expression of the hemoglobin (VHb) gene (vgb)
increased the metabolic flux of the acetoin/butanediol
metabolic pathway, increasing the yield of the strain
fermentation products acetoin and butanediol by 83%. Zahler
et al. [57] used the same screening procedure to obtain a B.
subtilis mutant that began to produce acetoin in the early
logarithmic growth phase. In order to obtain a high-yield
acetoin producing strain, it is possible to genetically modify
existing strains of high-yield butanedione or 2,3-butanediol,
for example, knock out related genes encoding E3 and E4
genes such as acoA gene or reduce their gene transcription
levels. On the other hand, strains can be produced by
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naturally selecting acetoin having a high E1, E2 activity, and
low E3, E4, and E5 enzyme levels. Using traditional
mutagenesis combined with advanced breeding techniques
such as genetic engineering and metabolic engineering to
inhibit pyruvate and branched-chain amino acid metabolism,
transform and construct high-yield acetoin production strains,
and break through the microbial metabolic regulation
mechanism. Therefore, improving the ability of the strain to
biosynthesize acetoin is the key to the efficient accumulation
of acetoin.

3.7. Acetoin Fermentation

There are few studies on the use of acetoin as a target
product for fermentation, acetoin as a microbial metabolite is
mostly mentioned as a flavor substance produced by
fermentation of dairy products or as a by-product of
fermentation of diacetyl and 2,3-butanediol. Han [23]
obtained a high-yield acetoin mutant F-d31 by conventional
mutagenesis treatment of B. subtillis SFs-4. The fermentation
medium and fermentation conditions for producing acetoin in
the mutant strain were optimized, with 130 g/L glucose as the
main raw material, the fermentation yield of acetoin in shake
flask fermentation reached 48.6 g/L. The fermentation
conditions of mutant strain F-d31 acetoin were studied by 16
L and 50 L automatic fermenter, the rotation speed is 300
r/min, the pH value is about 6.0, the highest yield of acetoin
is 55.7 g/L, and the conversion rate of sugar is 42.73%. Xiao
et al. [20] optimized the Bacillus subtilis CICC 10025
medium by response surface test design. The effect of two
components of molasses and bean cake hydrolysate on
acetoin was investigated. In shake flask fermentation, the
yield of acetoin was 37.9 g/L, and the optimal concentrations
of molasses and bean cake hydrolysate were 22.0% (v/v) and
27.8% (v/v), respectively. The yield of acetoin was 56.4
hours in a 5 L fermentor and the yield was 35.4 g/L. Liu et al.
[26] used Bacillus subtilis SFA-H31 (CGMCC1869) with
glucose as the main raw material, in the 50 L fermenter, the
conversion rate reached 48.26% in 52h, and the yield of
acetoin reached 55.67 g/L. It was confirmed that the strain
did not produce by-products diacetyl and 2,3-butanediol. Xu
et al. [24] screened for a strain of Bacillus pumilus XH195
(DSM16187), the yield of acetoin was 63.0 g/L or 58.1 g/L
after fermentation at 37°C for 60 h with glucose or sucrose as
carbon source. In 2002, Teixeira et al. [27] reported that the
experimental design was used to optimize the fermentation of
acetoin in Candida sinensis (Hanseniaspora guilliermondii),
its initial sugar concentration is 6.8%, temperature is 28°C,
and pH 4-6, acetoin production can reach up to 0.36 g/L. Ley
[69] studied the production of acetoin by lactic acid as the
main substrate of several strains of acetic acid bacteria. The
effects of substrate concentration and aeration on acetoin
were investigated, the maximum conversion of the substrate
reached 74% of the theoretical conversion rate, and a sample
of acetoin was obtained. Dettwiler et al. [14] examined the
possibility of continuously culturing B. subtilis to produce
acetoin and butanediol using molasses as a carbon source. A
simulation model for the separation and integration of
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continuous production of acetoin and butanediol by
pervaporation method was established. Li et al. [70] studied
the effects of intermediate metabolites and by-products on
the anabolism of acetoin. It is believed that the fermentation
process of acetoin simultaneously produces acetoin and
mixed acid, glucose is the only carbon and energy source that
is metabolized along two parallel pathways, oxidation and
reduction. The target product and by-products and other
associated end products are mainly organic acids such as
butanediol, diacetyl, acetic acid and lactic acid. It was found
that the use of sucrose and citric acid is conducive to the
improvement of the overall fermentation level. Xu Hui and
Liu Jianjun constructed a high-yield acetoin-producing
Bacillus subtilis HB-32, which was fermented in a 50-liter
fermenter for 72 h. The yield of acetoin was 63.55 g/L, and
the fermentation rate was 0.883 g/L/h [1-4]. The residual
sugar was 0.1 g/L, and the conversion rate of sugar
consumption was 46.28%, reaching 95% of the theoretical
conversion rate. The key to the industrialization of acetoin
production by fermentation is the first breakthrough in
upstream technology. The acetoin yield and performance of
some strains in the above studies have potential for industrial
application, especially the strain Bacillus subtilis HB-32
(CGMCC1869) which does not produce or accumulate small
amounts of 2,3-butanediol and diacetyl. Combining
traditional technology with modern biotechnology to further
improve the yield of strains, strengthen the fermentation,
extraction process and equipment supporting research, which
is expected to be applied to industrial fermentation
production of acetoin [57, 85-87].

4. Conclusion

As a kind of flavoring agent and an important platform
compound, acetoin is in increasing demand, especially with
the continuous improvement of people's living standards,
which puts higher requirements on food safety. At present,
there are mainly JM companies in the United States, BASF in
Germany and Cinda in Japan producing acetoin. Domestically,
it mainly includes Jiangsu Pannan Perfumery Factory, Henan
Yumeng Group, Shanghai Taihe Chemical Co., Ltd., Shanghai
Aipu Spice Co., Ltd. and Shanghai Kaixin Biotechnology Co.,
Ltd. The production of acetoin at home and abroad is still
dominated by chemical synthesis processes, the scope of
application of the product is limited. According to reports, at
present, the domestic production of acetoin by
bio-fermentation has been carried out by enterprises, and the
products have obtained relevant certification which laid the
foundation for the industrialization of acetoin production by
fermentation [1-7].

Due to the pressures of population, resources and environment,
the traditional chemical industry with fossil resources as raw
materials is bound to be replaced by a new bio-chemical industry
with renewable resources as raw materials and environmental
friendliness. The research on the production of acetoin by
microbial fermentation with environmentally friendly, abundant
raw materials, mild conditions and pure natural products has
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broad application prospects.
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