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Organic Chemicals from Bioprocesses in China

Jin Huang, Lei Huang, Jianping Lin, Zhinan Xu, and Peilin Cen

Abstract Over the last 20 years, China has successfully established a modern
biotechnology industry from almost nothing. Presently, China is a major producer
of a vast array of products involving bioprocesses, for some China is even the
world’s top producer. The ever-increasing list of products includes organic acids,
amino acids, antibiotics, solvents, chiral chemicals, biopesticides, and biopolymers.
Herein, the research and development of bioprocesses in China will be reviewed
briefly. We will concentrate on three categories of products: small molecules
produced via fermentation, biopolymers produced via fermentation and small
chemicals produced by enzyme-catalyzed reactions. In comparison with the tradi-
tional chemical process, in which, nonrenewable mineral resources are generally
used, products in the first and second categories noted above can use renewable
bioresources as raw materials. The bioprocesses are generally energy saving and
environmentally benign. For products developed via the third category, although
the raw materials still need to be obtained from mineral resources, the biocatalysts
are more effective with higher selectivity and productivity, and the biopro-
cesses occur under ambient temperature and pressure, therefore, these are “green
processes.” Most of the products such as citric acid, xanthan and acrylamide etc.,
discussed in this paper have been in large-scale commercial production in China.
Also introduced herein are three scientists, Prof. Shen Yinchu, Prof. Ouyang
Pingkai and Prof. Chen Guoqiang, and six enterprises, Anhui Fengyuan Bioche-
mical Co. Ltd., Shandong Hiland Biotechnology Co. Ltd., Shandong Fufeng
Fermentation Co. Ltd., Shandong Bausch & Lomb-Freda Pharmaceutical
Co. Ltd., Zhejiang Hangzhou Xinfu Pharmaceutical Co. Ltd., and Changzhou
Changmao Biochemical Engineering Co. Ltd.; they have all contributed a great
deal to research and development in the commercialization of bioprocesses.
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1 Introduction

China is a vast country with a population of 1.3 billion, rich natural resources and a
long history of civilization. About 5,000 years ago, the Chinese had learnt to use
microorganisms to make wine, to tan animal skin and to make various kinds of
fermented food. However, China lagged the pace of development in biotechnology
in modern history. From the 1980s onwards, the Chinese government made a
decision to open the country to the outside world and to reform China’s economic
structure. Biotechnology gradually caught up with world trends. Universities,
research institutes, and enterprises worked together in the research and develop-
ment of biotechnology and bioprocesses. Especially in the area of industrial
biotechnology, various comprehensive processes have been developed, and China
has been a major producer of a significant number of organic chemicals such as
citric acid, xanthan, glutamic acid, penicillin, and acrylamide for example.
Organic compounds are widely applied in various areas such as agriculture,
energy, materials, environmental, medicines, commodity products and food etc. It
could be said that no one can live without organic chemicals. It is interesting to note
that the history of the production of organic chemicals represents a cycle as shown
in Fig. 1. In ancient times, only natural mixed organic chemicals from plants,
animals, and microorganisms (although unrecognized as such) were utilized as
food additives, beverages, dyes, and medicines etc. In the nineteenth century,
organic chemists found ways to extract pure organic chemicals from natural
resources or to synthesize them mainly from coal, and the typical products were
methane, furfural, benzene, phenol naphthalene, and acetylene from calcium car-
bide, etc. In the twentieth century, petroleum, instead of coal, became the main
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source of organic chemicals in much larger scale and over a broader product
spectrum. Now, in the twenty-first century, the price of petroleum is rocketing
and is no longer cheap and abundant. We therefore cannot help but to find alterna-
tive ways to produce organic chemicals. Should we go back to the biomass?

Biomass is synthesized by photosynthesis, which is renewable. In China alone,
the total annual productivity of biomass is estimated at more than five billion tons.
The main composition of biomass is carbohydrates and it is suitable for conversion
to a variety of organic chemicals. If only 10% of the biomass is applied to the
production of organic chemicals, it should be more than enough to satisfy current
requirements. The conversion of biomass into organic chemicals can be carried out
by gasification, high-temperature cracking or bioconversion. Bioconversion is per-
formed at ambient temperature and pressure, the processes are energy efficient and
environmentally benign. A great deal of effort has been paid to the development of
new processes for the production of organic chemicals with biotechnology in China.
Many review papers have been published on the research and development of
industrial biotechnology in China [1-3].

Biomass-derived carbohydrates include starch, hemicelluloses, and cellulose.
They are suitable to be applied as carbon sources for microorganism growth after
proper pretreatment. The metabolites produced by the microorganisms can be
divided into two categories: primary and secondary metabolites.

The primary metabolites are generally produced during energy metabolism.
Taking glucose as an example of the carbon source, the primary metabolites are
related to the EMP (Embden—Meyerhof-Parnas) pathway and tricarboxylic cycle.
Various kinds of organic acids, alcohols, amino acids and nucleotides etc. belong to
this category. Because of the carbohydrate nature of biomass, there are abundant
oxygen atoms in the molecule of the carbon source. If the target primary metabolite
is an oxygen-rich molecule, such as citric acid or lactic acid, the conversion ratio will
be very high, whereas, it will be low if a hydrocarbon is predicted. The reductance
degree [4] — which is defined as the number of equivalents of available electrons per
gram atom carbon — is for carbon +4, hydrogen +1, oxygen —2, and nitrogen —3,
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Table 1 Reductance degrees of carbon sources from biomass, and primary metabolites as well as
their theoretical and practical productivities (glucose as carbon source)

Name Molecular Reductance Productivity, Yp/s (g/2)
formula degree Theoretical Practical
Substrate Glucose CH,0 +4.00
Xylose CH,0O +4.00
Glycerol CHg,/30 +4.66
Product Methane CHy4 +8.00 0.16 <0.1
(glucose as Butanol CH, 50¢.55 +6.00 0.41 0.20
substrate) Ethanol CH30 5 +6.00 0.51 0.48
Lactic acid CH,0O +4.00 1.0 0.90
Citric acid CHg,607/6 +3.33 1.42 1.20

and can be used as a criterion to estimate the yield of primary energy metabolites. The
reductance degrees of several carbon sources from biomass, and primary metabolites
as well as their theoretical and practical productivities are listed in Table 1.

The primary metabolites can be produced by either aerobic or anaerobic fermen-
tation. The difference between aerobic and anaerobic fermentation is that the
electron acceptor in aerobic growth of microbes is oxygen, whereas it is the organic
substrate itself in anaerobic growth. Therefore, the reductance degree of primary
metabolites in anaerobic fermentation is generally higher than that of the substrate.
The higher reductance degree is desirable for a product such as alternative biofuel
because of its higher heat of combustion, whereas, the product yield will be lower
because more substrate must be consumed for reducing power.

The secondary metabolites, such as antibiotics, are generally produced by aerobic
fermentation and not related to the cell growth, and their yields are relatively low.
Herein, a brief review will be given of the organic chemicals produced from
bioprocesses in China. The chemicals will be divided into three categories: small
molecules, biopolymers and those produced by enzyme-catalyzed reactions.

2 Small Organic Chemicals Via Fermentation

2.1 Organic Acids from Bioprocesses in China

2.1.1 Citric Acid

In 1893, Wehmer discovered that Penicillium mold could produce citric acid
from sugar. However, microbial production of citric acid did not become indus-
trially important until World War I disrupted Italian citrus exports. In 1917, the
American food chemist James Currie discovered that certain strains of the mold
Aspergillus niger could be efficient citric acid producers, and Pfizer began industrial-
level production using this technique 2 years later, followed by Citrique Belge in
1929, and this is still the major industrial route to citric acid used today.
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In 2007, worldwide annual production of citric acid was approximately
1,700,000 Mt (Metric ton). More than 50% is used as acidulant in beverages and
some 20% in other food applications. Twenty percent is used for detergent applica-
tions and 10% for other nonfood-related applications such as cosmetics, pharma-
ceuticals and in the chemical industry.

In China, citric acid fermentation began about 40 years ago on a small scale.
Grounded corn powder or sweet potato was used as the carbon source, which is
relatively cheap, however, it made the fermentation process and the citric acid
separation from the broth difficult. During that period, the fermenter was about
20 m® and was made of carbon steel, therefore the A. niger for citric acid fermenta-
tion must be iron ion tolerant.

Although citric acid fermentation is a mature industry, studies on strain improve-
ment [5], product separation process [6], and process optimization [7] are still under
way in China.

Currently, more than 50% of citric acid production worldwide takes place in
China. The largest citric acid producer in China is Anhui Fengyuan Biochemical
Co., Ltd. Each fermenter has a volume of more than 100 m> and is made of stainless
steel; in addition computer-controlled fermentation parameters are used. The main
feature of the fermentation process is that a clear fermentation broth is used after
low temperature liquefaction of corn starch. Because the manufacturer could be
authorized to export citric acid only if the discharge of their wastewater meets the
requirement, the wastewater treatment facilities including anaerobic and aerobic
treatment have being operated properly in Fengyuan facility.

Anhui Fengyuan Biochemical Co. Ltd., which is a leading enterprise dealing
with biological fermentation products in China, can produce 440,000 Mt of
fuel ethanol, 220,000 Mt citric acid and its salts, 30,000 Mt of L-lactic acid
(for epoxyethane production), and 60,000 Mt of lysine annually. The com-
pany developed “low-temperature starch liquefaction and clear broth fermen-
tation” technology. The citric acid output is about 17% of world production.

2.1.2 Lactic Acid

Industrially, lactic acid fermentation is performed by Lactobacillus bacteria or
Rhizopus oryzae. Traditionally, lactic acid is applied in the food industry as an
acidifier. Today, lactic acid is used as a monomer for producing polylactic acid
(PLA) which has applications as a biodegradable plastic, and is a good option
for substitution of conventional plastic produced from petroleum because of the
low emission of carbon dioxide and its biodegradability. An initial significant
obstacle for PLA was the production cost. In 2002, Cargill started up the first of
two polymer trains with a capacity of 150 million Ib per year, and the price of PLA
production dropped to $1.30/Ib, which is competitive with plastics from the
petroleum industry.
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Lactic acid has gained importance in the detergents industry during the last
decade. Being a good descaler, soap-scum remover, and a registered antibacterial
agent an economically beneficial as well as environmentally beneficial trend
towards safer and natural ingredients has also contributed to lactic acids impor-
tance. Another promising application of lactic acid is to produce acrylic acid via
catalytic dehydration, by which 65% conversion ratio can be reached [8].

There is a long history of lactic acid fermentation in China. Qian et al. [9]
reviewed current research and development of lactic acid fermentation in China.
Jiang et al. [10] studied L-lactic acid fermentation kinetics of R. oryzae. Potato
starch was used as the raw material for lactic acid fermentation [11]. Cell immo-
bilization was also studied [12]. The separation and purification of lactic acid
from the fermentation broth is a difficult task. Shi [13] and Wang [14] discussed
the possibility for new separation technologies for the lactic acid separation
process.

The worldwide annual production of lactic acid is more than 400,000 Mt; China
alone represents about one-third of this figure. The main producers of lactic acid in
China are Henan Jindan Lactic Acid Co. Ltd. and Anhui Fengyuan Biochemical
Co. Ltd. The capacity of lactic acid production of Henan Jindan Lactic Acid Co.
Ltd. is 100,000 Mt/year, which makes them the largest lactic acid manufacturer in
China and Asia. The company has developed a high substrate concentration fer-
mentation process. Also, they applied membrane technology for the separation and
purification of lactic acid to reduce energy consumption. More than ten lactic acid
production projects are currently under construction with a total capability of more
than 100,000 Mt/year in China.

2.1.3 Itaconic Acid and Succinic Acid

Itaconic acid is an unsaturated diprotic acid. Characteristics of the plastic and
coating, which is compounded by using 1-5% itaconic acid and styrene, include
light color, easy to paint, easy separation, water-fast, and antisepsis; it can be used
not only in the manufacture of high-strength enhanced plastic fiberglass, but also in
the coating of carpets and book covers. Aspergillus terreus is generally applied for
itaconic acid fermentation.

In China, several groups have been working on the improvement of itaconic acid
fermentation, including a fermentation kinetic study [15], solid-state fermentation
[16], strain improvement [17], and product separation [18]. Qingdao Kehai
Biochemistry Company produces 10,000 Mt/year of itaconic acid, which is about
50% of the total production capability in China or 18% of worldwide production.

Succinate is a component of the citric acid cycle and is capable of donating elec-
trons to the electron transport chain. It can yield acyl halides, anhydrides, esters,
amides, and nitriles for drug applications, agriculture, and food products, and
other industrial uses. Succinic acid producers include Actinobacillus succinogenes,
Anaerobiospirillum succiniciproducens, Mannheimia succiniciproducens, and
recombinant Escherichia coli.
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On January 22, 2010, DNP Green Technology and Agro-industrie Recherches et
Développements of France announced that the world’s first succinic acid produc-
tion by biotechnology was successfully put into operation with an annual output of
2,000 Mt in their joint venture Bioamner. In China succinic acid is currently
produced by chemical process, and accounts for 25-30% of the global market
production volume. However, research in the field of biological processes for
succinic acid production is very active. Zhang [19] and Zhan [20] reviewed recent
progress in succinic acid fermentation. Sun et al. [21, 22] screened a highly
productive strain, A. succinogenes CGMCC 1593, and the succinic acid concentra-
tion in the fermentation broth was higher than 40 g/L. Kang et al. [23] constructed
an engineering cell for succinic acid production under aerobic conditions. Li et al.
[24] analyzed the fermentation process for succinic acid production from crop straw
hydrolysate with a neural network method. A succinic acid production project of
30,000 Mt/year is planned in Dewei, Jilin Provence.

2.14 Long Carbon Chain Dicarboxylic Acids

The long carbon chain dicarboxylic acids (n = 10-21) are found in different plant
lipids. It was shown that hyperthermophilic microorganisms specifically contained
a large variety of dicarboxylic acids. China is the first country to commercially
produce long carbon chain dicarboxylic acids by using biotechnology. In compari-
son with the chemical method, the biological oxidation reaction can be carried out
at ambient temperature and pressure with less byproducts and lower cost. Research-
ers in Tsinghua University, Institute of Microbiology [25, 26], Chinese Academy of
Sciences [27, 28], and the Fushun Research Institute of Petroleum and Petrochem-
icals [29, 30] have worked on research and development of the biological process
for long carbon chain dicarboxylic acid production. After significant work in strain
screening and breeding, process optimization, product separation and purification,
one kg of long carbon chain dicarboxylic acid can be produced from 1.2 to 1.5 kg of
alkane. Several commercial production facilities have been constructed, such as
Shangdong Kaisai Biological Technology Material Co. Ltd. (16,000 Mt/year) and
Shandong Hiland Biotechnology Co. Ltd. (10,000 Mt/year).

Shandong Hiland Biotechnology Co. Ltd., has finished first-phase construc-
tion with an annual production capacity of 10,000 Mt of long carbon chain
dicarboxylic acid. The biological process, initially developed by the Institute
of Microbiology, Chinese Academy of Sciences, uses a strain of Candida sp.
to oxidize light gas oil to produce dicarboxylic acid. DC11-DC18 long
carbon chain dicarboxylic acids and their derivatives are important inter-
mediates of chemical synthesis and major raw materials for synthetic Musk-T,
copolyamide, melt adhesives, high-end engineering plastic, etc., and also
widely applied in pesticides, pharmaceuticals, liquid crystal materials, etc.
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2.2 Alcohols from Bioprocesses

2.2.1 Acetone/Butanol/Ethanol Fermentation

ABE fermentation (to produce acetone, butanol, and ethanol) has a long history in
the world as a successful industrial fermentation process. The earliest work on this
method of fermentation was performed by Pasteur in 1882, who studied the produc-
tion of butanol from lactic acid and calcium lactate [1]. Commercial production
attracted interest in 1909 in England because of the possibility of making synthetic
rubber via butandiene production from butanol, and DuPont invented nitrocellulose
layers with butyl acetate as a solvent for the automobile industry. Acetone also found
application in producing explosive cordite. Weizmann successfully developed the
ABE fermentation process [31-33]. During 1940, over 45 x 10° and 90 x 10° kg
of acetone and butanol, respectively, were produced worldwide. However, compe-
tition from the petrochemical industry caused a decrease of the use of ABE fermen-
tation. During the 1960s, ABE fermentation facilities were shut down worldwide
except for small-scale production in China and South Africa.

The first ABE fermentation facility in China began operation in the North China
Pharmaceutical Factory in 1956. The butanol was applied to the production of butyl
acetate, which was used in a penicillin separation process. Another enterprise to use
ABE fermentation was the Shanghai Solvent Factory which began operation in the
1950s. The annual total solvent productivities were only a few thousand tons each.
With the increasing requirement of solvent in both the chemical and pharmaceutical
industry and the backward petrochemical industry, ABE fermentation facilities
gradually expanded in the following years. In 1995, the total number of ABE fer-
mentation facilities in China reached more than 50 with a total annual solvent
productivity of more than 100 thousand tons. The largest facility was located in the
North China Pharmaceutical Factory with an annual total solvent capacity of
20,000 tons. The hydrogen produced in ABE fermentation as a byproduct was
recovered and used in the production of sorbitol from glucose. The facility was
operated for less than half a year because of competition from the petrochemical
industry. Apparently only one factory remained in operation in 2004.

New motivation for the use of ABE fermentation began after it was found that
butanol can be used as an ingredient of diesel [34] and because of the sky-rocketing
price for crude oil. Recent years have seen vigorous research and development
programs in ABE fermentation in China [35-38]. Now, old facilities have been
reopened for production and new ones are under construction in China. Henan
Tianguan Group Co. Ltd. has signed a cooperation agreement with the Shanghai
Institute of Life Science, Chinese Academy of Science, to develop a new acetone/
butanol/ethanol fermentation process.

2.2.2 1,3-Propanediol

1,3-Propanediol (PDD) can be formulated into a variety of industrial pro-
ducts including composites, adhesives, laminates, coatings, moldings, aliphatic
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polyesters, and copolyesters. It is also a solvent and used as an antifreeze and
wood paint.

There are two routes involving a bioprocess with certain microorganisms: (1)
Conversion from glucose affected by a genetically modified strain of E. coli, which
was developed by DuPont Tate & Lyle Bioproducts. An estimated 120,000 tons
were produced in 2007. According to DuPont, the Bio-PDD process uses 40% less
energy than conventional chemical processes, and reduces greenhouse gas emis-
sions by 20%. (2) Conversion from glycerol (a byproduct of lipid processing or
biodiesel production) using Clostridium diolis bacteria. With the development of
biodiesel production, more and more glycerol will be produced. It is necessary
to find a way to comprehensively utilize glycerol. The biological conversion of
glycerol into 1,3-PDD is a promising solution.

In 2000 Wang et al. [39] reviewed the production processes of 1,3-PDD and
indicated guidelines for research and development of 1,3-PDD. Chen et al. studied
1,3-PDD fermentation with immobilized cells [40, 41]. Scientists in Tsinghua
University [42, 43] and Dalian University of Technology [44] are working hard to
develop new 1,3-PDD production lines in China. A group of scientists in Tsinghua
University developed a two-step fermentation process to produce 1,3-PDD from
low-grade starch such as cassava. In the first step, glucose is fermented into glycerol,
then the fermentation broth is inoculated with C. diolis to convert glycerol into
1,3-PDD. In the separation and purification process, electrodialysis technology was
adopted for desalting purposes in the presence of large amounts of organic acids. The
purity and recovery of 1,3-PDD reached 99.92% and 80%, respectively. Pilot-scale
facilities have been successfully operated, and a 25,000 Mt/year unit is under
construction. Production of 1,3-PDD from glycerol by recombinant bacteria
expressing recombinant diol dehydratase was also carried out successfully.

3 Biopolymers from Bioprocesses in China

The second category of fermentation products is biopolymers. Biopolymers are
polymers produced by living organisms. Cellulose and starch, proteins and pep-
tides, and DNA and RNA are all examples of biopolymers, in which the monomeric
units, respectively, are sugars, amino acids, and nucleotides. They are very impor-
tant and act as genetic materials, biocatalysts, cell membranes or cell walls as well
as in energy storage. Some biopolymers, such as polyamino acid (PAA) and poly-
3-hydroxybutyrate can be used as plastics, replacing the need for polystyrene or
polyethylene-based plastics. Some polymers, such as xanthan and hyaluronic acid,
find important applications in the food industry, pharmaceuticals, cosmetics, and
even in the crude oil exploitation industry. Naturally occurring biopolymers are
renewable, therefore, the use of biopolymers would create a sustainable industry. In
contrast, the feedstocks for polymers derived from petrochemicals will eventually
run out. In addition, biopolymers have the potential to cut carbon emissions and
reduce CO, quantities in the atmosphere, because the CO, released when they
degrade can be reabsorbed by crops grown to replace them. This makes them close
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to carbon neutral. Some biopolymers are biodegradable: they are broken down into
CO; and water by microorganisms. In this section, only those nonstructural biopo-
lymers produced by microorganisms will be discussed [45].

3.1 Polyamino Acids

PAAs are of considerable commercial interest. As biodegradable polyanionic mate-
rials their applications range from slow release agents in agriculture, to detergents,
surfactants, metal adsorbents, and cosmetics [46]. PAAs offer potential for other
applications, such as in diagnostics, sustained-release matrices, microencapsula-
tion, for plasma membrane isolation and chromosomal preparations, carriers for
therapeutic protein conjugates and drug delivery systems [47]. Many drug delivery
studies have explored their benefits for antitumor drug conjugates. A particularly
useful PAA feature is that their in vivo degradation rate can be modulated by
structural alterations, for example, the hydrophilicity of branch residues. Glyco-
sylated poly(L-glutamic acid) has been proposed as a biodegradable carrier for
liver-specific drug delivery. Particularly important are the very low toxicities and
immunogenicities PAAs exhibit, for example, in comparison with the acute toxi-
city of poly(aspartic acid): Mw 1,500-3,000: LDsy >2,000 mg/L (rat, oral). These
factors could result in reduced drug intake requirements, and hence more con-
venient administration and improved patient compliance. Certain PAAs may also
offer therapeutic benefits based on their polyanionic nature.

Three kinds of poly amino acids, poly-y-glutamic acid, poly(e-L-lysine) and
multi-L-arginyl-poly(L-aspartic acid) can be synthesized by bioprocesses inde-
pendent of ribosomal protein biosynthesis pathways in microorganisms. These
biosynthesized polymers have attracted more and more attention because of their
unique properties and various applications. Only y-PGA and poly(e-L-lysine) will
be discussed in this section.

3.1.1 +y-Polyglutamic Acid

v-Polyglutamic acid (y-PGA) is a high molecular weight (typically >1,000,000 Da),
water soluble and biodegradable polymer elaborated from Bacillus sp. Ivanovics was
the first scientist to find y-PGA in Bacillus anthracis in 1937. The molecular struc-
ture of y-PGA is shown in Fig. 2. The microorganisms, which are generally used
for y-PGA production, can be divided into two categories: glutamic acid depen-
dent (such as B. anthracis, B. licheniformis ATCC 9945A, B. subtilis IFO 3335,
B. subtilis F-2-01, B. subtilis CGMCC 0833), and glutamic acid independent
(such as B. subtilis SE, B. subtilis TAM-4, B. licheniformis A35). Glutamic acid
must be added as a precursor for y-PGA synthesis for glutamic acid-dependent
strains. The reported yield of y-PGA in the literature is in the range of 10-60 g/L
in the fermentation broth [48, 49]. In this laboratory, a strain of B. subtilis was
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screened out from a Chinese traditional food: fermented bean curd. The pro-
ductivity can be as high as 100 g/L. and the molecular weight is about 1.3 MDa.
A pilot-plant test has been successfully performed and a commercial production
facility is under construction [50, 51].

3.1.2 &-Polylysine

The molecular structure of €-Polylysine (e-PL) is shown in Fig. 3.

Production of polylysine by natural fermentation is only observed in Streptomy-
ces strains. Shima et al. found &-PL in the fermentation broth of Streptomyces
albulus 346 in 1977 [52]. e-Polylysine is a homo-polypeptide of approximately
25-30 L-lysine residues. The ¢ refers to the linkage of the lysine molecules. In
contrast to a normal peptide bond that is linked by the a-carbon group, the lysine
amino acids are molecularly linked by the € amino group and the carboxyl group.

e-Polylysine belongs to the group of cationic surfactants. In water, e-polylysine
contains a positively charged hydrophilic amino group and a hydrophobic methy-
lene group. Cationic surface-active compounds have the ability to inhibit the
growth of microorganisms. According to research, e-polylysine is absorbed elec-
trostatically to the cell surface of the bacteria, followed by a stripping of the outer
membrane. This eventually leads to an abnormal distribution of the cytoplasm
causing damage to the bacterial cell [53].

Because €-PL can be adsorbed on the surface of microorganisms by the static
electricity interaction, a powerful inhibitory effect on microbes is observed. For
various kinds of microbes, the minimum inhibitory concentration (MIC) of &-PL
is as low as 100 pg/mL. The toxicological study showed that e-PL is safe for
human beings, and even at high concentration, no toxic effect or gene mutation is
observed. Therefore, €-PL has been widely applied as a food preservative. Another
application of &-PL is as a medicine carrier. Its cationic property can enhance the
ability to penetrate cell membranes [54].
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There has been active research and development of the production and applica-
tion of e-PL in China [55, 56]. Jia et al. [57, 58] studied the effects of stirring rate
and pH value on &-PL formation. And after mutation and screening, the &-PL
concentration in a fermentation broth of S. albulus 410 can reach 48.3 g/L with
careful pH and glucose concentration control. Zhejiang Silver-Elephant Bioengi-
neering Co. Ltd., Zhengzhou Bainafo Bioengineering Co. Ltd., and Chengdu Jinkai
biology Engineering Co. Ltd. are currently the major &-PL producers in China.

3.2 Microbial Polysaccharides

Studies on microbial polysaccharides were initiated during World War II, due to the
discovery of dextran, which is able to reduce blood viscosity. After this, various
kinds of polysaccharides and their important functions were identified. Currently,
the output of microbial polysaccharides worldwide increases more than 10%
annually.

Microbial polysaccharides can be divided into three types according to their
location and function in the cells [59]: (1) Intracellular polysaccharides, which store
carbon and energy resources for cell growth and metabolism. (2) Structural poly-
saccharides to form complete cell membranes and cell walls. (3) Extracellular
polysaccharides to protect cells. In this section, only three kinds of important extra-
cellular polysaccharides, namely: Xanthan, Gellan gum (Gellan), and Hyaluronic
acid (HA) will be reviewed.

3.2.1 Xanthan

The molecular structure of xanthan is shown in Fig. 4. It is composed of three kinds
of monomers, namely, b-glucose, b-mannose, and D-glucuronic acid with different
pyruvyl or acetyl groups and with changing ratio. The average percent composition
of xanthan produced by Xanthomonas bacteria, which is a plant-pathogenic type of
bacteria, was listed in Table 2. Synthesis originates from glucose as the substrate for
synthesis of the sugar nucleotide precursors UDP-glucose, UDP-glucuronate, and
GDP-mannose that are required for building the pentasaccharide repeat unit. This
links the synthesis of xanthan to central carbohydrate metabolism. The repeat units
are built up at undecaprenylphosphate lipid carriers that are anchored in the cyto-
plasmic membrane. Specific glycosyltransferases sequentially transfer the sugar
moieties of the nucleotide sugar xanthan precursors to the lipid carriers. Acetyl and
pyruvyl residues are added as noncarbohydrate decorations. Mature repeat units are
polymerized and exported in a way resembling the Wzy-dependent polysaccharide
synthesis mechanism of Enterobacteriaceae. Products of the gum gene cluster drive
synthesis, polymerization, and export of the repeat unit. Average molecular weight
of xanthan is in the range of 2 X 1020 x 10° Da [60].
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Fig. 4 Molecular structure of Xanthan
Table 2 Average percent compositions of xanthan produced by Xanthomonas bacteria
Bacteria D-Glucose  p-Mannose  D-Glucuronic acid  Pyruvate  Acetate
X. campestris 30.1 27.3 14.9 7.1 6.5
X. fragaria 1822 24.6 26.1 14.0 4.9 5.5
X. gummisudans 2182  34.8 30.7 16.5 4.7 10.0
X. juglandis 411 332 30.2 16.8 6.9 6.4
X. phaseoli 1128 30.9 28.6 15.3 1.8 6.4
X. vasculorum 702 349 30.2 17.9 6.6 6.3

Xanthan was discovered by an extensive research effort by a group of scientists
at the United States Department of Agriculture, and was brought into commercial
production by the Kelco Company under the trade name Kelzan in the early 1960s
[61]. It was approved for use in foods in 1968 and has been accepted as a safe food
additive in many countries. One of the most remarkable properties of xanthan gum
is its ability to produce a large increase in the viscosity of a liquid by adding a very
small quantity of gum, on the order of one percent. In most foods, it is used at 0.5%,
or even lower. The viscosity of xanthan gum solutions decreases with higher shear
rates; this is called pseudoplasticity. Unlike other gums, it is very stable under
a wide range of temperatures and pH because of its branched structure with a
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cellulose-like backbone. In foods, xanthan gum is most often found in salad
dressings and sauces. It helps to prevent oil separation by stabilizing the emulsion,
and suspend solid particles, such as spices. Toothpaste often contains xanthan gum,
where it serves as a binder to keep the product uniform. In the oil industry, xanthan
gum is used in large quantities, usually to thicken drilling mud. In cosmetics,
xanthan gum is used to prepare water gels. Xanthan gum is a common ingredient
in fake blood recipes, and in gunge.

Shandong Fufeng Fermentation Co., Ltd is a company group with more than
60 years experience in producing various bio-fermentation products. The
company has been engaging in the R&D, production and marketing of
fermentation products, including glutamic acid (180,000 Mt/year), xanthan
gum (50,000 Mt/year), monosodium glutamate (75,000 Mt), compound fer-
tilizer (300,000 Mt/year) etc. Having the advantages of specific experience,
technology, raw material and energy sources, the company has become the
largest fermentation industrial base for producing glutamic acid and xanthan
in China.

The research and development of xanthan fermentation in China began 20 years ago
[62]. Because of its high viscosity nature, it is necessary to overcome difficulties
caused by the high viscosity such as oxygen mass transfer, stirring, and fermenter
design [63, 64]. After laborious research and development, Chinese scientists and
manufacturers screened highly productive strains for xanthan gum production, such
as Shanda-152 and L4, enhanced oxygen mass transfer in high viscosity fermen-
tation, and modified xanthan gum separation and purification processes. Now,
xanthan production has been successfully commercialized.

Although CP Kelco currently supplies 40% of the global market for xanthan
gum, China is already the largest exporter. CP Kelco and Cargill Inc., world
famous xanthan gum producers, have set up xanthan gum production facilities
or formed joint ventures in China. Shandong province, China, has been the base
for xanthan gum production. The annual output of xanthan gum from Shandong
Deosen Corporation Ltd. and Shangdong Fufeng fermentation Co. Ltd., is over
40,000 Mt each. The progress of xanthan production in China is listed in Table 3.

Table 3 Progress of annual xanthan production in China

Year Output (Mt/year)
1992 100

1998 1,000

2003 20,000

2005 40,000

2009 >100,000
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Fig. 5 Schematic diagram of Gellan molecular structure

3.2.2 Gellan Gum

The repeating unit of the gellan gum is a tetrasaccharide which consists of two
residues of p-glucose and one of each residue of L-thamnose and p-glucuronic acid
[65]. The molecular structure of gellan gum is shown in Fig. 5. Compared with
other colloids, gellan gum has many peculiar advantages such as: low dosage,
excellent thermal and acid stability, good taste-releasing ability, high transparency,
adjustable gel elasticity and rigidity and good combinability. Gellan gum, also
known commercially as Phytagel or Gelrite, is used primarily as a gelling agent, an
alternative to agar, in microbiological culture. It is able to withstand 120°C heat,
making it especially useful in culturing thermophilic organisms. As a food additive,
gellan gum is used as a thickener, emulsifier, and stabilizer. It is also used in soya
milk to keep the soy protein suspended in the milk.

Gellan gum is a bacterial exopolysaccharide, prepared commercially by aerobic
submerged fermentation from Sphingomonas elodea (previously called Pseudomo-
nas elodea). It was found that inorganic nitrogen sources were favorable for cell
growth and gellan production. The addition of ADP (1 mM) and tryptophan
(0.05%) to the medium led to an increase in the yield of gellan up to 39.5 g/L [66].

The production and application of gellan gum in China has been reviewed
[67, 68] and the fermentation process was optimized [69]. Commercial production
of gellan gum has been performed in several enterprises on a small scale. The main
producers of gellan gum in China are Zhejiang Zhongken Biotechnology Co. Ltd.
and Shandong Anke Bioengineering Co. Ltd., with an annual output of a few
hundred tons each.

3.2.3 Hyaluronic Acid

Hyaluronan (also called hyaluronic acid or hyaluronate) (HA) is an anionic, non-
sulfated glycosaminoglycan distributed widely throughout connective, epithe-
lial, and neural tissues. Hyaluronan is a polymer of disaccharides, composed of
D-glucuronic acid and p-N-acetylglucosamine, linked together via alternating B-1,4
and B-1,3 glycosidic bonds. Its molecular structure is shown in Fig. 6. Hyaluronan
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Fig. 6 HA molecular structure

can be 25,000 disaccharide repeats in length. Polymers of hyaluronan can range in
size from 5,000 to 20,000,000 Da in vivo. The average molecular weight in human
synovial fluid is three to four million Daltons. The first hyaluronan biomedical
product, Healon, was developed in the 1970s by Pharmacia, and is approved for
use in eye surgery. Hyaluronan is also used to treat osteoarthritis of the knee.
Because of its high biocompatibility and its common presence in the extracellular
matrix of tissues, hyaluronan is gaining popularity as a biomaterial scaffold in
tissue engineering research. Hyaluronan is also a common ingredient in skin care
products.

In 1937, Kendall et al. found that Streptococcus haemolyticus can biosynthe-
size HA [70]. Currently, HA is produced commercially by either extraction from
animal tissue (i.e. rooster comb) or bacterial fermentation [71]. Increased con-
cerns over the contamination of animal-derived products with infectious agents
have made bacterial fermentation a more desirable production system to meet
future demands. The high viscosity of HA dictates low titres of 5—10 g/L, a level
readily achieved through batch fermentation of Streptococci. Strain and process
development has focused on improving quality, in particular molecular weight.
Little is known about what controls the molecular weight of B-polysaccharides
such as HA. The HA synthase is responsible for all steps in polymerization and
most likely also translocation. In vitro studies have identified several residues
essential for high molecular weight and maximum molecular weight appears to
be an intrinsic feature of the synthase. The actual molecular weight realized in
fermentation, however, depends on fermentation conditions. In general, high
molecular weight is observed under conditions with excess resources. Metabolic
engineering and the recent advance in omics technologies are providing new
opportunities. Heterologous hosts such as B. subtilis, L. lactis, and E. coli have
been successfully engineered to produce HA and may prove more amenable to
engineering high molecular weight HA [72].

In order to increase HA productivity, various strain improvement strategies have
been adopted such as mutation by physical or chemical methods, plasma fusion and
genetic engineering cell construction. After optimization of medium composition
and fermentation conditions, the HA productivity increases 4.5 times compared to
the original strain [73, 74]. Commercial production is successful in China. The
largest manufacturers are Shandong C.P. Freda Pharmaceutical Co. Ltd. and QuFu
GuangLong Biochemical Ltd.
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Shandong Bausch & Lomb-Freda Pharmaceutical Co Ltd., is a joint venture
of C.P. Pharmaceutical Group of Thailand, Freda International Inc. of
America and Shandong Biochemical Pharmaceutical Co. of China. The com-
pany has been the leading manufacturer in the development and application
of sodium hyaluronate series products. Bausch & Lomb spent $ 200 million in
cash to acquire 55% of the pharmaceutical unit in 2008.

3.3 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are organic polyesters composed of (R)-3-hydroxy
fatty acids which are synthesized by most bacteria as a carbon and energy storage
material in times of unbalanced nutrient availability [75]. They are deposited
intracellularly as insoluble spherical inclusions called PHA granules which consist
of a polyester core surrounded by a phospholipid layer with attached proteins. One
of these proteins is the PHA synthase, the key enzyme of PHA biosynthesis, which
catalyzes polyester formation from different (R)-3-hydroxyacyl-CoA precursors.
More than 150 different monomers can be combined within this family to give
materials with extremely different properties. These plastics are biodegradable and
are used in the production of bioplastics. The general chemical structure of PHAs is
shown in Fig. 7.

To produce PHA, a culture of a microorganism such as Alcaligenes eutrophus is
placed in a suitable medium and fed appropriate nutrients so that it multiplies
rapidly. Once the population has reached a substantial level, the nutrient composi-
tion is changed to force the microorganism to synthesize PHA. Harvested amounts
of PHA from the organism can be higher than 80% of the organism’s dry weight.
The biosynthesis of PHA is usually caused by certain deficiency conditions
(e.g. lack of macro elements such as phosphorus, nitrogen, trace elements, or lack
of oxygen) and the excess supply of carbon sources [76].

Polyesters are deposited in the form of highly refractive granules in the cells.
Depending upon the microorganism and the cultivation conditions, homo- or
copolyesters with different hydroxyalkanic acids are generated.

PHA synthases are the key enzymes of PHA biosynthesis. They use the coen-
zyme A thioester of (r)-hydroxy fatty acids as the substrate. The two classes of PHA
synthases differ in the specific use of hydroxyl fatty acids of short or medium chain
length. The resulting PHA is of two types: (1) Poly (HA SCL) from hydroxy fatty
acids with short chain lengths including three to five carbon atoms are synthesized

o
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Fig. 7 The general chemical
n=1, 2, 3, 4, m=200-12000; R = H,CH;,C,H5,C3H;,....

structure of PHAs
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by numerous bacteria, including Ralstonia eutropha and Alcaligenes latus (PHB).
(2) Poly (HA MCL) from hydroxy fatty acids with middle chain lengths including 6
to 14 carbon atoms, can be made, for example, by Pseudomonas putida.

A few bacteria, including Aeromonas hydrophila and Thiococcus pfennigii,
synthesize copolyester, from the above two types of hydroxy fatty acids or at least
possess enzymes. Another even large scale synthesis can be done with the help of
soil organisms. When lacking nitrogen and phosphorus they produce a kilogram of
PHA from three kilograms of sugar.

The simplest and most commonly occurring form of PHA is the fermentative
production of polyhydroxybutyric acid, PHB. This consists of 1,000 to 30,000
hydroxy fatty acid units. After completion of the biosynthesis, the bacteria can be
up to 80% polyester by weight.

In the industrial production of PHA, the polyester is extracted and purified from the
bacteria by optimizing the conditions of microbial fermentation of sugar or glucose.

The British chemical company Imperial Chemical Industries (ICI), developed in
the 1980s fermentatively created copolyester produced from 3-hydroxybutyrate and
3-hydroxyvalerianacid. It was sold under the name “Biopol.”

Research and development of PHA production in China can be traced back 20
years [77-80]. In the beginning, research interests were focused on strain screening
and breeding as well as optimization of fermentation conditions to increase intra-
cellular PHA vyield [81]. In order to increase the productivity, high cell density
cultivation was considered, however, oxygen mass transfer was found to be a
limiting factor for high cell density cultivation. A group of scientists in Tsinghua
University proposed a solution strategy. They constructed genetic engineering
E. coli cells [82-84], in which, a PHB synthase gene (phbCAB), a Vitreoscilla
hemoglobin gene (vgb) and a phage A lysis gene (SRRz) were inserted into the
chromosome of E. coli. By this method, during cell cultivation, hemoglobin was
expressed to enhance the oxygen mass transfer to facilitate high cell density
cultivation up to 200 gDW/L, PHB was synthesized in high yield (>90% of dried
cell weight) and lyase was expressed at the end of fermentation, which was able to
lyse the cell wall to facilitate the release of PHB. In this way, the production cost of
PHB was reduced greatly. Several companies in China specialize in the production
of various kinds of PHAs. For example, Ecomann Biotechnology Co. Ltd. set up a
5,000 MT/year facility in Shandong Province which was put into successful opera-
tion on July 29, 2009. Tianjin Green BioScience Ltd. (TGBS) is a biotech company
dedicated to developing bioplastics and relevant products. By the 2008 Olympic
Games, TGBS was capable of producing 10,000 tons annually.

Prof. Guo-Qiang Chen (Department of Biology Science and Technology,
Tsinghua University) has focused his research on biopolyester polyhydroxy-
alkanoates (PHA) since 1986. He has been actively promoting the PHA-based
bio- and material industries in China, including the use of bioplastics in the
2008 Beijing Olympic Games which were designated the Green Olympics,

(continued)
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and the use of PHA-related products for applications such as biofuels and
bulk chemicals. Prof. Chen has more than 20 years of R&D experience in
PHA production and applications, and has published over 150 international
peer-reviewed papers.

4 Products from Enzyme-Catalyzed Reactions in China

The third category of organic compounds produced by bioprocesses is those pro-
duced by enzyme-catalyzed reactions, which are traditionally produced by chemi-
cal-catalyzed reaction at high cost, with high energy consumption, low yield and
severe environmental pollution. With enzyme-catalyzed reactions, the process can
be operated at ambient temperature and pressure, with much higher efficiency and
selectivity, and therefore it is a so-called “green process.” A present trend is to find
specific enzymes and design specific processes to replace the traditional chemical
counterpart.

In this section, several successful industrial processes using the enzyme-
catalyzed reaction in China will be introduced.

4.1 Acrylamide

Shen Yinchu, a member of the Chinese Academy of Engineering, is a well-
known specialist in the field of biochemical technology. He graduated from
the Department of Biochemistry of Fu Dan University in 1962. Since then, he
has been working in the Shanghai Pesticide Research Institute, Shanghai
Research Center of Bio-chemical Technology of the Ministry of Chemical
Industry and Zhejiang University of Industry. He has long been engaged in
the research and development of biochemical engineering and biopesticides,
and has made important contributions. During the 1980s, Shen Yinchu and
coworkers carried out difficult and creative research to produce acrylamide
via the enzyme-catalyzed reaction instead of the traditional chemical method.
Currently all acrylamide production units in China use their technology.

Acrylamide is a monomer of polyacrylamide, which is used in synthetic fibers,
oil recovery and flocculating agents, paper manufacture, and textile sizers. The
conventional process for acrylamide production is based on the hydrolysis of
acrylonitrile using copper-based catalysts, which requires laborious preparation,
difficult purification and isolation of reaction products, and high temperature con-
ditions [85]. Several groups of bacteria such as Nocardia, Bervibacterium, Arthro-
bacter, Rhodococcus, and Pseudomonas are able to convert acrylonitrile to
acrylamide. These bacteria are known to possess a diverse spectrum of nitrile
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hydratase (NHase) activities. The NHase is the biocatalyst which has been used in
industrial bioconversion of acrylontrile to acryamide.

In 1986, Shen and coworkers from the Shanghai Pesticide Research Institute
screened a high-yielding NHase strain with an orange-red appearance, which was
identified as Nocardia sp. and tentatively named Nocardia sp. 86-163. The NHase
activity of the strain was significantly improved up to 5627.5 U/mL through strain
improvement by mutagenesis and optimization of culture conditions. Also, they
developed a comprehensive process to perform the enzyme-catalyzed reaction
and product separation and purification [86]. In China, the first pilot-scale unit
capable of producing 440 Mt/year of acrylamide began successful operation in
1993. The first generation of commercial facilities was constructed by the Hebei
Wanquan Oilfield Chemical Company and Shandong Shengli Oilfield Group with
a capacity of 1,000-2,000 Mt/year acrylamide. Presently acrylamide production
using chemical processes is no longer carried out; instead, the annual output of
more than 200,000 MT of acrylamide is solely produced by enzymatic processes
in China.

Research on strain improvement is still under way [87, 88]. Various microorgan-
isms such as Micrococcus sp., Norcardia sp., and Rhodococcus sp., were selected to
screen for a high NHase activity strain. It was found that with a Nocardia sp., the RS
strain, NHase activity was increased to 10,195 U/mL in the glucose~Co*" coupling
fed fermentation, which is the highest among all those reported in NHase produc-
tion [89].

4.2 Dp-Panthenol and p-Pantolactone

Biocatalytic resolutions make use of the selectivity of enzymes for one of the
enantiomers of a chiral molecule, whereby one enantiomer of a racemate remains
virtually untouched and the other enantiomer is converted into the desired
enantiomerically pure product/intermediate. Hydrolases are by far the most pro-
minent group of enzymes used in production of fine chemicals by biocatalytic
resolution.

D-Pantolactone is a key compound in the synthesis of D-calcium pantothenate
and p-panthenol [90]. Both compounds are widely used as ingredients in pharma-
ceutical and cosmetic compositions, as well as in food and feed supplements.
Panthenol is the alcohol analog of pantothenic acid (vitamin BS5), which is an
“antistress vitamin” and is part of the water-soluble B-vitamin group. In organ-
isms it is quickly oxidized to pantothenate. Panthenol comes in two enantiomers,
D and L. Only p-panthenol (dexpanthenol) is biologically active. In cosmetics,
panthenol is a humectant, emollient, and moisturizer. It is the key precursor for
coenzyme A (CoA) and acyl carrier protein. Biosynthesis of pantothenate takes
place only in bacteria, fungi, and plants, while animals must obtain it from their
diet. Pantothenate deficiency in humans can result in abdominal distress, vomit-
ing, cramps, burning feet syndrome, fatigue, insomnia, and reduced immunity to
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some infectious agents. In 2002, the global production of pantothenates exceeded
9,000 Mt.

In the 1990s the method of production still depended for the most part on
chemical synthesis from bulk chemicals. The chemical synthesis process involves
reactions yielding racemic pantolactone from isobutyraldehyde, formaldehyde, and
cyanide, followed by optical resolution of the racemic pantolactone to p-pantolac-
tone, and condensation of the p-pantolactone with B-alanine. However, this synthe-
sis requires the optical resolution of racemic intermediates. In the resolution step,
the use of an expensive alkaloid as a resolving agent is unavoidable. Therefore, a
variety of routes have been assayed to improve its synthesis, including stereospe-
cific reduction of ketopantolactone [91], ketopantoate [92] or 2'-ketopantothenate
derivative [93], stereoselective inversion of L-pantolactone in a racemic mixture to
D-pantolactone [94] and stereoselective hydrolysis of esterified pantolactone [95].
In 1995 one of the processes of D-pantothenate synthesis used the lactonohydrolase
activity of Fusarium oxysporum, which catalyzes the stereospecific hydrolysis of
chemically made p,L-pantolactone to generate D-pantolactone as a chiral building
block for its further chemical conversion to p-pantothenate [96]. The reaction is
stereospecific and only the p-enantiomer in the racemic mixture is hydrolyzed.
F. oxysporum AKU 3702 showed high productivity of the enzyme and the whole
cells containing the enzyme could be used repeatedly for this hydrolysis reaction.
At 30°C and pH 6.8-7.2, 90-95% of the p-pantolactone was hydrolyzed after 21 h
reaction with 90-97% optical purity. The immobilized mycelia retained more than
90% of their initial activity after 180 repeated reactions [97].

Calcium pantothenate used in the feed industry in China was dependent for a
long time on imports. The Shanghai Fourth Pharmaceutical Factory was the first
company to produce D-calcium pantothenate as a vitamin raw material in 1958.
Until 1996, however, the production capacity of China’s calcium pantothenate was
less than 100 MT annually. In order to meet the need of feed additives, in the
1990s, China began to develop calcium pantothenate industries and built a number
of 100-ton-scale p-calcium pantothenate production plants with two unique char-
acteristics: the use of p-amine hydrochloride, which was the byproduct of chloram-
phenicol production, in splitting pantolactone; and the induced crystallization
method to split bL-calcium pantothenate.

Sun et al. [98] isolated and identified a strain of Fusarium moniliforme
SW-902 for producing p-lactonohydrolase in 2001. Using glycerol as the carbon
source and peptone as the nitrogen source, in a 60 L fermentor under optimum
conditions, about 7.18 g dry cell/L and 0.92 IU/g dry cell weight were obtained
[99]. This technology has been applied to commercial production of p-calcium
pantothenate and p-Panthenol in Zhejiang Hangzhou Xinfu Pharmaceutical Co.
Ltd., China [100]. In comparison with the traditional chemical synthesis pro-
cess, the biological method reduces raw material and energy consumptions by
69.2% and 12.7%, respectively. This means a higher atomic utilization ratio,
low emissions, and higher profits. Now, Xinfu Pharmaceutical Co., Ltd. has
become the largest producer of both Calcium p-Pantothenate and Panthenol in
the world.
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Zhejiang Hangzhou Xinfu Pharmaceutical Co. Ltd. is a globally leading
manufacturer and supplier of Vitamin B5 (Calcium p-Pantothenate and
Panthenol series products). The p-calcium pantothenate production capacity
is 5,000 Mt/year, which is about 40% of the world market. Xinfu is also the
only manufacturer of p-panthenol (Pro-Vitamin BS) in China.

4.3 Malic Acid and L-Tartaric Acid

Malic acid is a four-carbon dicarboxylic acid, and an intermediate of the tricarbox-
ylic acid (TCA) cycle. Industrially, malic acid has been employed for the prepara-
tion of food additives and synthesis of various fine chemicals [101]. Malic acid is
also applied in the pharmaceutical and cosmetic industries. Malic acid can be
produced by various methods such as isolating it from natural fruit juices, enzy-
matic conversion and chemical synthesis. Commercially it is produced either by
chemical synthesis via hydration of fumaric acid which results in a racemic mixture
or by an enzymatic process which yields optical pure malic acid. L-malic acid is
produced from fumarate by enantioselective hydration catalyzed by fumarase,
using either whole cells or isolated enzyme [102, 103]. This process is a typical
equilibrium reaction [104]. Malic acid can also be produced by direct fermentation
with a wide range of microorganisms. Fermentation of Aspergillus flavus allows
successful production of malic acid from renewable feedstocks, but the productivity
of malic acid is low.

Brevibacterium ammoniagenses has high fumarase activity, and is suitable for
malic acid production, either in free or immobilized whole cell systems. The
disadvantage of this system was that byproducts like succinic acid were formed
in considerable amounts. In the 1990s production of L-malic acid from fumaric
acid using Saccharomyces cerevisiae cells was extensively studied. S. cerevisiae
entrapped into polyacrylamide gel disks can produce malic acid from fumaric acid
without formation of a byproduct. Malic acid concentration of 12 g/L was achieved
in S. cerevisiae by overexpression of the cytosolic isoenzyme of malate dehydro-
genase (Mdh2p) [105].

Ouyang et al. [106] found a strain of S. cerevisiae, which was high in maleate
hydratase activity. A new process was developed based on the principle of the
coupling reaction and separation process. They [107] studied the dissolution beha-
viors of the substrate calcium fumarate and product calcium malate. The kinetic
equations for different temperatures were proposed and the effect of pH and tem-
perature on the dissolution process was studied. On the basis of the above work, the
free cells were used as the catalyst. The slightly soluble calcium fumarate was used
as the substrate. The formation of malate was able to increase the solubility of
calcium fumarate, which was favorable for the enzyme-catalyzed reaction. The
produced excess calcium malate formed solid crystals again and was easily
removed from the reaction system. By this process, the original reversible reaction
becomes favorable to malate formation, and an almost 100% conversion ratio was
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achieved. In 2004 a similar process in which p-malate was effectively produced
from maleate by maleate hydratase of Pimelobacter simplex DM18 was developed
by Ouyang et al. [108]. The conversion of a high concentration of Ca-maleate into
Ca-malate was achieved by maleate hydratase, owing to the low solubility of both
the Ca-maleate and Ca-malate complex. The coupling reaction and separation was
beneficial to both product formation and downstream processing. After 36 h of
reaction, 385 g/L of Ca-p-malate was produced with an optical purity and molar
yield of 97.03% and 99%, respectively.

Prof. Ouyang Pingkai, a member of the Chinese Academy of Engineering, is a
leading scientist in biochemical engineering. He originally presented the
combinational method to construct and optimize bioprocesses, such as the
combination of bioreactions, combination of bioreaction and biomembrane,
combination of bioreaction and separation. These concepts have been applied
in various bioprocesses for the production of FDP, L-Alanine, L-Phenylala-
nine, and L-malic acid etc. in China and the highest production levels in the
world were achieved.

L-tartaric acid is also a four-carbon dicarboxylic acid and a well-known natural acid
that is widely distributed in many kinds of fruits, especially grapes. A broad
application spectrum has been found in food, pharmaceutical and cement industries.
In addition, tartaric acid also usually serves as a starting substance for numerous
chemical reactions, especially for chiral synthesis. Traditionally, L-tartaric acid is
produced from crude potassium tartrate which is obtained during wine making.
Currently, L-tartaric acid is produced biotechnologically from cis-epoxysuccinic
acid [109].

Various microorganisms, such as Gluconobacter suboxydans [110, 111],
Corynebacterium sp. [112], Nocardia tartaricans [113] and Rhodococcus rubber
[114], have been used to produce cis-epoxysuccinate hydrolase (CES hydrolase),
which is further applied for L-tartaric acid production from cis-epoxysuccinic acid.
The activity of CES hydrolase of the abovementioned microorganisms is stimulated
by the presence of cis-epoxysuccinic acid in the culture medium. Whole-cell immo-
bilization has been investigated as a method to reuse the biocatalyst and increase the
productivity of the CES biotransformation process.

In 1995, Sun et al. reported that immobilized N. tartaricans SW 13-57 cells
showed high CES hydrolase activity [113]. The optimum pH of immobilized cells
was pH 8.0-9.0. With a fixed-bed column packed with immobilized cells, the
average molar conversion ratio reached 99.09% after being continuously operated
for 53 days. In 2000, Zhang et al. [112] immobilized Corynebacterium sp. JZ-1
cells by entrapping in k-carrageenan gel beads. Satisfactory results were observed
in repeated batch operation and continuous fixed-bed operation for 90 days. In
2004, Min et al. [114] isolated one strain of R. rubber with high CES hydrolase
production ability.
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Changzhou Changmao Biochemical Engineering Co. Ltd. The company
specializes in manufacturing C-4 series organic acids and chiral products
including fumaric acid, maleic acid, L-malic acid, p-malic acid, pL-malic
acid, L(+)-tartaric acid, p(-)-tartaric acid, pL-tartaric acid, L-aspartic acid,
and aspartame. The total annual output reaches 25,000 Mt. In p- and
L-malic acid production, the company closely cooperated with Prof. Ouyang
Pingkai and Prof. Sun Zhihao, and made great progress.

S Future Perspectives

China is among the countries that have emerged out of the recent financial crisis and
is developing at a rate higher than 8.7% annually. China is still a developing
country and needs further development to improve the population’s living standard
and infrastructure. Also, China is a country facing a lot of challenges, including
shortages of various kinds of resources, air and water pollution, CO, emission, and
so on. Although the solution is not simple, the development of industrial biotech-
nology may help. Biomass is abundant and renewable. Besides satisfying require-
ments in daily life, biomass plays a unique role in oxygen and carbon recycling. The
utilization of biomass as a raw material for the production of biofuels and a variety
of important chemicals has made great progress in the past few decades both in the
world and in China. Some key technologies will soon breakthrough, such as:
pretreatment technology for lignocellulosic materials, high efficiency production
of cellulase, discovery of new platform chemicals from biomass, high-throughput
screening technology for microorganisms, application of genetic engineering to
industrial microorganisms, and so on. In recent years, China has been catching up in
the development of industrial biotechnology. Apart from a continuously expanded
production scale, new products and new technologies are under development and
are transferring into commercial production quickly.

The Chinese government is firmly supporting basic and applied research in
industrial biotechnology through the National Natural Science Foundation Projects
973 and 863 at a previously unseen scale. The enterprises in China are eager to
develop new products and new technologies, either by themselves or in cooperation
with Research Institutes and Universities. Scientists have accumulated a great deal
of experience during the past few decades and created various bioprocesses in
China. With an emphasis on Intellectual Right Protection, more international coop-
eration treaties are under discussion and more foreign companies are investing
heavily in industrial biotechnology in China. The solid research background,
enormous human resources and sufficient financial support will guarantee the fast
growth of industrial biotechnology in China in the future. The bioprocesses will
contribute more and more to sustainable development of China.

Acknowledgments Preparation of this manuscript was supported in part by the National Basic
Research Program of China, 2007CB714304.



Organic Chemicals from Bioprocesses in China 67

References

10.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Zhu YZ, Lu DQ, Wan HG, Wei P, Zhou H, Ouyang PK (2004) Progress and trends of

industrial biotechnology. J Chem Ind Eng 55(12):1950-1956, in Chinese

. Xing XR, Liu B (2007) Current status of the development and future trends of industrial

biotechnology. Bull Chin Acad Sci 22(3):216-222, in Chinese

. Bureau of Life Science and Biotechnology (eds) (2009) Report on the progress of 2008

industrial biotechnology. Chinese Academy of Science, Science Press, Beijing

. Bailey JE, Ollis DF (1997) Biochemical engineering fundamentals. McGraw-Hill, New York
. Huang XC, Jin X, Mao PH (2005) Comments on the strain improvement of Aspergillus niger

fermented production citric acid. Biotechnology 15(3):93-95, in Chinese

. Peng YL, Yao SZ, Ji SL, Ma ZF (2002) Review on separation of citric acid from fermenta-

tion broth. J Beijing Polytechnic Univ 28(1):46-51, in Chinese

. Hong HS, Ye Y, Zhang QW, Liu S, Hua M (2005) Study on the new technology of fed-batch

fermentation for citric acid production from cassava. Food Ferment Ind 12:22-25, in Chinese

. Zhang JF, Lin JP, Cen PL (2008) Catalytic dehydration of lactic acid to acrylic acid over

sulfate catalysts. Can J Chem Eng 86:1047-1053

. Qian ZL, Lao HZ, Wang J, Lai SZ (2003) Recent advances in industrial lactic acid

production by microorganisms. Chin J Bioprocess Eng 1(1):23-27, in Chinese

Jiang Y, Liu TZ, Gao LL, Ji Y, Qi XM (2009) Fermentation kinetic of L-lactic acid by
Rhizopus Oryzae. J Chin Inst Food Sci Technol 9(2):18-22, in Chinese

Wang GY, Shi GF, Jun HL, Li CL, Chen XF (2007) Study on production of L(+)-lactic acid
from potato starch by direct fermentation. Sci Technol Food Ind 11:202-204, in Chinese
Jiang ST, Zheng Z, Zhu Y, Wu XF, Pan LJ, Luo SH, Du W (2008) Repeated intermittent
L-lactic acid fermentation technology by self-immobilized Rhizopus oryzae. Chin J
Biotechnol 24(10):1729-1733, in Chinese

. Shi GF, Wang GY (2007) Advances in fermentation of L-(+)-lactic acid and isolation

technology. Food Sci 28(12):547-550, in Chinese

. Wang GY, Shi GF, Li CL, Suan HL, Cui GD (2009) New technology of extraction

technology of extracting and sublimating L(4)-lactic acid. Ion Exch Adsorption 25
(2):158-166, in Chinese

Liu SF, Cai ZL (2000) Fermentation of itaconic acid and its kinetics. Eng Chem Metall 21
(1):59-63, in Chinese

Yu ZM, Wu K, Jin J, Chen XM (2009) Solid state fermentation condition for itaconic acid
production from agricultural waste. Food Ferment Ind 35(1):99-102, in Chinese

Li X, Zhang XM, Xu JC (2008) Breeding of thermostable high-yielding strain for itaconic
acid production. Ind Microbiol 38(6):49-52, in Chinese

Yang Y, Lu LS (2001) Recovery of itaconic acid from fermentation liquor. Biotechnology 11
(3):46-48, in Chinese

Zhang HX, Luo HF, Zhang QL (2003) Research progress in production of succinic acid by
fermentation. J Microbiol 30(5):102-106, in Chinese

Zhan XB, Chen S, Zheng ZY (2007) Recent development in metabolic engineering for
production of succinic acid by Escherichia coli. Chin J Process Eng 7:840-846, in Chinese
Liu YP, Zhu LL, Zheng P, Ni Y, Sun ZH (2007) Screening and breeding of strains for
producing succinic acid. Ind Microbiol 37(2):1-6, in Chinese

Liu YP, Zheng P, Ni Y, Dong JJ, Wei P, Sun ZH (2008) Breeding of monofluoroacetate-
resistant strains of Actinobacillus succinogenes and the mechanism based on metabolic flux
analysis. Chin J Biotechnol 24(3):460—467, in Chinese

Kang Z, Geng YP, Zhang YY, Qi QS (2009) Construction of engineering cell for succinic
acid production in aerobic condition. Chin J Biotechnol 24:2081-2085, in Chinese

Li XJ, Pan LJ, Jiang ST (2008) Neural network analysis for fermentation production technics
of succinic acid from crop straw hydrolysate. Food Sci 29:471-474, in Chinese



68

25

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

J. Huang et al.

. Jiao P, Ma SW, Hua YT, Huang YM, Cao ZA (2000) Isolation and enzyme determination of
Candida tropicalis mutants for DCA production. J Gen Appl Microbiol 46:245-249

Li SL, Hua YT, Huang YM, Jiao P, Cao ZA (2002) Effects of H,O, on cell growth and
product formation in long chain cicarboxylic acids fermentation. Acta Microbiol Sin 42
(3):359-363, in Chinese

Chen YD (2002) progress and prospect of commercial production of long carbon Chain
dicarboxylic acids. Microbiology 29(2):104, in Chinese

Chen YD, Pang YC, Liu T, Hao XZ (1996) Studies on fermentation of pentadecanedioicacid.
Acta Microbiol Sin 36(1):37—41, in Chinese

Fan F, Dong MY, Fang XS (2004) Study on decolorizing fermentation liquor containing
long-chain dicarboxylic acid. Fine Special Chem 12(23):25-27, in Chinese

Dong MY, Li SL, Fang XS (2002) Study on fermentation of n-paraffin for producing mixed
dicarboxylic acids. Acta Microbiol Sin 42(1):114-116, in Chinese

Compere AL, Griffin WL (1979) Evaluation of substrate for butanol production. Dev Ind
Microbiol 20:509

Buchanan RE, Gibbons NE (eds) (1974) Bergey’s manual of determinative bacteriology,
8th edn. Williams and Wilkins, Baltimore, USA, pp 556-560

Underkofler LA, Hickey RJ (1954) Industrial fermentation, vol 1. Chemical Publishing,
New York, USA, pp 347-388

Liu Y, Liu HJ, Zhang JA, Cheng KK, Chen ZD (2008) Research progress in new biofuel
butanol. Mod Chem Ind 28(6):28-33, in Chinese

Jin XQ, Wang GL, He BF (2007) Research progress and high yield strategy of acetone-
butanol fermentation. Chem Ind Eng Prog 26(12):1727-1732, in Chinese

Jin XQ, Zhou H, Wu XM, Zhang GD, He BF (2008) A rapid screening method of producing
strain in acetone-butanol fermentation. Chin J Process Eng 8(6):1185-1188, in Chinese

Hu CY, Du YP, Yang Y, Shi ZP, Duan ZY (2007) Preliminary study on coupling between
biodiesels and acetone-butanol fermentation. Chin J Bioprocess Eng 5(1):27-32, in Chinese
Zhang YF, Chen J, Yang WL, Chiao JS (1996) The screening and application of the
Clostridium actobutylicum with high butanol ratio. Ind Microbiol 26:1-6, in Chinese
Wang XT, Chen MH (2000) Productive routes and application of 1, 3-propanediol. Coal
Chem Ind 4:38-40, in Chinese

Chen G, Zhao YN, Yao SJ, Fang PS (2007) Production of 1, 3-propanediol by co-culture of
two immobilized microbes in series. J Beijing Univ Chem Technol 34(6):640-644, in
Chinese

Peng YQ, Lan L, Fang BS, Zhang WZ (2006) The selection of 1, 3-propanediol produced
bacterium enduring high glycerol concentration mutate and its immobidi ferment study. Acta
Laser Biol Sin 16:754-758, in Chinese

Cheng KK, Zhang JA, Liu DH, Sun Y, Yang MD, Xu JM (2006) Production of 1, 3-
propanediol by Klebsiella pneumoniae from glycerol broth. Biotechnol Lett 28(22):1817-1821
Hao J, Xu F, Liu HJ, Liu DH (2006) Downstream processing of 1, 3-propanediol fermenta-
tion broth. J] Chem Technol Biotechnol 81(1):102—-108

Liu HJ, Xu YH, Zhang DJ, Xiu ZL (2006) Investigation of two successive bioprocesses for
the microbial production of 1, 3-propanediol. Food Ferment Ind 32(2):4-7, in Chinese
Rehm HA (ed) (2009) Microbial production of biopolymers and polymer precursors:
applications and perspectives. Caister Academic, New Zealand

Chen XS, Jin XB, Zhuang XL (2004) Biopolymer, vol 10. Chemical Industries Press, Beijing
Kunioka M (1997) Biosynthesis and chemical reactions of poly (amino acid)s from micro-
organisms. Appl Microbiol Biotechnol 47(5):469-457

Ogawa Y, Yamaguchi F, Yuasa K, Tahara Y (1997) Efficient production of gamma—
polyglutamic acid by Bacillus subtilis (natto) in jar fermenters. Biosci Biotechnol Biochem
61:1684-1687

Shi QS (2004) Biosynthesis and application of y-polyglutamic acid. Fine Special Chem 12
(11):20-23, in Chinese



Organic Chemicals from Bioprocesses in China 69

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Shi F, Xu ZN, Cen PL (2007) Microbial production of natural poly amino acid. Sci China Ser
B Chem 50(3):291-303, in Chinese

Shi F, Xu ZN, Cen PL (2006) Optimization of gamma-polyglutamic acid production by
Bacillus subtilis ZJU-7 using a surface-response methodology. Biotechnol Bioprocess Eng
11(3):251-257

Shima S, Sakai H (1977) Polylysine produced by Streptomyces. Agric Biol Chem 41
(9):1807-1809

Hirakl J (2000) e-Polylysine, its development and utilization. Fine Chem 29(1):18-25
Shima S, Himyshi M (1984) Antimicrobial action of e&-poly-L-lysine. J Antibiot
11:1449-1455

Shen JJ, Zhang XJ, Zhou XY (2006) The production of poly-e-lysine and its application in
food industry. Sci Technol Food Ind 5:158-160 (in Chinese)

Zou KH, Zhan HJ (2008) Application of polylysine as food preservative. Food Res Dev 29
(1):165-167, in Chinese

Jia SR, Dong HJ, Jiang JY, Liu WC (2004) The selection and breeding of e-polylysine
high-producing strain. Food Ferment Ind 30(11):14—17 (in Chinese)

Jiang JY, Jia SR, Dong HJ, Niu RY (2004) Effects of stirrer speed and pH on the e-poly-
L-lysine fermentation. Chin J Bioprocess Eng 2(2):60-63, in Chinese

Song SF, Cui J, Luo YJ, Lai GL, Zhang ZZ (2004) Progress in researches of microbial
polysaccharides. Oilfield Chem 21(1):91-96, in Chinese

Becker A, Vorholter FJ (2009) Microbial production of biopolymers and polymer precursors:
applications and perspectives. Caister Academic Press, UK

Whistler RL, BeMiller JN (1973) Industrial gums: polysaccharides and their derivatives.
Academic Press, New York

Liu QQ (2002) The development trends and present situation of xanthan gum. China Food
Additives 6:5-7, in Chinese

Xu P, Lin JQ, Lin JQ, Jiang BY (1994) Xanthan gum production with pumping static-mixing
loop fermentor(PS-Loop Fermentor). Biotechnol Lett 16(5):523-526

Chang C, Ma XJ, Xu GZ, Fang SQ, Li HL (2004) Study on fermentation of xanthan gum in
airlift fermentor. Food Sci 25(2):111-114, in Chinese

Jansson PE, Lindberg B, Sandford PA (1983) Structural studies of gellan gum, an
extracellular polysaccharide elaborated by Pseudomonas elodea. Carbohydr Res 124(1):
135-139

Bajaj IB, Survase SA, Saudagar PS, Singhal RS (2007) Gellan gum: fermentative produc-
tion, downstream processing and applications. Food Technol Biotechnol 45(4):341-354

Li XY, Li HJ, He ZF, Dong Q (2003) Gellan gum and its application in food industry. Food
Ferment Ind 31(6):94-96, in Chinese

Wen Y, Zhao GH (2003) The novelty microbial exocellular polysaccharide-gellan gum.
China Food Addit 3:49-52, in Chinese

Li HJ, Yan Z, Zhu XQ, Guo XP (2007) Optimization of fermentation production process of
gellan gum. Food Drug 11:7-12 (in Chinese)

Chen P, Lu WY, Zhou JF, Yan YQ (1999) Review of application and preparation of
hyaluronic acid. J Shanghai Univ 5(1):69-73, in Chinese

Oregan M, Martini I, Crescenzi F, Luca CD, Lansing M (1994) Molecular mechanisms and
genetics of hyaluronan biosynthesis. Int J Biol Macromol 16(6):283-286

Chong BF, Blank LM, Mclaughlin R, Nielsen LK (2005) Microbial hyaluronic acid produc-
tion. Appl Microbiol Biotechnol 66(4):341-351

Guo XP, Ling PX, Wang CX, Zhang TM (2000) Production of hyaluronic acid. Pharm
Biotechnol 7(1):61-64, in Chinese

Zhang YK (2002) Metabolic engineering research of hyaluronic acid producing bacterium
Streptococcus equi. Master Thesis, GuangXi University (in Chinese)

Anderson AJ, Dawes EA (1990) Occurrence, metabolism, metabolic role, and industrial uses
of bacterial polyhydroxyalkanoates. Microbiol Rev 54(4):450-472



70

76

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

J. Huang et al.

. Steinbiichel A (2001) Perspectives for biotechnological production and utilization of biopo-
lymers: metabolic engineering of polyhydroxyalkanoate biosynthesis pathways as a success-
ful example. Macromol Biosci 1(1):1-24

Shang LG, Jiang M, Chang HN (2003) Poly(3-hydroxybutyrate) synthesis in fed-batch
culture of Ralstonia eutropha with phosphate limitation under different glucose concentra-
tions. Biotechnol Lett 25(17):1415-1419

Zhang Y, Sun XN, Chen B, Dong ZL (2003) Production of polyhydroxyalkanoates by a
mixed culture. Acta Microbiol Sin 43(6):799-804, in Chinese

Jiang Y, Song X, Gong L, Li P, Dai C, Shao W (2008) High poly(b-hydroxybutyrate)
production by Pseudomonas fluorescens A2a5 from inexpensive substrates. Enzyme Microb
Technol 42(2):167—-172, in Chinese

Chen GQ, Koenig KH, Lafferty RM (1991) Production of poly-D(-)-3-hydroxybutyrate and
poly-D(-)-3-hydroxyvalerate by strains of Alcaligenes latus. Antonie van Leewenhoek
60:61-66

Hang XM, Zhang G, Wang GL, Zhao XH, Chen GQ (2002) PCR cloning of polyhydrox-
yalkanoate biosynthesis genes from Burkholderia caryophylli and their functional expression
in recombinant Escherichia coli. FEMS Microbiol Lett 210(1):49-54

Gao HJ, Wu Q, Chen GQ (2002) Enhanced production of p-(-)-3-hydroxybutyric acid by
recombinant Escherichia coli. FEMS Microbiol Lett 213:59-65

Wu Q, Zheng Z, Xi JZ, Gao HJ, Chen GQ (2003) Production of 3-(R)-hydroxybutyric acid
by recombinant Escherichia coli HB101 harboring genes of phbA and phbB. J Chem Eng Jpn
36:1170-1173

Yu HM, Shi Y, Sun XD, Luo H, Shen ZY (2004) New technique for recovery of PHB from
recombinant Escherichia coli based on expression of lytic genes of phage A with S amber
mutation. J Chem Ind Eng 55(4):623-628, in Chinese

Lee CY, Chang HN (1990) Continuous production of acrylamide using immobilized
Brevibacterium Sp Ch2 in a 2-Stage packed-bed reactor. Biotechnol Lett 12(1):23-28

Luo JX, Xue JP, Shen YC (2007) The R&D course of acrylamide production by biocatalysis
in China. Shanghai Chem Ind 32(2):17-21, in Chinese

Yang MH, Zhou FZ, Li ZH (1996) Study on bioconversion from acrylonitrile to acrylamide (1)
isolation, mutagenization and identification of strain. Shandong Sci 9(3):39-24, in Chinese
Deng L, Liu YL, Wang ZY (2005) Domestication of a nitrile hydratase producing strain and
optimization on its nitrile hydratase producing conditions. Food Ferment Ind 31(1):53-56, in
Chinese

Liu M, Li C, Gao Y, Wang YN, Cao ZA (2003) Optimization of glucose-Co coupling fed
batch fermentation for production of nitrile hydratase of high activity by nocardia sp RS.
Chin J Process Eng 3(6):555-559, in Chinese

Rowicki TL, Synoradzki L, Wlostowski M (2006) Calcium pantothenate. Part 1. (R, S)-panto-
lactone technology improvement at the tonnage scale. Ind Eng Chem Res 45(4):1259-1265
Hata H, Shimizu S, Yamada H (1987) Enzymatic production of p-(-)-pantoyl lactone from
ketopantoyl lactone. Agric Biol Chem 51(11):3011-3016

Kataoka M, Shimizu S, Yamada H (1990) Novel enzymatic production of p-(-)-pantoyl
lactone through the stereospecific reduction of ketopantoic. Agric Biol Chem 54(1):177-182
Kataoka M, Shimizu S, Doi Y, Yamada H (1990) Stereospecific reduction of ethyl-2'-
ketopantothenate to ethyl p-(4)-pantothenate with microbial-cells as a catalyst. Appl
Environ Microbiol 56(11):3595-3597

Shimizu S, Hattori S, Hata H, Yamada H (1987) One-step microbial conversion of a racemic-
mixture of pantoyl lactone to optically-active D-(-)-pantoyl lactone. Appl Environ Microbiol
53(3):519-522

Glanzer BI, Faber K, Griengl H (1988) Microbial resolution of O-acetylpantoyl lactone.
Enzyme Microb Technol 10(11):689-690

Kataoka M, Shimizu K, Sakamoto K, Yamada H, Shimizu S (1995) Lactonohydrolase-
catalyzed optical resolution of pantoyl lactone: Selection of a potent enzyme producer and



Organic Chemicals from Bioprocesses in China 71

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

optimization of culture and reaction conditions for practical resolution. Appl Microbiol
Biotechnol 44(3—4):333-338

Shimizu S, Kataoka M (1996) Optical resolution of pantolactone by a novel fungal enzyme,
lactonolaydrolase. Ann N'Y Acad Sci (Enzyme Engineering XIII) 799:650-658

Tang YX, Sun ZH, Hua L, Guo XF, Wang J (2001) Optical resolution of racemic DL-
pantolactone by a fungal enzyme, p-lactonohydrolase. Ind Microbiol 31(3):1-5, in Chinese
Tang YX, Sun ZH, Hua L, Guo XF, Wang J (2002) Production of p-pantolactone hydrolase
by Fusarium moniliforme SW-902. Acta Microbiol Sin 42(1):81-87, in Chinese

Sun ZH, Hua L (2004) Process on production of p-calcium pantothenate and p-Panthenol by
biotechnology. Fine Special Chem 12(10):11-15, in Chinese

Neufeld RJ, Peleg Y, Rokem JS, Pines O, Goldberg I (1991) L-malic acid formation by
immobilized Saccharomyces-cerevisiae amplified for fumarase. Enzyme Microb Technol 13
(12):991-996

Zelle RM, de Hulster E, van Winden WA (2008) Malic acid production by Saccharomyces
cerevisiae: Engineering of pyruvate carboxylation, oxaloacetate reduction, and malate
export. Appl Environ Microbiol 74(9):2766-2777

Giorno L, Drioli E, Carvoli G, Cassano A, Donato L (2001) Study of an enzyme membrane
reactor with immobilized fumarase for production of L-malic acid. Biotechnol Bioeng
72(1):77-84

Marconi W, Faiola R, Piozzi A (2001) Catalytic activity of immobilized fumarase. J Mol
Catal B Enzym 15(1-3):93-99

Pines O, Shemesh S, Battat E, Goldberg I (1997) Overexpression of cytosolic malate
dehydrogenase (MDH2) causes overproduction of specific organic acids in Saccharomyces
cerevisiae. Appl Microbiol Biotechnol 48(2):248-255

Hu YH, Ouyang PK, Shen SB, Chen WL (2001) Study on the optimal conditions in
simultaneous reaction and separation for L-malic acid production. Chin J Biotechnol 17
(5):503-505, in Chinese

Hu YH, Chen WL, Ouyang PK (1998) Study on the dissolution behaviors for substrate calcium
fumarate and product calcium malate in simultaneous reaction and separation for L-malic acid
production. Proceedings of the Eighth National Conference on Biochemical Engineering
Dec 14th—16th, Nanjing, China

He BF, Wu JQ, Ouyang PK (2004) Malease-catalyzed production of p-malate by coupling
reaction and separation. Mod Chem Ind 24(12):27-31, in Chinese

Synoradzki L, Ruskowski P, Bernas U (2005) Tartaric acid and its O-acyl derivatives. Part 1.
Synthesis of tartaric acid and O-acyl tartaric acids and anhydrides. Org Prep Proced Int
37(1):37

Chandrashekar K, Felse PA, Panda T (1999) Optimization of temperature and initial pH and
kinetic analysis of tartaric acid production by Gluconobacter suboxydans. Bioprocess Eng 20
(3):203-207

Mantha D, Basha ZA, Panda T (1998) Optimization of medium composition by response
surface methodology for the production of tartaric acid by Gluconobacter suboxydans.
Bioprocess Eng 19(4):285-288

Zhang JG, Qian YJ (2000) Production of L(+)-tartaric acid by immobilized Corynebacte-
rium sp. JZ-1. Chin J Biotechnol 16(2):189-192, in Chinese

Sun ZH, Zheng P, Dai XT, Li H, Jin M (1995) Production of L(+)- tartaric acid by
immobilized nocardia tartaricans SW 13-57. Chin J Biotechnol 11(4):372-376, in Chinese
Pan KX, Min H, Xia Y, Xu XY, Ruan AD (2004) Isolation, identification and phylogenetic
analysis of Rhodococcus sp. strain m1 producing cis-epoxysuccinate hydrolase and optimi-
zation of production conditions. Acta Microbiol Sin 44(3):276-280, in Chinese



2 Springer
http://www.springer.com/978-3-642-14994-8

Biotechnology in China |l

Chemicals, Energy and Environment

Tsao, G.T.; Ouyang, P.; Chen, ). (Eds.)

2010, XM, 266 p. 66 illus., 9 illus. in color., Hardcowver
ISBN: @78-3-642-14994-8



	Organic Chemicals from Bioprocesses in China
	1 Introduction
	2 Small Organic Chemicals Via Fermentation
	2.1 Organic Acids from Bioprocesses in China
	2.1.1 Citric Acid
	2.1.2 Lactic Acid
	2.1.3 Itaconic Acid and Succinic Acid
	2.1.4 Long Carbon Chain Dicarboxylic Acids

	2.2 Alcohols from Bioprocesses
	2.2.1 Acetone/Butanol/Ethanol Fermentation
	2.2.2 1,3-Propanediol


	3 Biopolymers from Bioprocesses in China
	3.1 Polyamino Acids
	3.1.1 gamma-Polyglutamic Acid
	3.1.2 epsi-Polylysine

	3.2 Microbial Polysaccharides
	3.2.1 Xanthan
	3.2.2 Gellan Gum
	3.2.3 Hyaluronic Acid

	3.3 Polyhydroxyalkanoates

	4 Products from Enzyme-Catalyzed Reactions in China
	4.1 Acrylamide
	4.2 d-Panthenol and d-Pantolactone
	4.3 Malic Acid and l-Tartaric Acid

	5 Future Perspectives
	References


