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ABSTRACT 
 

The fast development of microbial biotechnology has enabled innovative 

bioconversion processes for the production of an extensive range of bio-based chemicals 

from renewable biomass. However, in order to economically and technically compete 

with petroleum-based chemicals, it is essential to develop robust microbes and efficient 

processing techniques that are capable of producing bio-chemicals with high performance 

and low production cost. Recently, the strategies of developing microbial strains using 

metabolic engineering techniques have been successfully applied to the industrial 

production of several value-added chemicals. This review summarizes the key economic 

factors and relative advanced biotechnologies for developing bio-based chemicals, and 

gives several successful commodity examples. In addition, the review addresses the 

current trends in developing value-added bioproducts, which represent the near-term 

opportunities of robust microbial strains for industrial applications. 

 

 

1. INTRODUCTION 
 

There are widespread concerns over the crude oil – especially for the vulnerable and 

increasing oil price [1]. The production of fuels and chemicals from renewable biomass is 

becoming increasingly attractive as the alternative bio-based products can impact on the 

chemical market for healthy prices. Also, there has been a global movement toward reducing 

the use of fossil resources for environmental issues. In addition to the reduced consumption of 

petroleum, many bio-processes actually absorb CO2, directly reducing the greenhouse gas 
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emissions [2]. The bio-processes are often cleaner processes, using less energy and generating 

less waste. 

Microbial processes have been used for the production of natural products for a long 

time, and recently the development of synthetic biology to manipulate microbial genetic 

background has revolutionized the field of industrial biotechnology. In most cases, industrial 

biotechnology tools allow the industry to develop novel processes that are cleaner and better 

for the environment with reduced economic costs. 

The market potential of microbes and microbial products has been estimated by a market 

forecasting firm (BCC research, 2011). The global market value for microbial products, in 

bulk chemical production, is about $156 billion in 2011 and will be increased to $259 billion 

in 2016, with annual growth rate of 10.7%. The underlying market for microbes is estimated 

to reach $6.8 billion in 2016 from nearly $4.9 billion in 2011. 

However, the transition from traditional petro-economy to bio-economy will be neither 

quick nor smooth, and the research and development process is in need of considerable 

capital investment and policy support. 

Also the technological challenges are immense: most of the technologies are just out of 

the laboratories and need considerable efforts in scale up and downstream processing. The 

present study is a state-of-the-art review discussing the present status of bio-based commodity 

chemicals with their necessary techno-economics, and several successive stories of 

commercialized bio-chemicals (succinic acid, lactic acid, isobutanol, and 1,3 propanediol). In 

addition, the review addresses the near term opportunities of industrial biotechnology and 

recent advances in value-added bioproduct candidates, including their metabolic engineering 

approaches and fermentation technologies. 

 

 

2. CURRENT STATUS OF COMMERCIALIZED BIO-BASED PRODUCTS 
 

After the ―golden years of synthetic chemistry revolution‖ in the last century, the 

petrochemicals dominate today‘s chemical industry. With the rapid development of 

experimental and industrial biotechnology in this century, we are entering into ―synthetic 

biology revolution‖ [3] and bio-based products represent a growing market with an extensive 

range of fuels, chemicals and plastics. Early commercialized bio-based products like 

cellulose, starch, sugars, oils and proteins were directly processed from biomass by physical 

or chemical treatments, while the next wave of bio-based products should be biochemically 

converted by microbial and enzymatical bioprocesses from fermentable biomass (usually 

starch and sugars). 

According to the 2010 report from the World Economic Forum, the estimated market for 

biofuels, bio-based bulk chemicals and bioprocessing enzymes will grow to $95 billion by 

2020 [4]. However, bio-based products are currently still at an early development stage. 

Nearly 87% of global chemical production still relies on fossil resources, with mature, well 

understood technologies and significant advantages in economy and scale, while many bio-

refineries still remain in the small-sized operation, immature technologies with low 

production efficiency. 
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To achieve economical and technical competitiveness, more sustainable models must be 

developed to maximize the use of biomass, increase the processing efficiency, and explore 

new products and value streams. 

 

 

Figure 1. Key techno-economics of commercialized bio-based products. 

 

2.1. General Issues of Bio-Based Chemicals 
 

The success of commodity bio-based products largely depends on the inexpensive and 

sustainable raw biomass materials and efficient conversion of these materials to value-added 

products. In Figure 1, we summarized several key economic factors (inexpensive and 

sustainable supply of fermentable raw material, efficiency of bioconversion and recovery 

process) and relative advanced biotechnologies aiming to reduce the unit cost of bio-based 

products. 

 

2.1.1. Supply of Biomass Feedstock 

Most biobased industrial products typically started with bulk and labile biomass 

feedstock like sugars and starch. United States has well established supply chains for pricing 

and delivery of corn, mostly for corn starch derived bio-ethanol. The production capacity of 

corn ethanol has been significantly improved to about 14 billion gallons per year in 2011 [2], 

resulting in the increased corn price in the global market. For the healthy and sustainable 

development, bio-industries are seeking for sufficient feedstock at a stable price. Cellulosic 

biomass is the most abundant source of carbon; current biotechnology has focused on 

consolidated pretreatment and enzymatic conversion of cellulose to sugars, however the 

commercialization in the present scenario is not economically viable [5]. Plant biotechnology 

has been well utilized in increasing the productivity for many biomass feedstock like corn and 

soy. Moreover, plant genetic engineering technology was used in modifying plant structure to 

reduce the cost of the expensive pretreatment process or increase the polysaccharides content 

[6]. For example, genetically modified switchgrass has reduced recalcitrance to thermal, 

chemical, enzymatic and microbial treatments [7]. 
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2.1.2. Bioconversion Process 

Bioconversion is the central part of whole production process for the bio-based products. 

It selectively needs suitable and inexpensive raw material from the upstream process, and the 

productivity and yield of the catalytic strains or enzymes towards objective products largely 

affect the downstream recovery processes. In order to efficiently produce bio-based products 

from renewable resources, advanced biotechnologies are needed to find and improve natural 

enzymes and microorganisms which have superior metabolic capabilities. Industrial strains 

have been traditionally developed by the random mutagenesis and screening processes, 

however, this approach has many limitations and rational metabolic engineering has become 

popular for strain development [8]. Recently, genetically engineered microbes are commonly 

used to carry out the fermentation and systems metabolic engineering has been developed at 

the systems-level for developing strains for a variety of bio-products. The advanced 

techniques include in silico modeling, omics (genome, transcriptome, proteome, metabolome, 

and fluxome), gene synthesis, synthetic regulatory circuits, and enzyme/pathway engineering 

[9-13]. Other than stain development, fermentation strategy development also improves the 

efficiency of the bioconversion process to a large degree by experimentally or statistically 

optimizing the fermentation process (medium, conditions, process control). For example, 

recent fermentation strategies like simultaneous saccharification and co-fermentation (SSCF) 

improved the conversion efficiency of xylose [14], and co-fermentation strategy using two 

strains improved the conversion efficiency of sugar mixtures [15]. 

 

2.1.3. Separation and Recovery Process 

Separation of objective products from the bioconversion system is where major costs are 

generated. The difficulties in developing an efficient separating process are associated with 

the complexity of the fermentation broth; the recovery process usually needs multiple steps 

with extensive energy and material consumption; also the waste management for 

environmental issues needs to be considered. Effective recovery techniques play vital roles in 

the commercialization of bio-based products. A variety of separation techniques, such as 

precipitation, ion-exchange adsorption, solvent extraction, crystallization, membrane 

separation, and chromatography, have been successfully established for the downstream 

processing of commercialized bio-based chemicals. However, the immature recovery 

techniques are the main economic barriers against the commercialization of many 

underdeveloped bio-based chemicals. To reduce the cost and improve the recovery efficiency, 

many new recovery techniques have been proposed. For example, the integrated fermentation 

and in situ product recovery processes were used in bio-butanol production [16], which 

reduced butanol toxicity to the microbes, and improved substrate utilization and overall 

efficiency of the integrated conversion-separation processes. Similar recovery strategy was 

also proposed in fumaric acid fermentation and separation [17]. Because one of the 

difficulties in developing an efficient separating process is associated with the complexity of 

the fermentation broth, the integration of recovery techniques for different chemicals for the 

complete utilization of the fermentation broth should lead to the development of 

―biorefineries‖ strategy [5]. This strategy allows the production of objective products and 

many other valuable co-products at smaller volumes, improves the overall effectiveness of the 

process, and makes it techno-economically competitive. In summary, commercialization of 

bio-based products is expected to follow common business imperatives. The bio-based 

products must offer equal or better market price than petroleum-based products. And RandD 
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efforts may focus on optimizing the process, increasing the efficiency, developing innovate 

advanced techniques, improving the performance of the final products, and developing new 

value-added products that are acceptable by the consumers. 

 

 

2.2. Representative Bio-Based Commodity Chemicals 
 

The first generation biofuels, bio-ethanol from corn and biodiesel from oils and fats, are 

typical examples of early bio-based commodity chemicals. Now it is met with general 

acceptance that more value-added bio-based chemicals need to be developed for a sustainable 

bio-economy. In 2004, the US Department of Energy (DOE) conducted an initial screening 

and categorization of renewable chemicals that could be co-produced as side streams of 

biofuels and bioenergy. The analysis yielded a list of 12 sugar-derived chemicals as top 

targets for further research and development within industrial biotechnology [18]. Since 2004, 

with the speeding research and development of biotechnology, biotech companies have 

developed economic bioprocess pathways for more value-added bio-products. Early examples 

of commercial or near term value-added chemicals included several alternative biofuels, key 

building blocks and bio-based monomers with broad applications ranging from fuels, 

cosmetics, home cleaning products, food/drink packaging, and car industry. 

 

2.2.1. Succinic Acid 

As one of the top 12 sugar-derived chemicals [18], succinic acid is a key C4 building 

block for a wide range of secondary chemicals used in the chemical industries (e.g., synthesis 

of 1,4-butanediol, tetrahydrofuran, butyrolactone, maleic succimide, itaconic acid and N-

methylpyrrolidinone) [25]. Succinic acid could also be used as a monomer for the production 

of biodegradable polymers [26, 27]. Until recently, nearly all succinic acids were produced 

from petroleum feedstocks. With cost-competitiveness and superior performance, bio-based 

succinic acid has successfully reached production quantities in a variety of companies [2, 3]. 

Myriant and BioAmber have provided breakthrough biotechnologies in commercial 

production of succinic acid from glucose using genetically engineered E. coli [19]. As the 

cost of downstream processing can make up a very high portion (50–70 %) in the total 

production cost for bio-based succinic acid, in situ product removal and biorefinery strategies 

were proposed to minimize the production cost [28]. 

 

Table 1. Representative value-added bio-based commodity chemicals 

 
Chemical Status Production strains Companies Summarized by 

Succinic acid Commercialized 
Engineered 

Escherichia coli 
Myriant, BioAmber, DSM [2, 3, 19] 

Lactic acid and 

polylactic acid 
Commercialized 

Lactobacilli strains; 

Engineered E. coli 
NatureWorks [2, 20, 21] 

1,3 Propanediol Commercialized Engineered E. coli DuPont Tate and Lyle [2, 22] 

Isobutanol Commercialized 
Engineered E. coli; 

Engineered yeast 
Gevo [2, 23] 

Isoprene 
Near-term 

commercialized 

Engineered E. coli; 

Engineered yeast 
Genencor; Amyris [24] 
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2.2.2. Lactic Acid and Polylactic Acid (PLA) 

Lactic acid is one of the most successful bio-based commodity chemicals, which can be 

fermented by a variety of bacteria and fungi [21]. Lactobacilli spp. is commonly used for the 

industrial production of lactic acid with high yield (nearly 1g/g glucose) and matured 

techniques. PLA was synthesized from the lactic acid by ring opening polymerization (ROP) 

of lactide [29]. PLA has been considered to be an environmentally friendly alternative to 

petroleum-based plastic, because of its biodegradable, biocompatible, and compostable 

properties. Compared to other biodegradable polyesters, PLA has the highest potential due to 

its availability on the market and its low price. Currently, NatureWorks has established global 

market channels for its PLA biopolymer (marketed under the Ingeo trademark) in more than 

70,000 stores globally and over 100 million pounds in annual sales [2]. To further reduce the 

production cost, engineered E. coli strains were developed to improve the optical purity of 

lactic acid [30], and to employ direct sugar-PLA pathways [20]. 

 

2.2.3. 1,3-Propanediol (PDO) 

Bio-derived PDO can be produced from renewable biomass by robust microbes. In 

nature, many microorganisms including Klebsiella, Citrobacters, and Clostridium were found 

to produce 1,3-PDO from glycerol. DuPont constructed engineered E. coli strains, which 

integrated the pathways for glycerol and 1,3-PDO production, can directly produce 1,3-PDO 

from sugar substrates [22]. 

The PDO can be used as a key building block for a wide range of secondary chemicals or 

as a monomer ingredient in polymers. Over a dozen products can be made using bio-derived 

PDO as a key ingredient. Zemea
®
 and Susterra

®
 propanediol are two grades of 100% 

renewably sourced Bio-PDO
™

, manufactured by DuPont Tate and Lyle Bio Products. On a 

pound-for-pound basis, the bio-based PDO consumes 38% less energy and emits 42% fewer 

greenhouse gas emissions compared to petroleum-based PDO [2]. 

 

2.2.4. Isobutanol 

Isobutanol can be used as an ingredient in nearly 40% of traditional chemicals (such as 

butenes, toluenes and xylenes) or transportation fuels. The solvent, rubber and fuel 

ingredients markets of related chemicals are each worth several billion dollars. Current 

isobutanol based chemicals are subject to volatile oil prices and supply, so bio-derived 

isobutanol can serve as a price-stable replacement for petroleum-derived isobutanol [2]. Gevo 

(http://www.gevo.com) is now producing bio-based isobutanol from sugars by an Integrated 

Fermentation Technology (GIFT) that combines genetically engineered yeast with a 

continuous separation process to recover the isobutanol from the fermentation broth. Gevo 

also engineered E. coli to improve the yield of isobutanol by blocking competitive pathways 

for ethanol and acetic acid [23]. 

 

2.2.5. Isoprene 

Isoprene can be used as a key chemical to produce a diverse range of industrial products 

used in surgical gloves, motor mounts and fittings, rubber bands, golf balls, and shoes. Until 

recently, most of isoprene products are produced from petroleum-derived feedstocks. The 

research collaboration between Genencor and Goodyear Tire has resulted in the production of 

BioIsoprene
®
, a synthetic cis-polyisoprene [24]. 



Microbial Conversion of Bio-Based Chemicals: Present and Future Prospects 307 

This technology has resulted in the production, recovery, polymerization of, and 

manufacture of tires with the isoprene produced via fermentation. Genencor and Amyris also 

successfully explored techniques for bio-isoprene fermentation. In this process, the isoprene 

monomer is firstly produced from sugar substrates by engineered strains (E. coli for Genencor 

and yeast for Amyris) that carry the entire isoprene synthetic pathways; then the isoprene 

produced in the gas-phase is recovered from the fermentation off-gas in a continuous process. 

Although the technology will not be full-scale within several years, it has been proved that 

isoprene is a representative example for obtaining renewable chemicals to replace the scarce 

natural resources. 

 

 

3. METABOLIC ENGINEERING FOR NEW BIO-CHEMICALS 
 

Several bio-based chemicals have been successfully commercialized in the past years, 

and a wide range of new bio-chemicals are being developed by manipulating metabolic 

networks in the engineered microorganisms. Many of the native or engineered metabolic 

pathways in microorganisms are cross linked, which offer great opportunities to design novel 

bio-based molecules for a variety of applications. 

 

 

3.1. Fatty Acids and Derivatives 
 

Fatty acids are carboxylic acids with a long aliphatic chain and have diverse uses in 

different fields, including food industry, biofuel, cosmetics, rubber, and surfactant, etc. Fatty 

acids usually come from two main processes: chemical synthesis derived from fossil fuel and 

biosynthesis by organisms using renewable materials [31]. In recent years, because of the 

gradual and inescapable exhaustion of the Earth‘s fossil energy resources, biosynthesis of 

fatty acids in microbial cells as an alternative to traditional synthetic routes has become a 

research hotspot [32]. 

In all organisms, fatty acids are synthesized in high flux and converted into phospholipids 

to build up the cell membranes. Fatty acid biosynthesis and regulation have been extensively 

characterized (Figure 2) [33, 34], which provides rich information for metabolic engineering 

to increase the fatty acids production. Organisms create fatty acids from acetyl-coenzyme A 

(CoA) precursor, which is converted into malonyl-CoA and malonyl-acyl carrier protein 

(ACP) by acetyl-CoA carboxylase (ACC) and malonyl-CoA:ACP transacylase (FabD), 

respectively. The β-ketoacyl-ACP synthase III (FabH) initiates the fatty acyl elongation by 

condensing malonyl-ACP and acetyl-CoA to generate acetoacetyl-ACP. Then, a series of β-

keto-reduction, dehydration, and enoyl-reduction reactions, catalyzed by β-ketoacyl-ACP 

reductase (FabG), (3R)-hydroxyacyl-ACP dehydratase (FabZ), and enoyl-ACP reductase 

(FabI) respectively, take place in turn to transform the acetoacetyl-ACP (a β-ketoacyl-ACP) 

into acyl-ACP. The same cycle can be repeated for several times to elongate the growing acyl 

chain after addition of two carbon atoms from malonyl-ACP as catalyzed by β-ketoacyl-ACP 

synthase I (FabB). On the other side, organisms also have the β-oxidation pathway to degrade 

the excess fatty acid, in which fatty acid is activated to acyl-CoA by acyl-CoA synthetase 

(FadD) and broken down to generate acetyl-CoA, the entry molecule for the citric acid cycle. 
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Engineering E. coli metabolic pathway to produce fatty acids in high yields has been 

reported by several groups. Steen et al. overexpressed a truncated version of the endogenous 

thioesterase TesA, which lacks the membrane insertion domain and catalyzes the hydrolysis 

of acyl-ACP, releasing free fatty acids from the fatty acid synthesis pathway. In order to 

block the fatty acids degradation, they also deleted the fadE gene, which encodes the acyl-

CoA dehydrogenase for the first step of β-oxidation [35]. The resultant strain had the 

improved ability to produce free fatty acids, and accumulated 1.2 g/L fatty acids from 2% 

glucose in shake flasks, reaching 14% of the theoretical limit. Although a range of free fatty 

acids (C8-C18) could be detected, the C14:0 fatty acid was the major type, indicating that 

TesA has a substrate preference for C14 fatty acyl-ACP. In another study, Liu et al. 

overexpressed the endogenous acetyl-CoA carboxylase genes accBCDA to elevate the 

intracellular level of malonyl-CoA, overexpressed both the endogenous tesA gene and a plant 

thioesterase gene from Cinnamomum camphorum, and deleted the fadD gene [36]. This 

engineered E. coli strain produced 4.5 g/L/day total fatty acid in a fed-batch fermentation with 

20% of theoretical yield. Moreover, Liu et al. provided a high intracellular level of NADPH 

by overexpressing the endogenous malic enzyme gene maeB or adding malate to the culture 

medium, which showed a positive effect on the fatty acids production in the engineered E. 

coli. Coexpression of acetyl-CoA carboxylase genes from Acinetobacter calcoaceticus and E. 

coli maeB gene resulted in a 5.6-fold higher fatty acids production compared with the wild-

type strain [37]. As unsaturated fatty acids are preferred for biodiesel production, Cao et al. 

overexpressed two fatty acid synthesis genes (fabA and fabB) in engineered E. coli to elevate 

the unsaturated fatty acids proportion in the total fatty acids [38]. 

Metabolic engineering for improved extracellular fatty acid production in microalgae was 

also reported. In cyanobacterium Synechocystis sp. PCC6803, a codon-optimized E. coli tesA 

gene was overexpressed and the slr2132 gene coding for phosphotransacetylase was knocked 

out to weaken the polar cell wall layers for fatty acid secretion. In this engineered strain, the 

fatty acid secretion yield was increased to 197 mg/L at a cell density of 1.0 x 10
9
 cells/mL 

[39]. To further increase the fatty acid yield and simplify the fatty acid separation process, a 

CO2-limitation-inducible green recovery system was constructed. The lipase genes from 

Staphylococcus hyicus and Fusarium oxysporum were inserted into the Synechocystis 

chromosome under the control of cmpA promoter corresponding to CO2 concentration. Under 

CO2 limitation, the diacylglycerols in cell membrane were degraded, leading to the release of 

fatty acids into the culture medium [40]. 

Fatty acids also can be used as platform chemicals to synthesize a series of derivatives 

that have broad applications, such as alkanes, alkenes, unsaturated fatty acids, fatty alcohols, 

fatty acid ethyl esters (FAEEs), and hydroxyl fatty acids (HFAs). All these chemicals can be 

synthesized through the fatty acid synthesis pathway from renewable biomass by metabolic 

engineered microorganisms. 

Alkanes and alkenes are the predominant components of petroleum. Recently, an alkane 

biosynthesis pathway from cyanobacteria was discovered. In this pathway, the acyl-ACP was 

reduced to aldehydes by an acyl-ACP reductase (AAR), and the aldehydes were converted 

into alkanes by an aldehyde decarboxylase (ADC) (Figure 2). An engineered E. coli strain 

carrying those two genes from Synechococcus sp. produced 300 mg/L of alkanes (C13-C17), 

and more than 80% of the produced alkanes were found outside the cells [41]. Furthermore, a 

three-gene cluster oleACD responsible for long-chain alkene biosynthesis from Micrococcus 

leteus was discovered. 
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Heterologous expression of these genes in a fatty acid-producing E. coli led to the 

production of long-chain internal alkenes, predominantly C27:3 and C29:3 [42]. In the 

process of alkene biosynthesis, OleA catalyzed a non-decarboxylative Claisen condensation 

reaction and converted two molecules of fatty acyl-CoA into a β-ketoacid, which was further 

transformed into olefins by OleC and OleD with unknown mechanisms [43]. In addition, a 

cytochrome P450 enzyme OleTJE from Jeotgalicoccus spp. can catalyze the decarboxylation 

of free fatty acids to terminal alkenes, and expression of the OleTJE in E. coli resulted in 

terminal alkenes (mostly C18-C20) accumulation [44]. 

Fatty alcohols are mainly used in the production of detergents and surfactants. They are 

also components of cosmetics, foods, and industrial solvents. Due to their amphipathic nature, 

fatty alcohols behave as the nonionic surfactants. To achieve the fatty alcohol production in 

E. coli, the fadD gene was overexpressed together with an acyl-CoA reductase gene acr1 

from Acinetobacter calcoaceticus, which catalyzed the conversion of acyl-CoA into fatty 

aldehyde. Then the fatty aldehyde was further reduced to fatty alcohol by the endogenous 

aldehyde reductase of E. coli [35]. Fatty alcohols with different chain length have diverse 

applications: the C12/14 alcohols can be used as lubricant additives, and the C16/18 alcohols 

can be employed as defoamers, solubility retarders, and consistency giving factors. For 

selective production of desired fatty alcohols, the substrate specificity of synthesis enzymes in 

this pathway was investigated, and appropriate enzymes were selected to construct the 

pathways for C12/14 and C16/18 fatty alcohol synthesis. After optimization of gene 

expression level, the C12/14 alcohol production was increased to 449.2 mg/L, accounting for 

75.0% of the total fatty alcohol production [45]. 

Long chain hydroxyfatty acids are widely used in the production of biodegradable 

plastics, cyclic lactones, and pharmaceutical agents. Although the biosynthesis of 

hydroxyfatty acid was reported in various organisms, the exogenous addition of fatty acids as 

substrate was required [46-48]. Recently, Wang et al. introduced the fatty acid hydroxylase 

gene P450BM3 from Bacillus megaterium into a fatty acid producing E. coli strain. This 

engineered E. coli strain produced 117 mg/L hydroxyfatty acids directly from renewable 

carbohydrates resources in shake flasks [49]. 

Fatty acid ethyl esters (FAEEs) are currently used as biodiesel with qualified 

performance for diesel engines. A FAEE-producing E. coli strain was constructed based on a 

fatty acid production strain as following: A pyruvate decarboxylase gene pdc and an alcohol 

dehydrogenase gene adhB were overexpressed to convert pyruvate into ethanol. At the same 

time, FadD was overexpressed to activate free fatty acids to acyl-CoA, and then a wax-ester 

synthase gene atfA was introduced to esterify the acyl-CoA to FAEEs. The resultant strain 

accumulated 427 mg/L FAEEs with 9.4% of theoretical yield [35]. 

 

 

3.2. 3-Hydroxypropionate 
 

As an important platform chemical, 3-hydroxypropionate (3HP) has been listed as one of 

the top 12 value-added chemicals from biomass [18]. 3HP can be readily converted to 

commodity chemicals including acrylic acid, methyl acrylate, acrylamide, PDO, malonic 

acid, and acrylonitrile. The combined market of those chemicals is well over $1 billion/year. 
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Traditional chemical synthesis of 3HP mainly derives from acrylic acid and 3-

hydroxypropylene nitrile [50-52], however the chemical routes were not commercially 

feasible because of the high production cost and environmental issues. 

3HP was found to be a characteristic metabolic intermediate in Chloroflexus aurantiacus, 

a phototrophic green non sulfur bacterium [53, 54]. The autotrophic CO2 fixation pathway, 

termed 3HP cycle, starts with acetyl-CoA carboxylation to malonyl-CoA, which not only 

serves as a precursor for fatty acid biosynthesis, also can be reduced with NADPH by 

malonyl-COA reductase (MCR) to 3HP [55]. 3HP is converted to succinyl-CoA with the 

fixation of another CO2 molecule [56], and succinyl-CoA is used to regenerate the initial CO2 

acceptor molecule acetyl-CoA, releasing glyoxylate as the primary CO2 fixation product [57]. 

Although similar pathways have been discovered in various bacteria like Metallosphaera 

sedula, Sulfolobus spp. [58], and Cenarchaeum [59], no known organism produces 3HP as a 

major metabolic end product. Several organisms are able to produce 3HP from acrylic acid, 

1,3-PDO, or propionate [60]. 

Unfortunately, these routes are commercially inefficient because the starting compounds 

required are even more expensive than 3HP. In view of this, genetically modifying metabolic 

pathways is required for efficient 3HP biosynthesis. 

Two main carbon resources, glycerol and glucose, were often used in the 3HP 

biosynthesis. Glycerol is the main by-product of biodiesel production, and the price of crude 

glycerol decreased to only $0.011/kg [61]. For 3HP biosynthesis from glycerol, Suthers et al. 

introduced glycerol dehydratase gene dhaB from Klebsiella pneumoniae and aldehyde 

dehydrogenase gene ald4 from Saccharomyces cerevisiae into E. coli strain (Figure 3A). 

DhaB converted glycerol into 3-hydroxypropionic aldehyde (3HPA) in a coenzyme B12-

dependent manner, and Ald4 further oxidized 3HPA to 3HP. Co-overexpression of these two 

enzymes resulted in 0.17 g/L 3HP production using glycerol as sole carbon resource under 

anaerobic conditions [62]. 

To improve the 3HP production, a series of researches have been done during the past 

few years. Along with the oxidation of 3HPA to 3HP, a mass of NADH was produced, 

leading to the imbalance of cellular reducing power. Shinzo overexpressed the propanol 

dehydrogenase catalyzing 3HPA to 1,3-PDO to consume the excess NADH (Figure 3A), and 

replaced the ald4 gene with pdu operon from Klebsiella. The engineered strain produced 3HP 

and 1,3-PDO simultaneously with 40% of theoretical yield [63]. Raj et al. replaced ald4 gene 

with E. coli aldH gene, resulting in 2.5 g/L 3HP production [64, 65]. However the 3HP titer 

was still too low to be produced commercially. The low titer was mainly attributed to the 

instability of DhaB and the imbalanced activities between DhaB and AldH [64]. To stabilize 

the DhaB enzyme, glycerol dehydratase reactivase (GDR) genes gdrAB were co-

overexpressed along with dhaB. 

Also the α-ketoglutaric semialdehyde dehydrogenase KGSADH from Azospirillum 

brasilense, which had a better activity to produce 3HP, was used as an alternative to AldH. 

The recombinant strain produced 38.7 g/L 3HP with 35% of the theoretical yield under 

aerobic fed-batch conditions [65]. 

In order to further improve the 3HP production, enzymes from diverse organisms were 

characterized and used in 3HP biosynthesis. For example, the CoA-dependent 

propionaldehyde dehydrogenase PduP from Lacobacillus exhibited broad substrate 

specificity and can utilize both NAD
+
 and NADP

+
 as cofactor [66], and the aldehyde 

dehydrogenase PuuC from K. pneumoniae showed higher efficiency [67]. 
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Besides E. coli, K. pneumoniae was also manipulated as the host of extraneous metabolic 

pathway to produce the 3HP. Compared with E. coli, K. pneumoniae has some expected 

advantages: K. pneumoniae has endogenous glycerol dehydratase and glycerol dehydratase 

activitase, which increase the strain tolerance to the high concentration of glycerol and 

dissolved oxygen [64, 68]. 

Furthermore, K. pneumoniae can synthesize coenzyme B12, avoiding addition of the 

expensive coenzyme B12 [69]. The 3HP production in two-stage oxidoreduction potential 

control fermentation reached 2.8g/L, accompanied with 9.8 g/L PDO (1,3-propanediol) [70]. 

Deletion of dhaT gene, encoding the main propanol dehydrogenase of K. pneumoniae, 

increased 3HP production to 3.6 g/L along with 3.0 g/L PDO in shake flasks and 16 g/L 3HP 

with the co-production of 16.8 g/L PDO under microaerobic fed-batch fermentation in 24h 

[71]. In a glycerol fed-batch bioreactor experiment under a constant DO (dissolved oxygen) 

of 5%, the strain K. pneumoniae ΔdhaTΔyqhD overexpressing both PuuC and DhaB could 

produce >28 g/L 3HP in 48 h with a yield of 40% on glycerol [69]. 

Seven 3HP synthetic pathways have been patented by Cargill et al. [72-75], in which 

3HP could be produced at a theoretical yield of 100% from glucose. All these seven routes 

started from common metabolic intermediates such as pyruvate, acetyl-CoA, and aspartate, so 

various C5 and C6 sugars derived from lignocellulosic biomass can be used as raw material 

for 3-HP production. Among these pathways, the most representative one used lactyl-CoA as 

the intermediate (Figure 3B). 

In this pathway, lactic acid was activated into lactyl-CoA and then converted into 

acryloyl-CoA by propionyl-CoA transferase (PCT) and lactyl-CoA dehydratase (LCD) from 

Megasphaera elsdenii, respectively. Then acryloyl-CoA was transformed into 3HP-CoA by 

3HP-CoA dehydratase (OS19) from C. aurantiacus. After the improvement of key enzyme 

activities and the optimization of culture conditions, the recombinant strain can accumulate 

3HP up to 25 g/L. However, LCD was easily inactivated by oxygen, so the fermentation had 

to be performed under strictly anaerobic conditions. In addition, the overexpression of PCT 

affected the cellular pool of acetyl-CoA and inhibited the cell growth. Those disadvantages 

severely limited the application of this pathway. 

Another interesting route from glucose was the malonyl-CoA pathway, in which the 

common intermediate malonyl-CoA was directly transformed into 3HP by malocyl-CoA 

reductase (MCR) from C. aurantiacus (Figure 3B). 

A high conversion yield of 3HP from glucose was expected since the malonyl-CoA route 

was energetically well balanced. The conversion of glucose to each mol of acetyl-CoA 

generates 2 mol of NADH, 1 mol of ATP and 1 mol of CO2; while carboxylation of each mol 

of acetyl-CoA to malonyl-CoA utilizes 1 mol of CO2 along with 1 mol of ATP, and 

subsequent reduction of malonyl-CoA to 3-HP utilizes 2 mol of NADPH. The recombinant E. 

coli strain carrying mcr gene produced 0.064 g/L 3HP in 24 h in the shake flask cultivation 

under aerobic conditions with glucose as the sole carbon source [76]. Co-overexpression of 

the genes accADBC and pntAB, encoding acetyl-CoA carboxylase and nicotinamide 

nucleotide transhydrogenase that converts NADH to NADPH respectively, increased 3-HP 

production to 0.19 g/L [76]. Low activity of malonyl-CoA reductase should be responsible for 

the low 3HP titer. Under fermentation conditions, the remained activity of MCR at 37°C was 

only about 50% of the maximal-activity at 57°C [77]. Furthermore, MCR activity was strictly 

regulated by its postulated physiological requirement. 
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It was reported that only about 37% of the maximal rate could be measured in 

heterotrophically grown C. aurantiacus cells, although these cells grew five times faster than 

cells under autotrophic conditions [55]. When expressed in E. coli, MCR enzymatic activity 

could be further down-regulated due to the change of physiological environment. 

 

 

3.3. Advanced Alcohols 
 

Bioethonal fermented from corn and biodiesel esterified from edible vegetable oils and 

animal fats were termed as the first generation biofuels, which have captured 90% of the 

current biofuel market [78]. However, ethanol is not an ideal fuel because it has a lower 

energy density than gasoline. Additionally, ethanol is miscible with water, making it difficult 

to distill from culture broth, and corrosive to storage and distribution infrastructures [79]. On 

the other hand, longer chain alcohols are non-hygroscopic, less volatile, and have higher 

energy densities compared with ethanol. These advantages allow them to be used in existing 

gasoline, diesel, and jet engines. Except for 1-butanol [80, 81], there is no report showing 

longer chain alcohols production from renewable sources with high yield. Although some 

alcohols such as isobutanol, 2-methyl-1-butanol, and 1-hexanol have been identified as 

microbial by-products [82-84], none of them can be produced from renewable sources at 

industrial levels. Due to the energy and environmental concerns, metabolic engineering for 

microbial production of longer chain alcohols has already become a research hotpoint. 

Unlike the fermentative pathways for ethanol and 1-butanol, longer chain alcohols are 

mainly derived from acyl-CoA and 2-keto acids. As mentioned above, acyl-CoA, the 

activated form of long-chain fatty acids, can be converted to corresponding alcohols by 

appropriate acyl-CoA reductase and aldehyde reductase (Figure 4A) [35, 45]. 2-keto acids are 

intermediates in amino acid biosynthesis in all organisms, and can be converted to aldehyde 

by 2-keto acid decarboxylases (KDCs) and then to alcohols by alcohol dehydrogenase (ADH) 

or aldehyde reductase (Figure 4A). A 2-keto acid pathway was constructed in E. coli by 

introducing the kivd gene from Lactococcus lactis [85] and the adh2 or adh6 gene from S. 

cerevisiae [86, 87]. A wide range of 2-keto acids derived from various amino acid 

biosynthesis pathways can be converted to their corresponding alcohols. For example, 2-

ketobutyrate and 2-keto-3-methyl-valerate in isoleucine biosynthesis pathway can be 

converted to 1-propanol and 2-methyl-1-butanol; 2-keto-isovalerate in valine biosynthesis 

pathway is the substrate for isobutanol; 2-keto-4-methyl-pentanoate in leucine biosynthesis 

pathway is the precursor for 3-methyl-1-butanol (3MB); phenylpyruvate in phenylalanine 

biosynthesis pathway can be converted into 2-phenylethanol [88]. The alcohol production is 

completely determined by the 2-keto acid pool of the engineered E. coli, and overexpression 

of pathway genes to increase the flux toward a specific 2-keto acid can elevate the production 

level of corresponding alcohol. For example, isobutanol production at 22 g/L with 86% of 

theoretical yield was achieved when the alsS gene from Bacillus subtilis and endogenous 

genes ilvCD were overexpressed to enhance the 2-ketoisovalerate biosynthesis [88]. To 

further improve the 3MB production in the engineered E. coli, random mutagenesis was 

performed. Under selective pressure toward leucine biosynthesis, a new E. coli strain with 

increased 3MB production was selected. Using the two-phase fermentation technique to 

continuously remove the toxic 3MB from the aqueous cellular environment, this strain 

produced 9.5 g/L 3MB with a yield of 0.11 g/g glucose in 60 h [89]. 
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Different with short chain (C3-C5) alcohols which can be directly derived from 

intermediates in amino acid biosynthesis, longer chain alcohols synthesis involves two types 

of 2-keto acid chain elongation pathways: the 2-isopropylmalate synthase (IPMS) pathway 

and the acetohydroxy acid synthase (AHAS) pathway (Figure 4B). The non-recursive nature 

IPMS pathway is for the ketoisocaproate production in leucine biosynthesis, which employs 

one acetyl-CoA to extend the 2-keto acid chain by one carbon unit. 

In IPMS pathway, LeuA is the first enzyme and determines the substrate specificity of 

this elongation pathway. Through structure-based enzymatic engineering of LeuA, several 

LeuA mutants were selected which preferentially selected longer-chain substrates for 

catalysis and can recursively catalyze up to five elongation cycles [90]. Using this engineered 

leuA*BCD operon, the simultaneous production of C3-C8 n-alcohols was achieved in a 

threonine-hyperproduction strain carrying the thrABC operon (driving the carbon flux toward 

threonine), ilvA gene (converting threonine into 2-ketobutyrate), leuA gene (G462D mutant, 

providing elongation activity for small substrates), and kivd-adh6 gene (catalyzing 2-keto 

acids into alcohols) [90]. The nature role of AHAS pathway is to produce 2-keto-isovalerate 

in valine/leucine biosynthesis. In long chain alcohols biosynthesis, this pathway is used to 

increase the 2-keto acid carbon number by two and generate a branch point at the expense of 

one pyruvate molecule. Furthermore, these two elongation pathways can be applied 

repetitively in hybrid fashion to generate a series of 2-keto acids with different carbon 

numbers and structures [91]. 

For the acyl-CoA chain elongation, besides the fatty acid biosynthesis pathway discussed 

above (Figure 2), a CoA-dependent reverse β-oxidation cycle was reported recently in E. coli 

(Figure 4B) [92, 93]. This pathway elongates the chain by two carbon units with consumption 

of one acetyl-CoA, and enables the elongation at maximum carbon and energy efficiency, 

better than 2-keto acid elongation pathway and fatty acid synthesis pathway which requires 

ATP-dependent activation of acetyl-CoA to malonyl-CoA. Combined with appropriate 

thioesterases and dehydrogenases, this pathway was successfully used to produce 1-hexanol 

[92] and 1-octanol [93] in E. coli. This pathway can also be used in long-chain fatty acids 

(C>10) production at higher efficiency. 

1,4-Butanediol (BDO) is an important commodity alcohol, which is industrially used to 

produce over 2.5 million tons of plastics, polyesters and spandex fibers annually. BDO can 

not be produced naturally by any known organism, and is manufactured entirely from 

petroleum-based feedstocks. To design an artificial BDO synthetic pathway, Simpheny 

Biopathway Predictor software was used to elucidate all potential pathways based on 

transformation of functional groups by known chemistry [94]. 

From over 10,000 identified pathways for BDO synthesis from common metabolites, the 

pathway proceeding through the 4-hydroxybutyrate intermediate was selected as the highest 

priority using the following criteria: theoretical BDO yield, pathway length, thermodynamic 

feasibility, number of non-native steps, and number of steps without currently identified 

enzymes. To construct this artificial route in E. coli, candidate genes from various bacteria 

were expressed and tested in vivo to determine their effects on BDO production, and 

appropriate enzymes were elected to assemble the artificial BDO synthetic pathway. In the 

engineered E. coli strain, the intermediate succinate from the TCA cycle was activated to 

succinyl-CoA by the entogenous enzyme succinyl-CoA synthetase SucCD, and then the 

succinyl-CoA was converted into succinyl semialdehyde by CoA-dependent succinate 

semialdehyde dehydrogenase SucD from Porphyromonas gingivalis [95]. 
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The succinyl semialdehyde can also be derived from another TCA cycle intermediate α-

ketoglutarate by α-keto acid decarboxylase SucA from Mycobacterium bovis [96]. Catalyzed 

by 4-hydroxybutyrate (4HB) dehydrogenase 4HBd from P gingivalis [95], succinyl 

semialdehyde was transformed to 4HB, which is activated to CoA derivative by 4HB-CoA 

transferase Cat2 from P gingivalis [97]. With two sequential reduction reactions catalyzed by 

CoA-dependent aldehyde dehydrogenase encoded by Clostridium beijerinckii gene 025B [98] 

and E. coli endogenous alcohol dehydrogenases respectively, 4HB-CoA was converted into 

BDO via 4-hydroxybutyraldehyde. To achieve a high level BDO production, the competitive 

metabolic pathways for ethanol, formate, lactate and succinate were blocked by deletion of 

adhE (alcohol dehydrogenase gene), pfl (pyruvate formate lyase gene), ldh (lactate 

dehydrogenase gene) and mdh (malate dehydrogenase gene). To improve the cell growth 

under microaerobic condition, K. pneumoniae lpdA gene, which was proved functional 

anaerobically [99], was used to replace the E. coli native lpdA gene encoding lipoamide 

dehydrogenase, an E3 component of the pyruvate dehydrogenase. For better expression of 

endogenous enzymes for succinate synthesis, arcA gene encoding a transcriptional repressor 

[100] was knocked out. In addition, a mutation was introduced into the citrate synthase gene 

gltA to improve TCA cycle flux [101]. The resultant E. coli strain produced over 18 g/L BDO 

from glucose in 5 days [94]. Furthermore, this stain can produce BDO from xylose, sucrose 

and biomass-derived mixed sugar streams. This work presented a systems-based metabolic 

engineering approach to design, construct and optimize the artificial pathway which is not 

naturally existed in any known organisms. 

 

 

3.4. Polyhydroxyalkanoates 
 

Over the past 20 years, exploration into alternative plastics derived from biologically 

renewable resources has never ceased. Polyhydroxyalkanoates (PHAs) represent one class of 

biopolymers that are currently under extensive investigation. PHAs are a family of bacterial 

polyesters, which are synthesized by various microorganisms as intracellular storage 

compounds for energy and carbon under unfavorable growth conditions due to the 

imbalanced nutrient supply. They are generally biodegradable, biocompatible, and have 

sustainable properties. Since polyhydroxybutyrate (PHB) was discovered by Lemoigne in 

1926, more than 150 possible monomer units have been identified, which offer a broad range 

of PHAs to compete with petrochemically derived polymers such as polypropylene and 

polyethylene [102]. PHAs have been developed into a wide array of uses ranging from single-

use bulk, commodity plastics, to specialized medical applications [103, 104]. Recent studies 

have also demonstrated that PHAs can be used as biofuels or fuel additives [105]. 

PHA polymers are produced via a series of enzymatic reactions in both native and 

recombinant organisms. In the native PHA-producing organisms, PHAs are accumulated as 

granules that are surrounded by specific lipids and proteins [106]. Recombinant PHA-

producing organisms are engineered to produce PHAs with various physical properties 

depending on the types of PHA synthases, the starting carbon feedstocks and the PHA 

synthesis processes [107, 108]. Based on the structures of the monomers, PHA are classified 

into short-chain-length (scl) PHAs, which consist of monomers with 3-5 carbon units such as 

3HP, 3-hydroxybutyrate (3HB), 4-hydroxybutyrate (4HB), and 3-hydroxyvalerate (3HV); 

medium-chain-length (mcl) polymers, which consist of monomers with 6-14 carbon units 
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such as 3-hydroxyhexanoate (3HHx), 3-hydroxyheptanoate (3HHp) and 3-

hydrotetradecanoate (3HTD). On the basis of types and arrangement of the monomers, PHAs 

are divided into homopolymers PHAs including P3HP, P3HB, P4HB and PHV; random 

copolymers PHAs like PHBV, PHBHHx, and P3HB4HB; block copolymer PHAs such as 

PHB-b-PHVHHp, PHB-b-PHBV and PHB-b-PHHx. So far, PHB, PHBV, PHBHHx, 

P3HB4HB and mcl PHA have been applied in large-scale production [109]. 

PHB is the most representative homopolymers in PHA family for its high contents both 

in wild type bacteria Ralstonioa eutropha and recombinant E. coli. As the most common wild 

type strain for the industrial production of PHB, Ralstonia eutropha could reach over 200g/L 

cell density containing over 80% PHB in a one cubic meter fermentor after 60h of 

fermentation (Tianjin Northern Food Co. Ltd). Another wild strain Alcaligenes latus was 

reported to reach a cell density of 142 g/L with 50% PHB after just 18 h of growth. When 

using recombinant E. coli for PHB production, the cell density could reach 206 g/L 

containing 73% PHB with a productivity of 3.4 g/L/h. There were also a large number of 

reports about other homopolymers, including poly(3-hydroxypropionate) (P3HP), poly(4-

hydroxybutyrate) (P4HB), poly(3-hydroxyvalerate) (PHV), poly(3-hydroxyhexanoate) 

(PHHx), poly(3-hydroxyheptanoate) (PHHp), poly(3-hydroxyoctanoate) (PHO), poly(3-

hydroxynonanoate) (PHN), poly(3-hydroxydodecanoate) (PHD), and poly(3-

hydroxydodecanoate) (PHDD). 

Polylactic acid (PLA) was normally synthesized by a two-step process including lactic 

acid fermentation and chemical polymerization. Recently, engineered E. coli strain for PLA 

production was developed. In this strain, lactyl-CoA was supplied by Clostridium 

propionicum propionate CoA transferase, polymerized by the mutants of PHA synthetase 

from Pseudomonas sp. MBEL 6-19 processing broad substrate specificities (Figure 5) [110, 

111]. Then these two key enzymes were further engineered for higher efficiency. Though the 

yield was still too low, this technology provides the possibility to biosynthesize different 

PHA polymers. 

While PHB has limited applications due to its poor thermal and mechanical properties, 

the random incorporation of a second monomer exhibits significant improvements [103, 112]. 

Owing to the improvement in physical properties, 3HB based copolymers have attracted 

industrial interests. Typically, copolymers PHBV, P3HB4HB and PHBHHx have been 

developed into large-scale application [109]. However, the copolymer production needs 

addition of corresponding precursors, which added extra expenses for copolymer production. 

Therefore, to reduce the cost of production, a great deal of efforts has been made to design 

new engineered pathways using low cost substrate for copolymers production (Figure 5). Qiu 

et al. engineered Aeromonas hydrophila 4AK4 and Pseudomonas putida GPp104 to 

synthesize poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) using gluconate and 

glucose as carbon sources [113]. In this study, a truncated tesA gene was introduced into A. 

hydrophila 4AK4. When additional PHBHHx synthesis genes, phaPCJ, were co-

overexpressed, the PHBHHx content reached 15% (wt/wt cell dry weight) with 19% (mol/ 

mol) 3-hydroxyhexanoate. The recombinant strain Pseudomonas putida GPp104 harboring 

phaC gene encoding PHBHHx synthase of A. hydrophila, phaB gene encoding acetoacetyl-

CoA reductase of Ralstonia eutropha and phaG gene encoding 3-hydroxyacyl-ACP-CoA 

transferase of P. putida, can synthesize 19% (wt/wt cell dry weight) PHBHHx containing 5% 

(mol/mol) 3-hydroxyhexanoate from glucose [114]. 

 



 

 
 

Figure 2. Pathways for the production of fatty acids and derivatives. ACC, acetyl-CoA carboxylase; FabD, malonyl-CoA:ACP transacylase; FabH, β-keto-acyl-

ACP synthase III; FabB, β-keto-acyl-ACP synthase I; FabG, β-keto-acyl-ACP reductase; FabZ, β-hydroxyacyl-ACP dehydratase; FabI, enoyl-acyl-ACP 

reductase; TesA, acyl-ACP thioesterase; FadD, acyl-CoA synthase; Acr1, acyl-CoA reductase; FAR, acyl-CoA reductase; OleA, enzyme promoting 

condensation of two long-chain fatty acids; OleC and OleD, enzymes in long chain alkenes synthesis pathway with unknown intermediates and mechanism; 

AtfA, wax-ester synthase; P450BM3, a cytochrome P450 enzyme catalyzing fatty acid hydroxylation; AAR, acyl-ACP reductase; ADC, aldehyde decarboxylase; 

OleTJE, a cytochrome P450 enzyme that reduces fatty acids to alkenes; FabA, β-hydroxyacyl-ACP dehydratase with trans-2-decenoyl-ACP isomerase activity. 
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Figure 3. Biosynthetic pathways for 3HP from glycerol (A) and glucose (B). 3HP, 3-hydroxypropionate; 3HPA, 3-hydroxypropionaldehyde; 1,3-PDO, 1,3-

propanediol. 



 

 
a 

 

 
b 

Figure 4. Schematic biosynthetic pathways for longer-chain or branch alcohols. (A) Pathways used to introduce hydroxyl group into the desirable product. (B) 

Carbon chain elongation pathways used to compose desirable hydrocarbon chains. Fatty acid synthesis pathway, which is mentioned in Fig 2, is also used for 

chain elongation. IPMS, isopropylmalate synthase in leucine biosynthesis; LeuA, 2-isopropylmalate synthase; LeuCD, isopropylmalate isomerase complex; 

LeuB, isopropylmalate dehydrogenase; AHAS, acetohydroxy acid synthase in valine/isoleucine biosynthesis; IlvIH, acetohydroxybutanol synthase; IlvC, 2-

aceto-2-hydrpxybutyrate reductase; IlvD, 2,3-dihydroxy-3-methylvalerate hydrolysase; AtoB, acetyl-CoA acetyltransferase; Had, hydroxyacetyl-CoA 

dehydrogenase; Crt, crotonase; Ter, trans-enoyl-CoA reductase. 

 

 



 

 

Figure 5. Metabolic pathways for precursors of polyhydroxalkanoates (PHAs) from carbon sources including glucose, glycerol, and fatty acids. The precursors 

with different carbon unit numbers (shown in boxes) can be polymerized into PHA homopolymers, random copolymers, and block copolymers. Polylactic acid 

(PLA) and poly(4-hydroxybutyrate) are also included as special polyesters produced by PHA related pathways. 
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In addition, genes involved in succinate degradation in Clostridium kluyveri and PHB 

accumulation pathway of Ralstonia eutropha were co-expressed for the synthesis of [P(3HB-

co-4HB)]. After the E. coli native succinate semialdehyde dehydrogenase genes sad and 

gabD were both deleted to enhance the carbon flux to 4HB biosynthesis, the recombinant 

mutant produced 9.4g/L cell dry weight containing 65.5% P(3HB-co-11.1mol%4HB) using 

glucose as sole carbon source. 

Though the physical properties of PHA copolymers has been remarkably enhanced, they 

still suffered from property detrimental aging effects as native PHB [115]. To overcome the 

material property defects of copolymers, block copolymers (consisting of polymer chains 

which have two or more unique polymer regions covalently bonded together) have been 

found to be a feasible way [116]. So far, various types of block copolymers such as PHB-b-

PHBV, PHB-b-PHVHHp, P3HB-b-P4HB and PHB-b-PHHx have been successfully 

produced, which showed improved thermal and mechanical properties [116-119]. The first 

report about biosynthesis of block polymer appeared in 2006, and in this study PHB-b-PHBV 

block copolymer was synthesized by Ralstonia eutropha. The block polymer materials were 

against polymer aging, while it also showed some limited characteristics due to the inherited 

brittleness of scl PHA [116]. To further improve the properties, a β-oxidation weakened P. 

putida KTOY06ΔC strain was constructed to produce the scl and mcl PHA block copolymer. 

The P. putida produced copolymer had two blocks, with poly-3-hydroxybutyrate (PHB) as 

one block and random copolymer of 3-hydroxyvalerate (3HV) and 3-hydroxyheptanoate 

(3HHp) as another block. The resulting block copolymer showed the highest tensile strength 

of 7.5 MPa and Young‘s modulus of 366 MPa, much better than random copolymer (7MPa, 

127MPa), and homopolymers of PHB and PHVHHp (5.3Mpa, 257MPa) [117]. Besides 

random copolymers, block copolymers provided a new strategy to gain novel materials with 

improved or specific properties. 

 

 

4. FUTURE PROSPECTS 
 

Although various bio-based products have been developed by new technologies and a 

wide range of bio-based chemicals are penetrating diverse industrial markets, there are still 

challenges that need further developments. Overcoming the economic and technical barriers 

for the bioprocessing of different bio-based products is essential for the development of 

economically competitive processes based on modern biological and technical sciences. 

Availability, variability and sustainability of non-food feedstocks (lignocellulose or algae 

feedstock) for bio-production, are major issues to be addressed. For lignocellulose feedstock, 

one major challenging area of research is to develop inexpensive and effective enzymes for 

lignocellulose saccharification. 

Another challenging task is to utilize the synthetic biology and metabolic engineering 

approaches to develop more efficient and robust microbes for the bioconversion processes. 

Correspondingly, improvements in fermentation strategy, media optimization and recovery 

strategy have to be performed along with the genetic engineering techniques to improve the 

yield and efficiency of the bio-production process. 

Also, reuse of process streams and integration of processes for reducing the energy 

demands can be applied to make the conversion process economical. 
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The development of highly efficient ―biorefinery‖ strategies that integrate the production 

of several bio-based products in one process could reduce the costs and allow bio-based 

products to economically compete with the petroleum-based products. 

A particularly encouraging phenomenon is the extent of industry‘s efforts in pulling the 

research and development of bio-based products. There are now plenty of examples showing 

that the industry not only employed products and production methods from laboratories, but 

also was involved in RandD and created more demands for new candidate products. For 

example, the maturation of bio-isoprene from the laboratory bench to large-scale production 

was under the cooperation between Genencor and Goodyear in the automotive and tire 

industries, in which the industrial part offered a clear and practical proposition. In summary, 

cost-effective solutions for the techno-eco barriers of bio-based products will depend on 

continued research and development in laboratories, capital investment, policy support from 

the government, technical and financial support from industries, and market acceptance with 

existing business infrastructure. Fortunately, we are on the way to build a worldwide bio-

based economy which is already well known for the scientists, industries, business, 

consumers and our governments. 
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