Recombinant organisms for production of industrial products

A revolution in industrial microbiology was sparked by the discoveries of their double-stranded structure of DNA and the development of recombinant DNA technology. Traditional industrial microbiology was merged with molecular biology to yield improved recombinant processes for the industrial production of primary and secondary metabolites, protein biopharmaceuticals and industrial enzymes.. The sequencing of industrial microbial genomes is being carried out which bodes well for future process improvement and discovery of new industrial products.

The most balanced and efficient strain development strategy would not emphasize one to the exclusion of the other; it would contain both mutagenesis-screening and recombination-screening components. In such a program, strains at different stages of a mutational line, or from lines developed from different ancestors, would be recombined. Such strains would no doubt differ in many genes and by crossing them, genotypes could be generated which would never occur as strictly mutational descendants of either parent. Recombination in microorganisms occurs through three parasexual processes: conjugation, transduction, and transformation. Conjugation involves transfer of DNA via cell-to-cell contact. Transduction occurs from host cell to recipient cell via mediation by bacteriophage. Transformation involves uptake and expression of naked DNA by competent cells. Competence occurs naturally but can also be induced by changes in the physical and chemical environment. In the laboratory, it can be induced by cold calcium chloride treatment, protoplasting, electroporation and heat shock.

After 1980, there was a heightened interest in the application of genetic recombination to the production of important microbial products such as antibiotics. Today, frequencies of recombination have increased to even greater than 10-1 in some cases, and strain improvement programs routinely include protoplast fusion between different mutant lines. The power of recombination was demonstrated by Yoneda who recombined individual mutations, each of which increased α-amylase production by two- to seven-fold in Bacillus subtilis. A strain constructed by genetic transformation, which contained all five mutations, produced 250-fold more α-amylase than the starting strain.

Primary metabolites are microbial products made during the exponential phase of growth whose synthesis is an integral part of the normal growth process. They include intermediates and end products of anabolic metabolism, which are used by the cell as building blocks for essential macromolecules (e.g., amino acids, nucleotides) or are converted to coenzymes (e.g., vitamins). Other primary metabolites (e.g., citric acid, acetic acid and ethanol) result from catabolic metabolism; they are not used for building cellular constituents but their production, which is related to energy production and substrate utilization, is essential for growth. Industrially, the most important primary metabolites are amino acids, nucleotides, vitamins, solvents and organic acids.

Recent approaches utilize the techniques of modern genetic engineering to develop strains overproducing primary metabolites. This rationale for strain construction aims at assembling the appropriate characteristics by means of in vitro recombinant DNA techniques. This is particularly valuable in organisms with complex regulatory systems, where deregulation would involve many genetic alterations.

Production of a particular primary metabolite by deregulated organisms may inevitably be limited by the inherent capacity of the particular organism to make the appropriate biosynthetic enzymes, i.e., even in the absence of repressive mechanisms, there may not be enough of the enzyme made to obtain high productivity. There are some ways to overcome this: (1) to increase the number of copies of structural genes coding for these enzymes by genetic engineering, and (2) to increase the frequency of transcription, which is related to the frequency of binding of RNA polymerase to the promoter region. Increasing gene copies can be achieved by incorporating the biosynthetic genes in vitro into a plasmid which, when placed in a cell, will replicate into multiple copies. Increasing the frequency of transcription involves constructing a hybrid plasmid, which contains the structural genes of the biosynthetic enzymes but lacks the regulatory sequences (promoter and operator) normally associated with them. The ideal plasmid for metabolite synthesis would contain a regulatory region with a constitutive phenotype, preferably not subject to nutritional repression.

One of the major problems in using strains in which the desired characteristics are encoded by a plasmid is the difficulty in maintaining the plasmids during fermentation. One solution is to use antibiotic pressure during fermentation so that only organisms resistant to the antibiotic (due to the presence of a plasmid-borne resistance gene) can survive. Combinations of deregulation and plasmid amplification can yield a synergistic effect. Genome-based strain reconstruction achieves the construction of a superior strain which only contains mutations crucial to hyperproduction, but not other unknown mutations which accumulate by brute-force mutagenesis and screening. 
The directed improvement of product formation or cellular properties via modification of specific biochemical reactions or introduction of new ones with the use of recombinant DNA technology is known as metabolic engineering. Analytical methods are combined to quantify fluxes and to control them with molecular biological techniques in order to implement suggested genetic modifications. Different means of analyzing flux are (1) kinetic based models, (2) control theories, (3) tracer experiments, (4) NMR magnetization transfer, (5) metabolite balancing, (6) enzyme analysis and (7) genetic analysis. The overall flux through a metabolic pathway depends on several steps, not just a single rate-limiting reaction. Amino acid production is one of the fields with many examples of this approach. Other processes improved by this technique include vitamins, organic acids, ethanol, 1,3-propanediol and carotenoids.

Reverse (inverse) metabolic engineering is another approach that involves (1) choosing a strain which has a favorable cellular phenotype, (2) evaluating and determining genetic and/or environmental factors that confer that phenotype, and (3) transferring that phenotype to a second strain via direct modifications of the identified genetic and/or environmental factors.
Amino acids.

Genetic engineering has made an impact on the production of amino acids by using the following strategies: (1) amplification of a rate-limiting enzyme of pathway; (2) amplification of the first enzyme after a branch point; (3) cloning of a gene encoding an enzyme with more or less feedback regulation; (4) introduction of a gene encoding an enzyme with a functional or energetic advantage as replacement for the normal enzyme; and (5) amplification of the first enzyme leading from central metabolism to increase carbon flow into the pathway followed by sequential removal of bottlenecks caused by accumulation of intermediates.

Transport mutations have also become useful, i.e., a mutation decreasing amino acid uptake allows for improved excretion and lower intracellular feedback control. This has been especially useful in production of tryptophan and threonine. In cases where excretion is carrier-mediated, increase in activity of these carrier enzymes increases production of the amino acid.

Strains of Corynebacterium, Brevibacterium and Serratia have been routinely used for the commercial production of amino acids. Plasmid vector systems for cloning in Corynebacterium glutamicum were established and amino acid production by C. glutamicum and related strains has been improved by gene cloning. 
Overproduction of aromatic amino acids and derivatives has also been achieved by metabolic engineering. An engineered strain of C. glutamicum producing 50 g l−1 of L-tryptophan was further modified by cloning in additional copies of its own transketolase gene in order to increase the level of the erythrose-4-phosphate precursor of aromatic biosynthesis. A low copy number plasmid increased production to 58 g l−1, whereas a high copy number plasmid decreased production. Early use of a 6-fluorotryptophan- and 8-azaguanine-resistant mutant of a recombinant E. coli strain yielded more than 50 g l−1 tryptophan from added anthranilic acid and glucose. Using a plasmid containing tryptophan synthase plus induction with 3-indole acrylate, recombinant E. coli was able to carry out a bioconversion producing 180 g l−1 of L-tryptophan from indole plus L-serine in 8 hours.
Vitamins.

Biotin. Biotin has been made traditionally by chemical synthesis but recombinant microbes have approached a competitive economic position. Cloning of a biotin operon (bioABFCD) on a multicopy plasmid allowed E. coli to produce 10,000 times more biotin than did the wild type strain. Sequential mutation of S. marcescens to resistance to the biotin antimetabolite acidomycin (=actithiazic acid) led to mutant strain SB412 which produced 20 mg l−1 of biotin. Later advances led to production by recombinant S. marcescens of 600 mg l−1 of biotin.
Organic acids.

Microbial production of organic acids is an excellent approach for obtaining building-block chemicals from renewable carbon sources. Production of some organic acids started decades ago and titers have been improved by classical mutation and screening/selection techniques as well as by metabolic engineering. Metabolic engineering of E. coli and C. glutamicum has yielded high levels of acetate, pyruvate, succinate and lactate.

Acetic acid. Titers of acetic acid reached 53 g l−1 with genetically engineered E. coli and 83 g l−1 with a Clostridium thermoaceticum mutant. Cloning of the aldehyde dehydrogenase gene from Acetobacter polyoxogenes on a plasmid vector into Acetobacter aceti subsp. xylinum increased the rate of acetic acid production by over 100% (1.8 g l−1h−1 to 4 g l−1h−1) and titer by 40% (68 g l−1 to 97 g l−1). 
Lactic acid. A transgenic wine yeast genetically engineered to contain six copies of the bovine L-lactate dehydrogenase gene produced L-(+)-lactate at 122 g l−1.
 Whole genome shuffling was used to improve the acid-tolerance of a commercial lactic acid-producing Lactobacillus sp.. A titer of 40 g l−1 of lactic acid was achieved which amounted to a 96% conversion of starch to lactic acid.
 A recombinant E. coli strain was constructed that produced optically active pure D-lactic acid from glucose at virtually the theoretical maximum yield, e.g., two molecules from one molecule of glucose. The organism was engineered by eliminating genes of competing pathways encoding fumarate reductase, alcohol/aldehyde dehydrogenase and pyruvate formate lyase, and by a mutation in the acetate kinase gene. D-Lactic acid has also been produced at 61 g l−1 by a recombinant strain of S. cerevisiae containing the D-lactic dehydrogenase gene from Leuconostoc mesenteroides. Alcohols. Ethanol. E. coli was converted into a good ethanol producer (43 g l−1) by recombinant DNA technology. Alcohol dehydrogenase II and pyruvate decarboxylase genes from Zymomonas mobilis were inserted in E. coli and became the dominant system for NAD regeneration. Ethanol represented over 95% of the fermentation products in the genetically-engineered strain. By cloning and expressing the same two genes in Klebsiella oxytoca, the recombinant was able to convert crystalline cellulose to ethanol in high yield when fungal cellulase was added. Maximum theoretical yield was 81–86% and titers as high as 47 g l−1 of ethanol were produced from 100 g l−1 of cellulose.

Most recombinant strains of E. coli, Zymomonas and Saccharomyces convert corn fiber hydrolysate to 21–35 g l−1 with yields of 0.41–0.50 ethanol per g of sugar consumed. For a recombinant E. coli strain making 35 g l−1, time was 55 hours and yield was 0.46 g ethanol per g of available sugar, which is 90% of the attainable maximum.

Three rounds of shuffling allowed isolation of a strain with a substantial improvement in multiple stress tolerance to ethanol, glucose, and heat. Its cycle of fermentation was not only shortened, but ethanol yield was increased by up to 11% as compared with the control in very-high-gravity (VHG) fermentations. The mutant also improved its multiple stress tolerance to ethanol, H2O2, heat and freeze-thawing.
Secondary Metabolites have a major effect on the health, nutrition and economics of our society. The best-known are the antibiotics. This remarkable group of compounds form a heterogeneous assemblage of biologically active molecules with different structures and modes of action. They attack virtually every type of microbial activity such as DNA, RNA, and protein synthesis, membrane function, electron transport, sporulation, germination and many others. Other secondary metabolites are pesticides, pigments, toxins, effectors of ecological competition and symbiosis, pheromones, enzyme inhibitors, immunomodulating agents, receptor antagonists and agonists, pesticides, antitumor agents, immunosuppressives, cholesterol-lowering agents, plant protectants and growth promotants of animals and plants. To obtain/develop overproducing strains, the technologies already described for the production of primary metabolites (see section 2) have been applied.
Antibiotics -β-lactam antibiotics, namely penicillin G, cephalosporin C, cephamycin C and the semi-synthetic penicillins and cephalosporins.

Penicillin G. Protoplast fusion was used to modify the characteristics of an improved penicillin-producing strain of Penicillium chrysogenum which showed poor sporulation and poor seed growth. Backcrossing with a low-producing strain yielded a higher-producing strain with better sporulation and better growth in seed medium. Metabolic engineering of the penicillin-producing P. chrysogenum strains showed that increases could result by introducing extra copies of biosynthetic genes and by increasing copy number and high transcription levels of the whole cluster. Penicillin production was increased by overexpressing the gene encoding phenylacetic acid-activating CoA ligase from Pseudomonas putida. Overexpression of gene acvA in A. nidulans, by replacing the normal promoter with the ethanol dehydrogenase promoter, increased penicillin production up to 30-fold.

Cephalosporin C. Protoplast fusion was carried out with strains of Acremonium chrysogenum (formerly Cephalosporium acremonium) obtained from a commercial strain improvement program. A low-titer, rapidly-growing, spore-forming strain which required methionine to optimally produce cephalosporin C was crossed with a high-titer, slow-growing, asporogenous strain which could use the less expensive inorganic sulfate. The progeny included a recombinant which grew rapidly, sporulated, produced cephalosporin C from sulfate and made 40% more antibiotic than the parent. Cloning multiple copies of cyclase into A. chrysogenum yielded an improved cephalosporin C-producing strain. When an industrial production strain of A. chrysogenum 394-4 was transformed with a plasmid containing the pcbC and the cefEF gene from an early strain of the mutant line, a transformant producing 50% more cephalosporin C than the production strain, as well as less penicillin N, was obtained. Production in pilot plant (150 liter) fermentors was further improved by 15%. 
Recombinant proteins
By means of genetic engineering, desired proteins have been produced in great quantities to meet the copious demands of industry. Hence, most biopharmaceuticals produced today are recombinant. Protein quality, functionality, production speed and yield are the most important factors to consider when choosing the right expression system for recombinant protein production. 

Bacteria. Bacterial systems are used to make somatostatin, insulin, bovine growth hormone for veterinary applications, α-1 antitrypsin, interleukin-2, tumor necrosis factor, β-interferon, and γ-interferon. Avecia Biologics has achieved a titer of 14 g l−1 of recombinant protein using E. coli. Bacilli have yields as high as 3 g l−1. An improved Gram-negative host for recombinant protein production has been developed using Ralstonia eutropha. The system appears superior to E. coli with respect to inclusion body formation. Organophosphohydrolase, a protein prone to inclusion body formation with a production of less than 100 mg l−1 in E. coli, was produced at 10 g l−1 in R. eutropha. Staphylococcus carnosus can produce 2 g l−1 of secreted mammalian protein.Recombinant DNA technology has been used beneficially in the enzyme industry in the following ways: to produce in industrial organisms enzymes obtained from microbes which are difficult to grow or modify genetically; 

a. to increase enzyme productivity by use of multiple gene copies, strong promoters, and efficient signal sequences; 

b. to produce in a safe host useful enzymes obtained from a pathogenic or toxin-producing microorganism; and 

c. to improve the stability, activity or specificity of an enzyme by protein engineering.

The industrial enzyme business adopted rDNA methods eagerly to increase production levels and to produce enzymes from industrially-unknown microorganisms in industrial organisms such as Aspergillus spp., Trichoderma spp., K. lactis, S. cerevisiae, Yarrowia lipolytica and Bacillus licheniformis.

Filamentous fungi can produce recombinant proteins at levels as high as 4.6 g l−1Recombinant molds are one of the main sources of enzymes for industrial applications.

There are three fungal recombinant lipases currently used in the food industry. They are from Rhizomucor miehi, Thermomyces lanuginosus and Fusarium oxysporum, and are produced in A. oryzae. Lipases are employed in leather processing where they are combined with proteases, peroxidases and oxidases.

 Discovery of new bioactive compounds, as well as the development of new and more efficient bioprocesses, is coming about by the use of recombinant strains. The combination of complementary technologies such as mutation and genetic recombination have led to remarkable improvements in the productivity of many primary and secondary metabolites as well as protein biopharmaceuticals and enzymes. New genetic approaches for the development of overproducing strains are continuously emerging. Among those that have proven to be very successful are metabolic engineering, combinatorial biosynthesis and molecular breeding techniques.

More exciting advances are still to come as the complete sequencing of industrially important microbial genomes takes place. Functional genomics, proteomics and metabolomics are now being exploited for the discovery of novel valuable small molecules for medicine and enzymes for catalysis.

