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      Hence, depending to whom the question is addressed, the assessment about the necessity of additives in food will turn out extremely different. Industry, on one hand, aims to produce qualitatively high ranking food with minimal costs. Beside palatability (aroma, taste, texture and color) the food should offer extended shelf life and high nutritional impact. The consumers, on the other hand, want to have all thesebenefits without the addition of any food additive. In terms of food the “all without mania” (flavors, taste enhancers, colorants, preservatives, antioxidants, thickeners, gelling and stabilizing agents etc.) is prevalent in developed countries. However, consumer’s empathy of preparing their daily meal on the basis of fresh ingredients is more and more decreasing nowadays.




      Therefore processed food, especially convenient food, purchased in the supermarket and not on the farmers market represents the dominating basis of modern nutrition. Hence, quality, nutritional value and shelf life must be guaranteed for longer and longer storage times. Moreover, nowadays food should offer additional benefits regarding lifestyle and health. To comply with all of these requests, food additives are indispensable in industrial food processing. For a long time no economical alternative to chemical synthesis of food additives existed. Not at the least because of the depletion of the fossil fuels reserves together with several concerns about climate changeand the all over chemophobia, the production of natural food additives seems to cut this Gordianknot of different interests. Natural additives serve consumers wish on natural nutrition and approve food industry the application of indispensable additives. Whether recovered from natural resources or produced biotechnologicallyroutes natural additives are more accepted in public mind. However, natural resources are often limited which calls for biotechnological alternatives.




      The aim of the book is to provide coverage of natural food additives and their production. Within this textbook, comprising 13 chapters, international well accepted experts in the field give a prevailing and comprehensive overview on food additives such as flavors colors, sweeteners, amino and organic acids, vitamins, prebiotics, edible oils, antimicrobial compounds, biosurfactantsand enzymes. This book secures the experts in the field as well as interested consumers to inform themselves about the current state of the art of biotechnological processes for the production of natural food additives. Furthermore legal, economic and ecological aspects are also addressed. It is demonstrated that biotechnology alongside the attribute “natural” can compete against chemical production processes because of improved production strains, the use of stable and often immobilized used enzymes, disposition of cheap waste streams of food producing processes as precursors and/or as the nutrient medium for producing microorganisms. Last but not least, it is more and more evident that a liable application of genetic engineering is an indispensable part of white and green biotechnology as it is already the case for red biotechnology. The conclusion of all chapters is that biotechnology, particularly genetic engineering, is a powerful tool which will help to cope at least with some of humankinds future challenges in the light of limited resources and a fast growing world population.
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      After the advent of Organic Chemistry (1800’s), the supply for organic chemicals achieved industrial scale. This was particularly important for Food Industry, which soon incorporated synthetic substances for the preparation of food products: saccharin, benzoate and indigotine, for instance, were already in use at the beginning of 20th century and are still applied today as food additives. However, public awareness involving the possible toxic effects of artificial ingredients has increased the demand for new alternative sources of their natural counterparts. Moreover, the impact of human activity on environment has been considered a major issue to be overcome, leading to intense search for sustainable or alternative production processes.Therefore, biotechnology has emerged as an important tool to supply natural ingredients for food industry, since they occur under controlled conditions, may use renewable sources and are recognized as an environmentally friendly technique.




      Although such approach has been used empirically for the production of fermented food (bread, wine, beer, cheeses etc.) aiming at either preservation or modification of their sensory attributes, it was only recently that science begun to able to understand and explain the phenomenology behind these biotechnological processes, which reflected in an increased number of R&D projects for the production of food ingredients by microorganisms, enzymes of cell cultures.The fact is that, nowadays, the so-called White Biotechnology is considered an inextinguishable resource of natural food ingredients. Additionally, food biotechnology remains a vigorousresearch field and many fundamental studieson this subject are still needed. This may be evidenced by the intense growth, during the last decades, of articles and patents covering all aspects of biotechnological production of food ingredients. Most of these processes are already found in commercial scale, but others are still waiting for further developments.




      This e-Book aims to be a fundamental reference for people who want to deepen into this field, particularly those students, scientists, researchers and professionals working with Food Science and Technology, Food Chemistry, Food Biotechnology, Food Engineering, Bioprocess Engineering, Biotechnology, Applied Microbiology, Nutrition and others. It is divided in 12 chapters. The first one presents a brief overview of food biotechnology, particularly those aspects involving and historical perspective and some examples of commercially relevant products and processes currently available. All other chapters are devoted each one to a particular class of products with potential interest for food or feed industries: sweeteners (Ch. 2), aminoacids and nucleotides (including flavor enhancers) (Ch. 3), organic acids (Ch. 4), vitamins and nutraceuticals (Ch. 5), aroma compounds (Ch. 6), colorants (Ch. 7), edible oils (Ch. 8), hydrocolloids (Ch. 9), antimicrobial compounds (Ch. 10), biosurfactants (Ch. 11) and enzymes (Ch. 12).




      We hope you enjoy it!
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      Abstract




      The use of biotechnology in the manufacture of food and beverages has been practiced for many years. Because of this important developments over the years, biotechnology can be considered as a significant part of human life and industrial development, enabling the creation of breakthrough products and technologies to combat diseases, protect the environment, increase crop yields and to produce feed, fuels, renewable energy, industrial additives and several other useful products.
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      INTRODUCTION




      Biotechnology can be briefly defined as “any technological application that uses biological systems, living organisms, or derivatives, to make or modify products or processes for specific use” [1]. In this sense, biotechnology involves the application of tools based on biotechnology in traditional industrial processes (“bioprocess”) and the manufacturing of biobased products (such as fuels, chemi-




      cals and plastics) from renewable feedstock [2].




      The biocatalysts used in these processes, such as bacteria, yeast and fungi or microalgae, are considered as an inexhaustible source of a diverse range of important compounds and industrial additives. Currently, microbial biotechnology plays an important role in the production of food additives, fine and bulk chemicals, solvents, enzymes, agrochemicals and biopharmaceuticals, and many others [3, 4].




      Biotechnology presents several advantages compared to conventional chemical production models and also to the direct extraction of a desired additive from nature [5]. This happens mainly because microbial biocatalysts display desirable chirality and are biodegradable and the reactions are conducted in mild conditions, with lower energy consumption and lower environmental impact [4].




      Furthermore, the industrial roles of biotechnology have been considerably expanded in the current scenario to produce renewable chemicals for industrial and economical purposes, also aim at reducing the use of petrochemical derivatives and the depletion of fossil fuels, in this way producing biofuels and bioenergy as a primary product through a ‘biorefinery’ concept [2].




      Thus, biotechnology presents unique opportunities to produce natural food ingredients with industrial and economical interest. In this sense, the aim of this chapter is to present the historical development of biotechnology and also to illustrate some of the major products from this important industrial sector.


    




    

      HISTORICAL ASPECTS OF BIOTECHNOLOGY FOR MODERN DEVELOPMENTS




      First, it is important to understand the difference between the “traditional” and the so-called “modern biotechnology” [6].




      The traditional biotechnology can be considered as the fermentation process used to produce beer, wine, cheese, soy sauce and others [7], and the biotechnology process in agriculture started with the history of agriculture itself. With the emerging development of agriculture, humankind began to select the plants with the best yields and resistance according to its needs [8]. Therefore, the biotechnological techniques are not new, considering that the manufacture of food and beverages, for example, has been practiced for more than 14,000 years with vinegar, alcoholic beverages, sourdough and cheese [9]. In fact, Food Biotechnology has been developed empirically since Ancient History and, ever since, the fermentation technology has been applied as the main tool to preserve food products or improve aroma, flavor and texture. Despite its long history, food science and technology has only recently understood the phenomenon involved in such biotechnological processes, and, today, the use of microbial and enzymatic processes for the production of food ingredients is highly developed [10].




      Modern biotechnology, in turn, is based on recombinant DNA techniques, which started with the creation of the first recombinant gene, a couple of decades ago, and is currently helping to improve food, beverages, medicine and fuels [11]. The major examples of application of this technique are genetic modified organisms (GMO), metabolic engineered microorganisms and several breakthrough for the creation of crucial products for human use, such as new drugs, healthier foods and so on [11, 12]. Two major case studies will be presented in sequence to illustrate the development of biotechnology over the years.




      

        Enzymes




        For several years, enzymes have played an important role in many industries (food/feed, detergent, biofuels, textile and others). Currently, most food products have at least one ingredient produced with enzyme technology. Some examples produced with the enzymatic process include: sweeteners, syrups, bakery products, alcoholic beverages, precooked cereals, baby food, fish meal, cheese and dairy products, egg products, fruit juice, soft drinks, vegetable oil and puree, candy, spice and flavor extracts, liquid coffee, flavors and tenderized meat [13].




        The industrial production of enzymes for use in food processing started in 1874, when Christian Hansen extracted chymosin (or rennin) from calf stomachs for the clotting of milk for cheese production [14, 15]. However, the mechanism of enzymes was unknown until 1877, when Moritz Traube proposed a “protein-like material that catalyzes fermentation and other chemical reactions”.




        The first patent for the industrial use of enzymes was named Taka-Diastase, an amylolytic produced by the fungi Aspergillus oryzae grown on rice. The patent was lodged in USA by Dr. Jokichi Takamine, a Japanese immigrant in 1884 [16].




        In 1897, Buchner showed that an alcoholic fermentation could be performed using a cell-free yeast extract. The word ‘zymase’ was used to describe this cell-free extract, and this term evolved to the current ‘enzyme’ [17].




        In 1930s, pectinases were used for juice clarification, and in World War II invertase was used for the production of inverted sugar syrup in a pioneered process with immobilized enzymes. However, the “modern” enzyme production by microbes can be observed only in the 1960s, when the acid hydrolysis of starch for glucose production was replaced by enzymatic hydrolysis using the fungal-derived amyloglucosidase [18].




        During the 1990s, a growing use of enzymes was observed, mainly in the baking and animal feed industries. The estimated value of the worldwide use of industrial enzymes grew in this decade from US$ 1 billion in 1995 to US$ 1.5 billion in 2000 [19]. In 2007 the estimated was US$ 4 billion and the increase was projected to US$ 7 billion in 2013 [20, 21].




        The several applications proposed by researchers in the 1990s are now being reinvestigated to make them more efficient, increase yield and decrease costs [22].




        Thus, the modern enzyme industry is the result of this rapid development which happened over the last four decades [19]. The major worldwide enzyme industry association, the Association of Manufacturers and Formulators of Enzyme Products (AMFEP), lists approximately 160 enzymes manufactured commer-cially, and at least 36 of them are produced with genetically modified microorganisms [14]. These enzymes are mostly used in baking, beverages and brewing, dairy, dietary supplements, as well as fats and oils [20].




        Microbial enzymes used in food processing are normally sold as enzyme preparations containing not only a desired enzyme (or a blend of enzymes) but also other metabolites of the production strain, as well as preservatives and stabilizers, and these must be food-grade and meet the standards of regulatory policy where the enzyme is used [23].




        The most important industrial enzymes today include protease, carbohydrases, lipases, pectinases and amylases. Compared with conventional chemical catalysts, enzyme catalysis is highly specific [24] and functions under mild temperatures, pressures and pH [25]. Unlike the many chemical synthesis processes, enzymes require nontoxic and noncorrosive conditions. Approximately 60% of the enzymes used commercially come from modern biotechnology.




        One of the main applications is in the detergent industry [26]. In this regard, Kumar [27] reports that the development of a genetically modified alkaline protease from Bacillus lentus (BLAP) is estimated to reduce environmental pollution associated with detergents by more than 65%.




        Recent advances in DNA, proteins and bioinformatics techniques provide access to a great information base that facilitates the choice of microorganisms and enzymes for bioconversions [28]. New biocatalysts are being discovered by studying microorganisms isolated from extreme environments [29] and also by using metagenomics [30]. The evolution of these enzymes to be applied in a particular process can be possible with in vitro studies at substantially higher rates than achieved in nature [31, 32]. In this sense, the development of enzyme technologies has the potential to provide these products at low costs [33].


      




      

        Genetic Engineering




        Genetic engineering is described as the science that studies the intentional changes of the characteristics of a specific organism by the manipulation of its DNA, creating new variations of an organism. Thus, it is now possible to introduce specifics features from almost any organism to a plant, bacteria, virus or animal by manipulating the DNA and its transfer from one organism to another (the so-called recombinant DNA technique). It is also possible to manipulate an organism’s genetic characteristic by introducing, modifying or eliminating specific genes [8, 34].




        The first genetically engineered food was produced in 1967, when a new variety of potato called Lenape was bred for its high solids content, which made it useful for the production of potato chips. However, this potato presented high concentrations of a toxin called solanine and after two years this potato was withdrawn from the market by the USDA (United States Department of Agriculture) [34].




        The first successful genetically engineered plant was produced only in 1983, when an antibiotic resistance gene was inserted into a tobacco plant [8], and the first approved GM crop, a tobacco with herbicide tolerance, was cultivated in China in 1990. The commercialization of a GM food took place in 1994 in the USA (Flavr Savr tomato), and, after ten years, more than 25,000 field studies were performed in more than 45 countries [35].




        One of the most famous uses of genetic engineering in agriculture was the introduction of a gene in maize from the common soil bacterium Bacillus thuringiensis (Bt). This bacterium was considered a natural insecticide, since it was able to express a class of insecticidal proteins called Cry δ-endotoxins. This group of toxins is very effective against a certain type of insect, but it is harmless to birds and mammals, including humans. In 1996, the so-called Bt corn was described as “the most important technological advancement in insect pest management since the development of synthetic insecticides” because of its resistance to infestation by the microorganism Ostrinia nubilalis, which is known as the European corn borer, one of the most serious corn pests [36, 37].




        The main characteristic introduced to commercialized food products by the genetic engineering in crops is the herbicide resistance/tolerance and insect resistance. Some of the genetic modified plants used in agriculture are described in Table 1.




        

          Table 1 Some genetic modified crops and their manufacturer.




          

            

              

                	Crop



                	Characteristic



                	Manufacturer



                	Year

              


            



            

              

                	Soybean



                	



                	



                	

              




              

                	Roundup®



                	herbicide resistance



                	Monsanto



                	1996

              




              

                	A2704-12



                	herbicide tolerance



                	Bayer



                	2008

              




              

                	Maize



                	



                	



                	

              




              

                	T25



                	herbicide tolerance



                	Bayer



                	1998

              




              

                	MON 810



                	insect resistance



                	Monsanto



                	1998

              




              

                	Bt11



                	herbicide tolerance insect resistance



                	Syngenta



                	1998

              




              

                	Rapeseed



                	



                	



                	

              




              

                	GT73



                	herbicide resistance



                	Monsanto



                	1997

              




              

                	T45



                	herbicide tolerance



                	Bayer



                	1998

              




              

                	Cotton



                	



                	



                	

              




              

                	MON531



                	herbicide resistance



                	Monsanto



                	1997

              




              

                	MON1445



                	insect resistance



                	Monsanto



                	1997

              




              

                	Sugar beet



                	



                	



                	

              




              

                	H7-1



                	herbicide resistance



                	KWS SAAT AG/Monsanto



                	2007

              


            

          




          

            


          




        




        In the last years, the GMO industry was focused on the production of plants resistant and tolerant to insects (e.g. Bacillus thuriengensis, or Bt plants, mainly cotton and maize) and herbicide (as Roundup ReadyTM soybeans), amounting to 99% of all GMO plants engineered. Moreover, plants resistant to viruses (New Leaf potato) and sterile (InvigorTM hybrid system) have been produced and developed [35].




        In 2003, global acreage planted with biotechnological crops already amounted to 167 million acres in 18 countries. In US, for example, the main transgenic crops cultivated were 40% for corn, 81% for soybeans, 73% for cotton and 70% for canola [38].




        During 2007, globally GM crops were cultivated on 114.3 million hectares (282.4 million acres), 12% more than in 2006 [8].




        Since GMOs were first introduced, an intense debate took place in several countries. While in some countries, e.g. the USA, there was some acceptability by the consumers, in others, e.g. EU countries, the consumers rejected the use of this technology mainly because of the allegation of lack of food security [39-41].




        Independently of creeds and opinion, the use of genetic engineer in agriculture can produce cheaper products, higher yield of production and wider variety of new products without allergenic proteins. However, it is also possible to create products with antibiotic resistance, food with some degree of allergenicity and limited access to seeds through the patenting of GM crops [42].




        The major GM crops are soybean, maize, cotton, canola, squash and papaya, and many other transgenic crops will be commercialized over the next few years. Some examples among the companies that invest in research in plant biotechnology, and which are the main traders of GM crops, are Syngenta, Monsanto, Bayer CropScience, DuPont/Pioneer Hi-Bred, Dow AgroSciences and BASF [43].


      


    




    

      MAIN BIOTECHNOLOGICAL INGREDIENTS: FROM RESEARCH TO INDUSTRY




      White biotechnology or industrial biotechnology comprises several processes used for the manufacture of commodities and chemicals, from the use of whole cells or enzymes as catalysts [43]. Biocatalysis has more commonly been directed towards the production of high-value products in large-scale for the fine chemical and pharmaceutical industries [33].




      Biotechnology has been studied extensively over the past two decades and efforts have been mainly invested in the search for innovation strategies [44-49]. The result of this investment drives the biotechnology industry, which is a dynamic and diverse industry searching for new technologies, applications and products in several industrial areas including the pharmaceutical, agriculture, chemical, computer, medical device and environmental industries [45].




      In the chemical industry, for example, biotechnology enables the environmentally acceptable production of goods and services with safer, rapid and effective processes [43]. This industrial segment has used traditional biotechnological processes such as the microbial production of enzymes, antibiotics, amino acids, ethanol, vitamins, enzyme catalysis and others for many years [50, 51]. In addition, traditional biotechnology is widely used in the production of fermented foods and treatment of waste [43, 52].




      The biotechnology impact on the chemical industry is expected to growth over 20% by 2025, corresponding to an important fraction of the total value of this industry from the use of biocatalysts (enzyme and whole-cell catalysts) and biotechnological products [53].




      In Europe, for example, the high demand for chemicals reached approximately 28% of the worldwide demand, and it identified the industrial biotechnology as a key emerging technology area [54]. By 2010, the share of biotechnological processes in the production of various chemical products was expected to rise from 5 to 20%. Since then, the greatest impact has been in the fine chemical sector, where up to 60% of the products might be based on biotechnology [33, 55]. Also in 2010, the German chemical industry obtained 87% of feedstock from fossil sources, with oil (72%), gas (14%) and coal (1%) being the most important components of this supply [56].




      In fact, in some cases, microbial fermentation may be the only viable process for obtaining some products and ingredients in an industrial scale and with the possibility of commercial exploitation [57-59]. Table 2 shows some of the established fermentation products.




      

        Table 2 Industrial products produced by biotechnology.




        

          

            

              	Product



              	Annual production (tons)

            


          



          

            

              	Bioethanol



              	26,000,000

            




            

              	Glutamic acid



              	1,000,000

            




            

              	Citric acid



              	1,000,000

            




            

              	Lysine



              	350,000

            




            

              	Lactic acid



              	250,000

            




            

              	Food enzymes



              	100,000

            




            

              	Vitamin C



              	80,000

            




            

              	Gluconic acid



              	50,000

            




            

              	Antibiotics



              	25,000

            




            

              	Xanthan



              	20,000

            


          

        




        

          


        




      




      The production of fuels through biotechnology continues to attract a lot of attention, as they offer many advantages over petroleum-based fuels [60], particularly in the case of bioethanol [61], biogas, biodiesel [62] and biohydrogen [63].




      Although the production of several biofuels is already established in industrial scale or as an emerging technology, some processes still require many advances, as in the case of biohydrogen production.




      Bioethanol can be highlighted as one of the best optimized processes in the industry and as the most widely used biofuel for transportation worldwide. This alcohol can be produced from different types of raw materials and the main examples are corn, used in United States and Europe, and sugarcane, used in Brazil, for example [64]. The production of bioethanol in these countries reached 13,300, 1,371 and 6,267 millions of gallons in 2013, respectively [65].




      However, recent trends indicate the great potential of production of this biofuel from agro-industrial residues and lignocellulosic biomass as raw materials, such as sugarcane and sweet sorghum bagasse, coffee ground, wheat straw and others derived from fruits, legumes or cereals [66]. Brazil is recognized as the largest single producer of sugarcane with approximately 31% of global production [67], and a large volume of bagasse is generated during sugarcane processing [66]. In this sense, much effort has been directed to the use of biomass from this raw material, such as bagasse and straw, aiming at the production of second generation ethanol. In this perspective, in 2014, Brazil launched the first industrial plant in the southern hemisphere for commercial scale of 2G ethanol, named Bioflex®, with an investment of approximately US$ 260 million, and it is expected that the production will reach 82 million liters of anhydrous bioethanol by 2015 [68].




      The above example corroborates the fact that lignocellulosic waste will become the main feedstock for ethanol production in the near future. However, for now, biotechnology still faces some challenges, such as the requirement of tailored recombinant microorganisms for the implementation of consolidated bioproce-ssing of different feedstock into ethanol, and others, for a future qualitative improvement in the industrial production of ethanol [66].




      Biotechnological processes also offer various additives on an industrial scale, being the organic acids among the highest annual production scales. These compounds are extremely useful as starting materials for the industry as they constitute a key group among the building block chemicals [43].




      Annual microbial production of the main organic acids are approximately 1,600,000 and 150,000 t for citric acid and lactic acid, respectively, while for acetic acid the production is approximately 190,000 t (from 7,000,000 t produced) [69].




      Over the last decades, there has been an expanding interest in the production of microbial polysaccharides for food, pharmaceutical and medical use, and they may act as viscosity or gelling agents, stabilizers or emulsifiers [70]. Because of their broad spectrum of application, prices could vary from US$ 14 per kg, for xanthan used in food application, to approximately US$ 50 per kg, for cyclic dextrans used in pharmaceutical products [71]. The market value for these polysaccharides was evaluated in approximately US$ 4 million in 2008, with xanthan as the most significant bacterial exopolysaccharide (EPS) in this market [72].




      Meanwhile, in the healthcare and pharmaceutical segments, modern biotech-nology industries have generated more than 100 new drugs and vaccines since the mid-1970s [73]. In the year 2000, for example, worldwide investment in biotechnologies amounted to US$ 37 billion, and it was expected to increase by 30%/year over the years. In addition, the antibiotics market alone exceeds US$ 30 billion and includes approximately 160 antibiotics and derivatives [43].




      Biopharmaceutical is an industrial segment mainly focused on recombinant proteins, vaccines and monoclonal antibodies. Examples of this class of products include tissue plasminogen activator (tPA), insulin and recombinant hepatitis B vaccine. The global market for biopharmaceutical products already exceeds US$ 40 billion, and it has grown by more than 300% compared to the beginning of the 20th century. In the past decade, for example, it is worth noting that the market of erythropoietin (indicated for anemia) reached US$ 6.8 billion while insulin (indicated for diabetes) reached US$ 4.0 billion [74].




      Some other important pharmaceutical products obtained through biotechnological processes include antitumor compounds, immune suppressants, cholesterol lowering agents and enzyme inhibitors [50]. In fact, biotechnological processes considerably boost the growth of the pharmaceutical market and continues to grow faster than the average economy supported, exceeding US$ 400 billion in recent years [43].




      Another sector of interest is the production of biopesticides, mainly because these compounds produce a lowr overall impact on the environment than conventional chemical pesticides, do not leave toxic residues, reduce the risk of resistance development in the target species and tend to be highly target specific [72]. In 2000, approximately US$ 160 million worth of biopesticides were commer-cialized, and over 90% represented sales relating to Bt products [75]. At present, biopesticides amount to less than 2% of the global pesticides market but this is expected to increase significantly in the future.




      On the other hand, biofertilizers and inoculants are attracting attention as inexpensive and safe alternatives to chemical fertilizers that are used to deliver nitrogen, phosphorus, potassium, sulfur and certain other inorganic nutrients required for crop growth [76]. Some significant examples used currently in agriculture include Rhizobium spp., Cyanobacteria and Azospirllum for N2 fixation [77].




      As discussed, biotechnological additives are transforming the pharmaceutical, cosmetic and food industries, leading to significant technological changes in products and introducing more benefits related to this area. The biotechnology world market has grown, more than 10% per year, as well as the number of products available in the US and UE [78]. The development of these products has a positive impact on the additive industry, in which there is a strong trend to increase the active ingredients and nutrient levels of products derived from animals and plants on special diets [79].


    




    

      CONCLUDING REMARKS




      Many challenges for the biotechnology process still exists, from laboratory to an industrial scale. Some of the previous challenges have been overcome with the use of specific engineered biocatalysts and, with recent progresses, industrial biotechnology is changing the way energy, chemicals and other products are produced, and all this is being achieved with reduced environmental impact and enhanced sustainability. Finally, biotechnology significantly impacts several industrial sectors, and in some cases it is the only viable technology for obtaining products and ingredients in an industrial scale. The application of biotechnology has consistently led to economic advantages and enhanced product quality, and sustainability considerations are playing an increasing role in the increasing acceptance of bioprocesses when compared to conventional processes.
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      Abstract




      Sustainable growth and consistent demand for zero or low-calorie alternative sweeteners by the global market are mainly attributable to public consciousness about health impact of artificial sugar substitutes. Despite limited market for natural sweeteners, a spurt in preference to plant derived-alternative sweeteners is known. Sugar substitutes, such as non-nutritional artificial sweeteners, low calorie or zero calorie natural sweeteners that include sugar alcohols and plant derived non-saccharide sweeteners find use in making various types of foods and beverages. From an industry point of view, approval for usage of sugar substitutes in food products by the regulatory agencies can initiate major trends. These trends can contribute to the safety and health consciousness of consumers and also to food and beverage industries to get better market and price. There is a need to further refine the available technologies for the production of alternative sweeteners, especially natural sweeteners through a plant-derived or microbial cell based production platform with the intervention of metabolic engineering to produce novel sweeteners.
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      INTRODUCTION




      A wide range of food products containing natural sweeteners with an emphasis to bring down number of calories has gained momentum, especially to address obesity and diabetes etc., which are prevalent in consumers and attributable to changing dietary habits and sedentary lifestyle. Moreover these alternative sweeteners are helpful to manufacturers of food products and also to consumers, in a high sugar price environment that prevails today. Sweetener can be defined as any substance added to food or beverage to make it taste sweeter. Sugar substitutes as a food additive mimic the effect of sugars in taste usually with fewer calories. Sugar substitutes can be classified as natural, synthetic or artificial on the basis of by their production [1]. The first category (synthetic) includes some of the important artificial sweeteners, such as aspartame, neotame, acesulfame, saccharin, sucralose etc. (Fig. 1). Many of them are known as high-intensity sweeteners which are much sweeter and have a minimal energy contribution in food compared to sucrose (Fig. 2). Food containing high-intensity sweeteners prevent excessive calorie intake and are claimed to be helpful in weight loss and in diabetes management [2]. The second category of sugar substitutes is natural sweeteners that occur naturally in certain fruits and vegetables, but can also be manufactured artificially. These natural sweeteners can be grouped in two major categories, comprising saccharides and non-saccharides. Saccharides based on natural sweeteners, also known as nutritive sweeteners or carbohydrates, contain polyhydroxy aldehydes or ketones, such as sucrose, glucose, trehalose etc. Non-saccharides based on natural sweeteners can be grouped in five major classes, such as terpenoids, proteins, flavonoids, steroidal saponins and polyols. Polyols or Sugar alcohols are compounds with multiple hydroxyl functional groups and commonly added to foods because polyols have lower calorie than sugars. Maltitol, lactitol, sorbitol, xylitol, erythritol, and isomalt are some of the more common examples of polyols (Fig. 3). Another major class of non-saccharide sweeteners includes flavonoids and their derivatives (Fig. 4), such as neohesperidin, phyllodulcin, naringin etc. Steroidal saponins are another class of non-saccharide sweeteners composed of rhamnopyranosyl units such as osladin (Fig. 5). Though the above mentioned categorization is acceptable for demarcation of some sugar substitutes, it is also important to have knowledge about their alternative source whether natural or a derivative, processed or refined, or chemically derived from herbs or sugar. All these alternative sweeteners include non-nutritive, low calorie, low glycemic or saccharide-derived and non-saccharide sweeteners.
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Fig. (1))


      Classification of sweeteners.



      In the USA, the Food and Drug Administration regulates artificial sweeteners as food additives that must be approved as GRAS (Generally Recognized as Safe). Most of the sugar substitutes approved for food use belong to artificial sweeteners category such as acesulfame, aspartame, saccharin, neotame, and sucralose. Food Safety and Standards Authority of India (FSSAI) also approved four artificial sweeteners, including aspartame, acesulfame K2, saccharin and sucralose to be used in food industry. The food and beverage industries are replacing sugar with low calorie sweeteners in a variety of food products. Low calorie sweeteners increase a fraction of the cost in food production. Many reviews on sweeteners focused mainly on chemistry, biosynthesis, production, characterization and application in foods [3-9]. In view of the ever-increasing demand for alternative
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Fig. (2))


      Chemical structures of synthetic sweeteners.
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Fig. (3))


      Chemical structures of polyol class of natural sweeteners.
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Fig. (4))


      Chemical structures of flavonoid group sweeteners.
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Fig. (5))


      Chemical structure of steroidal saponin glycoside, osladin.



      sweeteners in food industry, a glance at recent developments in biotechnological production of sweeteners, especially natural sweeteners, is warranted. In this chapter, the global sweeteners market, a brief up about different types of alternative sweeteners, the emergence of new trends in the sweeteners world and their role in the food industry and potential areas for future research are discussed.


    




    

      NATURAL SWEETENERS




      At present, globally there is a growing consensus about drinks and beverages loaded with artificial sweeteners and their adverse effects on consumer’s health. In this context, health and wealth have become the heat wave towards natural sweeteners. Natural sugar substitutes as alternative sweeteners gained importance as consumers have been preferring food products with their addition, instead of the conventional artificial sweeteners. The greater demand for such surge in products fortified as alternative natural sweeteners is due to preference for sugar-free foods, diet with reduced calories, diet with low calories, or healthy diet. Natural sweeteners are currently been marketed as consumer-friendly products that are likely to replace 20-30% of sugars in food products without compromising the taste. The European Commission (EU) approved glycosides from Stevia rebaudiana as a sweetener in food ingredient. Recently, Food and Drug Administration (FDA) of the USA also approved stevia for use in food products. In India, FSSAI also approved stevia usage in soft drink concentrates, chewing gums, carbonated water etc. Stevia has become gradually popular in the last few years, as an alternative to artificial sweeteners. Foods contain several different types of natural sugar in various forms, including dextrose, maltose, sorbitol, mannitol, xylitol, levulose, fructose and maltitol etc., which are also common.


    




    

      GLOBAL SWEETENERS MARKET




      In terms of consumption, sugar has dominant share (83% to 85%) in the global sweeteners market [10]. Global market for sugar and sweeteners in 2012 was nearly US$77.5 billion and is forecasted to grow to US$97.2 billion by 2017. Thus, sugar alone accounts for 175 x 106 metric tonnes per year (~US$65 billion). The non-nutritive category has been growing at a faster pace at a compound annual growth rate (CAGR) of 5.2%. The market for high-intensity sweeteners is expected to reach nearly US$1.9 billion in 2017 [10]. Global market for alternative sweetener in food and beverage industry was 2.8% since 2012 and expected to grow 9.7% in the next three years to reach a figure of US$ 1.4 billion in 2017 (http://nextgenfoodtech.com/sweetener-market-scenario.html accessed on May, 20, 2014). The North American market is expected to reach US$ 6 million in 2016 followed by European market which represents the 2nd largest market category (US$ 2 billion in 2016 for CGAR of 1.5%) (http://www.bccresearch.com/market-research/food-and-beverage/non-sugar-sweeteners-market-fod044a.html accessed on May 20, 2014). The sweetener market is mainly dominated by high intensity sweetener (HIS) and high fructose syrup (HFS).




      According to a report (ISO, 2012), saccharine is still dominant among high intense sweeteners, and the USA remains the strong hold for aspartame. Similarly, cyclamate is mostly used in Asia, though there is a stable market for acesulfame-K. In addition to these high-intense sweeteners, neotame gains ground in food process sector as an alternative sweetener.




      Presently, acesulfame-K holds lion’s share of 40% followed by aspartate (30%). However, due to growing consensus about aspartame on health, European Food Safety Authority (EFSA) predicted a decline in the aspartame market to US$ 360 million in 2017 from US$ 480 million in 2013. In India the total artificial sweetener market is valued at US$ 12.5 of which 95% of market is dominated by aspartame (http://nextgenfoodtech.com/sweetener-market-scenario.html acces-sed on May, 20, 2014).




      Among the alternative sweeteners, being a natural sweetener, stevia was the 5th best selling non-caloric sweetener behind sucralose, aspartate, saccharine and cyclamate. At present there is a sustainable growth of natural sweeteners in sweetener industry because of recent developments in this area. Stevia has become particularly popular, reaching a global market of US$ 110 million in 2013-2014 and is expected to reach US$ 275 million in 2017 (forecasted by Mintell and Leatherhead Food Research, http://nextgenfoodtech.com/sweetener-market-scenario.html accessed on May 20, 2014). Steviol glycosides are popular in view of their high sweetening potential relative to sucrose. They are stevioside (150-300), Rebaudioside-A (200-400), Rebaudioside B (300-350), Rebaudioside-C (50-120), Rebaudioside-D (200-300), Rebaudioside-E (250-300), Rebaudioside (110), Steviolbioside-H (100-120), and Steviolbioside (50-120), respectively. Stevia is projected to drive the European market to grow at 5% CAGR. In Brazil and Asia-Pacific countries there is also a growing demand for low intensity sweeteners (LIS), high intensity sweeteners (HIS) and high fructose syrups (HFS) especially for beverage application (http://www.preparedfoods.com/articles/112661-size-of-the-worlds-sweetener-market accessed on May, 20, 2014) in food industry.


    




    

      USES OF SWEETENERS IN FOOD INDUSTRY




      Sweeteners of all categories have pivotal role in nowadays global food industry including beverages. Quality and consistency of sweetener compounds are vital, though there are varied sources of sweeteners, and wide range of process technologies. Irrespective of their nutrition status, the bulk sweeteners used in food industry are mainly based on cane, corn and beetroot followed by polyols and hydrogenated sugars. However, for beverages and confectionary, both high potency artificial sweeteners and low calorie nutritive sweeteners are in use. The International Numbering System (INS) for sweeteners is given in Table 1. Very recently, the FDA approved the sixth sugar substitute ‘advantame’, an ultrahigh potency sweetener from Ajinomoto Co. Inc. (AJINY) which is about 20.000 times sweeter than sucrose and gives a sugar-like taste (http://www.bidnessetc.com/21899-general-mills-inc-nyse-gis-the-coca-cola-company-nyse-ko-and-mondelez-international-nasdaq-mdlz-news-analysis-advantame-is-good-news-for-food-and-beverage-makers accessed on July 17, 2014).




      

        Table 1 The International Numbering System (INS) for major sweeteners.




        

          

            

              	S/No.



              	Name of Sweetener



              	INS Number

            


          



          

            

              	1



              	Sorbitol



              	420

            




            

              	2



              	Mannitol



              	421

            




            

              	3



              	Glycerol



              	422

            




            

              	4



              	Isomalt



              	953

            




            

              	5



              	Maltitol



              	965

            




            

              	6



              	Lactitol



              	966

            




            

              	7



              	Xylitol



              	967

            




            

              	8



              	Erythritol



              	968

            




            

              	9



              	Acesulfame K



              	950

            




            

              	10



              	Aspartame



              	951

            




            

              	11



              	Cyclamates



              	952

            




            

              	12



              	Saccharins



              	954

            




            

              	13



              	Sucralose



              	955

            




            

              	14



              	Alitame



              	956

            




            

              	15



              	Thaumatin



              	957

            




            

              	16



              	Glycyrrhizin



              	958

            




            

              	17



              	Neohesperidin DC



              	959

            




            

              	18



              	Stevioside



              	960

            




            

              	19



              	Neotame



              	961

            




            

              	20



              	Aspartame-acesulfame Salt



              	E962

            


          

        




      




      Acesulfame K, aspartame and erythritol are allowed in the USA in table-top sweeteners, carbonated beverages, unstandardized beverage concentrates and mixes, unstandardized dairy beverages, filling mixes, fillings, topping mixes, toppings, unstandardized salad dressings, unstandardized dessert mixes, unstandardized desserts, yogurt, breath freshener products (except chewing gum), unstandardized fruit spreads, unstandardized confectionery, baking mixes; unstandardized bakery products, chewing gum and syrups (especially erythritol). Neotame is also used in the above-mentioned foods along with breakfast cereals. Other permitted sweeteners such as hydrogenated starch hydrolysates, isomalt, lactitol, maltitol and maltitol syrup, mannitol are permitted in unstandardized foods. Monk fruit extract is permitted only in table top sweeteners. Sorbitol is permitted to sweeten a blend of prepared fish and prepared meat. Similarly, saccharin is permitted as sweetener in breath freshener products, chewing gum, unstandardized frozen foods, syrups, beverages etc.; steviol glycosides and sucralose finds extensive use in bakery, beverages, cereal products, desserts, confectionary, sauces, purees, fruit spreads, toppings, dental creams, and chewing gums.




      Xylitol finds use in unstandardized foods that come under good manufacturing practice. Regarding approvals for plant derived non-saccharide sweeteners, Japan is the only country so far that has approved monellin and curculin for food applications. Compared to these, other category of sweeteners such as ‘sweet proteins’ obtained moderate attention in commercial sweeteners market. Among the seven identified sweet proteins such as thaumatin, molenin, mobinilin, pentadine, brazzein, carculin and miraculin, only two are in the market. They are Talin (thaumatin from Naturex, France) and Cweet (Brazzein from Natur Research Ingradients, Losangeles, USA). Almost all these sweet proteins are obtained from Tropical rainforest plants. Product development and regulatory status aspects of thaumatin is best advanced among sweet proteins. Miraculin has approval in Japan and some other countries, and it has novel food status in the EU. Glycyrrhizin is approved in the USA as GRAS and approved in the EU as E958. Luo Han Guo (monk fruit) has GRAS approval by FDA in the USA. Pentadin comes from the climbing plant Oubli of West Africa and do not have any approval so far.


    




    

      NATURAL SWEETENERS OF PLANT ORIGIN




      A search for non-nutritive or low calorie intense sweeteners remains a potential area of research. Significant work has been done to explore plant secondary metabolites as sweeteners. A sweet taste of the identified molecule is contributed by diverse chemical structures as evident from ~ 80 sweet compounds reported (other than monosaccharides, disaccharides, polyols) that derived from natural sources including vascular plants [11, 12]. Natural sweeteners production is mainly based on saccharides or non-saccharides. In the following items of this chapter, we will focus on non-saccharide natural sweeteners.




      

        Non-Saccharide Natural Sweeteners




        These compounds are obtained from Apiaceae, Asteraceae, Capparidaceae, Fabaceae, Illiaceae, Lamiaceae, Marantaceae, Menispermaceae, Pinaceae, Piperaceae, Rutaceae etc. These sweetener compounds include small molecular secondary metabolites (flavonoids, terpenoids, caumarins, steroidal saponins etc., (Table 2) and also macromolecular proteins that have intense sweetening property [12-14]. However, chemical property of many of these sweetener molecules is not well understood. A list of such sweetener compounds, their source and sweetening potential compared with sugar were summarized (Table 2).




        All these sweetener molecules exhibit diverse functional properties with varied stability properties, low to high water solubility nature and find use in liquor, medicines, beverages, confectionary and solid foods as flavouring and sweetening agents.




        

          Table 2 List of some non-saccharide natural sweeteners.




          

            

              

                	Non-saccharide natural sweeteners



                	Source



                	Sweetness folds compared to sucrose



                	Reference

              


            



            

              

                	Proteins



                	



                	



                	

              




              

                	Mabinlin



                	Fruits of Capparis masaikai



                	100



                	[11]

              




              

                	Monelin



                	Fruit pulp of Dioscoriophyllum cumminsii




                	2000



                	[15-17]

              




              

                	Thaumatin I and Thaumatin II



                	fruit aril portion of Thaumatococcus daniellii




                	10.000



                	[18]

              




              

                	Pentadine and Brazzein



                	Pentadiplandra brazzeana



                	500



                	[19]

              




              

                	Curculin and neoculin



                	Fruits of Curculigo latifolia




                	Sweet tasting and taste modifying ability



                	[20]

              




              

                	Terpenoids



                	



                	



                	

              




              

                	Abrousoside A-E (triterpene glycosides) and glycyrrhizin



                	Leaves and root of Indian liquorice - Abrus pricatorius




                	30 to 100 times sweeter than 2% sucrose



                	[21]

              




              

                	Labdane diterpene glycosides and Gaudichaudioside-A



                	Aerial parts of Baccharis gaudichaudiana




                	55 times sweeter than 2% sucrose solution



                	[22]

              




              

                	Pentacyclic triterpene (glycyrrhizin) saponin glycoside



                	Root stalks and stolons of Licorice - Glycyrrhizin glabra




                	100 and 50 times sweeter than sucrose



                	[23]

              




              

                	Trans anithole and estragole



                	Dry fruits of Illicium verum




                	13-15



                	[24]

              




              

                	Sesquiterpene, hernandulcin



                	Aerial parts of Lippia dulcus




                	1000



                	[25]

              




              

                	Triterpene glycoside, periandrum I, II and V



                	Rhizomes of Periandra dulcis




                	90-200 times sweeter than 2% sucrose



                	[26]

              




              

                	Monoterpenoids perillartine



                	Whole plant of Perilla frutescens




                	200

              




              

                	Diterpene acids



                	Resin of Pinus species



                	2000

              




              

                	Diterpene tricyclic glycosides, steviosides, rebaudiosides A to E, dulcosides A to B



                	Leaves of Stevia rebaudiana




                	100 to 400

              




              

                	Cucurbitane



                	Aerial parts of climber Thladiantha grozavesti




                	150



                	[27]

              




              

                	Triterpenoid glycoside



                	Fresh whole plant of Myrrhis adorata Dried leaves of Piper marginatum




                	



                	[23, 26, 28]

              




              

                	Mogroside-V



                	Fresh roots of Osmorhiza longistylis




                	

              




              

                	Flavonoids



                	



                	

              




              

                	Neohesperidin Dihydrochalcone



                	Fruit peel of Citrus aurantium




                	1000



                	[23, 26]

              




              

                	Naringin



                	Fruit peel of Citrus paradise




                	1000

              




              

                	Trilobatin



                	Leaves of Symplocos paniculata




                	400-1000

              




              

                	Hesperidine dihydrochalcone glucoside



                	Fruits of Citrus sinensis, Citrus limon




                	300

              




              

                	Dihydrochalcone glycoside-glycyphyllin



                	All parts of Smilax glycyphylla




                	100-200



                	[29]

              




              

                	Trimeric proanthocyanidin selligueain-A



                	Rhizomes of Polypodium feii




                	35 times sweeter than 2% sucrose



                	[30]

              




              

                	Dihydroflavonol (+ dihydroquercetin-3-acetate)



                	Young shoots of Tessaria dodoneiofla




                	80 times sweeter than 2% sucrose



                	[31]

              




              

                	Dihydroisocoumarin, phylodelcin



                	Fermented crushed leaves of Hydrangea macrophylla




                	300 to 400



                	[32]

              




              

                	Steroid group



                	



                	



                	

              




              

                	Steroidal saponin glycosides such as polypodoside-A



                	Polypodium glycyrrhiza



                	100 times sweeter than 1% sucrose



                	[33]

              




              

                	Osladin



                	Rhizomes of Polypodium vulgarae




                	300-3000



                	[34]

              




              

                	Pterocarioside-A and B



                	Leaves and stems of Pterocarya paliurus




                	50 to 100 times sweeter than 2% sucrose



                	[35]

              


            

          




        




        There are some other natural sweeteners which stand as healthier option for a touch of sweetness such as Lo Han Kuo extracts of Chinese fruit (Siraitia grosvenori or Momordica grosvenori) which is 250 times sweeter than sugar [36-40] with antioxidant property and erythritolerythritol that is a naturally processed sugar alcohol exhibiting 70% as sweet as sugar. There are low glycemic options such as maple syrup - a boiled sap of sugar from maple tree, barley malt syrup that contains mostly maltose which does not directly activate an insulin response, agave, a nectar of cactus species due to its high ratio of fructose to glucose [41], brown rice syrup, which is a mild sweetener and acts as healthier option, as this is prepared from cultured cooked brown rice upon enzymatic conversion of sugars to maltose etc.


      


    




    

      ECONOMICAL IMPORTANCE AND COMMERCIAL RELEVANCE OF BIOTECHNOLOGICALLY PRODUCED SWEETENERS




      During the last decade, globally attempts tried to create commercialization prospects for biotechnology-based methods for production of sweeteners [9]. However, limitations are imminent, such as low yielding, which is not good enough for laboratory level analysis, lack of sustainable sources for large scale extraction, and lack of cost efficiency. Moreover, artificial sweeteners are ruling the roost in global food processing industry, hence venturing into commercialization of biotech processes pertaining to natural sweeteners is lagging behind. Nevertheless, changes in public perception have provoked researchers to continue their efforts to further refine the available technology to value addition with noteworthy contributions recently made [8, 30, 42-44].


    




    

      NATURAL SACCHARIDE-DERIVED SWEETENERS




      Sweeteners based on saccharide or sugars such as sugar alcohols are not considered non-nutritive or non-caloric sweeteners, as they provide some calories though it is less than the regular table sugar, hence considered an attractive alternative. Regardless of their name sugar alcohols are not alcoholic. Along with sweet taste they also add bulk and texture to food. They are mainly used in many processed foods and other products, including chewing gum, candy, frozen desserts, chocolate, toothpaste, mouthwash, baked goods etc.




      

        Polyols




        Global market for polyols or polyhydric alcohols is of about US$1009 million, where sorbitol accounts for 83%, xylitol for 14% and mannitol for about 3% ( www.specchemonline.com, Sugaring the pill, October 21, 2004). Polyols vary in sweetness from about 50% less sweet to that of sucrose. They are manufactured from corn starch, birch wood, sucrose and whey. In a decreasing order the calories per gram of sweeteners is: sucrose (4) polyglycitol (3) sorbitol (2.6) xylitol (2.4) maltitol (2.1) isomalt (2) lactitol (2) mannitol (1.6) erythritol (0.2). Similarly, compared to sucrose, sweetness of polyols is 90% for maltitol powder, 70% for erythritol and mannitol, 45-65% for isomalt, 40-90% for maltitol syrups and polyglycitol.




        The demand for polyols in various end-use sectors such as industrial application, food and confectionary will improve the overall market revenues. Developing technology to minimize cost and maximize environmental benefit in the lowest cost, in the most environmentally sustainable way, should be pre-requisite for industrial scale production of polyols.


      




      

        Mannitol




        Mannitol is produced by hydrogenation of fructose-glucose syrup in presence of hydrogen gas and Raney nickel catalyst at high temperature and pressure [45] that leads to 30% mannitol production which needs to be purified by chromatography and crystallized at low temperature. But this has some limitations such as low production of mannitol and higher cost of production. In view of this, to meet the market demand and also to have cost effective methods, biological mannitol production processes are actively being investigated [45-47]. Mannitol has existed as commercial product for more than six decades and is widely used as a component of sugar-free gum and candy, and also in pharmacy as approved by FDA. It is produced by range of microorganisms, algae, fungi, yeast, lichens and plants. Microbial fermentation is an alternative process for the production of mannitol. This could be achieved either by heterofermentative lactic acid bacteria, which have the ability to convert fructose into mannitol or by homofermentative organisms, which are unable to produce mannitol directly from fructose, but they are mainly present in fermented food products. Engineering homofermentative organisms will help add extra value to the product and also to increase the viability of starter culture. As lactic acid bacteria (LAB) are fastidious organisms which add up to the cost of production. Hence, engineering other organisms, such as yeasts and Escherichia coli will be a cost effective alternative (Table 3).




        Aarnikunnas et al., [53] used metabolic engineering of L. fermentum for production of mannitol through inactivating the lactate dehydrogenase D (ldhD) and L-(+)-lactate dehydrogenase (ldhL) coding genes. Kaup et al., [54] constructed E. coli strain for production of mannitol from fructose in a whole cell biotransformation, wherein it produced up to 66 g mannitol from 90 g fructose l−1 within 8 h. The strain was constructed to express NAD+-dependent MDH, NAD+-dependent formate dehydrogenase and glucose facilitator for the uptake of fructose without concomitant phosphorylation. Recently, kinetic models of Lactococcus lactis have been developed for enhanced production of mannitol and 2.3-butanediol, through genetic engineering of lactate dehydrogenase (LDH) and mannitol-1-phosphate dehydrogenase (MPD) [54].




        

          Table 3 Some important strategies for production of mannitol.




          

            

              

                	



                	Organism used



                	Strategy



                	References

              


            



            

              

                	lactic acid bacteria (LAB)



                	
L. lactis


                Homofermentative



                	Inactivation of lactate dehydrogenase



                	[48, 49]

              




              

                	Deleting mtlF(encoding


                EIIA mtl in the PTS mtl) or mtlA genes



                	[50]

              




              

                	Double mutant (Δldh ΔmtlA and


                Δldh Δmtl F)

              




              

                	
Lactobacillus


                plantarum mtlD gene (encoding M1P-DH)


                and the Eimeria


                tenella mannitol 1-phosphatase (M1Pase) gene were co-expressed.



                	[9]

              




              

                	



                	Single (Δldh B) and double mutant strains (Δldh B Δldh X) by blocking ldh genes (ldhX and ldh B)



                	[51]

              




              

                	



                	lactococcal mtl D gene and MTLP from Eimeria tenella cloned under a nisin-inducible promoter

              




              

                	L. pseudomesenteroides



                	Fructo kinase inactivation



                	[52]

              




              

                	



                	
L. fermentum Heterofermentative



                	disrupting both genes encoding D-and L-specific LDH (ldh)



                	[53]

              




              

                	



                	
Leuconostoc


                pseudomesenteroides (random mutant)



                	
fru K gene mutant



                	[52]

              




              

                	



                	Lactococcus lactis



                	Overproduction of mannitol-1-phosphate dehydrogenase (MPD)



                	[54]

              




              

                	Other organisms



                	Escherichia coli



                	Co-expressed the L. Pseudomesenteroides mdh gene (MDH); the Mycobacterium vaccae fdhgene (FDH); and the Zymomonas mobilis glf gene (GLF).



                	[55]

              




              

                	Bacillus megaterium



                	co-expressed mdh gene (MDH) and fdh gene (FDH)



                	[56]

              




              

                	
Corynebacterium


                glutamicum




                	Expression of glf Zm



                	[57]

              


            

          




        


      




      

        Sorbitol




        Sorbitol, also known as D-glucitol is a noncyclic hexitol derived from D-glucose. It is used as sweetener in many food products like chewing gum, candies, desserts, ice-cream, food for diabetic patients, pharmaceutical compounds and for the production of sorbose and ascorbic acid [58]. Traditionally it was produced by hydrogenation of glucose syrup at high temperature and pressure in presence of Raney nickel catalyst, after which it is purified by ion exchange chromatography. Several yeasts and bacteria naturally synthesize sorbitol, while LAB do not, but are able to metabolize it [59, 60] (Table 4).




        

          Table 4 Some important strategies for production of Sorbitol.




          

            

              

                	Organism used



                	Strategy



                	Reference

              


            



            

              

                	Zymomonas mobilis



                	Permeabilized by freezing at –20 °C and thawing at room temperature



                	[61]

              




              

                	CTAB-permeabilized



                	[62]

              




              

                	
Z. mobilis treated with toluene and


                Co-immobilized invertase in both chitin and calcium alginate.



                	[63]

              




              

                	
L. casei BL232



                	
gut F gene encoding S6PDH (enzyme responsible for the interconversion of sorbitol 6-P to fructose 6-P ) was integrated in the chromosomal lactose operon.



                	[64]

              




              

                	
ldhL (LDH enzyme) inactivated



                	[65]

              




              

                	inactivation of the mtl D gene (mannitol 1-P dehydrogenase)

              




              

                	
L. plantarum D- and L-LDH-deficient



                	WCFS1 enzymes S6PDH (srlD1 andsrlD2) translationally fused with the expression signals of the L. plantarum ldh L gene



                	[58]

              


            

          




        




        Tani and Vongsuvanlert [59] screened one hundred and eleven strains of methanol- utilizing yeast for sorbitol production from glucose using an intact cell system. Among these strains, Candida boidinii (Kloeckera sp.) 2201 was found best with respect to sorbitol production. Later Erzinger and Vitolo [60] studied the comparative ability to free (CTAB-treated or not) and immobilized Zymomonas mobilis in batch reactor for the production of gluconic acid and sorbitol from glucose and fructose, and maximum yield of sorbitol was obtained with free CTAB-treated cells. Ro and Kim [63] attempted simultaneous production of gluconic acid and sorbitol in a continuous stirred-tank reactor (CSTR) operation from sucrose using invertase and a glucose-fructose oxidoreductase of Zymomonas mobilis. Invertase was immobilized on chitin, and chitin-immobilized invertase was co-immobilized with permeabilized cells of Z. mobilis for maximum production. Recombinant strain of L. casei constructed with D-sorbitol-6-phosphate dehydrogenase (gutF) was found to be capable of producing sorbitol from glucose. Inactivation of the L-lactate dehydrogenase gene further enhanced sorbitol production, suggesting that the engineered route provides an alternative pathway for NAD+ regeneration [64]. Subsequently, De Boeck et al., [65] described a sorbitol-producing Lactobacillus casei (strain BL232) with expression of sorbitol-6-phosphate dehydrogenase (gut F) gene. A further improvement in sorbitol production was achieved by inactivation of mannitol-1-phosphate dehydrogenase (mtlD).


      




      

        Xylitol




        Xylitol has been used in human food since 1960s. This five-carbon sugar is found in little amount in a variety of vegetables and fruits. On industrial scale it is produced by chemical conversion of xylan followed by purification using chromatography [66]. Saccharomyces cerevisiae or Candida has been studied as an alternative to chemical method of production. Candida can be efficiently used to produce xylitol but, the fact that some species of it are pathogenic restricts its use in food industry. Xylitol production by biotechnological methods for commercial applications is well known [67]. As it has applications and potentials in food, odontological and pharmaceutical industries [68-71], effective technologies for production were made in past decades. In view of this, xylitol market has already crossed US$ 340 million per year in 2009. Due to cost intensive chemical processes involved in xylitol production, alternative ecofriendly strategies by bioconversion of renewable biomass were a good success [72]. Xylitol producing microbial strains such as bacteria [71], fungi [73] and yeast [72, 74-76] helped researchers to develop effective microbial fermentation technologies including construction of recombinant yeast and bioreactor process strategies (Table 5).




        

          Table 5 Microbes based methods for production of xylitol.




          

            

              

                	Organism used



                	Strategy



                	References

              


            



            

              

                	Saccharomyces cerevisiae



                	Xylose reductase gene from Pichia stipites




                	[77]

              




              

                	
S. cerevisiae 2805



                	Xylose reductase genes (XYL1) of Pichia stipitis (40 copies of gene on chromosome)



                	[75]

              




              

                	S. cerevisiae



                	Recombinant xylose reductase, a recombinant cellodextrin transporter, a recombinant intracellular β-glucosidase,



                	[78]

              




              

                	
S.cerevisiae strain


                (transketolase-deficient)



                	XYL2 gene (xylitol dehydrogenase) of Pichia stipitis and deletion of the endogenous XKS1 gene (xylulokinase)



                	[79]

              




              

                	
Candida guilliermondiiFTI20037



                	Immobilized cell system



                	[80]

              




              

                	Kluyveromyces marxianus



                	Xylitol dehydrogenase and xylulose kinase activity, are reduced or eliminated



                	[81]

              




              

                	
Lactococcus lactisNZ9800



                	D-xylose reductase and xylose transporter



                	[82]

              




              

                	Bacillus subtilis



                	Xylitol-phosphate dehydrogenase (XPDH) genes (from gram positive bacteria)



                	[83]

              


            

          




        




        Hallborn et al., [77] obtained highly efficient conversion of xylose to xylitol by transforming S. cerevisiae with xylose reductase (XR) coding gene of Pichia stipitis. In another study, Toivari et al., [79] described the recombinant S. cerevisiae strains that can produce xylitol, ribitol, D-ribose from D-glucose in a single fermentation step. A transketolase-deficient S. cerevisiae strain accumulates D-xylulose 5-phosphate and releases ribitol, D-ribose, D-ribulose, and D-xylulose. Expression of xylitol dehydrogenase (XYL2) of Pichia stipitis in the transketolase-deficient strain result in an 8.5-fold enhanced production of ribitol and xylitol. As an addition to this, co-expression of 2-deoxy-glucose 6-phosphate phosphatase (DOG 1) and XYL2 into the transketolase-deficient strain result in a further 1.6-fold increase in ribitol production. Deletion of the endogenous xylulokinase gene (XKS1) is also beneficial to increase the amount of xylitol. Recently, Sarrouh and da Silva [80] studied the biotechnological production of xylitol from immobilized cells of Candida guilliermondii FTI20037 using sugarcane bagasse hydrolysate in a repeated batch fermentation system. In this study, seven repeated batches were performed in a fluidized bed bioreactor using immobilized cell system, and these cells can be reused for six successive batches maintaining an average xylitol yield of 0.7 g/L and a volumetric productivity of 0.42 g/L h at the end of 432 h of fermentation.


      




      

        Erythritol




        Erythritol is unique member of polyol family and belongs to acyclic alcohols. It contains four carbon atoms with a small linear sugar. It is found in grapes, pears, melons, and mushrooms and in fermented food such as sake, soy sauce, and wine. It was first isolated from algae, lichens and grass. It is excreted through urine as it is not metabolized. It can be produced by a chemical process where dialdehyde starch is converted into erythritol at high-temperature in presence of a nickel catalyst [84]. However this chemical process did not reach industrialization due to low yields. It can also be produced through fermentation using Aspergillus niger and Penicillium herquei. Commercially it is produced using biotechnological approach [85] (Table 6).




        Highest yield of erythritol is obtained by Torula corallina, and it is used for industrial production. The increased production of erythritol by T. corallina with trace elements such as Cu+2 has been well studied. Supplementation of Cu+2 reduced the production of fumarate, a strong inhibitor of erythrose reductase, which led to less inhibition of erythrose reductase and high yield of erythritol [86]. Recently, Mirończuk et al., [87] studied repeated batch cultures (RBC) system to improve the productivity of erythritol from pure and crude glycerol. An acetate negative mutant of Yarrowia lipolytica Wratislavia K1 is capable of producing high amount erythritol in RBC. In 20 % of fresh replaced medium, the strain Wratislavia K1 is capable to produce 220 gl-1 erythritol.




        Microbial production of polyols especially erythritol was extensively investigated, but these microbial methods were not widely used for industrial scale due to formation of various by-products such as glycerol and ribitol. The yield and rate of erythritol production by Aureobasidium sp.-SN G42 was 47% in a 1.00,000 L fermenter, under optimized process conditions to minimize by-product formation [88]. Similarly Park et al., [89] demonstrated the advantage of feed batch culture over batch fermentation, for which the production of erythritol was 23% erythritol greater for a 5 L-fermenter for cultivating Trichoderma sp.




        

          Table 6 Various methods for production of erythritol.




          

            

              

                	Method/source



                	Organism



                	Strategy



                	Reference

              


            



            

              

                	Wild strain



                	
Aureobasidium sp. SN-G42



                	Improved oxygen transfer rate



                	[86]

              




              

                	
Ustilaginomycetes sp. 618A-01



                	No by-product formation



                	[90]

              




              

                	
Trichosporon sp.



                	Repeated fed-batch culture



                	[89]

              




              

                	Mutation



                	
Candida magnolia strain was Aureobasidium sp. SN124A



                	Mutated by UV irradiation and NTG treatment.


                Mutant by UV irradiation and nitrosoguanidine


                (NTG) treatment



                	[86, 91]

              




              

                	
Penicillium sp. KJUV29



                	Reduced byproduct and foam formation



                	[92]

              




              

                	
Torula sp. Mutant



                	No byproduct formation



                	[93]

              




              

                	
Candida magnolia M2



                	Osmophilic mutant



                	[94]

              




              

                	Optimizing glucose concentration



                	Osmophilic microorganisms



                	High initial concentration of glucose



                	[88, 89]

              




              

                	Aureobasidium sp.



                	Mutant able to tolerate high glucose concentration (40% wv-1 glucose)



                	[90]

              




              

                	
Trichosporon sp.



                	220 g l-1 of glucose concentration



                	[91]

              




              

                	
Pseudozyma tsukubaensis KN75



                	Grown aerobically in a fed-Batch culture with glucose


                as a carbon source



                	[95]

              




              

                	Other carbon sources



                	
Yarrowia lipolytica Wratislavia K1 Yarrowia lipolytica




                	Repeated batch cultures (RBC) Raw glycerol



                	[87, 96, 97]

              




              

                	
Y. lipolytica (acetate-negative mutant) Y. lipolytica Wratislavia K1 (acetate-negative mutant)



                	Raw glycerol 300 g l-1 at pH 3 Media containing glycerol, at pH 5.5



                	[97, 98]

              




              

                	
Yarrowia lipolytica CICC 1675



                	Two-stage osmotic pressure control fed-batch strategy



                	[99]

              




              

                	Supplementation with co- factors



                	



                	



                	

              




              

                	Inositol



                	
Torula sp.



                	Increases erythrose reductase in cells



                	[100]

              




              

                	phytic acid



                	Not known

              




              

                	phosphate



                	Increases erythrose reductase in cells

              




              

                	Mn2+




                	Increased the permeation of the intracellular erythritol



                	[93]

              




              

                	Cu2+




                	Increased the activity of erythrose reductase

              




              

                	Removal of inhibitors


                and byproducts



                	



                	



                	

              




              

                	Tricyclazole biosynthesis)



                	T. coralline



                	Inhibit DHN-melanin: inhibitor of erythrose reductase



                	[101]

              


            

          




        


      




      

        Isomalt




        Isomalt or Isomaltulose (palatinose) is sugar-free bulk sweetener with low calories, presently, being used as a precursor for the production of isomalt. Some organisms, e.g., Leuconostoc mesenteroides, are able to produce Isomaltulose, whereas Protaminobacter rubrum is able to transglycosylate sucrose to isomaltulose [102]. Using immobilized non-viable cells is the cost effective method for production of isomaltulose [103, 104]. Isomalt is produced by hydrogenation of isomaltulose at moderate temperature and pressure at neutral pH in presence of Raney-Nickel in a fixed bed reactor [103, 104] (Table 7).




        

          Table 7 Some of the strategies attempted for production of isomalt.




          

            

              

                	Organisms/ System



                	Strategy



                	Reference

              


            



            

              

                	E. coli



                	Expressing sucrose isomerase (SIase)


                MDH Gene from Pseudomonas fluorescens DSM 50106



                	[105, 106]

              




              

                	Potato tubers



                	palI gene(sucrose isomerase) from Erwinia rhapontici




                	[107]

              




              

                	Potato tubers



                	Sucrose isomerases from the microorganisms Protaminobacter rubrum and Erwinia rhapontici




                	[108]

              


            

          




        




        Recombinant E. coli with sucrose isomerase (SIase) gene can convert sucrose into isomaltulose from economical industrial medium composed of untreated cane molasses, yeast extract and corn steep liquor. Immobilizations of recombinant E. coli in calcium alginate gel can further improve the efficiency of recycling. The immobilization is most effective with 2% sodium alginate (w/v) and 3% calcium chloride (w/v). The immobilized E. coli cells exhibited good stability up to 30 batches of cultures with the productivity of 0.45 g isomaltulose g pellet-1 h-1. A continuous isomaltulose formation process using a column reactor remained stable for 40 days with 83% isomaltulose yield, which is potentially beneficial for commercial production of isomaltulose [105].


      




      

        Maltitol




        Maltitol is produced by hydrogenation of maltose in presence of nickel and then purified followed by crystallization. Its sweetness is of about 85-95% that of sucrose. It is used as fat replacer, crystalline sugar, bulk sweetener, confectionary, pie fillings, ice-cream, salad dressing, cookies and cakes [109].




        Similarly, natural sweeteners bulk production has gained popularity especially sorbitol and xylitol from berries, fruits, vegetables and mushrooms. But due to lack of commercial viability, catalytic hydrogenation of the appropriate reducing sugars has been employed to obtain these sweeteners.




        

          Industrial Relevance




          If we look at the key drivers for worldwide sweetener industries, second generation polyol sweeteners (maltitols, xylitols and lactitols) are currently replacing sorbitol, which is a first generation of polyol. Among these, xylitol (XIVIA of Danisco, Denmark) is approved in over 50 countries in food use. China is the largest single consumer for sorbitol accounting for over 1/3 of the world consumption in 2010. Now it is obvious that erythritol production by microbial methods using osmophilic yeasts is a success and also has been produced commercially using mutant strains of Aureobasidium sp. and Pseudozyma tsukubaensis. Various approaches for the efficient erythritol production, strategies used to enhance erythritol productivity in microbes, and the potentially biotechnological applications of erythritol [110] and mannitol [111] were reviewed. Although the currently available processes could be helpful to augment erythritol and mannitol production by fed-batch process, the newly isolated-strains or improved strains of respective microbes would still be very competitive, economically viable in the industrial production [95]. To achieve this, developing robust microbial systems by recombination of the cloned erythrose reductase gene or mannitol reductase gene respectively is a best alternative. Production of polyols such as erythritol, mannitol and xylitol are mainly carried out by chemical processes. However, due to low yield, chemical processes were not preferred for industrial production of polyols. Many companies such as Mitsubishi Chemical Corporation (Tokyo, Japan), Bolak Corporation (Hwasung, Kyunggi Do, Korea), Cargill Food and Pharma Specialty (Blair, Nebraska, USA) are involved in commercial production of erythritol. Similarly IPI industry, Singapore has developed a green technology for obtaining 0.870 g/g of xylose corresponding to 94.9 % theoretical yield by using a flocculation yeast strain Candida athensensis SB18 (http://www.ipi-singapore.org/cos/o.x?ptid=1071682&c=/ipi/ipcat&func= preview&rid=719 accessed on July, 18, 2014). Xylitol production by fermentation process using yeast strain was well optimized [112] to get 65 to 85% xylitol (theoretical value from xylose). Compared to chemical process this fermentative process involves less cost due to non-necessity of xylose purification. However, it has its own limitations. Recently, a technology demonstration with feasibility of process scale-up for production of xylose from cellulose has been demonstrated by Xylitol Canada (http://www.biofuelsdigest .com/bdigest/2013/06/18/xylitol-canada-completes-technology-demonstration-of- xylose-production-process/). Similarly, a process for conversion of hemi cellulose to xylitol under mild condition was reported [113]. Recently, Rafiqul et al., (2012) [114] reviewed the potential and prospects for bio production of xylitol by enzyme technology as a promising alternative to chemical process and fermentative process.


        


      


    




    

      RESEARCH ADVANCES IN PLANT DERIVED NON-SACCHARIDE SWEETENERS




      Biotechnological intervention for natural sweeteners was initiated in the 1980s to produce thaumatin by using recombinant DNA technology in laboratory by anticipating more yields compared to natural thaumatin, a protein extracted from the fruit of a West African plant Thaumatococcus daniellii. In 1985-1986 the intensely-sweet thaumatin protein was successfully cloned by Unilever (The Netherlands) and Ingene (The USA) [115] and sequencing of two commercial proteins (thaumatin I and thaumatin II) was completed in 1990. By using this recombinant DNA technology very low to high (7 mg/L) recombinant thaumatin was produced by using various bacterial and fungal strains [116-119]. Subse-quently efforts were made to express in transgenic plants of Solanum tuberosum. However, yield was very low [120]. As in the case of thaumatin, researchers have attempted to express monellin (from Dioscoriophyllum cuminsii) in microorganisms [33, 121] and also in transgenic plants [122] wherein, the yields were quite high (23.9 µg/g wet weight) in tomato compared to very low yields of E.coli.




      Another protein sweetener, mabinilin, from leaves of Chinese plant Capparis masakai, was investigated and four variants of mabinilin (I, II, III and IV) were identified. Later, the cDNA representing the four mabinilin isoforms were cloned and sequenced [123]. Also, attempts were made to express mabinilin II in transgenic potato tubers, but no significant reports have been reported [124]. Expression of Brazzein protein (from fruits of Pentadiplandra brazzeana) in recombinant host [124, 125] and its expressions in E. coli were reported [126]. Sporadic reports on cDNA clones for Curculin (from Curculigo latifolia) and miraculin (from Richadella dulcinea) were isolated and sequenced [127, 128]. Similarly production of recombinant miraculin was reported by inserting a synthetic gene encoding miraculin into an E. coli expression vector [129].




      Besides these sweetener proteins, several other sweetener compounds exist in nature and such compounds have to be isolated, purified and characterized followed by gene cloning and development of recombinant expression of natural proteins by using available and emerging technology. Noteworthy, achievements on Stevia rebaudiana were reported to identify the steviosides biosynthetic pathway genes apart from commercially viable processes and patents for steviosides production [130-133].


    




    

      IMPENDING AREAS OF RESEARCH




      Current knowledge pertains to some plant secondary metabolites as sweeteners is very limited and it refers to sporadic reports about the nature, chemistry and some basic characteristic features of sweetener molecules. Unlike natural sweetener alcohols, many of these non-saccharide sweeteners are still to be explored further for their commercial feasibility for production, yield and economics. Apart from this, plant source is also essential for its accessibility, sustainable production systems for large scale extraction and production of respective sweetener molecules. Plant tissue culture methods are highly helpful for effective propagation of natural sweeteners producing plants such as Curculigo latifolia, Pentadiplanadra brazzeana, Abrus precatorius, Baccharis gaudichaudiana, Glycyrrhiza glabra, Illicium verum, Piper marginatum, Periandra dulcis, Perilla frutescens etc. Such propagation methods not only help generate biomass and also facilitate to identification of elite clones. Similarly, molecular biological methods are vital for marker assisted selection to identify the high metabolite yielding germplasm. As most of the sweetener principles are extracted from fruits, leaves and rhizomes of different plants as explained earlier, unraveling their bioactive principles and nutraceutical potential will give value addition.




      Miraculin is a taste-modifying protein from the red berries of Richadella dulcifica. This compound by itself is not sweet, but, it is able to turn a sour taste into a sweet taste. This unique property has led to increasing interest in this protein by developing genetic engineering approaches, wherein the high-yield production of miraculin in transgenic tomato plants (up to 102.5 µg/g fresh weights) was reported [123]. In spite of these developments in plant derived natural sweetener production, only a very few tasting natural products were commercialized as sweeteners but the number may rapidly increase [134]. Especially great potential for commercial production has been envisaged for steviol glycosides from Stevia rebaudiana and mogrosides from Siraitia grosvenorii [9] in view of their high potency taste and high stability [135, 136]. Biotransformation studies using in vitro plant cell cultures have enormous potential for producing high value low yielding compounds in a cost effective manner. For example, rebaudioside-D from stevia presents more sweetening potential than steviosides and rebaudioside-A, but its concentration is very low in stevia leaves. This can be addressed by biotransformation methods. As there are certain limitations of plant cell cultures for production of desired secondary metabolites (sweeteners), metabolic engineering approach to some extent aid for enhanced production of these value added compounds [137, 138]. In this regard, the advantages of metabolic engineering have been recently reviewed [9]. Irrespective of the methods of production of plant-derived natural sweeteners, i.e., conventional, biotech-nological, microbial fermentation methods, ultimately efficient and cost-effective downstream processing for recovery of biosynthetic products is warranted as it will decide economic viability of the process. Hence, a holistic approach is required for sustainable processes, which include identification of gene, metabolic and protein engineering, fermentation and downstream processes.




      As the stability during processing, and food formulation, sensory acceptability along with nontoxic nature at permitted levels are required, investigations on these aspects still need for further refining the existing knowledge on these natural sweeteners. It is a known fact that different sweeteners have different taste profiles, so to meet consumer taste and expectations for a particular product several sweeteners are always blended to pass a sensory evaluation. A person’s desire towards sweetness is a basic biological taste and the sweet receptors found on the tongue have been extensively studied and needs further validation [139, 140]. Recently, Brahmachari et al., [141] have reviewed the pharmacokinetics along with an insight into the structure–sweetness relationship, safety evaluation and clinical trials of these ent-kaurene glycosides. Similarly, there was incited interest among researchers about the versatile bioactive properties of stevioside to synthesize several stevioside analogues such as sulphopropyl and sodio-sulphopropyl esters (chemically modified structures) which help improve its bioactive properties such as organoleptic activity [142]. However, such studies on other natural sweeteners are sparse and needs to be explored.


    




    

      THE FUTURE OF INNOVATION IN ALTERNATIVE SWEETENERS




      The future of innovation in natural sweetener depends on various factors and developments, followed by researching that drive the market for natural sweetener by looking at end-users preferences and also technology innovations. To attend consumers concerns about health and safety, sufficient R&D backup should be developed to make natural sweeteners as valuable alternatives for synthetic sweeteners. The focus should be to further retrospect the sweetness potential of different, types of sweeteners and multidirectional biotechnological and pharmacological potentials of natural sweeteners. Once the feasible technologies are developed to facilitate biotechnological production of natural sweeteners, that will have far-reaching industrial and scientific implications for the production of other small molecules.




      Similarly, research areas such as maintaining the taste and labeling of food products containing these sweeteners are vital from quality and safety aspects. Through more investment inflows into the chemical and biotech research industries, these processes can pace up and result in more substitutes being produced. With advanced technical compilations it is essential to explore novel natural sweeteners as there is a great scope for R&D labs to unravel wide ranges of unexplored plants and fruits to produce high intensity sweeteners.
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