Abstract

There is a strong relationship between our health and the food we eat. The design of food products that confer a health benefit is a relatively new trend, and recognizes the growing acceptance of the role of diet in disease prevention, treatment and well being. Functional foods, designer foods, pharma foods and nutraceuticals are synonyms for foods that can prevent and treat diseases. Functional foods in addition to their basic nutritional content and natural being, will contain the proper balance of ingredients which will help to improve many aspects of human lives, including the prevention and treatment of illness and disease. Oligosaccharides are very well recognized as ‘functional food ingredients’ because of their positive effects on human health. Of all the oligosaccharides known so far, Fructooligosaccharides (FOS) have attracted special attention. FOS is a common name for fructose oligomers that are mainly composed of 1- Kestose (GF2), 1 - Nystose (GF3) and 1F – Fructofuranosyl nystose (GF4) in which fructosyl units (F) are bound at the ( - 2, 1 position of sucrose (GF). FOS can be produced by the transfructosylation activity of enzymes designated as Fructosyl Transferases (FTase) (EC. 2. 4. 1. 9) present in plants and microorganisms. The yield of FOS produced using enzymes originated from plants is low and mass production of enzyme is limited by seasonal conditions. Therefore, industrial production depends chiefly on microbial enzymes. The present investigation therefore focuses on the various aspects of FOS production using microbial FTase with special emphasis on the selected stain – Aspergillus oryzae CFR 202. 

A brief outline of the investigation is given below.

Chapter 1 gives an introduction on FOS – its occurrence, structure, properties, mode of preparation, functional properties, application and market demand. 

Chapter 2 deals with the literature survey relating to recent developments in the area of microbial production of fructooligosaccharides.

Chapter 3 comprises of the screening and selection of microorganisms capable of FTase production by Submerged Fermentation and FOS production using FTase from A. oryzae CFR 202 and A. pullulans CFR 77, selection and optimization of significant nutritional and cultural parameters involved in FTase and FOS production, recycling cell culture for FTase production by the selected microorganism (A. oryzae CFR 202) under the optimized conditions and the use of alternate substrates for FTase and FOS production. 

Chapter 4 gives detailed account of the purification and characterization of FTase produced by A. oryzae CFR 202 by Submerged Fermentation.

Chapter 5 presents the results on the use of different agro - industrial byproducts for FTase production by A. oryzae CFR 202 under Solid State Fermentation and characterization of the crude enzyme produced thereby.  

Chapter 6 deals with in vitro studies on prebiotic effects of FOS. 

Chapter 7 deals with scale up studies for FTase production in 3 L and 15 L fermentors for FTase production by A. oryzae CFR 202 and 10 L level for FOS production. The chapter also discusses the preparation of FTase and FOS powder by spray drying.

Chapter 8 focuses on the applicability of FOS in preparing various food products like spread, honey and beverages, studies on the physicochemical properties of FOS, its purification by column chromatography and analysis by various methods like HPLC, LC - MS and NMR. 

Chapter 9 gives the summary of the present research work and the recommendations for further work.

 
A few fungal strains were screened for FTase activity and Aureobasidium pullulans CFR 77, Aspergillus oryzae CFR 202 and Aspergillus flavus CFR 203 were found to be with maximum titres of FTase activity. Based on high Ut/Uh ratio, which is important for good transfructosylation activity, A. oryzae CFR 202 was selected as the best source for further studies. A. niger, Penicillium sp. and M. miehei exhibited comparatively less FTase activity and hence are not suitable for economical FOS production. Studies were carried out using culture fluid, cells and culture broth homogenate of A. oryzae CFR 202 and A. pullulans CFR 77 as source of FTase using 55 and 80 % sucrose as substrate. 

Selection of important parameters influencing FTase and FOS production was done using Plackett Burman design by carrying out a set of 20 experiments, firstly for model development and another 20 experiments for validation of the results. The study brought out the important parameters influencing the production of FTase as well as FOS with the help of a single experimental design. KH2PO4 and sucrose in the fermentation medium and fermentation time influenced FTase production. In order to get higher titres of FTase, it was necessary to carry out fermentation beyond 96 h. FTase activity was found to be higher when the concentration of sucrose was low in the media. KH2PO4 concentration in the media was found to be more (0.5 – 0.6 %) in those trials which gave higher FOS yields. pH of the reaction mixture and reaction time were found to have significant effect on FOS production. FOS production was more when the pH of the reaction mixture was in the range 5.5 – 6.0. It was also observed that FOS yield increased with the increase in reaction time. All the five above mentioned variables with t-values above 0.95 were selected for further optimization by response surface methodology. 

The RSM methodology, based on Doehlert experimental design consisted of 34 experiments with five variables, four repetitions at the centre point. The results showed the effects and interactions of different parameters on FOS yields by FTase grown under submerged fermentation. A response equation has been obtained for the FOS yields. From this equation, it is possible to predict the operation conditions required to obtain higher yields of FOS. It was found that the most effective parameters were fermentation time, reaction time and pH of the reaction mixture. These factors have a positive influence on FOS yields. Due to the disproportionate nature of reaction exhibited by FTase, the reaction time plays an important role in FOS production. Among the interactions, fermentation time – reaction time interactions are significant (p < 0.01) and they have a negative influence on FOS production. According to these results, it was found that the maximum predicted FOS yield of 58.7 % (w/w) by the equation agrees well with the experimental value of 57.37 ( 0.9 % (w/w) FOS. This indicates that the generated model adequately predicted the FOS yields. 

An efficient cell recycling system was developed for the continuous production of FTase by successfully reusing the pellets of A. oryzae CFR 202 over a considerable period. During recycling, FTase activity was 7.8 UmL-1min-1 at the end of 48 h of fermentation. It reached a maximum value of 16. 5 U mL-1min-1 after the next two consecutive cycles and then decreased to 11. 9 U mL-1min-1 at the end of the sixth recycle.  However, FOS yield was maximum at the end of the third recycle (53.2 ( 0.2 %) and remained constant even at the end of the sixth recycle. The pellets could not be recycled further since it lost the compactness and started disintegrating after the sixth recycle. However, if cell integrity can be maintained, further recycle is possible.

Alternate sources of sucrose like jaggery and sugarcane juice were used for FTase and FOS production. Using jaggery as carbon source for FTase production and substrate for FOS production, it was possible to obtain 40 % FOS. When the same FTase was used for FOS production with sucrose as substrate, it was possible to obtain 48 % FOS. When sucrose was used as carbon source for FTase production and jaggery was used as substrate for FOS production, the FOS yield was 42 %. Using sugarcane juice as substrate for FOS production, it was possible to obtain 24 – 27 % FOS. This has resulted in value addition of jaggery and sugarcane juice to produce high value product like FOS.

Purification of FTase resulted in understanding and characterizing FTase produced by A. oryzae CFR and obtaining the product (FOS) rapidly. Efforts have been made to purify the FTase enzyme produced by A. oryzae CFR 202 to get high specific activity and fold of purification. Theoretically, purified enzyme should result in higher yields of the product. However, the peculiar reaction mechanism involved in FOS production does not lead to higher yields than the theoretical maximum of 56 – 58 % due to inhibition caused by accumulation of glucose. Nevertheless, the time involved in obtaining maximum FOS yield has been considerably reduced by using the purified FTase in comparison to the crude FTase. The enzyme was characterized as a moderately large molecule of 97 kDa molecular weight that is stable upto 40 °C and at pH 4.0 to 6.0. The optimum pH and temperature of this enzyme are 7.0 and 60 °C respectively, but it was not affected much by metal ions. Eventhough purification of FTase considerably reduced the reaction time to get maximum FOS yields, for mass production of FOS, it is economical to use crude FTase. 

There have been many reports on the production of FTase by submerged fermentation, but there are no reports on the use of SSF for FTase production except for the use of apple pomace as substrate for FTase production. The present investigation has focussed on the use of a variety of agricultural by – products as substrates for the production of FTase by A. oryzae CFR 202. A variety of substrates like cereal bran to corn products, coffee and tea processing by - products, sugarcane bagasse and cassava fibrous residue (tippi) have been used in the present study. All the substrates except sugarcane bagasse and tippi supported good growth of A. oryzae CFR 202 and concomitant production of FTase. Maximum activity was found to be present in FTase obtained from SSF of rice bran, wheat bran and corn germ. Even those substrates, which did not favour production of FTase, when supplemented with complex nitrogen source like yeast extract, supported good growth of A. oryzae CFR 202 and production of FTase. Addition of rice bran in the proportion of 30 % of the substrate resulted in interparticle spacing with a possible increase in mass transfer and oxygen transfer. This contributes to the value addition of those by – products, which are otherwise disposed adding to environmental pollution. Characterization of FTase produced by SSF has shown that it is more stable compared to that produced by SmF. It was also capable of producing the maximum yield of FOS (52 %) within 8 h of reaction, unlike the enzyme produced by SmF, which requires 18 h for producing maximum FOS. The present investigation has thus shown that SSF opens a new avenue for the production of FTase and subsequently FOS using agricultural by - products.

The prebiotic effect of FOS was studied by growing Lactobacilli strains in media containing FOS. All the three strains grew well in FOS containing media and produced short chain fatty acids like lactate, acetate, propionate and butyrate thereby reducing the pH of the media. This promotes the use of FOS as an ingredient in foods aimed at maintaining gut health.

FTase production was successfully scaled up to 15 L fermentor level using the optimized conditions at shake flask level. Fermentation time was reduced to 60 h compared to 90 h in shake flask studies. FOS yield of 53 % could be obtained using this FTase. FOS production was also scaled up to 10 L level using a specially designed reactor. FTase powder was prepared by spray drying liquid FTase with various concentrations of maltodextrin (5, 15 and 25 % maltodextrin). Storage studies showed that there was no loss of activity even after 15 days at room temperature. FOS powder was also prepared by spray drying with additives like 10 % maltodextrin and 1 % Tricalcium phosphate. Characterization of both the powders were carried out and microbial analysis showed that in both the samples microbial count was well within safety limits. 

Various products like spread, honey like product and beverage concentrate were prepared using FOS. Characterization of the products was done. Honey like product had several advantages over commercial honey like low reducing sugar content, which finds application in formulating foods aimed at diabetics. The product when subjected to sensory evaluation was rated between processed and unprocessed commercial honey samples. Beverages prepared with FOS had approximately 4 g / 200 mL bottles, which is close to the RDA of FOS – 5 g / day. 

FOS consisting of a mixture of oligomers was purified by Biogel P-2 column chromatography to get pure oligomers – kestose, nystose and fructofuranosyl nystose. NMR and Mass spectra confirmed the structure and molecular weight of the oligomers. 

Recommendations for future work

1. Work may be carried out to improve the yield of FOS  - 56 %.

2. Scope exists for the detailed study of FTase enzyme.

3. Efforts may be made to remove glucose and sucrose from the FOS mixture to get high content FOS.

4. Animal studies can be carried out to confirm the health effects of FOS.

