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Abstract

:

The implementation of the circular bioeconomy is now widely accepted as a critical step towards reducing the environmental burden of industrial waste and reducing the impact of this waste on climate change. The valorisation of waste using microorganisms is an attractive and fast-developing strategy capable of achieving meaningful improvements in the sustainability of the biotechnology industry. Yeasts are a powerful chassis for developing valorisation strategies and key opportunities. Thus, this study examines how waste from the food sector can be effectively targeted for valorisation by yeast. Yeasts themselves are critically important elements in the production of food and brewing, and thus, the valorisation of waste from these processes is further reviewed. Policy and regulatory challenges that may impact the feasibility of industrial applications of yeast systems in the valorisation of food waste streams are also discussed.
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1. Introduction


1.1. Circular Bioeconomy and Waste Valorisation


The circular bioeconomy and its implementations are now at the forefront of sustainable practise in the scientific sphere. The circular bioeconomy aims to steer activities away from linear strategies currently employed across many industries, which involve processing raw materials into products which are disposed of after use [1]. Instead, the circular bioeconomy proposes to incorporate a ‘loop’ in which materials and by-products are reused, remanufactured, and/or recycled into other processes [2]. While a prominent goal in sustainability practise is to reduce the volume of waste produced by industries and processes, the scale of waste production demands new approaches [3,4,5]. Therefore, plans to make use of this waste in the most environmentally conscious and efficient way possible is a central aim of the circular bioeconomy.



The feasibility and applicability of the circular bioeconomy is an issue that is hotly debated [6]. It is not enough to declare the use of waste products in a process as a ‘sustainable circular bioeconomy process’; there must be evidence that the strategy employed to use this waste does not contribute to the emission of greenhouse gases or exceed recommended energy consumption levels. The overall environmental net impact of the waste material used must be positive and, therefore, worth pursuing [6]. For example, using a waste stream from food industry processes to feed a bioprocess producing a valuable protein may fit the concept of the circular bioeconomy well; however, if waste first requires an extensive pretreatment with harsh chemicals, and the final yield of the product from the secondary process is below a sustainable threshold, then the overall value or circularity remains unclear. Rigorous guidelines must be followed to ensure that the bioeconomy and, indeed, the circular bioeconomy are pursued in an efficient manner. The use of a life cycle analysis/assessment (LCA) can help overcome this hurdle. An LCA aims to determine the environmental impacts of production at each stage, beginning with the extraction of raw materials to the final disposal [7]. LCAs have a positive record in the sustainability field, where they have informed policy at the governmental level, helping to shape process developments in the industry while being a part of globally recognised standards (ISO 14040:2006) [8]. In this review, it is shown that an LCA is useful, as it can identify bottlenecks in the practicality of new processes, and identify where future optimisation is needed [9]. In tandem with LCAs, life cycle costing (LCC) can be utilised to determine the economic viability of a process. Here, consideration is given to the aspects of a process, including taxes/fees, fuel related to waste collection, and technology costs [10]. This establishes a comprehensive view of key aspects of waste management and valorisation practises, as well as the costs to companies, users, and society. Similarly, useful technological developments, which inform how we interpret and improve the circular bioeconomy, include digitalisation in the world of microbiology [11] and the use of machine learning [12]. These approaches can enable the discovery and utilisation of microbial diversity for more efficient ends and improve the modelling of biorefineries, which aid in the understanding of the complex nature of the circular bioeconomy.




1.2. Yeast as a Chassis for the Valorisation of Waste


Microorganisms are routinely utilised for the synthesis of materials and, indeed, in the world of waste valorisation [13]. Anarobic digestion is one avenue of bioremediation that is performed by microbes, resulting in biogas becoming the valorised product. However, due to low yields and other limitations, new approaches to valorisation have been sought [14]. Bacteria boast the ability to degrade certain plastics, such as polyethylene and polyvinyl chloride, and are often the primary microorganism of choice for this type of waste degradation and its subsequent valorisation [15]. Recent work has shown the potential of archaea in metal leaching to produce methane, an area which had previously been dominated by bacteria and fungi [16]. It is clear from these examples that a variety of attributes are required by microorganisms to valorise the vast range of global waste that is available.



When discussing waste from food and drink, yeasts offer some unique advantages over other microorganisms. There are over 1500 strains of yeast currently recognised [17], and the variety shown between these strains cannot be overstated. Yeasts do not form a single phylogenetic grouping [18]. However, common vernacular treats “yeast” as a synonym for perhaps the most popularly used and researched strain of yeast, Saccharomyces cerevisiae. However, there are several strains which are employed in the bioeconomy, including Komagataella phaffii that has been shown to both produce renewable chemicals [19] and generate waste that can be valorised [20]. As there are now over 70 products on the market which are being produced by K. phaffii [21,22,23,24,25,26], there is a wealth of waste that can be valorised from those processes. In this review, there are 14 different strains of yeast discussed. They range from oleaginous yeasts like Rhodosporidium toruloides, which naturally accumulates useful products, such as carotenoids and lipids [27], to non-conventional yeasts, such as Yarrowia lipolytica, that can grow on alternative carbon sources, such as hydrocarbons [28]. In addition, due to the diversity shown between yeast strains, there is potential for them to take waste from a variety of sources and create value-added products. Here, we focus on understanding the current standard of food waste valorisation research using yeast systems. Research across a number of continents is highlighted, reflecting the broad global interest in advancing the field of sustainability, and the valorisation of a broad range of food waste sources is described (Figure 1).



Waste from agricultural processes including examples from the dairy industry, and fruit and vegetable waste is valorised using a variety of yeasts and processes. These produce value added products such as lipids, biodiesel and carotenoids. Wastewater from these processes are also bioremediated by yeast.





2. Yeast as a Chassis for Valorisation of Food Waste


2.1. Valorisation of Olive Mill Wastewater


Wastewater is a significant component of food waste and an important target for valorisation. There are approximately 380 billion cubic litres of wastewater generated globally each year [29], which can contain toxins and that is costly and energy-intensive to clean. Yeast presents an opportunity to provide a dual impact in relation to wastewater valorisation through (i) the removal of toxins and contaminating pollutants and (ii) the production of new value-added products. Olive mill wastewaters (OMW) have been actively investigated because of the difficulty in disposal due to antimicrobial and ecotoxic properties. They contain a variety of carbon sources which have the potential for upcycling [30]. Per 100 kg of olives produced, volumes of wastewater generated can reach 150 L [31]. Biosynthesis of single-cell protein by yeast isolated from OMW sources has been reported with a concomitant reduction in the pollution load of the waste [30]. Polyphenols, a component of OMW contributing to its pollution charge, have been effectively used for the biosynthesis of magnesium oxide nanoparticles by Y. lipolytica, where after phenol extraction, the yeast reduced the ecotoxic chemical oxygen demand (COD) value by 73%, highlighting the potential as a treatment option for harmful wastewaters [32]. Multiple yeast strains have shown this dual restorative and synthetic capability, including oleaginous R. toruloides, which simultaneously degraded phenols present in OMW and produced lipids that can act as a feedstock in biodiesel production [33]. D’Annibale et al. demonstrated that Candida cylindracea was capable of producing significant levels of lipases from OMW samples with varying COD, phenol, fat, and sugar content [34], highlighting both the versatility of this yeast strain, and the lack of a pre-treatment requirement for this waste stream for lipase production. Other studies have attempted to include additional waste items, such as crude glycerol (which is produced as a by-product of the biodiesel industry), as a diluent of OMW to produce citric acid by Y. lipolytica [35]. These studies have shown that OMW is tractable for valorisation by yeast, producing value-added products and reducing the environmental harm that this waste causes (Table 1).




2.2. Valorisation of Agricultural Waste Streams


Residual biomass from a variety of agricultural processes has been investigated for valorisation by yeast, with particular interest in lignin/lignocellulose biomass, as lignin is the most prevalent aromatic biopolymer [61]. Current means of valorising lignin involve a combinatorial approach of thermochemical and enzymatic treatments [62]. As lignin is complex in structure, depolymerisation methods are employed to produce monomers and oligomers, which can then be used as substrates to produce biofuels and fine chemicals [61]. Sources of lignocellulose include hardwoods and softwoods, coffee grounds, and newspapers [61], with the nature of these sources highlighting the huge quantity of waste for potential valorisation. Research into utilising microorganisms for lignocellulose valorisation has been ongoing in recent years, with yeast strain development a focus area. One particular strain of yeast that holds promise for lignin valorisation is R. toruloides [36]. R. toruloides can utilise mixed carbon sources found in these waste streams and is capable of supporting a consolidated bioprocess, thereby reducing the number of stages of production and reducing costs. One study highlights a ‘one-pot’ approach for lignocellulose valorisation through the production of triacetic acid lactone (TAL) using an engineered strain of R. toruloides. In a bioreactor scale-up experiment, up to 3.9 g/L of TAL was produced in a means that was cost-effective and industry-applicable [36].



Other sources of biomass have similarly shown promise as feedstocks for the production of value-added products by a wide range of yeasts. Camelina meal is the primary by-product from Camelina sativa seed oil extraction. These seeds are commonly used as a supplement in livestock diets in the agricultural industry [37]. This waste stream can be valorised in two ways—the production of alternate products and increasing the nutritional value of the Camelina meal—which can be used as a food source for livestock. Bertacchi et al. took waste Camelina meal and developed a process for R. toruloides to produce carotenoids, a pigment that is found in animal feed and in dietary supplements [37]. With an estimated 2020 global market value of $2 billion [63], there is a significant incentive to produce this product in an inexpensive way. Titres of 16 mg/L were achieved in this study, despite exposure to the cultures to water-insoluble solids, which often detrimentally impact microbial growth and production in an industry setting [37]. This study provides a foundation for translation into industrial valorisation of this agricultural waste source in the future. Residual biomass from a variety of food and plant cultivations has proven to be a reliable source for the generation of new products. For example, one study examined the common agricultural waste biomass sugarcane bagasse and rice straw for the production of bioethanol and the valuable enzyme pyruvate decarboxylase, respectively [38]. Multiple strains of yeast were investigated, with Candida tropicalis fermentation using rice straw as a substrate demonstrating the highest levels of ethanol production at approximately 12.7 g/L. This work also highlighted the capacity of these yeasts to diminish waste disposal problems associated with ethanol production [38]. Tobacco waste has been exploited as a substrate for the production of useful products, specifically 2-phenylethanol (2-PE), which is used in the cosmetics and food industries [39]. 2-PE is a high-cost product, and this study aimed to produce it in purifiable quantities using tobacco waste as a substrate and, in parallel, treat the tobacco waste to reduce its negative environmental impact. S. cerevisiae was capable of achieving this with 1.65 g/L titres achieved, with the authors stating this can be improved in the future [39].



One avenue to effectively valorising agricultural waste is in the production of α-glucans, which are often used in medical applications due to their activation of the innate immune system, and β-glucans, which can lower blood cholesterol levels [64]. Microorganisms are routinely used for glucan extraction as they contain glucans in their cell walls; however, the production of glucans is often costly, with unsatisfactory yields to meet the global glucan demand, and is, therefore, underutilised [65]. Multiple agricultural wastes can be used for production, including starch-rich biomass like potato juice wastewater supporting Candida utilis growth and biosynthesis of β-glucan yields of up to 82% [40]. Flour-rich wastes, such as those arising as by-products from bread manufacture and other wheat milling by-products are rich substrates for the production of useful enzymes by the yeast Rhodosporidium toruloides [66]. These enzymes were produced using solid-state fermentation, and were produced at a rate of 0.32 g/L/h, where they were utilised to treat yeast cells, releasing approximately 80% of lipids and producing a hydrolysate that could be used as a substitute for yeast extract [66].



Mycotoxins are present in food and animal feed across the globe, and present a significant safety risk in the feed and food supply chains [41]. As such, new methods of reducing mycotoxin incorporation into these processes are under investigation, with adsorption being a potentially viable solution. Yeasts offer a specific benefit over other microorganisms in terms of adsorption due to the polymer structure of their cell wall and local humoral cellular response, where both factors are strain-dependent [41] and altered by growth conditions [42,67]. The capacity of isolated Candida utilis cell walls, and glucans isolated from C. utilis cultivation on low-cost substrates to adsorb several mycotoxins have been reported [41]. The efficiency of adsorption varies, and the most successful approach was shown with the capture of non-polar mycotoxins [41].



Together, these examples demonstrate the variety of waste sources that can be valorised and highlight the prospective application of yeast to utilise agricultural waste to reduce the levels of an environmental toxin, approaches that can prove a highly economical route toward the circular bioeconomy.




2.3. Yeast Valorisation of Waste from the Food, Wine, and Dairy Industries


2.3.1. Dairy (Whey)


The volume of dairy products is rapidly increasing across the globe with population growth and greater intensity of herd management, with European production expected to reach 162 million tonnes annually by 2031 [68]. Considering this volume of product, there is a significant waste stream to consider from this industry, with solid waste and effluents reaching up to 11 million tonnes globally [69]. There is mounting interest in exploiting yeast as host systems to capitalise on this opportunity for valorisation and reducing the global waste burden. Whey is produced as a by-product during cheese manufacture [70]. Whey proteins include immunoglobulins and bovine serum albumin, which are of high nutritional value [70]. The specific concentrations of these proteins are dependent on several factors, such as milk source, time of processing, and processing quality [71]. As a result of the high lactose content of whey, there is a high oxygen demand of whey and, therefore, a negative environmental impact [43]. Thus, valorising whey would be beneficial in producing value-added products and reducing environmental damage. Several species of yeast, for example, Kluyveromyces marxianus [43], have shown promise in fermentation in the difficult conditions provided by waste whey—using lactose as a carbon source and the low pH of acid whey. Brettanomyces claussenii is another strain which is studied for its potential ability to use whey to produce fermented health drinks such as kombucha [72].



Koutinas et al. successfully developed a hybrid system in which K. marxianus produced ethanol from waste whey lactose, and the ethanol produced was then used as a substrate in esterification reactions to produce the chemical ethyl lactate [43]. Whey permeate has been investigated as a co-substrate or to replace a portion of process water and was successful in supporting S. cerevisiae fermentation to produce ethanol for use as a biofuel [44]. The efficiency of ethanol production reached approximately 86% of the existing process when 15% of the water in the fermentation was replaced with hydrolysed whey permeate. The reduction in the required volume of water for the production of this bioethanol would lead to improved economics if applied to industry, in addition to utilising agricultural waste [44]. Interestingly, whey can be used as a substrate for yeast to create useful starter cultures for applications in cheese ripening [45]. Here, K. marxianus and kefir yeasts were tested for their efficiency in fermenting lactose and milk whey, where the biomass moved on to become a starter culture for cheese production. Moreover, the presence of harmful bacteria, such as staphylococci and enterobacteria, was reduced when the kefir starter culture was used [45]. Alcoholic beverages with varying aroma profiles and alcohol content can also be produced by yeasts fermented in whey, specifically tofu/soy whey [46]. Five non-Saccharomyces strains were tested in these experiments, with some demonstrating superiority in terms of ethanol production (reaching 6–7%), and each strain producing a unique volatile metabolite profile which directly correlates to the aromas of the beverages [46].



The concept of yeasts performing the dual action of diminishing the environmental burden of toxic wastewater and reducing the energy needed to treat it, while also producing a valuable product, is a big positive for the dairy industry. Real dairy wastewater as a substrate for Saccharomyces cerevisiae fermentation was studied for the reduction in chemical oxygen demand [47]. A removal percentage of 92% was achieved, and in addition, current and voltage were generated through a microbial fuel cell, 28 μA and 850 mV, respectively. This work highlights an exciting capacity for yeast to treat dairy wastewater while also producing environmentally friendly wastewater [47].




2.3.2. Fruit and Vegetable Waste


Sustainability in the food sphere is one of the most readily adopted mindsets in society today. Consumers participate in composting, recycling, and reduction in plastic waste from food and drink products, and reuse of food containers, bottles, coffee cups, etc. [73]. This certainly makes a difference both environmentally and economically, with predictions showing that an increase in composting practises in the United States would reduce carbon emissions by 30 million tons a year, in addition to reducing waste management costs by 16 billion USD [74]. In an industrial setting, there is a wealth of opportunity for the valorisation of the waste produced from food manufacture/processing, as it is estimated that up to 40% of total food waste occurs at the manufacturing stage [75].



Extensive research has been performed in relation to valorising fruit and vegetable waste. These studies range from the production of biomass and lipids from waste like corncob hydrolysate [48], to bioethanol and vinegar production from dates [49], to recombinant protein production from papaya fruit waste [50]. This variety of products and waste sources speaks to the adaptability of yeasts as a highly suitable chassis for the valorisation of food waste. Many fruits and vegetables are rich in lignocellulose; pineapple leaves, for example, have a high lignocellulose content, and production of bioethanol through saccharification and fermentation using S. cerevisiae has been demonstrated [51]. There was a fermentation efficiency of 91% reported over the existing process, and up to 9 g/L of ethanol was produced. In addition, hydrothermal pre-treatment of the pineapple leaves was employed, over the more environmentally damaging acid or base catalyst in the existing procedure [51]. Another interesting approach in using food waste to produce bioethanol involved waste onions [52]. Here, onion juice was transformed into onion liquor via S. cerevisiae fermentation, which eventually became onion vinegar [52]. Near-infrared spectroscopy was performed in this study to enable complex monitoring of this reaction, and along with some multivariate analysis, allowed the prediction of sugars, ethanol, and biomass concentrations [52], which is an interesting addition to a valorisation experiment, and gives a thought for how monitoring of these processes could be applied in an industrial scale. Co-cultures of yeasts have been evaluated on their ability to produce bioethanol from kitchen waste, namely a combination of S. cerevisiae and Pichia stipitis [53]. In this experiment, kitchen waste was gathered from municipality sources in Greece and were combined into a homogenous biomass, which was then used as a carbon source during fermentation of the S. cerevisiae and P. stipitis co-culture. The co-culture outperformed both individual yeast cultures, and achieved approximately 14 g/L of ethanol after 35 h [53]. Another route for producing biodiesel using yeasts is via lipid accumulation, where yeast lipids replace vegetable oils and animal fats in the biodiesel manufacturing process. Donzella et al. demonstrated the capacity for the oleaginous yeasts Rhodosporidiobolus azoricus and Cutaneotrichosporon oleaginosum to use pumpkin peel as a sole feedstock to produce a highest biomass yield of 45 g/L, with 55% of this being lipids [54]. Sugars produced from waste vegetables such as potato, sweet potato, and yam waste were then valorised into bioethanol in one study [55]. Enzymatic saccharification produced sugars from these waste sources, and the sugars were used during S. cerevisiae fermentation to produce bioethanol. Sweet potato waste provided the highest ethanol yield of 251 mg/g, indicating that this abundant waste source can be readily valorised [55].



Applications of valorising food waste go beyond bioethanol production, with some interesting products being produced from a variety of waste sources. For example, carotenoids, which can function as dietary supplements/antioxidants, pigments, and feeds, have been generated from cinnamon waste material [56]. Cinnamon had previously been excluded as a potential source of waste for valorisation due to the presence of several antimicrobial components, such as cinnamaldehyde [76]. However, this work shows that R. toruloides is capable of producing up to 2 mg/L of carotenoids with waste cinnamon bark hydrolysate as the sole carbon and nitrogen source, with suggestions of a second nitrogen source from a residual origin being able to increase this titre further, in a sustainable manner [56]. Laccases are other valuable enzymes which can be produced from food waste, having applications in waste detoxification and degradation of xenobiotics [57]. The yeast Y. lipolytica, carrying a laccase gene from a fungus, used beet molasses as a waste source for growth. Optimisations for laccase production were performed, and it was found that larger-scale bioreactor experiments yielded a significantly higher productivity of 0.0937 U/h of laccase [57].




2.3.3. Oils


Vegetable oils, including sunflower and olive oils, when heated to the high temperatures that occur when frying foods, are modified in a number of ways, with toxic compounds being produced [77]. This can lead to problems relating to both human and environmental health. The large volume of waste oils makes them difficult to dispose of, with frequent contamination of wastewater occurring, in addition to blockages of drains and sewers [77]. A primary focus of implementing a circular handling to this waste source is valorisation into biofuels; however, other avenues have been investigated, such as the manufacture of soap [78] and polyvinyl chloride (PVC) [79] production. This has sparked strong interest in using microorganisms for the conversion of this waste source into useful and valuable products.



Waste palm oil was investigated as a feedstock for the yeast Y. lipolytica to produce the enzyme lipase [58]. In the study, the highest lipase activity was seen with commercial waste palm oil obtained from a fast-food restaurant, with 4.9 U/mL achieved. The lipase product was tested as a biocatalyst and resulted in a hydrolysis yield of 13.1%, with a capability to be reused up to 3 times [58], highlighting the circular and sustainable nature of this approach to waste valorisation. Olive pomace from olive oil production is a significant by-product of this industry [80]. This residue contains sugars, proteins, fatty acids, and polyphenols and polyalcohols. Studies have shown that it can be valorised into bioethanol, where in one experiment, S. cerevisiae was capable of producing 0.46 g/g of ethanol [59]. Other waste pomace, including wine grape pomace, has been utilised to extract sugars, namely glucose and fructose to prepare growth media. Yeast Rhodotorula babjevae grew well in this newly created media, and produced multiple valuable compounds such as mannitol, carotenoids, and a rare glycolipid that has applications in the food and pharmaceutical industry [60].






3. Valorisation of Food Related Waste Produced by Yeast


Yeast themselves have been used for thousands of years in wine making, baking and brewing [81]. Significant research activity has sought to determine the potential for valorisation of yeast waste. Spent yeast, commonly referred to as brewers spent yeast (BSY), is the remainder of the fermentation process following the extraction of bioactive compounds, and it is traditionally viewed as waste [82]. The brewing industry was estimated to have produced up to 418,000 tonnes of spent yeast in the year 2020 [83], highlighting the wealth of material that could be valorised. This spent yeast is primarily comprised of proteins (including essential amino acids), along with polysaccharides and glycoproteins [84], all of which hold biotechnological value.



A significant focus in the area of BSY valorisation is on the production/extraction of β-glucan [85]. BSY itself contains a considerable percentage of β-glucan (up to 60% of cell dry weight) [86], however recovery is challenging due to the yeast cell wall. Robust cellular disruption methods have been developed by a number of groups in an attempt to liberate β-glucan from spent yeast and utilise it as a food ingredient. Crucially, the β-glucans that are liberated from yeasts are considered generally recognised as safe (GRAS) [87], highlighting the feasibility of use of these projects. A number of approaches have been described to valorise the food related waste produced by yeast (Table 2). Alkaline extraction is a popular method that is employed to disrupt the yeast membrane, with one experiment achieving 66% yield of β-glucans from yeast following optimisation of alkaline conditions [88]. Furthermore, the extracted β-glucan demonstrated antioxidant activity, and encouraging anti-cholesterol effects [88]. Varelas et al. used winery spent yeast as their source of biomass for β-glucan production [89]. In this waste the spent yeast is found in a by-product called wine lees, which are produced mainly during the early stages of wine production (e.g., fermentation and filtration) [90]. In addition, the sludge following alcoholic fermentation of wine also contains a large amount of spent yeast to extract β-glucans from [89]. This study performed yeast autolysis and hot alkali methods to obtain up to 43% β-glucan concentration from winery yeast waste biomass, demonstrating a novel way to obtain this valuable product from an abundant waste source [89].



Successful extraction of peptides from spent yeast has demonstrated antihypertensive and antioxidant properties in addition to a 71% reduction in HMG-CoA, suggesting a cholesterol-lowering capacity also [83]. Silver phosphate nanocomposites have been synthesised from spent brewers’ waste [91]. In varying the synthesis temperature and time, the component ratios of the nanocomposites differed, producing a panel of candidates. The presence of yeast and the high nitrogen content is believed to contribute to the growth of silver phosphate. Multiple nanocomposites showed antibacterial activity against E. coli, and crucially, these nanocomposites were made in an environmentally friendly process [91]. Other products produced from spent yeast include activated carbon. Here, yeast residue originating from the ethanol industry was carbonised at 800 °C [92]. This was subsequently activated and used to remove the presence of the therapeutic dipyrone from aqueous effluent at an experimental sorption potential of approximately 88 mg/g [92]. The use of extracted peptides from S. cerevisiae waste as a skin health additive has been explored [93]. Along with being non-toxic at any concentration tested, the peptides achieved modulation of specific metabolites which have a positive effect on skin health [93]. Lipid production is also possible using BSY as a feedstock, where, in work by Patel et al. [94], waste from a microbrewery was pretreated with organosol to solubilise lignin and hemicellulose, and glucose and xylose were harvested. Glucose yields reached approximately 46%, and xylose was 25%. These were then used as a substrate for another yeast, R. toruloides, to produce lipids for use as a biodiesel [94]. There is an appealing circularity in using spent yeast to feed another yeast process for the production of a useful product.



Interestingly, spent yeast has been examined as a tool to remove toxic dyes from wastewaters. In the textile industry in particular, dyes in waste effluent is a major problem, due to their high concentration and the difficulty in their treatment [100]. Soh et al. used spent yeast from a local brewery plant as a biosorbent and aimed to remove Congo red dye from water samples [95]. The study showed that the BSY was comparable to other sorbents in the removal of Congo red [95], thereby highlighting an opportunity for reuse of this vast waste source in a meaningful way. In terms of mitigating negative environmental impact through the use/valorisation of BSY, an interesting approach established a brewers spent grain biorefinery process which involved the retrieval of biogas, bioethanol, and used oils from BSY [96]. While successful in demonstrating the capacity for up to 379 mL biogas/g, a 45% ethanol yield, and 70% oil extraction efficiency, the research team also hypothesise that BSY could be utilised for the green production of up to 7 million MJ per year is the European brewer’s yeast is exploited to its fullest potential [96]. This is an interesting consideration and a welcome look at the feasibility to implementing a circular bioeconomy approach to BSY handling on a larger scale.



It is also possible to valorise BSG through producing ethanol [97]. Six different types of BSG were tested, as the varying composition of BSG can represent a hurdle in its valorisation. The BSG was pretreated by autohydrolysis, leading to high glucose yields of up to 85%. From here, the slurries were used as substrates for ethanol production via fermentation from two different S. cerevisiae strains. Ethanol yields of up to 94%, or 42.27 g/L, were achieved [97], indicating a real opportunity for a more sustainable production of ethanol.



Distilled drinks such as Baijiu are another great source of yeast waste for valorisation. Baijiu is the most popularly consumed beverage globally, and as a result of this demand, it produces over 20 million tonnes of agricultural waste every year [101]. The flavour type of the produced Baijiu is linked to the species of yeast used during the fermentation process, and yeasts used in its production include both saccharomyces and non-saccharomyces strains [102]. Jiuzao is the remainder following the solid-state fermentation and distillation of Baijiu and is the material that is most readily valorised due to its components like lignin, cellulose, and hemicellulose [101]. Several interesting applications for valorised Jiuzao have been investigated in recent years. For example, Jiang et al. demonstrated that a tetrapeptide isolated from Jiuzao hydrolysate had antioxidant potential in vivo [98]. Other applications include producing biochar, which can be used in water treatment and carbon sequestration [103]. One study utilised biochar made from Jiuzao to remove turbidity levels in Baijiu, highlighting the reusability of waste from Baijiu production within the Baijiu sector [99].




4. Current State of Yeast in the Food Waste Valorisation Sphere


This review has illustrated the potential of yeast systems in the biotechnology waste valorisation sphere, with a focus on food waste—both from the food production process, and the physical remainders from food preparation. The duality of yeast to both produce useful products from a wide range of waste sources, and to also generate waste that can be transformed into valuable outputs highlights the true wealth of success that could be found in this area of research. The global journey towards true sustainable circularity is ongoing, and while optimisations and advancements are still needed, the steps taken in recent years have been hugely impactful. It is well established that there is a pressing need for intervention in the current agricultural, dairy, and food-related sectors in relation to waste handling.



4.1. Regulatory Considerations


Some of the barriers, which reduce the impact of the works discussed in this review and limit their implementation, must be considered. Governmental support often poses the largest obstacle when it comes to altering standard practises in any industry. Regulations are set in place and are often longstanding. Convincing governments, stakeholders or regulatory authorities to allow waste materials to be syphoned off for valorisation elsewhere will prove challenging, as research suggests [104]. Processes may be patented and IP protected, and if anything is genetically modified, then there are many difficulties in handling and using all related wastes, and furthermore, it would involve an overhauling of established processes where new steps are introduced [105]. Stakeholders, in particular, may be very influential in the progression of the circular bioeconomy, as their backing and investment in these projects have shown to positively influence their implementation, along with increasing public support for such work [104].



The means and stage of production in which waste is generated is also an important factor when it comes to implementing change into an established process. There is a global inequality in when food waste is generated, for example. In developing countries, most food loss occurs post-harvest, whereas in more affluent areas, this loss happens post-consumer obtainment [106]. This would influence when an intervention would occur to make the process more sustainable through harvesting/collection of the food waste for valorisation using yeasts. Keeping with food waste, research has shown that there are five aspects which are critical for the use of circular economy biorefineries on a commercial level [106,107]. An efficient waste collection system is needed to generate a high volume of quality food waste. There is a vast range of sources of food waste, which may lead to difficulties in coordination. This would be a time-sensitive process due to the decaying nature of food waste and, therefore, careful thought must be put towards transport and storage processes. As mentioned, policy support for such processes is needed along with interest from society. And finally, the economic feasibility of the proposed processes must be debated. Here, LCAs and LCCs can be powerful tools in assessing the viability of a new venture and would be useful in tacking this issue.




4.2. Geographical Considerations


When discussing the circular bioeconomy, it is imperative that the geographical and socio-economic factors are considered carefully. Each region must be examined separately when reviewing progress and identifying barriers, as with any concept or technology, advancements are made at different rates throughout the world. As the second largest continent by surface area, Africa offers a wealth of agricultural and industrial processes, ones which generate varied by-products worth valorising. One particular output is lignocellulose biomasses that show promise as a starting material for the production of a range of products [108]. Crops, such as olives and potatoes, are produced in huge quantities, with the residues following cultivation being in the mega tonne range, estimated at 2.7 Mt in 2019, according to the FAO statistics [109]. To deal with this enormous ‘waste’ accumulation, research into valorisation in Africa has shown progress in recent years [108]. An important consideration is the “food vs fuel” dilemma, where certain crops are only suitable for producing bioethanol in large quantities, and would, therefore, require more land to grow, thereby sacrificing land on which crops for food could be grown. Other considerations include land governance, technological readiness, and acceptance by local communities, along with regulatory issues. Development in each of these areas is needed to begin implementing a circular bioeconomy in Africa.



Europe has often been at the forefront of sustainable policy development and implementation, particularly since 2016, when the Paris Agreement was introduced, along with the 2030 agenda for sustainable development plan [110]. It is estimated that the implementation of the circular bioeconomy could create over 180,000 direct jobs, and reduce the demand for raw materials by up to 40%, by the year 2030 [111]. Research has shown that across that many individual countries within Europe, the general trend in the evolution of the circular bioeconomy has been positive and progressive [112]. However, as mentioned, the circular bioeconomy is a complex issue and countries within Europe have developed their sustainable practises at varying rates over a 10 year period (2006–2016), with Slovakia, Poland, and Latvia developing quickly, for example [112]. However, it is suggested that this rapid development may be due to a catch-up effect, as these countries were far behind than the likes of Finland and the Netherlands. The latter countries have governmentally-implemented bioeconomy programmes and policy, and perhaps these strategies need longer for a greater growth to be observed and for an already well-established circular economy to improve further [112].



Latin America has demonstrated a growing interest in circular bioeconomy practises in recent years, with Brazil and countries containing similar scale agricultural industries putting more research into the implementation of the circular bioeconomy [113]. Due to the nature of the sectors within Latin America, such as forestry, livestock, and agriculture, there is a large volume of bio-based waste produced and, therefore, large potential for progress in terms of sustainability and circular waste handling [113]. This area of research is currently in its infancy in this region, with only a total of 64 publications related to the circular bioeconomy having been published by 2022 [113]. However, the themes from these papers match the global trends in waste valorisation, such as recovering value from agricultural waste and wastewater, and producing bioenergy from waste sources. Overcoming economic, political, and technological barriers in Latin America will allow research to advance and expand the opportunities for improving waste management practises.




4.3. Environmental Impact of Large-Scale Fermentations


It would be remiss to overlook the negative environmental impact of large-scale fermentations. As the fermentation industry grows in scale generally, and replaces some traditional chemical approaches, so too grows any associated harmful effects, albeit they are less than their chemical counterparts [114]. Furthermore, the popularity of fermented foods has risen in recent years [115]. Indeed, the methane and other greenhouse gases produced during fermentations contribute to global warming. While, generally, fermentation practises have a positive environmental impact when compared to other approaches, and utilises waste sources and promotes the circular bioeconomy [116] as outlined throughout this review, implementing a large-scale process also increases any waste from the fermentation itself. Water for the cultures, which becomes wastewater following the fermentation, and any energy costs and carbon emissions from the fermentation will increase as we scale-up. This is an important consideration when discussing the viability of some of the valorisation approaches outlined.





5. Conclusions


The future is bright for both the food waste circular bioeconomy and the role of yeasts in delivering the aims. There is a wealth of opportunity for meaningful intervention and the valorisation of a variety of agricultural and food wastes, which can be transformed into value-added products. Building upon the research highlighted in this review will open the door for discussions about policy change, and could lead to investment into valorisation processes at a larger scale, thereby aiding in the reduction in global waste through the implementation of the circular bioeconomy.
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Figure 1. Valorisation of food waste, including that generated during the production process. 
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Table 1. Summary of process valorisation, the yeast strain involved, and the final product.
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Waste Valorised

	
Yeast Strain Used

	
Product

	
Citation






	
Olive mill wastewater

	
OMW yeasts

	
single-cell protein

	
[30]




	
Yarrowia lipolytica

	
magnesium oxide nanoparticles

	
[32]




	
Rhodosporidium toruloides

	
biodiesel feedstock

	
[33]




	
Candida cylindracea

	
lipases

	
[34]




	
citric acid

	
[35]




	
Agricultural industry waste

(Lignin, Camelina meal, biomass)

	
Rhodosporidium toruloides

	
triacetic acid lactone

	
[36]




	
Rhodosporidium toruloides

	
carotenoids

	
[37]




	
Candida tropicalis

	
ethanol

	
[38]




	
S. cerevisiae

	
2-phenylethanol

	
[39]




	
Candida utilis

	
β-glucans

	
[40]




	
Rhodosporidium toruloides

	
lipase enzymes

	
[41]




	
Candida utilis

	
mycotoxin absorption

	
[42]




	
Dairy industry waste

(Whey; wastewater)

	
Kluyveromyces marxianus

	
ethanol; ethyl lactate

	
[43]




	
S. cerevisiae

	
ethanol

	
[44]




	
Kluyveromyces marxianus

	
cheese production

	
[45]




	
non-Saccharomyces

	
alcoholic beverages

	
[46]




	
S. cerevisiae

	
wastewater treatment; energy

	
[47]




	
Fruit and vegetable waste

	
Rhodosporidium paludigenum

	
biomass and lipids

	
[48]




	
S. cerevisiae

	
bioethanol and vinegar

	
[49]




	
Yarrowia lipolytica

	
recombinant protein

	
[50]




	
S. cerevisiae

	
ethanol

	
[51]




	
S. cerevisiae

	
onion vinegar

	
[52]




	
S. cerevisiae, Pichia stipitis

	
ethanol

	
[53]




	
Rhodosporidiobolus azoricus,

Cutaneotrichosporon oleaginosum

	
biodiesel

	
[54]




	
S. cerevisiae

	
sugars, ethanol

	
[55]




	
Rhodosporidium toruloides

	
carotenoids

	
[56]




	
Yarrowia lipolytica

	
laccase

	
[57]




	
Oils

(sunflower, olive, palm)

	
Yarrowia lipolytica

	
lipase

	
[58]




	
S. cerevisiae

	
ethanol

	
[59]




	
Rhodotorula babjevae

	
mannitol, carotenoids, glycolipid

	
[60]











 





Table 2. Summary of valorisation of food related waste produced by yeast.
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	Type of Waste
	Yeast Strain Producing Waste
	Product/Output
	References





	Brewers spent yeast (BSY)
	S. cerevisiae
	β-glucans
	[88]



	Winery spent yeast
	S. cerevisiae
	β-glucans
	[89]



	BSY
	S. cerevisiae
	peptides
	[83]



	BSY
	S. cerevisiae
	silver phosphate

nanocomposites
	[91]



	BSY
	Unspecified
	activated carbon
	[92]



	Fermentation waste
	S. cerevisiae
	peptides
	[93]



	Microbrewery waste
	S. cerevisiae, R. toruloides
	lipids/biodiesel
	[94]



	BSY
	S. cerevisiae
	wastewater treatment
	[95]



	BSY
	S. cerevisiae
	biogas, bioethanol, oils
	[96]



	BSY
	S. cerevisiae
	ethanol
	[97]



	Baijiu/Jiuzao
	Variety of Saccharomyces and non-Saccharomyces strains
	antioxidants

biochar
	[98,99]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  fermentation-10-00583


  
    		
      fermentation-10-00583
    


  




  





media/file3.png





media/file0.png





media/file2.png
& “