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Abstract

:

Volatile Fatty Acids (VFA) are small organic compounds that have attracted much attention lately, due to their use as a carbon source for microorganisms involved in the production of bioactive compounds, biodegradable materials and energy. Low cost production of VFA from different types of waste streams can occur via dark fermentation, offering a promising approach for the production of biofuels and biochemicals with simultaneous reduction of waste volume. VFA can be subsequently utilized in fermentation processes and efficiently transformed into bioactive compounds that can be used in the food and nutraceutical industry for the development of functional foods with scientifically sustained claims. Microalgae are oleaginous microorganisms that are able to grow in heterotrophic cultures supported by VFA as a carbon source and accumulate high amounts of valuable products, such as omega-3 fatty acids and exopolysaccharides. This article reviews the different types of waste streams in concert with their potential to produce VFA, the possible factors that affect the VFA production process and the utilization of the resulting VFA in microalgae fermentation processes. The biology of VFA utilization, the potential products and the downstream processes are discussed in detail.
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1. Introduction


The term Volatile Fatty Acids (VFA) is applied to short-chain fatty acids, usually consisted of two to six carbon atoms, such as acetic, butyric or propionic acid [1]. VFA are organic chemicals with various applications; they can be provided as carbon sources to microorganisms that produce useful metabolites or remove organic pollutants from waste water, they are utilized for electricity or hydrogen generation and they can serve as starting materials for the synthesis of long-chain fatty acids and polyhydroxyalkanoates (PHAs) for packaging applications [2].



VFA can be easily produced by all types of biomass (terrestrial, marine and aquatic) and within the frame of VFA platform, they can be used for the production of biofuels and biochemicals, offering a solution for efficient waste management. Valorization of VFA can be achieved via their efficient transformation into value-added products. Bioactive compounds such as omega-3 fatty acids can be obtained through fermentation processes that use VFA as carbon source for microorganisms.



According to recent research, some microalgae, able to grow heterotrophically, are capable of utilizing dissolved carboxylic acids such as VFA as carbon source [3]. Microalgae use short-chain fatty acids to produce metabolites, such as long chain unsaturated fatty acids (e.g., omega-3 fatty acids or arachidonic acid) or carotenoids. In this case, the first step of breaking down the carbon sources to simple sugars is eliminated, since VFA provide microalgae with a carbon chain backbone ready to be elongated to polyunsaturated fatty acids (PUFAs) [4].



This ability of certain microalgal species is opening a new perspective in the industrial production of high added-value products, while using as raw material undesirable persistent pollutants. The main metabolites of microalgae are lipids able to be esterified to produce biodiesel, long-chain polyunsaturated fatty acids and pigments. Several pigments and PUFAs, such as omega-3 fatty acids, are valuable products, with great importance for the food and pharmaceutical market. Therefore, the development of appropriate fermentation techniques that utilize VFA not only poses a solution to the elimination of these pollutants, but also offers an affordable production process of useful metabolites.



Due to the rising awareness among consumers about healthy and balanced diet, the market for omega-3 fatty acids especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) is supposed to grow at a Compound Annual Growth Rate (CAGR) of 14.9% from 2016 to 2022 reaching a value of $6955 million by 2022 [5]. In general, fish oil or fish is a good source for DHA and EPA. Nevertheless, as the demand for omega-3 fatty acids is continuously rising and more and more fish is coming from aquaculture, it comes inevitably that traditional finite marine ingredients (e.g., fish oil) are replaced by terrestrial oils leading to a reduction of EPA and DHA and thereby compromising the nutritional value of the final fish product. Between 2006 and 2015, the amount of EPA and DHA requiring a double portion size in order to satisfy recommended levels [6]. Therefore, new sources (e.g., heterotrophic microalgae) and innovative production processes not relying on agricultural area and food grade carbon sources are needed to supply this gap.




2. Production of VFA from Waste Streams


2.1. VFA Production through Dark Fermentation


The synthesis of VFA is usually carried out through petrochemical processes that have a hazardous environmental impact [7]. On the other hand, VFA can be produced from food wastes, sludge, and a variety of biodegradable organic wastes via dark fermentation process, making the process more efficient and profitable from economic and environmental point of view. Dark fermentation initially follows the same pattern as the classical anaerobic digestion (hydrolysis, acidogenesis, acetogenesis) with the difference that the final step of methanogenesis is inhibited by various methods [8]. Hydrolysis, the first and usually the slowest step part of anaerobic digestion, includes the enzymatic breakdown of long polymeric substances to simpler organic monomers such as sugars, amino acids and fatty acids. These monomers are subsequently fermented by acidogenic populations in the acidogenesis step, leading to production of VFA (mainly acetate), together with an air mixture of hydrogen and carbon dioxide. Acetogenesis represents the stage where the breakdown of VFA to hydrogen and acetate occurs [9]. In order to utilize dark fermentation to produce VFA, the consumption of fatty acids by methanogens must be prevented. Therefore, in the above process, the last step of methanogenesis is inhibited, usually either by thermal pretreatment of the waste stream to destroy the methanogenic populations, or by maintaining the pH of the mixture at high values (above 9) that do not allow the growth of the specific bacteria [10,11]. Another solution is the addition of a methanogen inhibitor, such as iodoform [12,13]. Due to methanogenesis inhibition, dark fermentation usually leads to hydrogen and VFA accumulation, especially high carbon fatty acids such as caproate, production of ethanol and accumulation of lactate [14,15].



As already mentioned, the slowest and, therefore, rate-limiting step of dark fermentation is the hydrolysis of solids in the waste stream [11]. This is related to the overall recalcitrance of the biomass structure due to different factors that render the substrate unavailable to hydrolysis, as well as the presence of compounds, such as phenolics and the low C/N ratio together with high levels of trace elements that inhibit the degradation [16,17]. In order to increase VFA production, the hydrolysis rate and/or efficiency should be enhanced. The biodegradability of the waste materials can be improved by the application of an initial pretreatment step that will convert raw materials to a form amenable to enzymatic and microbial degradation. As a result, the vast majority of dark fermentation applications usually involve the use of a suitable pretreatment process of the waste stream prior to biological treatment. Hydrolysis can be enhanced either by thermal, ultrasonic, microwave or chemical pretreatment with acid, alkali, surfactants, ozone or other reactive substances [18,19,20]. These methods damage cell walls, releasing intracellular substances and/or enhance the solubilization of extracellular matter. An alternative way to boost the hydrolysis step is to apply an enzymatic treatment with commercial enzyme mixtures, where specific activities targeting particular waste components can be used, while different parameters like enzyme dosage and hydrolysis time can be controlled towards maximum monomers yields [21]. Hee Jun Kim et al., for example, used a mixture of the commercial enzymes Viscozyme, Flavourzyme and Palatase (carbohydrase, protease, lipase) to pretreat raw food waste in order to maximize VFA production during dark fermentation. The new production rate of VFA was 3.3 times higher after the enzymatic treatment [22]. Another commercial enzyme cocktail that has been applied to enhance the solubilization of pulp and paper mill secondary sludge is Accellerase 1500, known for its applications on cellulose hydrolysis [23]. To the best of our knowledge a certain enzyme available for every type of waste stream has not yet been identified. However, Q. Yang et al. have concluded that a treatment of sludge with amylases is more efficient than one with proteases [24]. Since an enzymatic treatment can increase the cost of the whole process, it is suggested not to rely solely on enzymes to enhance waste hydrolysis. Usually a combination of the previously listed techniques is preferable.



An established method that includes the production of VFA through dark fermentation is the MixAlco™ process. The MixAlco™ process is used to convert biomass into carboxylate salts through dark fermentation by a mixed-culture of microorganisms. In a second step of the process the salts are converted to ketones and fuels. The interesting part of this technique is that it utilizes countercurrent fermentation through a number of fermenters, thus allowing the feed with the lowest VFA concentration to mix with the most fermented biomass and vice versa [25]. The advantage of this is based on the fact that the products of the fermentation process, namely VFA, can act as inhibitors to the growth of acidogens, resulting in slow production rates [26].




2.2. Available Waste Streams for VFA Production and VFA Yields


All types of biomass can be used as substrates for biogas production as long as they contain carbohydrates, proteins, fats, cellulose, and hemicelluloses as main components. Waste streams that are deemed appropriate for VFA production should have a high organic load that can support the growth of acidogenic bacteria. Amongst the most popular waste streams for dark fermentation are various types of sludge, wastewaters from paper or agricultural industries and food waste (Table 1). Some of the streams that are being used, like waste activated sludge, already include the appropriate bacteria population, whilst others have to be inoculated with an external bacterial consortium.



In many applications, the streams that are destined for VFA production are a mixture of different waste streams e.g., agricultural waste and animal manure [13] or waste activated sludge (WAS) and corn stover [27]. The purpose behind mixing different waste streams is the development of a substrate with a balanced carbohydrate: protein ratio, which in turn answers for a balanced C/N ratio. According to various experiments [27,28] it has been found that a higher C/N ratio (around 20/1–30/1) can be beneficial to the microorganisms responsible for acidogenesis. Furthermore, it is believed that the carbohydrate amount can have a synergistic effect with WAS. Therefore, the addition of a rich in carbohydrate-waste stream to the original substrate can lead to enhanced VFA productivity [29]. However, it does not follow that a rich in protein-waste stream would not be able to produce VFA through dark fermentation. Pessiot et al. have managed to produce a considerable amount of VFA from slaughterhouse waste [30]. Due to the high amount of nitrogen available in the specific waste stream, the production of N2 emissions and nitrogen ions, that buffered successfully the mixture, was also observed, together with VFA production. As it is, the use of waste rich in nitrogen seems to offer a different advantage, which is the ability to maintain a high pH value during the fermentation, without the need of a buffer feed.



The liquid product stream of dark fermentation processes consists of a mixture of VFA with different compositions. In the vast majority, the dominant acid in these mixtures is acetic acid, followed by propionic acid (Table 1). Acetic acid seems to have a higher value as a product, since it is more easily consumed by several microorganisms [31]. However, since it is classified as a hazardous pollutant for the environment, its production through dark fermentation needs to be justified by its utilization as a raw material for the production of high added-value products. The composition of the acid fraction of the liquid product depends on various variables, like the type of waste stream used and the fermentation conditions (pH, fermentation time, etc.) [1,28]. The pH value for example plays an important role in the synthesis of different VFA. It has been reported in the literature that, during the fermentation of a synthetic gelatin wastewater, pH values between 4.0–5.0 favors the production of propionic acid, while a pH around 6.0–7.0 favors the production of acetic and butyric acid, instead [32]. Chen et al. also noticed that, during the fermentation of a mixture of primary and waste activated sludge, the proportion of acetate increased when the pH increased from 7.9 to 8.9 [33].



Regarding the composition of waste, it has been proposed that a higher C/N ratio, under the appropriate pH conditions, favors the production of propionate. Propionic acid is supposed to enhance the efficiency of biological phosphorus removal from wastewater, when VFA are used as a carbon source for nutrient removal [28]. For that reason, Feng et al. mixed WAS with boiled rice in order to produce a rich in carbohydrates substrate suitable for VFA production.




2.3. VFA Platform for Fuels and Chemicals


The development of a platform that enables the production of a mixture of VFA from bio-waste by dark fermentation, thus consuming the organic load of this waste, can offer instant environmental relief. When compared to other biorefinery platforms, such as syngas (thermochemical), sugar and biogas, the VFA platform offers unique advantages [34]. This platform enables the use of all types of biomass and waste streams, leading to high productivity levels (high VFA yields) with low production costs, while enabling possible hydrogen co-production. Moreover, it has lower CO2 emission than a typical sugar platform.



In order to ensure that VFA utilization processes will not release to the environment pollutants such as acetic acid, it is necessary to convert VFA to high added-value substances in a sustainable manner. Fermentation techniques have gained immense importance due to their economic and environmental advantages. Establishing a VFA platform and incorporating fermentative production routes towards value-added compounds, comprise a key step for the implementation of sustainable value chains for the use of biomass wastes. In this context, the European funded research project VOLATILE (Grant Agreement No. 720777) offers a great opportunity to transform municipal solid and sludgy biowaste into VFA to be used as carbon sources for value-added fermentation approaches to obtain omega-3 fatty acids, the biopolymer PHA as well as single cell oil.





3. Microalgae Potential in VFA Valorization


Microalgae are microorganisms that can grow both phototrophically and heterotrophically. When under dark, some microalgae strains can consume a carbon source and grow, while producing useful metabolites, such us lipids (e.g., omega-3 fatty acids) and pigments [3]. It has also been found that certain microalgae species would grow on different carbon sources, such as glucose, glycerol, ethanol and volatile organic acids. Apart from pure organic acids, VFA derived from dark fermentation processes have also been used as a carbon source for the cultivation of certain microalgae strains, like Chlorella vulgaris and Auxenochlorella protothecoides [3,38]. Therefore, microalgae appear as a mean of bioconversion of VFA from fermented biowaste to high added-value products.



3.1. Biology of VFA Utilization;


Microalgae are ubiquitous organisms that are extremely diverse and heterogeneous from evolutionary and ecological point of view. They constitute prokaryotic cyanobacteria and eukaryotic protists and therefore exhibit variation in their nutritional requirements, as well as metabolite production. Commonly, microalgae are considered photoautotrophic organisms; however, several species use heterotrophic metabolism [39]. The interest in heterotrophic microalgae production is driven by the fact that it addresses many of the problems that have hampered the successful widespread implementation of photosynthetic microalgae cultivation systems [40].



Heterotrophic growth using carboxylic acids, such as acetic, citric, fumaric, glycolic, lactic, malic, pyruvic and succinic, as a substrate has been demonstrated for microalgae species [41]. Acetic acid is an intermediate of anaerobic digestion. It often accumulates in dark fermentation processes and can be easily converted by microalgae into acetyl-CoA, the main precursor for lipid synthesis [42]. Eukaryotic microorganisms are able to assimilate acetate via a monocarboxylic/proton transporter protein that aids transport of monocarboxylic molecules across the membrane [3] (Figure 1). The transferred acetate is used from the acetyl-CoA synthetase to acetylate coenzyme A using a single ATP molecule [39].



The metabolic oxidation of acetyl-CoA is using two pathways. In the glyoxysomes, the glyoxylate cycle transforms the acetyl-CoA into malate. The second pathway is converting acetyl-CoA into citrate using the tricarboxylic acid (TCA) cycle in the mitochondria, thereby providing carbon skeletons, energy as ATP, and energy for reduction as NADH [4,43]. The glyoxylate cycle is a pathway that allows the synthesis of four carbon metabolites from acetyl-CoA and it is similar to the Krebs cycle [43]. Isocitrate lyase and malate synthetase are the two specific enzymes of the glyoxylate cycle. Both enzymes are induced when cells are transferred to media containing acetate [3]. However, for many microorganisms, acetate could be toxic at high concentrations. Therefore, acetate concentration at low level should be used in fed-batch cultures or under pH-auxostat cultivation conditions keeping pH value constant [3].



In order to induce fatty acid synthesis nitrogen starvation may be used. It could be shown that in this case the glyoxylate pathway, as well as activity of acetyl-CoA synthetase was down regulated [44,45]. Thus, Chlamydomonas reinhardtii is using a second pathway via acetate kinase and phosphate acetyltransferase for acetate assimilation, thereby maintaining basic cellular functions and providing energy [45]. Excess carbon can be directly used for fatty acid biosynthesis [44]. Another important aspect during N-deprivation is the reduced activity of isocitrate dehydrogenase resulting in an increase of citrate levels. Citrate can be converted into oxaloacetate and acetyl-CoA via ATP citrate lyase providing further acetyl-CoA for fatty acid biosynthesis [45].



Butyrate is another major by-product of dark fermentation, but butyrate assimilation by microalgae has not yet been studied in such detail. Butyrate has relatively higher molecular weight and associated complicity and requires more steps for conversion to acetyl-CoA. Similar to transport of acetate, it can be anticipated that butyrate enters via a monocarboxylic/proton transporter across the membrane. In the glyoxysome, butyrate is converted to acetyl-CoA through β-oxidation [43]. The acetyl-CoA is partially used via the glyoxylate cycle for biosynthesis, as well as via the TCA cycle for energy production (Figure 1). For both metabolic cycles, acetyl-CoA is a prerequisite and is mainly provided by β-oxidation [46]. Although acetate can be efficiently converted into lipids, butyrate uptake by microalgae is much slower and can reduce the microalgae growth when both VFA are present. This problem can be solved either by increasing the initial microalgae biomass or by increasing the initial acetate: butyrate ratio [31].




3.2. Diverse VFA as a Carbon Source


Until now, only a limited number of microalgae have been reported in literature to utilize VFA for their growth (Table 2). Various carbon sources have been reported including one only type or mixtures of VFA that include acetate, propionate and butyrate with acetate to be the most commonly used. The process followed for VFA utilization is mainly heterotrophic or mixotrophic, while in one only study, photoheterotrophic fermentation of C. vulgaris was carried out [38]. In most cases, VFA were utilized for lipid production with Crypthecodinium cohnii to be the most important player in omega-3 production, while in rare cases VFA was utilized for the production of microalga biomass. Although some microalgae are capable of producing carotenoids, according to literature so far VFA utilization has been linked only with lipid or biomass and no carotenoid production. An exemption to this trend is the production of astaxanthin by Haematococcus pluvialis that has the potential to utilize acetate in a heterotrophic manner [47]. However, the maximum astaxanthin content of H. pluvialis cells was reported to be lower than 3-fold compared to the production carried out by photoautotrophic process.



3.2.1. Acetate as a Single Carbon Source


Acetic acid is the most abundant of VFA and the one most easily produced. As already mentioned, some microalgae have exhibited the ability to grow heterotrophically on acetate. Scenedesmus obliquus has been found to increase its growth rate under mixotrophic conditions, with the addition of acetate as carbon source, in comparison to the autotrophic one [56]. Also certain Chlorella species are known to grow on acetate as sole carbon source and produce various metabolites [54,58]. In those species, mixotrophic conditions usually favor the acetate uptake and biomass increase more than the heterotrophic ones [48]. This can be attributed to the ability of light to boost the biomass production of microalgae at the starting point of the culture, thus producing biomass and therefore accelerating the apparent heterotrophic uptake of VFA.



The most characteristic example of heterotrophic growth on acetate is that of the heterotrophic microalga Crypthecodinium cohnii. The alga can grow rapidly on acetate in a pH-auxostat were pH is controlled by addition of acetic acid [55]. This specific microorganism is industrially cultivated for production of DHA.




3.2.2. Mixture of VFA as Carbon Source


Apart from acetate, the sole use of butyrate as carbon source has been proposed for heterotrophic or mixotrophic cultivation of microalgae. However, various experiments have showed that butyrate seems to possess an extremely low ability of being assimilated by microalgae [42]. Furthermore, the addition of butyrate together with acetate in the culture broth has been found to act as an inhibitor and slow down the acetate uptake [52]. Therefore, in order to better understand the behavior of microalgae under heterotrophic conditions, we need to examine their ability to grow, not only on a sole VFA as carbon source, but also on mixtures of different composition [43].



Different microalgal species, when grown on a mixture of VFA, consume acetate preferably to the other acids such us butyric or propionic. Therefore, it is a general rule that a higher acetate proportion in the VFA mixture provides higher lipid accumulation and biomass growth. For example, both Chlamydomonas reinhardtii and Chlorella protothecoides were best cultivated in a mixture of acetic, propionic and butyric acid with a ratio of 8:1:1 [48,51]. Another usual ratio for microalgae cultivation, in which acetate is the most abundant acid, is 6:1:3 [53]. The main reason for this ratio preference appears to be the tendency of microalgae to exhibit a diauxic growth behaviour when the culture medium contains a mixture of carbon sources. Initially, only the substrate that supports the highest growth rate is utilized by the alga, while the consumption of other substrates remains repressed. Only after the preferred substrate is totally consumed the microalga begins metabolizing the other carbon sources [59]. For this reason, a high acetate concentration can ensure that enough cells will initially be produced in order to consume the other “poorer” substrates afterwards.




3.2.3. Dark Fermentation Effluents as Carbon Source


VFA are the main by-products of dark fermentation process for the production of hydrogen. Microalgae can consume VFA and produce biomass and useful metabolites, posing therefore a very good solution for the reduction of the acid intermediates. However, the dark fermentation effluents contain many substances, apart from VFA that may act as inhibitors to microalgae growth. The consumption of VFA present in those effluents does not follow necessarily the same rules as the consumption of the previously mentioned VFA mixtures.



The composition of a dark fermentation effluent is hard to be estimated, since it is highly dependent on the composition of the waste and the microbial consortium [8]. So far only a small number of experiments have been made in order to examine the growth of certain microalgal species on such effluents. Cho et al. have managed to cultivate C. vulgaris on sewage sludge fermentation effluent mixotrophically. It was concluded that the various substances of the effluent did not act as inhibitors to the growth of the alga [60]. In addition, Wen et al. managed to heterotrophically grow C. protothecoides on WAS hydrolysate, that contained high amounts of VFA, supplemented with nutrients [50]. It has also been suggested that microalgae grew well in fed-batch cultivation on raw effluents since the slow addition of the effluent caused the VFA concentration to remain lower than the inhibitory level [10].




3.2.4. Effect of Culture Conditions in VFA Utilization


Apart from the VFA ratio and the provision of light, various other culture conditions should be taken into consideration in order for the microalgae to grow. The pH of the culture broth seems to be an important factor. Although the appropriate pH of each microalga species differs, it has been repeatedly found that controlling the pH of the process results in higher biomass and product yields than when allowing it to vary naturally [38,50,61]. Under these conditions it is more difficult for pH-related inhibition, caused by the uptake of VFA to be developed, such as cytosolic pH acidification [62].



The optimal temperature for microalgae growth can enhance the enzymatic activity of several cell proteins, as well as reduce the energy requirements for thermoregulation. However, sometimes lower temperatures that enhance the production of a certain metabolite, due to stress conditions, are adopted. Higher growth temperatures than the optimal cause problems to the culture, especially in case of a mixotrophic process. The oxidase activity of many enzymes, including the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) enzyme, in those temperatures rises. As a result, a higher photorespiration rate occurs and an amount of the energy produced during photosynthesis is being wasted [43].



Another very important factor influencing the lipid and biomass growth is the nitrogen source. It is widely accepted that a high C/N ratio can accumulate the production of various metabolites, such as carotenoids and lipids, from microalgae, as a response to stress conditions. Therefore, to optimize the incompatible mechanisms of microalgae growth and lipids accumulation usually a method of nitrogen limitation is adopted. However, the nitrogen source that is used is also a rather determinant factor. More specifically, ammonium seems to be the preferred nitrogen source by most species, since it needs the less energy for its breakdown and uptake [3]. After ammonium, organic substrates like urea and glycine are usually more suitable nitrogen sources than inorganic ones [51,61].



Finally, sometimes, also the culture medium plays a role at the biomass growth [63]. For example, Liu et al. discovered that C. zofingiensis could grow faster mixotrophically on Bold’s Basal medium with acetate than on Tris-Acetate-Phosphate (TAP) medium, because it could also utilize the inorganic carbon salts [38].





3.3. Production of Bioactive Compounds from Heterotrophic Microalgae Cultivation


Production of microalgae has gained a lot of interest in the past decades. Due to their biodiversity, as well as the possibility to manipulate biochemical composition by changing culture conditions, microalgae can synthesize various bioactive chemicals with potential industrial applications. In this context, heterotrophic microalgae cultivation is very attractive for obtaining high added-value products from cellular storage compounds, such as lipids and starch, while being more flexible compared to autotrophic cultivation. Especially, heterotrophic algae naturally have oil content higher than phototrophic ones with a better nutritional profile in fatty acids.



3.3.1. Omega-3 Fatty Acids


According to European Food Safety Authority (EFSA-Q-2004-107), there are two main categories of omega-3 fatty acids (n-3 polyunsaturated fatty acids, PUFAs), which differ in function and requirements; the first refers to α-linolenic acid (ALA) produced from vegetable oil, while the other includes long chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs) from marine sources. LC-PUFAs, such as EPA and DHA, have been widely recognized as important bioactive compounds that can be used in the food and nutraceutical industry for the development of functional foods with scientifically proven benefits [64]. There have been reported many studies related to health benefits of DHA and EPA. ALA is also nutritionally essential and is required for the synthesis of important fatty acids and eicosanoids. Nevertheless, the conversion of ALA to long chain PUFAs depends on several factors, such as the concentration of omega-6 fatty acids. Available evidence suggests that LC n-3 PUFA (EPA and DHA) may reduce the risk of cardiovascular disease, possibly mediated by prevention of cardiac arrhythmias [65]. Positive effects on blood lipid level can be found if the diet contains long chain polyunsaturated omega-3 fatty acids. Especially, EPA and DHA are associated with reduced risk of cardiovascular diseases due to their positive effect on plasma triglyceride levels. Other potential mechanisms of LC n-3 PUFA on cardiovascular protection are related to the capability to reduce blood pressure, their anti-inflammatory and antiarrhythmic effects as well as lowering thrombotic tendency. Furthermore, improved vascular endothelial function and insulin sensitivity as well as, increased plaque stability and paraoxonase levels are linked to polyunsaturated omega-3 fatty acids [66].



PUFAs have vital structural and functional roles in higher organisms, including human, and are related to prevention of cardiovascular and inflammatory diseases, cancer and diabetes. Fish oil is considered to be the conventional source of PUFAs; however, the process encounters several limitations concerning the reducing fish populations or the presence of contaminants, like dioxins, polychlorinated biphenyls and heavy metals. On the basis of increasing global fish meal and fish oil costs, it is predicted that dietary fish meal and fish oil inclusion levels within compound aqua feeds will decrease in the long term, resulting in lower levels of healthy omega-3 fatty acids in aquaculture produced fish [67]. Therefore, new sources and production systems, taking into consideration sustainability and economic feasibility for long chain polyunsaturated fatty acids, must be developed for direct human consumption as well as for aquaculture. The main source of omega-3 is still fish oil. Since only plants are able to synthesize essential fatty acids, microalgae could supply the whole food chain with these very important components. In addition to fatty acids, algae contain a massive number of very valuable substances and chemical compounds such as lipids and polysaccharides, sterols, phycobiliproteins or antioxidants such as tocopherol (vitamin E), ascorbic acid (vitamin C), carotenoids and the red pigment astaxanthin.



Microalgae are able to accumulate high amounts of EPA and DHA when growing in heterotrophic cultures, supported by a carbon source [68]. The lipid content in heterotrophically cultivation of C. protothecoides has been reported to reach 55 wt. %, which is 4-times greater than the autotrophically grown cultures under similar conditions [69]. The production of PUFAs is commonly observed during the stationary phase, when the cells have most of their biosynthetic capacities redirected to the production of lipids [70]. At present, industrial production of heterotrophic microalgae is hampered by the high economic and environmental costs of glucose, commonly used as main carbon source. Using different waste streams within the frame of a VFA platform as potential substrates, is a promising strategy for developing a sustainable bio-economy.



Although VFA and especially acetate can successfully support microalgal growth, they do not serve to induce lipid production in the cells. In order to do so, an enviromental stress is required. The usual technique that is adopted is cultivation under nitrogen starvation, that is known to enhance the production of lipids in form of triacylglycerides [71]. This, however, means that the accumulation of lipids antagonizes the biomass production. Only very recently, the discovery of some small molecular activators, that enhance the lipid accumulation, without hampering the biomass growth has been made [72].




3.3.2. Production of Other High Value Added Compounds


Several algal strains have been explored under heterotrophic cultivation to develop their capacity in producing not only DHA and EPA, but also interesting and high demanded value-added compounds, such as carotenoids, phycobiliproteins, polysaccharides and others. Thraustochytrids strains (Aurantiochytrium sp., Schizochytrium sp., Thraustochytrium sp., Ulkenia sp.) have been evaluated for production of biodiesel, long-chain omega-3 oils and exopolysaccharides (EPS), concluding that Aurantiochytrium sp. is the best candidate for production of biofuels, PUFAs and EPS [66]. Other algal strains like C. protothecoides, Galdieria sulphuraria, Nitzchia laevis, C. cohnii and Neochloris oleabundans [37], have been studied due to their content in hydrogen, lipids and carotenoids, presenting a great potential to be used at large scale. C. zofingiensis has been examined as a heterotrophic alternative to the microalga H. pluvialis for production of the carotenoid astaxanthin [73]. It should be mentioned that only a few bioactive compounds apart from lipids, such as astaxanthin and β-carotene, have been produced at industrial scale, due to the low production yields in microalgae cells and the difficulties in isolating/purifying them by economically feasible processes [74,75]. In order to further utilize microalgae advantages as means of bioconversion for more useful products, extensive research is being conducted on optimization of cultivation conditions and genetic engineering providing strains with high productivity yields of bioactive compounds.




3.3.3. Downstream Processing


Downstream processing involves several technologies that cover biomass harvesting, cell disruption and extraction and the final separation and purification step. In these processes are involved key factors that should be taken into account when an industrial scale up is being performed, such as low energy costs, scalability and specially a critical factor, all useful compounds like carbohydrates, pigments, ω-3 fatty acids, proteins might maintain their functionality after downstream processing. Despite the efforts made during recent years, the downstream processing step is still one of the main responsible of the high cost of microalgae production at industrial scale [70]. In this context, heterotrophic cultivation system shows an interesting advantage due to its capacity to growth under all type of luminous conditions. Some studies have been demonstrated that the independence of light to growth is translated to higher biomass yield and consequently downstream processing steps are reduced. Under heterotrophic conditions, it is shown that ω-3 fatty acid concentration can be two or three orders of magnitude greater that those under autotrophic conditions [76].



From an economical point of view, harvesting process is one of the major bottlenecks for commercialization of products from microalgae. Many efforts are being done to improve this step and it is one of the most challenging areas in the algal biofuel research. Current harvesting technologies applied include chemical, electrical, mechanical and biological based methods. In particular, cell flocculation technology to recover biomass from microalgae is becoming of great interest due to its capacity for treating large amounts of biomass with low energy cost [76,77]. In this context, bio-flocculation and auto-flocculation as novel flocculation based methods are highlighted among others, as it could be shown recently. Nevertheless, there are still some technical barriers to decrease costs and complexity of downstream processing in microalgae production that might be solved aiming future industrial applications [78,79].



On the other hand, as previously mentioned, extraction and purification steps might maintain the functionality of compounds of interest. It is critical in the case of carotenoids and lipids due to their facility for oxidizing in presence of light and oxygen. Using heterotrophic microalgae cultivation for biodiesel production, lipid content is the key factor and therefore special attention is being taken to reduce costs in this step. Traditionally organic solvent extraction was the most common method used with a lipid yield around 15–20% depending on the solvent. Additional technologies were applied in combination with organic solvent extraction to improve lipid yield extraction such as microwave, sonication and homogenization. However, these methods result in higher energy consumption without the possibility of microalgae re-cultivation after solvent extraction due to the toxicity of solvents used. The potential of the fatty acids being used as a food additive usually prohibits the use of toxic solvents. Therefore, less-toxic, but unfortunately less effective, solvents, such as isopropanol, butanol, methyl tert-butyl ether (MTBE), acetic acid esters, hexane, 2-ethoxyethanol (2-EE) or ethanol have been also tested for microalgal lipid extraction [80]. Recently novel technologies are being studied, such as nanotechnology application, not only in the extraction but also in final transesterification step. A comprehensive description of the technology and different nanomaterials applied is reviewed by Zhang et al. (2013) [81], proving that nanomaterials are capable of efficiently extracting compounds from the cells, without any impact on microalgae growth. The studies of nanotechnology application in biodiesel production are still in lab-scale but preliminary results render this field promising and further research should be made in this direction.






4. Discussion and Future Perspectives


It appears that microalgae are a very promising type of biorefinery. Their advantage lies, not only on their ability to produce various high-added value metabolites, but also on the versatility that characterizes their growth modes. Microalgae can grow heterotrophically, as well as autotrophically, and even utilize carbon sources such as VFA. VFA are environmentally harmful by-products of dark fermentation process for the production of hydrogen from organic waste. Their utilization by heterotrophic microalgae for industrial production of lipids and carotenoids solves the economic problem that arises from the high cost of glucose as a carbon source. As it is proven, some microalgae genera such as Chlamydomonas, Chlorella, Crypthecodinium and Scenedesmus can grow well on VFA mixtures, even on dark fermentation effluents, with no significant inhibitory effects. In order to broaden our knowledge on the subject and establish an industrial method of utilizing VFA for microalgal metabolites production, attempts on further research are highly encouraged.
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Figure 1. Scheme of metabolic pathways for assimilation of acetate and butyrate. 






Figure 1. Scheme of metabolic pathways for assimilation of acetate and butyrate.



[image: Fermentation 03 00054 g001]







[image: Table] 





Table 1. Different waste streams used for Volatile Fatty Acids (VFA) production.
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	Waste Stream
	Process
	Fermentation Key Conditions 1
	VFA Yield 2
	VFA Composition (mol)
	Ref.





	Pulp and paper mill effluent
	Continuous
	pH = 6, RT = 24 h, T = 37 °C
	0.75 g COD/g COD
	33Ac:61Pr:2Bu
	[35]



	Dairy whey effluent
	Continuous
	pH = 6, RT = 95 h, T = 37 °C
	0.93 g COD/g COD
	31Ac:41Pr:10Bu
	[35]



	Swine manure
	Batch (2d)/Semi-continuous (10d)
	T = 38 ± 1 °C, pH = 5.3–5.6, HRT = 3 d
	2002.25 mg L-1d-1
	
	[10]



	Waste Activated Sludge (WAS)
	Batch
	T = 35 ± 1°C, pH = 10
	129.21 mg/g VS
	
	[36]



	Mixture of primary sludge (PS)/ WAS (w/w: 1:1)
	Semi-continuous
	T = 21± 1 °C, SRT = 6 d
	118.4 ± 5.8 mg COD/g VSS
	10Ac:7Pr:4Bu:5Va
	[33]



	Excess Sludge (ES)
	Batch
	T = 28 °C, pH = 10
	302.4 mg COD/g VSS
	53Ac:24Pr:9Bu: 9Iso-bu:9Iso-va
	[37]



	80% lime-treated sugarcane bagasse/20% chicken manure
	Continuous
	T = 55 °C, pH = 6.95–7.05, LRT = 19.1 d, VSLR = 2.07 g/(L·day)
	0.55 g TA/g VS digested
	91Ac:2Pr:7Bu:0.6Va
	[13]



	Slaughterhouse by-products
	Fed-batch
	T = 38 °C, pHinitial = 6.8
	0.38 ± 0.04 g VFA/g DM consumed
	63Ac:43Pr:59Bu:13Iso-Bu:24Va
	[30]



	80% shredded office copier paper/20% chicken manure
	Semi-continuous
	T = 40 °C, pH = 5.3-6.6, LRT = 32.6 d
	0.159 g acid/g NAVS fed3
	36Ac:37Pr:7Bu:14Va:6Hep
	[25]



	WAS/ rice
	Batch
	T = 21±1 °C, pH = 8, fer. Time = 8 d
	520.1±24.4 mg COD/g VSS
	35Ac:50Pr
	[28]



	Alkaline, thermal pretreated WAS/ ABS
	Batch/Semi-continuous
	T = 35 ± 2 °C, HRT=10 d
	712 ± 49 mg COD/g VSS
	46 ± 0.9% Ac
	[18]



	Pretreated WAS/ pretreated corn stover (50:50)
	Batch
	T = 35 ± 1 °C, pHinitial = 10
	11939 mg COD/L
	52Ac:22Pr:10n-Bu:8iso-Va
	[27]



	WAS pretreated with rhamnolipids (0.04 g/g TSS)
	Batch
	T = 35 ± 1 °C, fer. time = 4 d
	3840 mg COD/L
	Ac (25 ± 0.6%): Pr (20 ± 0.1%): n-HBu (16 ± 0.1%)
	[20]







1 SRT: Sludge Retention Time, HRT: Hydraulic Retention Time, LRT: Liquid Retention time, VSLR: volatile solids loading rate. 2 COD/sCOD: (Soluble) Chemical Oxygen Demand, VS/VSS: volatile (suspended) solids, TA: total acids, DM: dry matter, NAVS: non-acid volatile solid. 3 corresponds to total acid produced, whether in the liquid product or the solid waste. T: temperature; d: day.
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Table 2. Microalgal strains that utilize VFA as carbon source.
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	Strain
	Carbon Source
	Process
	Product
	Production
	Ref.





	Chlamydomonas reinhardtii wild-type strain CC-124
	Acetate
	mixotrophic
	Microalgal oil
	16.41 ± 1.12% lipid content
	[48]



	Chlamydomonas reinhardtii wild-type strain CC-124
	acetic acid: propionic acid: butyric acid in a ratio 8:1:1
	mixotrophic
	Microalgal oil
	19.02% lipid content
	[48]



	Chlorella protothecoides 249
	Acetate
	mixotrophic, initial pH = 6.5
	Microalgal oil *
	29.45 ± 0.84% lipid content
	[49]



	Chlorella protothecoides 249
	Acetate
	heterotrophic, initial pH = 6.3
	Microalgal oil
	52.38 ± 25.77% lipid content
	[49]



	Chlorella protothecoides FACHB-3
	WAS hydrolysate containing a mixture of VFA
	heterotrophic
	Microalgal oil
	21.5 ± 1.44% lipid content
	[50]



	Chlorella protothecoides UTEX 25
	acetic acid: propionic acid: butyric acid in a ratio 8:1:1
	Heterotrophic (nitrogen source = Urea)
	Microalgal oil
	48.7 ± 2.2 % lipid content (0.317 ± 0.01 g/L)
	[51]



	Chlorella sorokiniana (CCAP 211/8K)
	acetate and butyrate
	mixotrophic
	Microalga biomass
	1.14 g CDW/L
	[52]



	Chlorella sp. (Arctic) ArM0029B
	acetic, propionic and butyric acids in ratio 6:1:3 (by mass)
	CO2 supplied-mixotrophic followed by the VFA supply
	Microalgal oil
	65.7 ± 3.1 mg/g CDW
	[53]



	Chlorella vulgaris ESP6
	mixture of acetate, lactate, butyrate, and HCO-
	photoheterotrophic, constant pH = 7.5
	Microalga biomass
	0.87 g CDW/L
	[38]



	Chlorella vulgaris UTEX 259
	Acetate
	mixotrophic
	Microalgal oil
	36 ± 1% lipid content
	[54]



	Crypthecodinium cohnii strain ATCC 30772
	Acetate
	heterotrophic (pH-auxostat culture)
	DHA
	4.4 g/L
	[55]



	Ettlia sp. YC001
	acetic, propionic and butyric acids in ratio 6:1:3 (by mass)
	CO2 supplied-mixotrophic followed by the VFA supply
	Microalgal oil
	88.5 ± 0.0 mg/g CDW
	[53]



	Haematococcus pluvialis NIES-144
	Acetate
	heterotrophic
	astaxanthin
	22.6 mg/g CDW
	[47]



	Micractinium inermum F014
	acetic, propionic and butyric acids in ratio 6:1:3 (by mass)
	CO2 supplied-mixotrophic followed by the VFA supply
	Microalgal oil
	62.6 ± 0.5 mg/g CDW
	[53]



	Scenedesmus obliquus (UTEX 78)
	Acetate
	mixotrophic
	Microalga biomass
	>1.4 day−1 growth rate
	[56]



	Scenedesmus sp. strain R-16
	Acetate
	heterotrophic
	Microalgal oil
	34.4% lipid content
	[57]



	Scenedesmus sp. strain R-16
	Butyrate
	heterotrophic
	Microalgal oil
	24.8% lipid content
	[57]







* Total fatty acids. CDW = Cell Dry Weight.
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