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Abstract

:

Increasing demand for protein, especially animal-based proteins and the large amounts of protein feed inputs required for production, has largely driven the research on spirulina as an animal feed. This short communication summarizes the results from two larger research projects investigating spirulina as an animal feed. Overall, spirulina appears to be a prospective protein source in poultry and pork production, as well as aquaculture. However, spirulina as a feed can have implications for system productivity and end product quality, depending on animal production system. Neither swine productivity nor product quality was negatively affected with spirulina as a feed, which is likely due to the low amounts of protein required in swine finishing diets. Spirulina as a feed does negatively affect poultry and fish productivity as well as alter product quality, primarily raw meat color. Therefore, future research focused on sustainability analysis and product processing and acceptance should investigate the trade-offs of incorporating spirulina into poultry and fish diets.
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1. Introduction


Meat production requires large amounts of inputs and is therefore in many countries and cultures considered a high value food product. Yet, due to increasing wages and a global population, global demand for animal-based proteins continues to grow [1]. Spirulina (Arthrospira platensis) has moved into the spotlight as a sustainable source of protein for direct consumption [2] as well as animal feed [3]. The attention on spirulina stems from its high crude protein content (>60% in dry matter content) and as a source of essential amino [4] and fatty acids [5]. Furthermore, as a cyanobacteria, spirulina presents an interesting opportunity to utilize resources otherwise not included in the food production system. Spirulina can be cultivated free of arable land, in bioreactors or open ponds [6]. Utilizing alternative resources will be important in ensuring a sustainable development of food production systems to meet growing global protein demands [7].



As a part of multiple larger research projects, the Department of Animal Sciences at the University of Goettingen has thoroughly investigated spirulina as an animal feed ingredient. The project “Sustainability Transitions in Food Production” investigated the opportunities and barriers of spirulina transitioning into European animal production. In the project “Sustainable Trout Aquaculture Intensification (SusTAIn)” alternative proteins such as spirulina were investigated for their possible effects on growth parameters and product quality traits in trout and other commercially important fish species. This communication summarizes the findings of these projects.




2. Spirulina in Poultry Feed


Through a series of feed trial, Neumann et al. [8] investigated the graded inclusion of spirulina into broiler diets. The authors were successfully able to fully substitute soybean meal for spirulina; experimental diets were supplemented and balanced according to animal amino acid requirements [8]. Although a successful substation and incorporation of spirulina without adverse effects to animal growth was shown to be possible within numerous studies [8,9,10,11], lower live weights and decreased feed intake were observed when animal diets including spirulina were not balanced according to amino acid requirements [9].



Thereafter, the effect of spirulina as a feed on resulting meat quality was investigated. First, Altmann et al. [12,13] monitored meat quality using numerous physico-chemical parameters as well as sensory analysis. Perceivable differences in meat quality were identified in broiler chickens fed spirulina. In accordance with previous research [14,15], Altmann et al. [12,13] observed a more intense color of meat produced with spirulina as a feed; both breast and thigh meat exhibits higher red (a*) and yellow (b*) hues as recorded with the CIELAB color system. In other words, poultry meat turns an intense orange color when spirulina is included at high rates as a feed ingredient [16]. Based on this observation, research into implications regarding marketability was conducted. A study on consumer preferences for poultry meat appearance found that consumers will reject (not purchase) poultry meat produced with spirulina unless information explaining the unfamiliar color is provided [16].



Other subtler changes in meat quality included: increased umami and therefore chicken flavor [13] and decreased off-flavor [12,13] in breast meat produced with spirulina as a feed. Although spirulina is often cited as an antioxidant [5], meat samples produced with spirulina as a feed exhibited higher rates of lipid oxidation compared to other (soybean meal or insect meal) treatment groups, especially when meat samples were packaged in highly oxygenated modified atmosphere packaging [13]. Evaluation of meat quality also included monitoring fatty acid composition of intramuscular fat. Despite its reputation as a good source polyunsaturated fatty acids (PUFA), particularly gamma-linolenic acid (GLA) [5], spirulina as a feed did not result in higher GLA nor omega-3 levels in intramuscular fat, when comparing with meat samples raised on soybean meal [13]. The reason for stagnant levels of GLA remains unknown; even as GLA made up approx. 1% of fatty identifiable fatty acids in spirulina-based diets [13]. PUFA levels did not increase compared to soybean meal because soybeans are also a good source of PUFA and levels were similar across experimental diets [13]. Future research should focus on better understanding the physiological uptake of spirulina-derived fatty acids.



Gkarane et al. also conducted in-depth analysis on the effect of spirulina as a feed on meat aroma [17] and flavor precursors [18]. Spirulina as a feed decreased levels of endogenous bioactive compounds (i.e., anserine, creatine and carnosine); whereas it increased amounts of flavor-related compounds (i.e., inosine and insosine-5′-monophosphate) [18]. Furthermore, the aroma profile of spirulina fed chicken was found to be distinguishable from samples reared on other feeds; the profile was partially characterized by compounds associated with lipid oxidation [17].



These above-mentioned studies illustrate that spirulina can be successfully incorporated into poultry diets. However, due to amino acid requirements of poultry, spirulina is not sufficient in itself as a protein source; amino acid supplementation is required. This has implications for use in organic or low-input rearing systems. Furthermore, spirulina as a feed affects meat quality, in ways that are subjectively positive (e.g., increased flavor compounds and perceptible flavor and intensified color). Yet its effect as an antioxidant and its effect on improving fatty acid composition remain contested according to the results of this study.




3. Spirulina in Swine Feed


Based on the research carried out in the “Sustainability Transitions” project, spirulina appears to be a good candidate as a protein source in swine diets. Two studies investigated spirulina: one from an animal nutrition perspective and the other from the product quality perspective.



In their feeding trials with piglets and barrows, Neumann et al. [19] observed that soybean meal could be completely replaced by spirulina (with appropriate lysine supplementation) in swine diets without compromising overall protein quality. However, the authors also observed that supplementing histidine in high amounts when in combination with lysine, methionine and threonine improves protein quality of swine diets containing spirulina [19]. In additional trials, spirulina as a feed did result in slightly lower carcass weights, however, results remained insignificant compared to the soybean meal-fed group [20].



Furthermore, Altmann et al. [20] investigated the resulting product quality of barrows reared on diets containing spirulina as a protein source. In their study, finishing diets completely substituted soybean meal for spirulina; spirulina composed 9.5% of the ration [20]. Physico-chemical parameters, such as meat pH, water holding capacity, proximate composition, meat and fat color, lipid oxidation in meat and fatty acid composition of backfat were analyzed. Overall, spirulina at a rate of 9.5% of the finishing ration did not affect meat and fat quality compared to the control diet containing soybean meal [20]. One exception is that the backfat of spirulina fed barrows had a marginally lower proportion of monounsaturated fatty acids (MUFA) and increased PUFA compared to the soybean meal-fed control [20]. Unlike in the poultry experiment [13], a higher proportion of GLA was also found in the spirulina-fed samples [20]. However, the authors caution that these results should not be taken out of context; soybean oil was added in greater amounts to the experimental diets containing spirulina, which also likely confounded the effects of spirulina as a feed ingredient [20].



Sensory analysis was also conducted and showed that meat reared with a diet containing spirulina increased the overall odor of loin meat; spirulina as a feed was also associated with an increased astringent aftertaste in pork loin [20]. As results were marginal, the authors came to the conclusion that spirulina does not lead to drawbacks in product quality when included in swine feed [20].



Although only two pieces of literature were published, both include multiple replicates and different trials, illustrating the robustness of results. Spirulina can be included in swine feed at high rates, with appropriate amino acid supplementation, without disadvantaging animal nutrition or product quality.




4. Spirulina in Fish Feed


The use of spirulina has already been tested for various fish species, but high substitution levels often lead to a reduction in growth performance and increase in feed conversion ratio in carnivorous fish [21]. The objective of the SusTAIn project was to evaluate a whole fishmeal substitution with spirulina in terms of animal growth and product quality. Therefore, Dietz et al. [22] developed two isoenergetic and amino acid balanced diets, based on the recommendation from the National Research Council [23] for trout. The control diet contained fishmeal, but in the experimental diet fishmeal was completely exchanged by spirulina. The authors tested the diets on different rainbow trout (Oncorhynchus mykiss) genetic lines but did not find significant interaction in growth parameters and feed conversion between breed and diet.



In feeding trials with rainbow trout, brook trout (Salvelinus fontinalis), brown trout (Salmo trutta fario) and African catfish (Clarias gariepinus), Rosenau et al. [24,25] investigated the acceptance and performance of experimental diet containing spirulina. Overall, acceptance for the diets was high across all species, with the exception of brown trout. The authors hypothesized that this species may have rejected the spirulina diet due to an aversion to unfamiliar flavor. Overall, the digestibility for both diets was high, but the feed conversion ratio was increased for spirulina-fed rainbow trout and brook trout and resulted in significantly lower growth rates in all species. A subsequent investigation of the intestinal microbiome in African catfish, using 16S rRNA sequencing, found only slight changes for some bacterial genus, but the overall microbial community structure was not affected by spirulina-diet [26].



Rosenau et al. [24,25] also investigated the spirulina-induced changes in product quality. The authors observed higher red (a*) and yellow (b*) coloration for skin and also for raw fillet, leading to a more yellow-orange coloration in spirulina treatment groups. This change in color could have a major effect on consumer acceptance. Preliminary results of an online consumer survey suggest that fish consumers are not put-off by the unfamiliar color. In fact, the orange-yellow coloration may be preferred in trout fillet. These results contrast with results pertaining to poultry consumers [16] and are currently being prepared for publication.



Another important criterion for product quality is the fatty acid composition, which is strongly influenced by diet. While in African catfish, the saturated fatty acids (SFA), MUFA and PUFA showed no significant differences [25], in salmonid fish, a significant reduction in PUFA was observed [24]. Among the PUFA, important long-chain fatty acids such as eicosapentaenoic acid (EPA) and docosahexaenoic (DHA) were reduced in spirulina treatment groups [24].



These results show that advantages pertaining to sustainability and even consumer preferences can be linked to spirulina substitution of fishmeal. However, animal growth and product quality, especially food nutritional aspects, may come at a cost when fishmeal is completely replaced by spirulina. In addition, the viability of replacing fishmeal with spirulina in fish production and its implications are highly dependent on each species of fish and its trophic level. Spirulina as a fish feed impacts fish production to a lesser extent in omnivorous rather than carnivorous fish species.




5. Opportunities and Challenges


Using spirulina as an animal feed enables the nutritional quality of food to be improved so as to meet human nutritional requirements. Although spirulina can be processed and consumed directly [27,28], it is often rejected in Western cultures due to unfamiliarity and organoleptic characteristics, i.e., flavor [27,29]. In addition, spirulina does not meet all essential requirements for human development; although it contains small amounts of vitamin B12, primarily pseudovitamin B12 is found in spirulina [30]. Including spirulina as a protein source in animal feed culminates in a nutritional end product; meat contains numerous essential fatty and amino acids, as well as vitamins, including vitamin B12 [31], important for human growth and development. Overall, both meat reared using spirulina as a feed and direct consumption of spirulina should be seen as part of a well-balanced diet.



However, before spirulina can become a mainstream animal feed ingredient, a few challenges need to be overcome. Firstly, spirulina remains very expensive compared to other protein feedstuffs, such as soybean meal [6,21]. Although, due to the exorbitant cost of fishmeal compared to other protein sources, with improvements in production efficiency and utilizing waste streams as production media, spirulina could quickly become competitive on the market for fish feed [21]. Secondly, the cultivation of spirulina has remained, with few exceptions, small-scale and primarily for the nutritional supplement sector [6]. Thirdly, although spirulina is often heralded as a sustainable source of protein, its environmental footprint is extremely variable based on the production system and regional climate and comparable protein source [32]. For example, spirulina is not more sustainable to produce than soybean meal [32]; however microalgae may be more sustainable than fishmeal, especially incorporated into salmonid diets [33]. Nonetheless, improvements are needed to make production more sustainable. To this end, research continues to improve sustainability by including biogas effluent [34] or wastewater [35] as nutrient sources. As spirulina requires warm temperature (35–37 °C) for cultivation [36], integrating waste heat sources, such as is produced during biogas production, also has the potential to optimize cultivation facilities within Europe [37]. Upscaling and optimizing production will play a big part in overcoming the challenges presented here. Finally, although spirulina has a high proportion of crude protein, improvements to protein quality could be possible through breeding and nutrition/production research, as has been the case for other feedstuffs, such as soybean and faba bean [38].



There are two main aspects to consider when evaluating the advantages of spirulina as an animal feed: first, production efficiency (animal growth) and meat quality; secondly, is its ability to substitute less sustainable protein sources, i.e., fishmeal. As illustrated in this article, spirulina can be incorporated into poultry and swine diets without largely forfeiting animal productivity and product quality. The same holds mostly true for omnivorous fish species, such as the African catfish. Regarding its sustainability potential, once optimized, spirulina could be produced with high production capacities, small space requirement and low energy and water consumption [39]. This would grant it a leg up on replacing other protein sources dependent upon arable land and fishmeal with its problems of by-catch and fossil fuel powered ships. However, although spirulina may have the greatest sustainability potential through its incorporation into carnivorous fish aquaculture, it also negatively impacts animal growth and end product nutritional quality. Research needs to investigate these trade-offs further. In addition to these system-wide implications, research on product color and consumer preferences highlights spirulina as a good possible pigment medium. The application of pigments may be pursued to influence consumer liking and acceptance, as well as customize an intrinsic product attribute into a marker for extrinsic characteristics [40], such as production system or feed type.
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