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Abstract: Single-cell ingredients (SCI) are a relatively broad class of materials that encompasses
bacterial, fungal (yeast), microalgal-derived products or the combination of all three microbial groups
into microbial bioflocs and aggregates. In this review we focus on those dried and processed single-cell
organisms used as potential ingredients for aqua-feeds where the microorganisms are considered
non-viable and are used primarily to provide protein, lipids or specific nutritional components.
Among the SCI, there is a generalised dichotomy in terms of their use as either single-cell protein
(SCP) resources or single-cell oil (SCO) resources, with SCO products being those oleaginous products
containing 200 g/kg or more of lipids, whereas those products considered as SCP resources tend to
contain more than 300 g/kg of protein (on a dry basis). Both SCP and SCO are now widely being
used as protein/amino acid sources, omega-3 sources and sources of bioactive molecules in the diets
of several species, with the current range of both these ingredient groups being considerable and
growing. However, the different array of products becoming available in the market, how they
are produced and processed has also resulted in different nutritional qualities in those products.
In assessing this variation among the products and the application of the various types of SCI,
we have taken the approach of evaluating their use against a set of standardised evaluation criteria
based around key nutritional response parameters and how these criteria have been applied against
salmonids, shrimp, tilapia and marine fish species.
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1. Introduction

Single-cell ingredients (SCI) are a relatively broad class of materials that encompasses bacterial,
fungal (yeast), microalgal derived products or combinations of all three in some cases. A distinction is
made in this review between single-cell organisms used as ingredients and those used as probiotics,
in that this review focuses solely on those dried and/or processed SCI that are non-viable and are
used to provide protein, lipids or specific nutritional components that are not related to the microbial
viability of the material. The use of such resources as feed ingredients is not new with studies dating
back to the 1970s reporting the application of each in the feeds of aquaculture species [1–4]. However,
the current potential utility of these ingredients is considerable and growing [5]. They are now
being used as protein/amino acid sources, omega-3 sources and sources of bioactive molecules like
astaxanthin and peptidoglycans [6,7]. Most activity in recent years has been in the production of
protein and omega-3 sources from these materials as increasing competition drives up the prices for
these nutrients in the global market place [5,8–10]. However, the different array of products becoming
available in the market, produced and processed using different techniques and strategies, has also
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resulted in different nutritional qualities in those products [5,11–15]. Additionally, the combination of
all three microbial groups into microbial bioflocs and aggregates is another emerging area attracting
some interest as another way of producing such SCI resources [16,17]. For an overview of the various
production systems used and current state of commercial development, see the review of Jones et al. [5].
This present review, however, focuses on the various levels of nutritional assessment of the current
range of single-cell protein (SCP) and single-cell oil (SCO) products, including some of the various
applications of bioflocs as SCI.

In assessing the utility of various types of SCP and SCO there is some logic to evaluating
their application against a set of standardised evaluation criteria based around various nutritional
response parameters. Such an evaluation of the application of these ingredients is based around the
recommendations suggested by Glencross [18]. Based on those recommendations a series of seven
steps are applied: Step 1. Characterisation; Step 2. Palatability; Step 3. Digestibility; Step 4. Utilisation;
Step 5. Immunological; Step 6. Processing Effects; and Step 7. Product Quality Influences. In applying
each of these seven steps, a formulator can then make the appropriate choice as to whether to use any
particular ingredient, and the necessary constraints to impose on their use. Missing any one of these
steps increases the risk exposure as the formulator needs to make a greater number of unsubstantiated
assumptions [10].

2. Characterisation

The primary point of any characterisation deals with the identification of the material. This needs
to encompass not only what the material is (taxonomically), preferably down to strain (breed) level,
as significant variability in various characteristics have been recognised within species, but between
strains, but also where the material comes from, who the producer and/or supplier is and what
processes may have been used in the ingredient’s production [19]. Across each of the three main
taxonomic groups examined (microalgae, fungi and bacteria) there has been, arguably, a predominance
of work with microalgae [14,15,20,21]. Despite the predominance of work with microalgae, there has
also been considerable application of both yeasts and bacteria as protein, lipid or bioactive resources.
In Table 1 it can be seen that a wide variety of microalgal phyla have been used and an even greater
range of species. More constrained have been both the yeasts and bacterial products. In some cases,
recent studies with microbial flocs have reported some promising compositional parameters and novel
bioactive effects, but the highly complex species structure of these microbial aggregates has meant
that they are rarely very well defined taxonomically [22,23]. Less documented, however, has been the
composition of many of the different resources, in many cases even a basic nutritional profile of the
SCP and SCO ingredients missing from many of the nutritional studies reported. The absence of this
data makes it difficult to place the assessment of the ingredient in context with the broader range of
materials available throughout the world and/or compare across studies. In terms of distinguishing
between SCP and SCO resources a distinction being proposed is that SCO products are generally
regarded as those oleaginous products containing 200 g/kg or more of lipids, whereas those products
considered as SCP resources tend to contain more than 300 g/kg of protein, both expressed on dry
basis [24]. Based on this approach it can be seen that most SCO resources are usually of a microalgal
origin, although there are some fungal sources as well. By contrast, SCP can be produced from all four
microbial groups (Figure 1).

There are several reviews already that deal with the specific application of microalgal resources in
the feeds for aquaculture species [25–27]. Production of microalgal SCI is not a new area, however,
with production of various products being long established since the early to mid-20th century.
Products such as Dunaliella and Haematococcus were among the early successful products based on
their high-value carotenoid content [28,29]. New microalgal resources have attracted much attention
in recent years, particularly as sources of long-chain omega-3 polyunsaturated fatty acids (PUFA),
where arguments have been mounted about “cutting out the middle-fish” in the feed chain by feeding
such microalgal products directly to aquaculture species rather than harvesting forage fish that
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naturally feed on these resources [30]. Whether there is sustainable logic to that argument or not,
remains another question, but these resources are certainly progressing both in terms of becoming
reliable sources of protein and omega-3 nutrients [31]. Key microalgal genera being developed and
commercialised for their omega-3 potential include; Schizochytrium, Nannochloropsis and Crythecodnium
among others [32–34]. Not all microalgal sources are suitable sources of omega-3 nutrients, however,
with some microalgal resources actually being quite high in omega-6 fatty acids. Consequently,
a similar amount of focus has also been placed on using these microbial resources to produce protein,
from sources including Chlorella and Nannochloropsis [35,36]. However, certain challenges have been
identified in their application to feeds and the required processing of the microalgae in order to
improve their nutritional value has been a current focus [14,15,37]. Another focus that has important
ramifications for the characterisation is the production system and conditions used to produce the
various microalgal resources, as this has been shown to be an influential factor in the resultant
nutritional composition of the various products [38].
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consistent at between 30% and 60% (mean = 45%), but rarely higher. Protein levels in the bacterial SCP 
were generally the highest among the different SCP examined, with some products containing protein 
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sources” per se, but reputed to deliver other nutritional benefits. Biofloc and microalgal SCIs can have 
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Figure 1. Summary of the proximate composition (% dry basis) of the range of microalgal, fungal,
bacterial and biofloc resources reported as feed ingredients in aquaculture. Shown are the number of
different products characterised, the mean composition parameters in each group as well as the upper
and lower ranges.

Fungal SCP resources fall into two categories, unicellular (yeast) and filamentous fungi, of which
yeast has been more prominent in aquaculture research and several reviews exist [39,40]. Baker’s yeast
is produced from a molasses substrate mainly for the baking industry and is used in aquafeeds,
although its live form is inactivated by high heat and pressure during feed extrusion [41]. Due to high
demand for food production, baker’s yeast can be more expensive compared to yeast by-products
(waste) produced from the biofuel and brewing industries [42]. Distiller’s dried grain yeast (DDGY)
is a by-product from the biofuel industry during the production of ethanol whereas brewer’s yeast
is filtered in the final stages of brewing beer and wine before inactivation by organic acids and then
dried. Saccharyomces cerevisiae is the most common species of yeast, although DDGY, brewer’s yeast
and baker’s yeast are different strains related to taste and alcohol production [43]. Hundreds of
yeast species exist while only a small handful are used in aquafeeds, such as Saccharomyces cerevisiae,
Candida utilis, Kluyveromyces marxianus, Phaffia rhodozyma and Wickerhamomyces anomalus, which act as
sources of protein, lipids, pigment and enzymes.

Yeasts are used as supplements in animal feeds due to their relatively high protein and amino
acid, energy, and micronutrient content compared with common feed grains and oilseed meals [43].
However, intact yeast have a thick cell wall that can resist digestive enzymes and reduce digestibility,
thus several studies have homogenised yeast cells (e.g., centrifugation) and removed cell walls in order
to increase feed digestibility with yeast extracts [44]. The only disadvantage is that yeast cell walls
contain high levels of mannan-oligosaccharides (MOS), beta-glucans, chitin and nucleotides that act as
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prebiotic fibres and immune-stimulants for several fish species [45]. Similar to microbial and algal
SCPs, production conditions, such as temperature, drying time, organic substrate, harvesting time,
storage and yeast strain can result in variation in protein, lipid, and other nutrient composition [42].

Most bacterial SCI tend to fall into categories of bacterial SCP (e.g., Methylococcus capsulatus;
FeedKind™) or SCI that are produced for a particular bioactive compound such as astaxanthin
(e.g., Paracoccus carotinifaciens; Panaferd-AX™). Of those bacterial resources used to produce protein,
they tend to be one of three genera; Spirulina, Methylococcus or Methylophilus [8]. In contrast to
microalgal and fungal SCI, there appears to be little secondary processing of these products other
than drying, although clearly there is a range of variables involved in the production process that
affect the nutritional composition of the various products [1,46]. No studies examining any bacterial
SCO resources were found during our review of the literature. This is most likely linked to the
observation that bacteria are generally not very prolific producers of triglycerides [47]. In fact, in many
bacteria energy is stored as polyhydroxyalkanoate [48]. An example is polyhydroxybutarate, which has
immune modulating properties, can alter microbial community and is also often present in biofloc [49].

Table 1. Major groups of microalgae, yeasts and bacteria used as single-cell protein (SCP) or single-cell
oil (SCO) source ingredients in aquaculture feeds.

Group (Super)Phylum Class Genus Species Application Data Source

Microalgae Chlorophyta Trebouxiophyceae Chlorella vulgaris SCP [50]
Chlorophyceae Haematococcus pluvialis Bioactive [51]

Heterokonta Labyrinthulomycetes Schizochytrium sp. SCO, SCP [52,53]
Eustigmatophyceae Nannochloropsis gaditana SCP [15]

Coscinodiscophyceae Chaetoceros muelleri SCO [54]
Coscinodiscophyceae Skeletonema costatum SCO [55]

Bacillariophyceae Navicula gregaria SCO [55]
Haptophyta Pavlovophyceae Pavlova lutheri SCO [32,56]

Prymnesiophyceae Isochrysis galbana SCO, SCP [32,57]
Dinoflagellata Dinophyceae Crypthecodinium cohnii SCO [20]

Fungal Ascomycota Saccharomycetes Saccharomyces cerevisiae SCP [41,58]
Saccharomycetes Wikerhamomyces anomalus SCP [41,59]
Saccharomycetes Candida utilis SCP [58]
Saccharomycetes Kluyveromyces marxianus SCP [58]

Mucoromycota Mortierellales Mortierella alpina SCO [60]
Bacteria Cyanobacteria Cyanophyceae Spirulina maxima SCP [61]

Proteobacteria Gammaproteobacteria Methylococcus capsulatus SCP [62]
Betaproteobacteria Methylophilus methylotrophus SCP [63]

Alphaproteobacteria Methylobacterium extorquens SCP [64]

In contrast to most of the other SCI resources examined in this review, bioflocs differ in that they
represent a heterogenous mix of each of the other single-cell resources, combined with by-products
from each [16,17,65]. Various studies have been undertaken examining different aspects of biofloc
production and their characteristics can be highly diverse depending on the various production
parameters employed [66,67]. Although there are many studies examining the application of microbial
biofloc in situ in ponds for shrimp and other species [68–71], we make the distinction in this review as
them being those microbial bioflocs that are harvested and then included into diets for the animals
being fed. This way some distinction can be made over the planned rather than ad hoc nutritional
processes that occur. Most such biofloc studies have focused on protein production based on utilising
in-situ nitrogenous inputs and added carbon inputs to fuel the microbial productivity [72,73]. Notably,
no studies were found where biofloc had been used to create a viable SCO resource, but several were
reported where nutritional components other than protein were produced [74–77].

2.1. Proteins and Amino Acids

In SCPs the main value lies in the total protein content of these resources. There is some value in
the specific amino acid profile of these resources as well, but that is arguably a somewhat secondary
consideration to the total protein content, as the amino acid balance of feeds can invariably be easily



Fishes 2020, 5, 22 5 of 39

manipulated in practice via the co-use of other protein resources or the inclusion of small amounts
of crystalline amino acids. Notably, no protein source is likely to be used as a sole source in any
case, with constraints to inclusion levels meaning that the contribution of individual ingredient to the
diet’s amino acid profile is somewhat also constrained. In SCOs the protein is arguably of secondary
importance, but in some resources this protein level is still appreciable [8,78,79].

A wide range of protein levels can be observed within and among the different groups (Figure 1;
Table 2). Microalgal ingredient protein levels ranged from 0% to ~60% (mean = 34%), although this was
largely dependent on the level of processing used to prepare the ingredient. In some cases, the lower
protein levels were associated with higher lipid levels, or even pure oil products, with those products
often being touted primarily as an omega-3 (lipid) source. Fungal ingredient protein levels were
relatively consistent at between 30% and 60% (mean = 45%), but rarely higher. Protein levels in the
bacterial SCP were generally the highest among the different SCP examined, with some products
containing protein levels as high as 80% (mean = 60%). Biofloc resources tended to contain the least
protein (mean = 27%), with some products containing very low levels of protein (<5%), that were
generally not touted as “protein sources” per se, but reputed to deliver other nutritional benefits.
Biofloc and microalgal SCIs can have high ash contents when cultured in saline conditions and
depending on the process conditions (Figure 1).

The amino acid composition of microalgal SCP varied depending on the resource used. Among the
various microalgal resources examined, the essential amino acid (EAA) levels showed abundant levels
of leucine and lysine, although they were relatively deficient in histidine (Table 2). The amino
acid composition of fungal SCP resources from various different genera of yeast; Saccharomyces,
Candida and Wikerhamomyces, while not overly rich in protein (range of 33% to 47%), were particularly
rich in glutamic acid (except for Candida) and among the essential amino acids were also rich in lysine
and leucine, but very low in methionine, tryptophan and arginine. The amino acid composition of the
various bacterial SCP resources reported were comparatively high, with a much more uniform level of
each of the EAA and also the non-EAA (Table 2). Among the EAA, leucine was typically the most
abundant amino acid, followed by lysine and valine. In contrast to the other resources, methionine was
relatively abundant in the bacterial SCPs [8,62]. Another notable feature of the bacterial SCP resources
was the difference between the two different estimates of protein, with crude protein (N × 6.25) being
consistently much higher than the sum of amino acids. In the microalgae, Nannochloropsis gaditana,
Tetraselmis impellucida, and Scenedesmus dimorphus the sum of amino acids was, respectively, 77%,
72% and 62% [15]. Teuling et al. [15] demonstrated that different protein isolations steps can alter
the ratio between total sum of amino acids and crude protein estimates. Sum of amino acid protein
levels in the fungal SCP were typically 85% to 95% of the crude protein estimate, whereas the bacterial
SCP were only 79% to 84% of the crude protein estimate. This is likely due to the high nucleotide
content of the bacterial SCP which contributes a much higher level of non-protein nitrogen than the
other resources [81]. The carbohydrate content (Table 2) is often calculated as dry matter minus crude
protein minus ash minus fat. Consequently, the large difference between the sum of amino acids and
crude protein (N × 6.25) in various SCI implies that the carbohydrate content is often underestimated.
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Table 2. Proximate and Amino Acid analysis of various SCP resources. All values % as supplied unless otherwise detailed.

Group Microalgal Microalgal Fungal Fungal Fungal Bacterial Bacterial Bacterial Bacterial
Species Chlorella Nannochloropsis Saccharomyces Wikerhamomyces Candida Spirulina Methylophilus Methylococcus Methylobacterium
Material Biomass Biomass Biomass Biomass Biomass Biomass Biomass Biomass Biomass

Data Source [36] [35] [41] [41] [80] [36] [5] [62] [64]

Dry matter 95.0 94.9 94.0 93.0 96.4 82.2 100 98.6 96.3
Moisture 5.0 5.1 6.0 7.0 3.6 17.8 0.0 1.4 3.7
Protein 54.5 47.7 46.6 42.2 33.3 61.3 81.3 68.1 50.9
Lipid 9.4 8.4 1.0 0.9 2.1 5.5 7.2 10.4 0.8
Ash 5.3 7.5 6.3 7.0 9.8 6.9 9.1 8.0 4.1

Carbohydrates 25.8 31.3 40.1 42.9 51.2 8.5 2.4 12.1 40.5
Energy (kJ/g) 20.9 19.9 18.3 17.7 17.5 18.1 22.4 22.2 19.3

Sum Amino Acids - 37.6 42.4 36.0 31.7 - 68.2 55.9 42.9
Alanine - 2.5 2.3 2.0 2.1 - 5.8 4.4 3.8
Arginine 2.9 2.3 2.0 1.6 1.7 4.1 3.7 3.8 3.3

Aspartic acid - 3.3 3.5 3.1 3.4 - 7.2 5.5 4.4
Cysteine - 0.3 0.0 0.0 0.3 - 0.6 0.5 0.3

Glutamic acid - 4.6 13.2 11.4 4.3 - 8.6 6.5 6.3
Glycine - 1.8 1.2 0.9 1.6 - 4.6 3.1 2.5

Histidine 1.0 0.7 0.9 0.7 0.6 1.0 1.5 1.3 1.1
Isoleucine 1.5 1.7 1.9 1.6 1.7 2.6 3.5 2.7 1.7
Leucine 4.2 3.2 3.1 2.6 2.6 4.7 5.7 5.0 3.3
Lysine 4.6 2.3 3.3 2.7 2.3 3.1 4.9 3.5 2.5

Methionine 1.0 0.9 0.3 0.2 0.4 1.4 2.0 1.5 0.9
Phenylalanine 2.3 1.9 2.2 1.8 1.5 2.5 3.3 3.0 2.0

Proline - 4.7 1.8 1.5 1.4 - 2.4 2.5 1.9
Serine - 1.6 1.3 1.5 1.9 - 2.7 2.4 1.9

Taurine - 0.0 0.0 0.2 - - - - -
Threonine 2.0 1.7 1.6 1.5 2.1 2.7 3.7 2.8 2.0

Tryptophan 1.5 0.8 0.0 0.0 0.5 1.2 0.7 1.3 -
Tyrosine - 1.1 1.6 1.4 1.1 - 2.8 2.2 1.4

Valine 2.4 2.2 2.5 2.0 2.1 0.3 4.6 3.7 2.8

“-”.: Not Specified.
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2.2. Lipids and Others (Astaxanthin and Bioactives)

In contrast to SCPs, in SCOs the main value lies less so in the total lipid content of these resources,
but rather in the specific fatty acid profile of that lipid. This is not to underestimate the intrinsic value
of the total lipid abundance, but rather that the specific point of difference that SCOs have against
many other ingredients available is their relatively unique content of long-chain omega-3 long-chain
polyunsaturated fatty acids (LC-PUFA) [7,78,79].

The total lipid content of some of the SCO resources at >50% lipid (Table 3), is incredibly high for
a biological cell, perhaps matched only by some crop seeds (e.g., rapeseed). In contrast, many of the
SCP resources are quite low (<5%) in lipid [8] (Table 2). Those resources produced from bacteria tend
to be quite low in lipid in particular, reflecting the focus of many of these resources on the protein side
of the story [8].

A clear focus on the SCO has been towards n-3 LC-PUFA production and accordingly, many of
those resources developed have high levels of these fatty acids (Table 3). For example, some species
of microalgae, like Nannochloropsis have levels of eicosapentaenoic acid (20:5n-3; EPA) in excess of
30% of total fatty acids (TFA), whereas species such as Crypthecodinium and Schizochytrium have
docosahexaenoic acid (22:6n-3; DHA) levels in excess of 40%TFA [32,34,38,82,83]. Total lipid levels in
both fungal and bacterial ingredients have tended to be somewhat lower and as such there has been
less of a focus on the fatty acid profile of these resources. Despite that, there have been reports of
varieties of genetically modified oleaginous yeasts enriched with EPA (>30%TFA) containing lipid
levels exceeding 20% [84,85].

Not only were there substantial differences among different microalgal resources on the fatty acid
profiles and total lipid levels, but different production and processing methods were also very influential
in affecting fatty acid and lipid composition of the materials [78,82]. Variables such as temperature,
salinity, nitrogen-source and carbon-source were found to be very influential in production [38,89].
The use of genetic manipulation has also been applied in some instances to improve both productivity
and total lipid yields [90]. Following production variables, the different approaches used in processing
are also very influential on composition, with in some cases, complete oil extracts being produced,
whereas in other cases an oil-rich biomass was produced [91].

In addition to the primary macronutrients of protein and lipid (and their associated components
of amino and fatty acids respectively), SCI also contribute other nutrients that bring certain nutritional
values. For example, there are varieties of microalgae, such as Haematococcus pluvialis (NaturRose™)
that have been developed and are being used as natural sources of the carotenoid astaxanthin [92,93].
Similarly, there are bacterial (Paracoccus carotinifaciens; Panaferd-AX™) and fungal (Phaffia rhodozyma;
RedStar™) resources also being commercially used as astaxanthin sources [94]. In addition to
carotenoids, other valuable bioactive nutrients such as nucleotides and peptidoglycans have also
been developed from various SCI resources [95]. Bacterial peptidoglycans (e.g., Sanictum™) are a
relatively little studied additive that are reputed to provide some stimulation of the immune system
in fishes [96,97] and shrimp [67,98]. However, considerably more work has been reported on the
application of nucleotide enrichments produced from yeast and bacterial sources Li and Gatlin [95].
Both bacterial and yeast SCP resources have reportedly had levels of nucleotides as high as 15.9% of
the biomass, making them among the richest sources of these nutrients [8].
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Table 3. Total lipid and fatty acid profiles (% of total fatty acids) of various SCO resources.

Group Microalgal Microalgal Microalgal Microalgal Microalgal Microalgal Microalgal Fungal
Species Schizochytrium Schizochytrium Crypthecodinium Chlorella Isochrysis Pavlova Nannochloropsis Yarrowia
Material Biomass Oil Biomass Whole-cell Biomass Biomass Biomass Biomass

Data Source [86] [34] [33] [87] [88] [32] [32] [84]

Dry matter 98.4 98.9 100.0 96.4 100.0 - - 95.3
Moisture 1.6 1.1 - 3.6 0.0 - - 4.7
Protein 13.2 0.0 - 30.4 29.5 - - 29.8
Lipid 61.4 98.6 50.0 26.0 23.4 - - 20.3
Ash 4.4 0.3 - 3.3 13.2 - - 2.1

Carbohydrate 19.4 0.0 - 36.7 33.9 - - 43.1
Energy 28.8 39.1 - 23.5 21.8 - - 22.3

Fatty Acids
C14:0 4.1 12.0 16.0 0.7 17.3 10.0 4.8 0.3
C15:0 2.0 1.5 0.1 0.1 0.0 0.2 0.5 -
C16:0 52.8 26.3 25.0 17.1 12.0 20.8 20.3 10.7
C18:0 1.5 0.9 0.0 1.9 1.1 0.2 0.3 6.6
C20:0 0.2 0.0 0.0 0.2 - - - 0.7
C22:0 0.1 0.0 0.0 0.1 - - - 1.0

Total Saturates 61.4 41.9 41.1 21.1 30.3 31.2 26.2 19.3
C16:1n-7 0.1 4.5 0.4 1.6 3.1 19.9 21.2 1.5
C18:1n-9 0.1 0.7 16.0 30.6 6.9 0.5 4.1 8.8
C18:1n-7 - 2.9 - 0.5 1.1 3.3 0.5
C20:1n-11 0.1 0 - - - - - 0.2
C22:1n-11 0.2 0 - - - - - 0.9

Total Monoenes 0.8 8.1 16.4 42.1 11.3 23.8 27.0 11.4
C18:2n-6 0.1 0.3 0.5 19.7 4.0 0.4 1.8 22.9
C18:3n-6 0.0 0.0 0.0 - 1.0 0.2 1.0
C20:2n-6 0.1 0.0 0.0 - - - - 2.7
C20:3n-6 0.1 0.0 0.0 - - - - 3.3
C20:4n-6 0.3 0.0 0.0 - 0.0 0.6 7.4 0.5
C22:4n-6 0.0 0.0 0.0 0.0 - - -
C22:5n-6 6.9 7.5 0.0 0.1 2.1 0.9 -

Total n-6 PUFA * 7.4 7.8 0.5 25.6 7.1 2.1 10.2 29.4
C18:3n-3 0.0 0.0 0.4 13.6 5.7 1.1 - 2.3
C18:4n-3 0.0 0.2 0.0 0.1 19.0 6.6 - 0.3
C20:4n-3 0.1 0.4 0.0 0.1 - - - 3.5
C20:5n-3 0.3 0.8 0.1 - 0.9 22.9 34.7 30.2
C22:5n-3 0.1 0.0 0.0 - 0.0 0.1 - 0.9
C22:6n-3 28.5 40.9 39.0 - 9.9 7.9 - 0.0

Total n-3 PUFA 29.0 42.2 39.5 14.5 35.5 38.6 34.7 37.2

“-”: Not Specified. *: polyunsaturated fatty acids.
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3. Digestibility

The digestibility of a range of SCP and SCO resources has been reported throughout the literature
(Tables 4 and 5). However, a range of problems has been observed among the SCI resources in terms
of their digestibilities. In many microalgal SCP resources, problems have been encountered with
protein digestibility, with various studies focusing on different methods of processing the microalgae
to improve the digestibility (Table 4). While protein digestibility values as high as 99% have been
reported, most are usually somewhat lower (54–87%; mean ± standard deviation (SD) = 76 ± 14%,
n = 18) [15,36,99–101]. Significant differences have also been reported between different varieties
of microalgal SCP, with an Isochrysis SCP (87%) having a much better protein digestibility than a
Nannochloropsis SCP (69%/73%), which was better than a Desmodesmus SCP (54%) [99,101]. In a study
examining the use of Nannochloropsis, Phaeodactylum and Isochrysis SCPs fed to Mink (Mustela vison),
Skrede et al. [35] found that inclusion of any of the three SCP (included at 0, 60, 120 or 240 g/kg)
had a negative effect on protein digestibility, but the effect with Phaeodactylum was somewhat less
than the other two SCPs. A similar effect was also observed on the lipid digestibility of the three
SCPs, but this time with inclusion of Nannochloropsis having the biggest impact. Not only between
varieties but also within varieties differences in nutrient digestibility can be present. In the studies
of Teuling et al. [15,102] equal processing conditions but different strains of Nannochloropsis garditana
were used. Between these studies, protein digestibility was 75% and 62%, respectively, but also other
nutrients had different digestibilities.

Several methods have proven successful in improving protein digestibility algal SCP,
including extrusion and bead-milling [15,99,103]. There is some consistency in the values reported
among different fish species with Nannochloropsis having protein digestibility values of 72%, 73% and 69%
reported for S. salar, O. niloticus and O. mykiss respectively, suggesting that effects are more pronounced
among the SCP than among the different aquaculture species [15,99,101]. A key factor in protein
digestibility seems to be the disruption of the algal cell wall.

The protein content of both fungal and bacterial SCP products has typically been more digestible
than that of their microalgal counterparts (Table 4). Across a range of products examined, the average
digestibilities of fungal (80%) and bacterial (86%) products were consistently higher than those of the
microalgal products (76%). Among the different studies examining the digestibility of fungal SCP it
was more difficult to reconcile differences in the digestibilities of different products and among the
different aquaculture species. The principal problem encountered was that several of the recent studies
did not approach the digestibility assessment in a manner that allowed determination of the ingredient
digestibilities, only those of the diets [58,59]. As such a comparison across studies becomes a little
more difficult, but the relative effect of the SCP is still evident. Of those studies that did focus on the
ingredient digestibility, quite variable results have been reported, with protein digestibilities from as
low as 41% for a spray-dried Candida product, to 98% for an autolysed and extracted Saccharomyces
product [80,105]. Some differences have been reported in the protein digestibility among the SCP
from different fungal species (Candida > Kluyveromyces > Saccharomyces), but other studies show no
differences at all between Saccharomyces and Wickerhamomyces products [58,59]. As with the microalgal
SCP studies, several studies have focused on processing effects to improve the protein digestibility and
found that various methods, like cellular disruption, protein isolation and autolysis all increase protein
digestibility from Saccharomyces products [104,105].
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Table 4. Influence of material and processing on protein digestibility of various SCP products.

Group SCP Species Processing Test Species Data Digestibility
(Protein)

Inclusion
(g/kg)

Data
Source

Microalgae Nannochloropsis Cold-pelleting Salmo salar Ingredient 73% 300 [99]
Desmodesmus Cold-pelleting Salmo salar Ingredient 54% 300 [99]

Nannochloropsis Extruded Salmo salar Ingredient 72% 300 [99]
Desmodesmus Extruded Salmo salar Ingredient 67% 300 [99]

Spirulina Dried (undefined) Oreochromis niloticus Ingredient 86% 300 [36]
Chlorella Dried (undefined) Oreochromis niloticus Ingredient 80% 300 [36]

Schizocytrium Dried (undefined) Oreochromis niloticus Ingredient 82% 300 [36]
Nannochloropsis Drum dried Oreochromis niloticus Ingredient 75% 300 [102]

Arthrospira (Spirulina) Dried (undefined) Oreochromis niloticus Ingredient 83% 300 [102]
Chlorella Dried (undefined) Oreochromis niloticus Ingredient 81% 300 [102]

Scenedesmus Dried (undefined) Oreochromis niloticus Ingredient 67% 300 [102]
Nannochloropsis Drum dried Oreochromis niloticus Ingredient 62% 300 [15]

Pasteurised Oreochromis niloticus Ingredient 61% 300 [15]
Freeze-dried Oreochromis niloticus Ingredient 61% 300 [15]

Frozen/Thawed Oreochromis niloticus Ingredient 66% 300 [15]
Bead milled Oreochromis niloticus Ingredient 78% 300 [15]
Commercial Oreochromis niloticus Ingredient 73% 300 [15]

Nannochloropsis Dried (undefined) Oncorhynchus mykiss Ingredient 69% 300 [101]
Isochrysis Dried (undefined) Oncorhynchus mykiss Ingredient 87% 300 [101]
Fishmeal - Clarius gariepinus Ingredient 98% 300 [100]
Spirulina Spray-drying Clarius gariepinus Ingredient 99% 300 [100]
Chlorella Spray-drying Clarius gariepinus Ingredient 99% 300 [100]

Fungal Saccharomyces Intact Oncorhynchus mykiss Ingredient 63% n.s. [104]
Disrupted Oncorhynchus mykiss Ingredient 85% n.s. [104]

Extract Oncorhynchus mykiss Ingredient 81% n.s. [104]
Nucleoprotein complex Oncorhynchus mykiss Ingredient 83% n.s. [104]

Protein isolate Oncorhynchus mykiss Ingredient 87% n.s. [104]
Reference extruded Salmo salar Diet 88% - [58]

Saccharomyces extruded Salmo salar Diet 73% 345 [58]
Kluyveromyces extruded Salmo salar Diet 86% 302 [58]

Candida extruded Salmo salar Diet 88% 283 [58]
Rhizopus dried Salvelinus alpinus Ingredient 94% 300 [105]

Saccharomyces dried Salvelinus alpinus Ingredient 86% 300 [105]
Saccharomyces-Extracted autolysis + centrifugation Salvelinus alpinus Ingredient 98% 300 [105]

Candida Spray dried Salmo salar Ingredient 41% 300 [80]
Reference extruded Oncorhynchus mykiss Diet 91% - [59]

Saccharomyces extruded Oncorhynchus mykiss Diet 87% 321 [59]
Wickerhamomyces extruded Oncorhynchus mykiss Diet 87% 355 [59]

Bacterial Methylophilus dried Oncorhynchus mykiss Diet 78% 0 [5]
dried Oncorhynchus mykiss Diet 79% 70 [5]
dried Oncorhynchus mykiss Diet 80% 140 [5]
dried Oncorhynchus mykiss Diet 81% 210 [5]
dried Oncorhynchus mykiss Diet 84% 280 [5]
dried Oncorhynchus mykiss Diet 82% 350 [5]

Methylococcus +
Alcaligenes + Bacilus Spray-dried Salmo salar Ingredient 82% 193/370 [46]

Methylococcus +
Alcaligenes + Bacilus

Reference Salmo salar Diet 90% - [106]
Spray-dried Salmo salar Diet 88% 200 [106]

Methylococcus +
Alcaligenes + Bacilus

Spray-dried Salmo salar Diet 90% 0 [62]
Spray-dried Salmo salar Diet 88% 50 [62]
Spray-dried Salmo salar Diet 88% 99 [62]
Spray-dried Salmo salar Diet 87% 193 [62]
Spray-dried Salmo salar Diet 84% 370 [62]

Methylococcus +
Alcaligenes + Bacilus

Spray-dried Salmo salar Diet 88% 0 [107]
Spray-dried Salmo salar Diet 87% 180 [107]
Spray-dried Salmo salar Diet 85% 360 [107]

Methylococcus + Ralstonia
+ Aneurinibacillus +

Brevibacillus

Reference Oncorhynchus mykiss Diet 89% 0 [108]
Spray-dried Oncorhynchus mykiss Diet 89% 75 [108]
Spray-dried Oncorhynchus mykiss Diet 88% 147 [108]
Autolysate Oncorhynchus mykiss Diet 89% 73 [108]
Autolysate Oncorhynchus mykiss Diet 88% 147 [108]

Biofloc Molasses stimulated
catfish water Oven dried Litopenaeus vannamei Ingredient 77% 300 [109]

Activated sludge from
shrimp pond Oven dried Litopenaeus vannamei Ingredient 26% 300 [110]

RAS effluent –> Sequence
Batch Reactor Untreated Oreochromis niloticus Diet 68% n.s. [111]

n.s.: not specified.
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Table 5. Influence of material and processing on lipid and fatty acid class digestibility of various SCO products.

Group SCO Species Material Processing Test Species Data
Digestibility Inclusion (g/kg) Data SourceTotal Sats Monos n-6 n-3

Microalgae Schizochytrium Biomass Dried Salmo salar 36 g Diet 94% 98% 100% 100% 100% 100 [112]
Canola Oil - Salmo salar 36 g Diet 96% 100% 100% 99% 100% 169 [112]

Fish (Jack mackerel) Oil - Salmo salar 36 g Diet 96% 99% 100% 100% 100% 91 [112]
Microalgae Schizochytrium (S) Oil Undefined Salmo salar 40 g Diet - 71% 75% 93% 97% 130 [113]

Palm Oil Undefined Salmo salar 40 g Diet - 78% 92% 95% 97% 130 [113]
Palm + S Oil Undefined Salmo salar 40 g Diet - 71% 91% 95% 96% 104 + 26 [113]

Fish (Jack mackerel) Oil Undefined Salmo salar 40 g Diet - 76% 87% 92% 96% 130 [113]
Microalgae Schizochytrium Oil Enzymatic Salmo salar 32 g Diet 90% 76% 92% 96% 98% 90 [34]
Microalgae Schizochytrium + YE Biomass Reference Salmo salar 213 g Diet 96% 96% 99% 99% 99% 0 [114]

+Fungal Biomass Dried Salmo salar 213 g Diet 96% 95% 99% 99% 99% 10 [114]
Biomass Dried Salmo salar 213 g Diet 94% 86% 99% 99% 99% 60 [114]
Biomass Dried Salmo salar 213 g Diet 88% 67% 99% 99% 99% 150 [114]

Microalgae Schizochytrium Biomass Spray-dried Salmo salar 400 g Diet 94% 93% 99% 99% 99% 0 [86]
Biomass Spray-dried Salmo salar 400 g Diet 93% 87% 99% 99% 99% 25 [86]
Biomass Spray-dried Salmo salar 400 g Diet 92% 79% 99% 99% 99% 50 [86]

Microalgae Schizochytrium Biomass Spray-dried Salmo salar 65–270 g Diet 91% 78% 99% 98% 99% 52 [115]
Fishoil - Salmo salar 65–270 g Diet 95% 96% 99% 98% 99% 0 [115]

Biomass Spray-dried Salmo salar >860 g Diet 87% 63% 92% 95% 96% 62 [115]
Fishoil - Salmo salar >860 g Diet 85% 81% 84% 90% 92% 0 [115]

Microalgae Crypthecodinium Biomass Spray-dried Oncorhynchus mykiss Ingred. 98% - - - - 300 [116]
Microalgae Spirulina Biomass Dried Oreochromis niloticus Ingred. 95% 76% 76% 84% - 300 [36]

Chlorella Biomass Dried Oreochromis niloticus Ingred. 94% 75% 70% 77% 39% 300 [36]
Schizochytrium Biomass Dried Oreochromis niloticus Ingred. 98% 52% 85% 92% 97% 300 [36]

Microalgae Phaeodactylum Biomass Reference Salmo salar Diet 96% 97% 99% 96% 99% 0 [117]
Biomass Dried Salmo salar Diet 96% 97% 98% 96% 99% 30 [117]
Biomass Dried Salmo salar Diet 95% 96% 98% 96% 99% 60 [117]
Biomass Dried Salmo salar Diet 94% 95% 98% 97% 99% 120 [117]

Microalgae Nannochloropsis Biomass Dried Oreochromis niloticus Ingred. 50% - - - - 300 [15]
Biomass Pasteruised Oreochromis niloticus Ingred. 56% - - - - 300 [15]
Biomass Freeze-dried Oreochromis niloticus Ingred. 58% - - - - 300 [15]
Biomass Frozen/Thawed Oreochromis niloticus Ingred. 53% - - - - 300 [15]
Biomass Bead milled Oreochromis niloticus Ingred. 82% - - - - 300 [15]
Biomass Commercial Oreochromis niloticus Ingred. 66% - - - - 300 [15]

Microalgae Nannochloropsis Biomass Dried Oncorhynchus mykiss Ingred. 60% 56% 45% 76% 64% 300 [101]
Isochrysis Biomass Dried Oncorhynchus mykiss Ingred. 63% 59% 72% 98% 93% 300 [101]

Microalgae Chlorella Biomass Whole-cell dried Salmo salar Ingred. 67% 61% 59% 63% 62% 60–300 [87]
Biomass Cell-ruptured Salmo salar Ingred. 85% 62% 88% 93% 93% 60–300 [87]

Fungal Yarrowia Biomass Whole-cell dried Salmo salar Diet 95% 87% 97% 96% 94% 100 [84]
Biomass Whole-cell dried Salmo salar Diet 94% 81% 97% 96% 90% 200 [84]
Biomass Whole-cell dried Salmo salar Diet 91% 77% 96% 93% 89% 300 [84]

Oil Fishoil + Rape Salmo salar Diet 96% 90% 97% 96% 96% 73 + 126 [84]
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For the bacterial SCP few differences were found among different aquaculture species in terms
of their digestibility of similar products (Table 4). Digestibility of a Methylococcus based SCP when
fed to either O. mykiss or S. salar both resulting in protein digestibilities of 88% when included as a
similar inclusion level [8,62,106]. Some slight differences were noted in the protein digestibility of
Methyophilus SCP versus Methylococcus based SCP (79–84% vs. 82–90% respectively) [5,62]. Despite the
intrinsically higher level of digestibility of bacterial SCP, some work has been undertaken on various
processing methods to improve the digestibility of these products. Lysis of bacterial cells via autolysis
or hydrolysis have both been attempted, but only improvements through autolysis were reported [118].
However, other reports contest this finding [119].

Less reported has been the digestibility of biofloc products [109–111] (Table 4). Each of the biofloc
products examined was produced from a different medium and system and the protein content was
relatively low in each of the products (11–22%). Two of the studies examined digestibility in the shrimp
Litopenaeus vannamei and reported contrasting values of 26% and 77% protein digestibility. A third
study examined digestibility in O. niloticus and reported a value of 68% (Table 4).

Less reported are the digestibility characteristics of the various SCO resources and most of those
that are reported were microalgal SCOs with only one fungal SCO reported. For these resources it makes
more sense to focus on the digestibility of the total lipid and specific fatty acids within the products.
In Table 5 a summary of the studies is presented where data on lipid and fatty acid digestibility
have been reported. Among the literature, most assessments were of the diet digestibility, with only
a few studies reporting the ingredient digestibility of any of the SCO resources [15,36,87,101,116].
Despite that, it is still possible to infer important aspects of the digestibility of the different SCOs from
the diet digestibility data. Most of the resources examined were dry biomasses, but several studies
reported assessments of oil extracts from SCOs [34,112,113].

Studies on the application of Schizochytrium SCO products predominated the literature, with reports
on their application both as a biomass and as an oil. Most of the studies reported were conducted with
S. salar as a test species [34,86,112–115]. As an oil, the lipid digestibility was consistently high (>90%)
and it showed no poorer digestibility qualities than any of the other oils examined in comparison.
As with most oil sources, the n-3 and n-6 polyunsaturated fatty acids (PUFA) were typically highly
digestible (>93%), whereas the saturates were less digestible (71–98%) and the monounsaturates having
digestibility values in between. As a biomass, minor effects of inclusion level were observed on the
lipid digestibility [86,114], mainly due to a deteriorating digestibility of the saturates with increasing
inclusion. Digestibility of the PUFA was not impacted by inclusion level. Notably, the digestibility of
saturates from diets with the Schizochytrium SCO products was somewhat poorer than that of saturates
from fishoil.

Only a single study reporting lipid digestibilities of a Cryptocodinium SCO was found [116]. In this
study reporting the ingredient digestibility in O. mykiss, the lipid digestibility of the Cryptocodinium
SCO biomass was very high at 98%. No fatty acid digestibilities were reported.

Other microalgal SCOs with reports on their lipid digestibilities included Nannochloropsis, Chlorella,
Phaeodactylum and Isochrysis [15,36,87,101,117]. The lipid digestibility of the different ingredients was
highly variable subject to the microalgal source (range 50–98%). Teuling et al. [15] reported substantial
impact of processing of Nannochloropsis on its lipid digestibility. Similar such effects were also reported
by Tibbets et al. [34] with a Chlorella biomass. In a previously mentioned study examining the use
of Nannochloropsis, Phaeodactylum and Isochrysis SCPs fed to M. vison, Skrede et al. [35] found that
the lipid digestibility of the three SCPs, was impacted with increasing inclusion but was worst with
Nannochloropsis inclusion reducing from 98% digestible in the reference diet to 79% when included at
240 g/kg in the diet. The effects of processing of a Nannochloropsis SCP on the digestibility of lipids
(among other nutrients) were also examined by Teuling et al. [15] in O. niloticus. Generally, the lipids
were poorly (<60%) digested from the SCP biomass, although bead-milling improved this to 82%.
These authors also found some good relationships between lipid digestibility and the in vitro degree
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of protein hydrolysis and protein solubility of the Nannochloropsis cells, indicating that the more the
cell walls are disrupted then they increased their accessibility to nutrients inside the cells.

The only study found that reported the lipid digestibility assessment of a non-microalgal SCO
was that of a fungal SCO biomass of Yarrowia lipolytica by Hatlen et al. [84]. In this study the authors
reported that the lipid in the diet was 91% to 95% digestible, when the inclusion was varied from 300
to 100 g/kg, showing a slight deterioration in total lipid digestibility with every increased level of
inclusion of the SCO. This decline in digestibility of the total lipid could be seen more clearly with
a greater decline in the digestibility of the saturated fatty acids (87% to 77%) and a commensurate
decline in the digestibility of the n-3 PUFAs (94% to 89%). No changes in digestibility of either the
monoenes or n-6 PUFA’s were noted with increasing inclusion.

4. Utilisation and Palatability

Utilisation of the various SCP and SCO resources by different aquaculture species in “growth
studies” represents arguably the largest information source available on the application of these
materials in the sector. To avoid over-complicating the story by presenting a large range of studies
in different species, a focus is made here on the application of the different classes of these resources
(microalgal, fungal, bacterial and bioflocs) in each of four key species groups; salmonids, shrimp,
tilapias and marine-species.

5. Microalgal Resources

A wide range of microalgal resources have been developed in recent years as both SCP and SCO
resources [78,119]. Their advantage lies firmly in that they can be reasonably efficient producers of
biomass and can rely on production inputs that often do not compete with the needs of other food
production systems (e.g., salt water). They are also important sources of long-chain omega-3 PUFA,
and accordingly are being eagerly sought as a much-needed alternatives to fishoil use in aquaculture
feeds [120]. This next section reviews a selection of studies examining the palatability and utilisation
(growth) responses of microalgal SCI for key aquaculture species groups.

5.1. Salmonids

In salmonids, both whole-cell and processed microalgae have been used as feed
ingredients [99,115,121]. While some microalgae have been examined principally as protein resources
(SCPs), perhaps the greatest focus in recent times for salmonids has been on the supply of omega-3 (n-3)
fatty acids from microalgal sources (SCOs) as alternatives to the use of fishoil. Several microalgal SCIs
have been the source of substantial research and commercial development, with the most predominant
being Schizochytrium as either a biomass or processed oil product.

The use of Schizochytrium limacinum biomass, principally as an SCO in diets for grow-out S. salar
has been reported in several studies [86,114,115]. In each case, minor to no negative effect on growth
performance has been observed and, in some cases, even a small positive effect has been reported.
Where either positive or negative effects have been noted, they have usually been linked to minor
changes in feed intake indicating at most only subtle effects on palatability. Most notable, however,
has been the change in fatty acid deposition characteristics in the muscle which will be covered in later
sections. Sprague et al. [121] also examined the use of a Schizochytrium SCO biomass in the diets of
S. salar at up to 110 g/kg inclusion. As with other studies, no impact on growth or feed intake was
noted, although feed conversion ratio (FCR) deteriorated with increasing inclusion of the SCO in that
study. However, a notable feature of the study by Sprague et al. [121] was that they also reported
the levels of persistent organic pollutants (POPs) in the fish and noted that the replacement of fishoil
with the Schizochytrium SCO biomass resulted in more than a 10-fold reduction in the level of POPs.
The application of other thraustochytrid biomass resources has also been examined extensively over
the past 20 years [112,121]. Carter et al. [112] compared the inclusion of a thraustochytrid/biomass in
diets against the use of either canola oil or fishoil and found no impact on feed intake or performance.
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Similarly, Chang et al. [122] fed whole thraustochytrid (Aurantiochytrium sp. TC20) biomass to S. salar
fingerlings to successfully replace the fishoil component in their diets.

Other than the Schizochytrium biomass studies, several studies have also examined the use of an
oil extracted from Schizochytrium (Thraustichytrid) as an SCO resource [34,113]. However, only that
of Miller et al. [113] has reported the impact of the Schizochytrium (Thraustichytrid) oil on growth
and feed intake. These authors found that the replacement of fishoil by a Schizochytrium oil resulted
in equal performance to a fishoil or palm oil control. Feed intake was also not impacted relative to
either control.

In a study examining the use of Nannochloropsis, Phaeodactylum and Isochrysis SCPs fed to S. salar,
Skrede et al. [35] found that inclusion of any of the three SCP (0, 60, 120 and 240 g/kg) had no negative
effect on average feed intake, but that both Nannochloropsis and Isochrysis had a clear effect on protein
digestibility, and Phaeodactylum less so. No growth results were reported in this digestibility study.
Growth of S. salar fed Phaeodactylum as a SCP was, however, examined by Sorensen et al. [117], who also
confirmed that it had a poorer protein digestibility than the reference (fishmeal). These authors also
observed that when included in diets at 30 or 60 g/kg it had no negative effect on growth or feed intake,
although the level of wholebody lipids increased with increasing inclusion. However, at an inclusion
of 120 g/kg it resulted in a reduction in feed intake and growth relative to the controls. A study by
Norambuena et al. [123] reported the use of the diatom Entomoneis (19% protein, 0.4% lipid) as a minor
feed ingredient (≤50 g/kg) in diets for S. salar. No negative impact on either growth, feed intake or
FCR was noted over the experimental period.

5.2. Shrimp

The use of microalgal SCP and SCO has been particularly active in shrimp nutrition and has been
examined in a range of studies in the past decade [124–134].

The majority of the studies found to have examined microalgal SCI resources were those focusing
on the application of omega-3 enriched SCO resources as a means of replacing fishoil and/or fishmeal.
The earliest study found was that by Patniak et al. [124], who examined the inclusion of two different
SCO sources in diets for Pacific white shrimp, one a microalgal Schizochytrium SCO meal (rich in
DHA) and the other a fungal Mortierella SCO meal (rich in 20:4n-6). In this study the authors
combined both SCOs into either of two diets at different inclusion levels (5 g/kg up to 20 g/kg) and
compared performance against shrimp fed a fishoil (Menhaden) control and a commercial reference
diet. At the end of the 15-week study there were no significant differences among any of the treatments,
although numerically the commercial reference performed the best and the fishoil control the worst.
In a subsequent series of two studies, Samocha et al. [125,126] also examined the inclusion of a
Schizochytrium SCO meal (rich in DHA) and a Mortierella SCO meal (rich in ARA) in Pacific white
shrimp. In the first study, fishmeal free diets were supplemented with both SCOs (at up to 50 g/kg
inclusion) or fishoil (Menhaden), whilst also testing the application of some other novel protein
resources. None of the SCO diets produced growth equal to that achieved with the fishoil treatment,
although the inclusion of the SCO resources resulted in better growth than from shrimp fed the diets
with no added LC-PUFA. In a second study, the two different SCOs were examined at various different
inclusion levels (maximum of 5.2 g/kg). In particular, the authors were examining the response of
shrimp to changes in the level of ARA (20:4n-6), with only one diet made to be relatively deficient
in DHA. Ironically, all shrimp in each treatment grew well, but again those fed the fishoil control
grew significantly better than any of the microalgal SCO treatments. Shrimp fed the diet deficient
in DHA grew the poorest, indicating that the shrimp were more sensitive to changes in DHA level
than ARA level. But that all the microalgal SCO diets grew poorer than the fishoil based control diet
perhaps indicates other constraints with these resources as well. Notably, the levels of ARA and DHA
in the muscle reflected those of the diet, but the level of EPA (20:5n-3) in the muscle, in most cases
exceeded the levels of ARA in each treatment despite that its levels in the diet were generally lower
than those of ARA. A similar Schizochytrium SCO meal was fed to Pacific white shrimp post-larvae
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by Wang et al. [129]. These authors found that inclusion of up to 60 g/kg was well utilised by the
shrimp, with best performance observed at 20 g/kg inclusion. A similar result was reported by
Allen et al. [130] who also used a Schizochytrium SCO meal was fed to Pacific white shrimp. The use of
an Aurantiochytrium SCO was reported by Araujo et al. [131], who included this microalgal SCO in diets
for Pacific white shrimp at a range of levels up to 10 g/kg. The authors noted an improvement in growth
with increasing inclusion level of the Aurantiochytrium SCO as well as increase in the DHA content of
the lipids of the shrimp muscle. Another recent study also reported the use of an Aurantiochytrium SCO
as a source of n-3 fatty acids in the diet for Pacific white shrimp [132]. Similarly, these authors found
that the inclusion of the microalgal SCO improved growth of the shrimp when included at 40 g/kg in
the diet, replacing about 50% of the fishoil. Additionally, with the use of the Aurantiochytrium SCO an
increase in the levels of DHA in the shrimp tail muscle was observed.

In contrast to the previously detailed studies, which focus on omega-3 supplementation via a
range of microalgal SCO resources, Ju et al. [127] examined the use of a defatted Haematococcus pluvialis
SCP in diets fed to Pacific white shrimp. In this study the authors found that in addition to being
a useful protein ingredient, that the Haematococcus SCP was also an excellent source of carotenoids.
Testing inclusion levels up to 120 g/kg, the authors found that there was no growth loss, even at the
highest inclusion level, despite that the diets were also formulated to be low-protein thereby increasing
the sensitivity of the experiment to changes in protein quality. Additionally, there was a concomitant
increase in astaxanthin content in the shrimp with every increment of the Haematococcus SCP which
was also noted as an increased redness of the shrimp.

The effect of a Nannochloropsis SCP on post-larval kuruma shrimp (Marsupenaeus japonicus)
performance was evaluated by Adissin et al. [133]. The SCP was included at various inclusion levels
up to 70 g/kg. An oil extract from the Nannochloropsis was also evaluated at inclusion levels of 35 and
14 g/kg. Increasing inclusion of the SCP resulted in improved growth and feed utilisation performance,
despite the fact that there was a concomitant decline in feed intake. In contrast, the inclusion of the oil
extract had no significant impact on performance, suggesting that the benefits observed of the SCP
were not due to its fatty acid contributions.

A heterogeneous microalgal SCP was tested on Pacific white shrimp by Basri et al. [134].
Predominantly comprised of Chlorella sp., but also containing Scenedesmus and Coelastrum among
other microorganisms, the spray-dried green-water culture was serially included in diets at a range
of levels up to 340 g/kg. However, with each inclusion level there was a decline in performance of
the shrimp suggesting that this microalgal SCP was not nutritionally suitable or that the diets had
not been adequately amended to accommodate the SCP. Some improvement in pigmentation of the
shrimp was noted, however.

5.3. Tilapia

Since 2010, the number of studies on the application of microalgae SCIs in tilapia feeds has
strongly increased. The various studies include those on whole-cell microalgae [102,135] and processed
microalgae SCP and SCO resources [15,36]. Except for the study of Sarker et al. [36], all studies in tilapia
examined the potential of microalgae as protein source. Performance comparison between different
types of microalgae as SCP across the tilapia studies has been difficult due to the large variability in
maximal dietary inclusion level (from 5% to 82%; [135,136]), pellet production (cold-pelleted versus
extrusion), details on source of microalgae [137,138], feeding level (restrictive versus satiation) and
type of replacement (fishmeal versus plant ingredients as control).

As with other fish, the palatability of microalgae SCP is a major determinant on growth.
Hussein et al. [137] found that the replacement of corn gluten meal (CGM) by Algamaxx was
dose-dependent. At low levels of replacement (25% CGM replacement), feed intake improved but as
levels of corn gluten replacement increased (≥50% CGM replacement) feed intake was significantly
reduced by up to 50% of the feed intake of the control diet. The response in growth in these
studies [137,138] on Algamaxx followed the same pattern as feed intake. A 5% dietary exchange of
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Chlorella vulgaris by soybean meal did not affect feed intake, but improved growth rate by 15% [136].
Sarker et al. [139] studied the dose response of the dietary substitution of 7% fishmeal by a lipid-extracted
microalgal co-product of Nannochloropsis oculata. This microalgae SCP did not affect palatability but
gave a 26% lower growth rate. This strong decline in growth was most likely caused by the relatively
low protein and fat digestibilities (respectively 73.5 and 60.6%) of this algae co-product. The importance
of digestibility on growth was also demonstrated in a digestibility study on the impact of processing
conditions on Nannochloropsis gaditana (30% dietary inclusion; [15]). Tilapia were fed equal amounts
of protein and the study still showed differences in growth rate, which clearly related to variation
in the digestible protein intake induced by different protein digestibilities of the microalgal SCPs
(Figure 2 [102]). Differences in daily gain between the different SCPs was almost exclusively explained
by the difference in digestible protein intake.
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Isonitrogenous and isoenergetic replacement of fishmeal by a Nannochloropsis SCP resulted in
equal feed intake but led to a 9% reduction in growth. By comparison, fish fed a diet containing 80%
soybean meal also had better feed intake than the microalgae diet, but growth of the soybean-fed fish
was was equal [135]. In this study, the body composition of the tilapia fed with the Nannochloropsis
SCP were more enriched with EPA and DHA compared to the fish fed the fishmeal diet and especially
compared to the soybean diet, reflecting the differences in the levels of these fatty acids in the diets.
Also, the only tilapia study on microalgae SCO [36] showed substantial shifts in EPA and DHA
filet content. Isonitrogenous and isoenergetic replacement of 9% fishoil by 16.1% Schizochytrium sp.
increased filet DHA content by 81% while EPA content declined by 89%, which reflected the fatty acid
pattern of the source of Schizochytrium sp. used. In this study the replaced of fishoil by microalgae
SCO resulted in reduced feed intake by 13%. Despite the lower feed intake, weight gain increased by
13% and coincided with an increase in PER from 2.4 to 3.1 g/g.

5.4. Marine Species

There has also been considerable application of microalgal SCP and SCO in the diets of various
marine-fish species [20,140–144]. Some of the logic behind this is that many of the microalgal sources
are quite rich in the important n-3 LC-PUFA that are so important for the nutrition of many marine-fish
species and, as such, there has been a focus on the use of SCO resources as alternative sources of
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these n-3 LC-PUFA. Early work by Harel et al. [140] demonstrated that SCO resources made from
Crypthecodinium, Chlorella, Schizochytrium and the fungus Mortierella alpina could each be used in various
ways as components of either broodstock diets or larval enrichments for a range of marine fish species.
Results were variable across the different fish species, with some applications showing no differences
among the different SCO resources and others showing an enhanced benefit of Schizochytrium compared
to Crypthecodinium.

A series of studies with European (gilthead) seabream (Sparus aurata) have shown some application
of Crypthecodinium, Nannochloropsis, Phaeodactylum and Schizochytrium SCO resources in starter
feeds [20,142,144]. In the study by Atalah et al. [20], Crypthecodinium and Phaeodactylum SCOs
were included in diets at up to 39 and 48 g/kg respectively. There were no differences in growth
rate among any of the treatments in the study, although fish fed the Phaeodactylum SCO performed
numerically better than fish fed either the fishoil reference or the Crypthecodinium SCO. Survival,
however, was significantly better with fish fed the Crypthecodinium SCO. Ganuza et al. (2008) also
explored the use of Crypthecodinium, but compared its application against Schizochytrium, another DHA
producer in seabream microdiets. In a series of two trials the SCOs were used on both a whole-cell
biomass basis, as well as homogenised. Inclusion of the Crypthecodinium ranged from 20 g/kg up to
156 g/kg, where as the inclusion of the Schizochytrium ranged from 25 g/kg to 212 g/kg. In the two trials,
the first used a protein base of whole squid, whereas in the second trial the diets were based on defatted
squid meal. The amounts of each SCO added were modulated slightly to balance the DHA provision in
each diet. When added to microdiets based on whole squid there were no significant effects on survival
or growth. However, in the second trial with the defatted squid meal none of the SCO treatments
performed as well as the squid lipid reference diet. The main difference between the reference and
the treatment diets was the level of EPA, which was largely deficient in the treatment diets. However,
the experiment did also demonstrate that there was nominal apparent nutritional difference between
the Crypthecodinium and Schizochytrium SCOs. Another study by Eryalçın et al. [142] examined the
use of Crypthecodinium and Nannochloropsis SCO resources. Each SCO was examined individually
(at 80 and 110 g/kg inclusion respectively), with a third treatment examining a combination of the
two. All three SCO treatments were compared against a fishoil based reference. After 34 days, fish fed
the reference diet performed the best and significantly better than both treatments containing the
Nannochloropsis SCO. The fish fed the diet containing the Crypthecodinium SCO meal grew poorer than
the reference, but not significantly so.

Glencross and Rutherford [141] used a Crypthecodinium SCO meal (rich in DHA) and a Mortierella
SCO meal (rich in ARA) in Asian seabass (Lates calcarifer) to define the requirements for DHA in that
species and the impacts that supplemental EPA or ARA had on their performance. Significant impacts
of the Crypthecodinium SCO meal (including at up to 113 g/kg) on growth were noted, although these
cannot be separated from effects of DHA level. Increasing the inclusion of either SCO resource was also
concomitant with an increasing redness score, which was not observed in fish fed the EPA treatment
(no SCO inclusion). This redness was linked to subcutaneous haemorrhaging. While the inclusion of
the Mortierella SCO (included at 75 g/kg) did not impact growth, the FCR was significantly poorer than
that of the fishoil reference (EPA) treatment.

In European seabass (Dicentrarchus labrax) Haas et al. [143] applied SCOs produced from Pavlova
and Nannochloropsis as sources of LC-PUFA. Each of the two SCO resources were included separately at
two different inclusion levels into diets in replacement of the fishoil content. The Pavlova SCO resource
was included at 96 and 192 g/kg. The Nannochloropsis SCO resource was included at 42 and 84 g/kg.
The lower inclusion level of the Nannochloropsis SCO resource reflected its higher level (395 g/kg) of
lipid than the Pavlova SCO (196 g/kg). At the end of the growth experiment, those fish fed the diets
using the Pavlova SCO grew significantly better than those fish fed the Nannochloropsis SCO resource,
with both series of treatments showing a positive relationship between growth and increasing levels of
either SCO resource. The poorer relative performance of the fish fed the Nannochloropsis SCO resource
was mostly linked to a decline in feed intake with increasing inclusion, contrasting an increasing
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level of feed intake observed with increasing Pavlova SCO inclusion. Use of the Nannochloropsis SCO
resource also reduced the level of DHA in the fish but increased the level of EPA.

A Schizochytrium SCO and an Arthrospira (Spirulina) SCP were applied to the diets of red drum
(Scianops ocellatus) by Perez-Velazquez et al. [145]. Each SCI was applied to a series of six diets at
increasing inclusion from 0 to 356 g/kg. The ratio of the Schizochytrium SCO and Arthrospira SCP were
maintained about the same and were used in combination to progressively replace fishmeal, fishoil and
soy protein concentrate. In another treatment all the fishoil was replaced by using the Schizochytrium
SCO. Over the term of the experiment there was a clear benefit to the fish from the inclusion of the two
SCI, although no significant effect was reported based on an analysis of variance (ANOVA), and use of
a regression analysis would have yielded a different result. Comparison of the reference against the
no-fishoil diet showed no difference, suggesting that the benefit seen in the combined inclusion of the
Schizochytrium SCO and Arthrospira SCP was mostly due to the inclusion of the later resource. However,
a significant decrease in the level of crude fat in the whole-body samples was noted with the use of the
Schizochytrium SCO, although it also dramatically increased the whole body DHA content. This was
also seen with the combined inclusion of the Schizochytrium SCO and Arthrospira SCP, which also had a
higher level of DHA in the whole-body fatty acids.

6. Fungal Resources

Yeast is an exceptional SCP since it contains a moderate protein level, is abundant in lysine,
has low toxic potential, can be cultivated on a wide range of substrates and is relatively easy to
produce [146–148]. Yeast is a source of many essential B vitamins and has a balanced amino acid
profile, except for sulphur-containing amino acids. Methionine is commonly supplemented into diets
high in yeast SCP, although recent studies have questioned this necessity since the requirement may be
met by a blend of fish and plant protein meals, such as wheat gluten, in aqua-feeds [39,59]. This next
section reviews a selection of studies examining the palatability and utilisation (growth) responses of
yeast and filamentous fungi for key aquaculture species groups.

7. Salmonids

Work on the application of fungal SCP resources in the diets of salmonids has been an especially
prolific area of research in recent years [41,58,59,148,149]. The use of yeast as a dietary protein for
farmed fish is not a new concept, as studies have investigated this possibility since the 1970s. Species of
Candida were the first yeasts to be used in diets for rainbow trout and they successfully replaced
up to 40% of fishmeal (112 g/kg of diet) without reductions in performance, e.g., growth rate and
feed efficiency [3,150]. Since then, studies in the early 1990s showed that S. cerevisiae can replace 25%
and 50% of protein (321–500 g/kg of diet) for rainbow trout and lake trout (Salvelinus namaycush),
respectively, without reduced fish performance [104,151]. However, the main protein source in these
diets was casein, which does not reflect commercial aquafeeds.

Recently, a study by Øverland et al. [58] compared the application of three different genera of
yeast protein (Candida, Kluyveromyces and Saccharomyces) and found good utility from each of these SCP
resources. Notably a significant improvement in palatability relative to the control diet was observed
through the use of the Saccharomyces SCP. Despite each of these SCP being considered as palatable as
the fishmeal-based reference diet used in the study, none of these resources delivered growth equal to
fishmeal and, consequently, the FCR was also poorer for all three resources. This was consistent to
some degree with the poorer digestibility of each of the resources.

In general, protein digestibility has been found to be lower for diets of S. cerevisiae fed to
rainbow trout, Arctic charr and Atlantic salmon compared to tilapia and marine species [44,58,59].
A study on lake trout found that mechanical disruption of yeast improved growth and feed
efficiency [151]. However, a study on Arctic charr found that feeding pure yeast extract, without cell
walls, increased digestibility but at the expense of reduced fish growth [44]. Even in studies where
digestible protein and methionine are balanced between fishmeal and yeast diets, rainbow trout
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fed higher levels of yeast have been shown to have reduced performance [59,152]. In contrast,
DDGY inclusions of 112 and 180 g/kg in diets for rainbow trout were achieved without reductions in
growth performance [152,153]. However, DDGY inclusion of 223 g/kg and higher resulted in reduced
protein digestibility.

One of the main concerns about using SCP at high dietary inclusion rates is the high content
of nucleic acids, e.g., DNA and RNA [154–156]. In theory, fish should be able to metabolise high
concentrations of nucleic acid safely, due to higher uricase activity in the liver than other animals [104].
However, studies have found that feeding yeast to provide 100% of the protein in the diet of rainbow
trout results in harmful levels of uric acid in the kidney and haemolytic anaemia in the blood [157,158].
Aside from reduced digestibility and high nucleic acid content, reduced pellet quality, and consequently
reduced palatability and feed intake, may limit the use of yeast as a protein source. Studies have found
that pellet quality decreases as yeast inclusion rate in the diet increases, resulting in reduced lipid
absorption and increased pellet losses [152]. More research into lowering the nucleic acid content and
increasing the extrusion conditions for yeast SCP diets is needed to support an increase in the inclusion
and commercial use of this product in aquaculture.

Aside from being an SCP resource, some yeasts have been a source of lipids, pigments, vitamins and
enzymes. Oleaginous yeasts that contain over 200 g/kg in total lipid, such as Yarrowia lipolytica and
Lipomyces starkeyi, have been genetically modified to include high levels of EPA and DHA, which have
been used to replace fish and vegetable oils in diets (200 and 140 g/kg) for Atlantic salmon [84] and
Arctic charr [159] without reductions in growth performance. Phaffia rhodozyma has been reported
to be a natural source of pigment (astaxanthin), amino acids, fatty acids (e.g., 18:2n-6 and 18:3n-3),
vitamins (e.g., niacin) and minerals [94]. Wickerhamomyces anomalus is capable of inhibiting moulds
during feed storage and increasing phosphorus digestibility in feeds for rainbow trout due to high
activity of extracellular enzymes, especially phytase [59]. In addition to DDGY and brewer’s yeast,
there is increasing use of organic waste streams as substrate for yeast production [146]. Some yeasts
also have the capacity to inactivate pathogens, such as prions [160], which increases the potential of
yeast as a biological barrier to disease transmission in the food chain.

7.1. Shrimp

In our review of the literature, we found that the inclusion level of yeast SCP was typically lower
than that for other species, although both yeast and yeast extracts were frequently used, with most
studies focusing on the Pacific white shrimp (Litopenaeus vannamei). We focused on studies that used
yeast as a protein source above 10 g/kg in the diet, although there are several reviews that focus on the
use of yeast and fungal polysaccharides (beta-glucans and MOS) as a probiotics and immunostimulant
for shrimp [161,162].

Several studies that fed yeast SCP to shrimp found similar or increased growth with low inclusions,
while higher inclusions often resulted in reduced growth. A study by Gamboa-Delgado et al. [163]
found similar growth and nitrogen retention among treatments when Pacific white shrimp were fed
255 g/kg of Torula yeast (Candida utlilis), but higher growth when fed a lower inclusion (127 g/kg).
In another study, similar weight gain, FCR and survival were found among treatments when fed DDGY
up to 150 and 300 g/kg in both pond and tank systems [164,165]. For yeast extracts, similar growth,
and feed utilisation among treatments has been found when shrimp were fed an inclusion of 130 g/kg,
while higher diet protein digestibility was observed at 110 g/kg inclusion [166]. However, similar to
fish, FCR was improved when shrimp were fed diets with 180 and 250 g/kg inclusion. In contrast,
feeding 60 g/kg of yeast in plant-based diets resulted in poorer growth, FCR and digestibilities of energy,
protein, and amino acids [167]. The yeast ingredient had a low protein digestibility of 53% compared
to 97% for soybean meal, which suggests the lack of digestibility was the main issue. In addition,
the authors suggested that the yeast diet was stickier and may have reduced palatability. Despite this
study, inclusion levels between 130–300 g/kg can be fed to Pacific white shrimp without reductions in
growth and feed utilisation.
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At very low inclusions, yeast has been used both as a protein source and as an immunostimulant
for shrimp. In a study by Xiong et al. [168], shrimp fed 30–50 g/kg of nucleotide rich yeast resulted
in improved growth, feed utilisation, innate immunity and intestinal morphology. In another study,
feeding 50 g/kg of brewer’s yeast resulted in higher survival following a Vibrio injection at low
salinity [169]. Feeding low levels of yeast to shrimp may be beneficial in partially replacing fishmeal or
soy while increasing disease resistance and gut health.

In addition to Pacific white shrimp, a couple of studies have seen similar effects of yeast SCP on
other shrimp species. In a study with black tiger shrimp (Penaeus monodon), they found an improved
survival and immune response of shrimp fed 100 g/kg of Candida aquaetextoris [170]. In a study with
giant freshwater prawn (Macrobrachium rosenbergii), they found similar growth, FCR and protein
retention in shrimp fed up to 155 g/kg in both clear and biofloc systems, although growth and feed
efficiency were reduced when fed 300 g/kg only in the clear water system [171].

7.2. Tilapia

Inclusion of yeast in diets for tilapia has been more focused on improving growth, feed efficiency,
gut health and disease resistance as well as providing a source of protein. This is not a review on the
use of yeasts and yeast cell walls (beta-glucans and MOS) at 1–50 g/kg of the diet as immunostimulants,
prebiotics or probiotics for tilapia species, as this has been done previously [172]. This section focuses
on feeding yeast as a SCP to tilapia at inclusion levels between 50–500 g/kg, mainly as a bulk source of
proteins in aqua-feeds.

The majority of the research on using yeast as a SCP for tilapia diets has focused on Nile
tilapia, which can tolerate higher levels of yeast in the diet compared to salmonids and shrimp.
However, similar to these species there is a maximum inclusion level in tilapia feeds before we see
negative effects on growth and feed utilisation. Ozório et al. [173] found similar growth and feed
efficiency when Nile tilapia were fed 160 g/kg brewer’s yeast, although inclusion of 270 and 380 g/kg
resulted in reduced growth, protein and lipid retentions. Similar growth was found when tilapia
were fed a mixture of yeasts Saccharomyces cerevisiae and Candida utilis grown on plant waste up to
116 g/kg, although reduced growth and higher FCR were observed when they were fed an inclusion
of 348 g/kg [174]. Faveofori et al. [175] found that growth and FCR for Nile tilapia fed up to 500 g/kg
yeast was similar, whereas only 328 g/kg was ideal for African catfish (Clarias gariepinus). No matter
the species of yeast or tilapia, the maximum inclusion rate of yeast SCP without negative effects on
growth or feed utilisation seems to be between 160–500 g/kg of the diet based on previous research.

Low inclusions of yeast may improve tilapia growth and feed utilisation by providing essential
nutrients and/or stimulating the immune system from yeast-derived beta-glucans and MOS [172].
Abass et al. [176] found higher growth, feed efficiency (i.e., FCR and protein/lipid retention), stress tolerance
to hypoxia and disease resistance to Aeromonas when fed up to 70 g/kg of yeast. However, digestibility of
yeast is typically not as high as fishmeal and some plant proteins, thus high inclusions of yeast usually
result in poorer feed utilisation and fish growth [173]. A decrease in energy and protein digestibility was
found in another study with increasing yeast level despite higher feed intake, weight gain and blood cells
counts when fed 80 g/kg of baker’s yeast [177].

It is important that nutritional studies compare test diets to high-quality reference diets or else
findings may be misleading. For example, a study found improved growth and FCR when Nile
tilapia were fed 450 g/kg yeast extract with supplemented lysine and methionine compared to a
reference diet with no fishmeal and based almost entirely on soybean meal (839 g/kg), although similar
growth and FCR were also found compared to a reference diet of 200 g/kg fishmeal [178]. In addition,
combinations of animal and plant protein sources can improve the tolerance of feeding high-yeast
SCP diets to tilapia. One study focused on Mozambique tilapia (Oreochromis mossambicus) and
found a non-significant increase in growth and nitrogen retention when fed 260 g/kg of Torula yeast
(Candida utilis) with a mixture of meat and bone meal, alfalfa protein concentrate and soybean meal [179].
Conversely, this study compared the yeast-based diets to a reference diet that unusually had 640 g/kg



Fishes 2020, 5, 22 21 of 39

of fishmeal, which indicates that positive effects of yeast may also be masked by high inclusion of
fishmeal in reference diets. Most commercial tilapia diets had on average ~50 g/kg of fishmeal [180],
thus reference diets in nutritional studies should be formulated as such to ensure relevance.

Tilapia can also be raised in very different rearing systems and temperature ranges to salmonids,
which should be taken into account when assessing the dietary effects of yeast. Similar growth and
FCR fed up to 180 g/kg brewer’s yeast in both clear and biofloc systems, although growth was reduced
at 300 g/kg [181]. Effects of feeding 150 g/kg of yeast Kluyveromyces marxianus on growth and muscle
composition of Nile tilapia was monitored over four different seasons where they found feeding yeast
only affected protein content while PUFA (e.g., EPA and DHA) did not differ compared to the control
diet despite seasonal changes in PUFA levels [182].

7.3. Marine Species

Most of the research on yeast SCP has focused on salmonids, shrimps and tilapias, although a
few studies exist that fed yeast to marine fish species. Feeding 548 g/kg of brewer’s yeast resulted in
similar growth and feed efficiency while feeding a lower inclusion level (329 g/kg), improved FCR,
and protein retention for European sea bass (Dicentrarchus labrax) [183]. In addition, there was no
effect of methionine supplementation in the highest yeast diet. Feeding 58 g/kg of yeast extract
and 230 g/kg of brewer’s yeast resulted in increased growth and feed intake in gilthead sea bream
(Sparus aurata) [184]. For hybrid striped bass (Morone chrysops × M. saxatilis), similar weight gain,
feed efficiency and survival were found when fed up to 40 g/kg brewer’s yeast, although fish had
higher survival after a bath infection with Streptococcus iniae [185]. The tolerance of high inclusion
levels of yeast SCP seems to depend on the marine species and more research is needed to determine
acceptable feeding levels and benefits to growth performance and feed utilisation.

8. Bacterial Resources

In contrast to the volume of work with microalgal SCI resources, studies that deal with the
specific application of bacterial resources in the feeds for aquaculture species have been relatively
rare [8,186]. Although work began on bacterial protein production about 50 years ago (even earlier if we
consider Spirulina, which has long been used as a feed ingredient [187]), the revival of these resources
has attracted some attention in recent years as a de novo source of producing protein, those that
are non-competing with human food production based on the production of other plant or animal
resources. What we could not find, however, were any studies where bacterial resources had been used
to create a viable SCO resource. There has also been some speculation on the environmental credentials
of some of the methanotrophic bacterial production systems in terms of their use of greenhouse
gases, although whether there is credibility to that argument or not remains another question [188].
However, these resources too are certainly progressing both in terms of becoming reliable sources
of protein [8,186]. This next section reviews a selection of studies examining the palatability and
utilisation (growth) responses of key aquaculture species groups fed bacterial SCP resources.

8.1. Salmonids

A range of studies has demonstrated the potential benefits and issues of different bacterial SCP
on the growth and utilisation by salmonids [3,4,62,107,189,190]. Most of the initial studies focused
on bacterial SCP used rainbow trout (O. mykiss) as a test species. From as early as the late 1970s,
studies using a Pseudomonas bacterial protein at up to 450 g/kg inclusion were reported [3]. At each
inclusion level in that study, however, up to 450 g/kg inclusion, the SCP resulted in poorer feed
intake and growth than that of fish fed the commercial reference diet, but the design also used
varying dietary protein levels resulting in dual variables of protein level and protein sources in the
design. A subsequent study using a Methylophilus bacterial protein, and a more orthodox experimental
design, was assessed in diets for rainbow trout and shown to support good growth and protein
utilisation with inclusion levels as high as 350 g/kg, although levels above 210 g/kg resulted in poorer
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feed intake [4]. Kiessling and Askbrandt [191] examined the inclusion of two different bacterial
sources of SCP (Brevibacterium lactofermetum and Bacterium glutamaticum) at 0, 40, 80 and 160 g/kg
inclusion in diets balanced for digestible protein fed to rainbow trout. The Brevibacterium bacterial SCP
supported equivalent growth at up the 160 g/kg inclusion level, with feed efficiency also not impacted.
The inclusion of the Bacterium SCP however, resulted in poorer performance at every inclusion level and
this was exacerbated with increasing levels. Studies by Perera et al. [189] reported increased feed intake
but poorer growth of rainbow trout fed diets with increasing dietary levels (0, 174, 435 and 696 g/kg) of
a (undefined) bacterial SCP. At an inclusion of 174 g/kg their growth was not significantly poorer than
that of the control based on an ANOVA but based on regression it was shown to have been impacted
at every inclusion level. The most recent study examining a bacterial SCP with rainbow trout was that
of Aas et al. [190] who tested a Methylococcus-based SCP and an autolysate of that same bacterial SCP.
No significant effects on feed intake or growth were observed in the study, but performance of the fish
fed the autolysate of the bacterial SCP were numerically lower than that of both the control and the
standard bacterial SCP at the same inclusion level. The study also demonstrated that initial poorer feed
intake of diets with high inclusion levels (270 g/kg) were ameliorated over time, suggesting that initial
effects may be linked to palatability issues of the SCP. A recent study examined the application of an
SCP produced from Methylobacterium extorquens in diets for rainbow trout [64]. The Methylobacterium
SCP was included in diets at 0, 50 and 100 g/kg and used to replace soybean meal. A non-significant
decline in growth was observed with increasing inclusion of the SCP, which was linked to a decline in
feed intake. However, significant improvements in survival were observed with increasing inclusion
level of the SCP.

More recently the focus has been more on the application of bacterial SCP in the diets of Atlantic
salmon (S. salar). Storebakken et al. [106] examined the serial-inclusion of a Methylococcus based SCP in
the diets of and found that when included above 99 g/kg that there was a significant decline in weight.
Despite this decline in weight, there was an increase in body lipid content similar to what was observed
by Kaushik and Luquet [5], with rainbow trout. However, there was a clear adaptation of the fish to
the SCP over the 12-months of the study. By the later stages of the trial the fish were able to effectively
tolerate diets including up to 193 g/kg of the Methylococcus SCP. It was not possible to determine if these
effects were linked to feed intake or utilisation as no intake data were presented in the publication.
A subsequent study by Berge et al. [192] evaluated the same SCP at two inclusion levels (100 and
200 g/kg) offsetting a high-quality fishmeal in diets fed to Atlantic salmon. Both feed intake and growth
were numerically, but not significantly, lower after the 5-month study as a result of the inclusion of
the bacterial SCP, with effects more pronounced at the higher inclusion level. Feed conversion was
also poorer at the higher inclusion level, especially at earlier stages of the study. In contrast to other
studies, the lipid levels in the carcass were lower at the higher inclusion levels of the bacterial SCP.
More recently, studies with Atlantic salmon have reported improved growth rates, feed conversion and
protein utilisation with Methylococcus SCP included in diets at up to 360 g/kg [107]. This improvement
in growth was independent of feed intake, which did not vary between the treatments demonstrating
that the benefit was due to the inherent composition of the bacterial SCP rather than an intake mediated
effect. In particular, a significant reduction in branchial + urinary nitrogen losses and maintenance
energy losses was observed with increasing inclusion of the bacterial SCP. The application of a Spirulina
SCP to the diets of rainbow trout has also been trialled [193]. In that study the authors found that the
fish could tolerate up to 100 g/kg inclusion of the Spirulina SCP, but levels above that were not tested.
No decline in palatability at any inclusion level was noted.

8.2. Shrimp

Of the bacterial SCP studies reported in shrimp, most centre on the application of Spirulina [194–196].
Very few studies were found on other bacterial SCP products [197]. By contrast, there were many
studies examining the application of microbial bioflocs, which include bacterial biomass, but those
will be covered in a later section. There were several studies that reported the evaluation of bacterial
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fermented plant-products [198,199] but, given that the bacterial component of those is so small, they will
not be considered in the context of this review.

A study by Hanel et al. [194] examined the replacement of fishmeal by a lyophylized powder
of Spirulina in diets for Pacific white shrimp (L. vannamei). These authors found that by adding
powdered Spirulina to a shrimp diet that they were able to significantly improve the performance of
that diet to become equivalent to that of a higher-quality diet. Not only were there improvements in
growth, but also pigmentation benefits were noted. Other studies have also shown benefits beyond
nutrient source provision from Spirulina in shrimp. Silvia-Neto et al. [195] reported improvements in
palatability when Spirulina SCP was included, whereas Machias-Sancho et al. [196] found that a small
inclusion (100 g/kg) stimulated the production of granular hemocytes in the hemolymph of the shrimp.
Good growth performance was also observed in this study up to an inclusion of 300 g/kg, above which
there was a significant deterioration in both growth and feed conversion.

The only study found to have examined the use of a non-Spirulina bacterial SCP with shrimp
was that by Hamidoghli et al. [197], who examined the use of a Corynebacterium ammoniagenes SCP
product (PROTIDE™). In that study the authors trialled a series of five inclusion levels from 0 to
80 g/kg in diets fed shrimp and found that above 40 g/kg inclusion there was a significant decline in
growth, although no commensurate decline in feed intake. This suggests that the problem with the
Corynebacterium SCP was not due to palatability, but rather the utilisation potential of the ingredient or
the presence of some anti-nutrient.

8.3. Tilapia

Several studies examining the use of a Spirulina SCP have been reported with Nile tilapia
(O. niloticus) [61,200]. In the study by Olvera-Novoa et al. [61], a Spirulina maxima SCP was added to
diets of fry at a series of inclusion levels up to 525 g/kg. However, there was a progressive decline in
growth with every inclusion level which was significant based on ANOVA at the 300 g/kg inclusion
level. The deterioration in growth was mostly driven by a deterioration in palatability with increasing
Spirulina SCP inclusion. A similar study by Velasquez et al. [200], also serially evaluating the inclusion
of a Spirulina SCP at up to 500 g/kg inclusion, found a similar response with a decline in performance
at the highest inclusion level, linked to poorer feed intake, but a slight improvement in growth at
moderate (190–390 g/kg) inclusion levels.

8.4. Marine Species

There have been relatively few studies on the application of bacterial protein resources in the
diets of marine species. In addition to the suite of studies undertaken with rainbow trout and Atlantic
salmon on the Methyolocuccus SCP, Aas et al. [201] also evaluated the same SCP resource in Atlantic
halibut (Hippoglossus hippoglossus). Performance of the halibut was examined at either of three inclusion
levels (0, 90 and 180 g/kg). A negative impact was observed on growth and feed intake at the 180 g/kg
inclusion level, but not at the 90 g/kg inclusion level. Of the other studies with marine fish that
were identified, both examined the use of a purple phototrophic bacterial biomass when included
in diets for Asian seabass, but each comprised a different bacterial species [202,203]. The earlier
study by Shapawi et al. [202] examined the use of a Rhodovulum SCP at very low inclusion levels
of 3, 6 and 9 g/kg and found no impact on growth or feed intake over the 12-week duration of the
study. The later study, by Delamare-Deboutteville et al. [203], examined the use of a mixed culture of
purple phototrophic bacterial (PPB) biomass based on Rhodopseudomonas sp. and Rhodobacter sp. In the
second study, fishmeal was progressively replaced by the PPB at 0, 100, 200 and 300 g/kg in the diet.
After 7 weeks of feeding on the diets there were clear, significant effects on growth and FCR of PPB
inclusion at every inclusion level based on a regression analysis of the data. The effects were not linked
to palatability effects, with no significant differences in feed intake among the treatments.
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9. Biofloc Resources

The heterogenous mix of each of the other single-cell resources, combined with by-products
from each, to produce a flocculated bio-aggregate known as a biofloc, presents a greater degree of
complexity as a feed ingredient [17,65,204]. Although the characteristics of these SCI are highly diverse
depending on the various production parameters employed, most such studies have focused on
protein production utilising in situ nitrogenous inputs with added carbon inputs to fuel the microbial
productivity [66,72,73]. Notably, several studies have also been reported where nutritional components
other than protein were the focus of production [204–206]. This next section reviews a selection of
these studies examining the palatability and utilisation (growth) responses of key aquaculture species
groups fed these resources.

9.1. Shrimp

Shrimp perhaps represent the main species where biofloc SCI products have been applied with
some success in the past decade [75–77,206,207]. Various types of harvested microbial bioflocs have
been produced, including those from specific pond-based production, sequencing-batch reactors,
and recirculated aquaculture systems [75,76,206,207]. Notably, the different systems have reported
markedly different compositions of the protein content in the bioflocs, with a 10-fold range in levels
from ~50 g/kg to 500 g/kg.

Application of a biofloc SCI in the diets of both Pacific white shrimp (L. vannamei) and black
tiger shrimp (Penaeus monodon) species have shown some remarkable properties in being to be able
to stimulate the growth of shrimp, in some cases by more than 50% [75–77,206,207]. Early studies by
Ju et al. [206] included whole and various biofloc fractions in diets fed Pacific white shrimp and found
that adding an intact biofloc to the diet at 200 g/kg improved the growth rate about 17% and that this
bioactive benefit could be attributed to the acetone-soluble fraction, which was suggested to contain
carotenoids, bromophenols and other phenolic compounds. Other studies examining the inclusion of
bioflocs have also reported growth improvement. Kuhn et al. [75] reported an improvement in growth
of Pacific white shrimp of ~50% when using a high-protein (490 g/kg) microbial biofloc produced using a
sequencing-batch reactor, included at 157 g/kg in the diet. By contrast, Glencross et al. [76,77], who used
a low-protein microbial biofloc (~40 g/kg) in two separate studies at 100 g/kg inclusion in diets fed to
black tiger shrimp, reported growth improvements of 42% and 50%, respectively. This consistency in
performance, despite the vagaries in protein level seem to insinuate that the bioactivity is not linked to
the protein content of the biofloc and reinforces to some extent the observations of Ju et al. [206].

The growth stimulation benefits reported by various groups have also been used in various
practical applications to compensate for either a reduction in diet protein or the complete replacement
of all marine resources (fishmeal and fishoil) in shrimp diets. In the case of compensating for a decrease
of dietary protein levels from 480 g/kg protein to 360 g/kg protein a significant improvement in the
utilisation efficiency of protein was also observed [77]. Other studies have demonstrated that it is
possible to produce shrimp with no losses in growth or feed efficiency when using zero marine resource
inclusion (i.e., no fishmeal or fishoil) [76,207]. In both the study by Bauer et al. [204], and the study by
Glencross et al. [76], the authors noted an improvement in the FCR with increasing inclusion of the
microbial biomass, this was in contrast to the study by Arnold et al. [205] where it was shown that one
of the main benefits of the microbial biomass addition was that it stimulated feed intake, with no effect
on FCR being observed, but significant effects on growth.

9.2. Tilapia

Azim and Little [208] demonstrated that Nile tilapia (O. niloticus) production was enhanced if
the fish were cultured in situ with a microbial biofloc. The use of a high (350 g/kg) or low (240 g/kg)
protein diet did not affect the composition of the biofloc produced, which had a protein content of
~380 g/kg. Although produced in situ, the authors did make substantial comment about the nutritional
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quality of the biofloc as a fish food. In comparison to fish fed the same diet but without biofloc present,
a 43% enhancement in growth was noted, along with a 30% improvement in FCR, indicating that there
was both an increase in feed intake, as well as nutritional quality. In a second study by these authors,
they focused on the production of the biofloc as a separate protein resource based on the discharge from
Nile tilapia production and were able to produce a biofloc with 500 g/kg of protein [209]. However,
recent work by Simon et al. [210] demonstrated the 100 g/kg inclusion of a microbial biofloc in the
diets of Nile tilapia resulted in a significant improvement in growth (~35%) despite the fact that the
microbial biofloc (Novacq™) material was almost devoid of protein. The authors noted that the main
effect was an improvement in feed intake, with no improvements in FCR observed.

9.3. Salmonids and Marine Species

In contrast to all the studies examining the application of microalgal, fungal and bacterial SCP,
no studies were found that had examined the application of a microbial biofloc on any salmonid or
marine species. Given the interesting responses observed with other species, this is something that
perhaps needs to be reconsidered.

10. Immunological and Health Allied Assessments

Several studies with various SCI have reported positive effects on immunological, microbiome and
inflammatory responses in different species through the use of microbial products. In particular,
some microbial products are known to contain relatively high levels of certain immunostimulatory
molecules such as nucleotides, peptidoglycans, and β-glucans among others. As such their inclusion in
feeds brings these accessory molecules in addition to the protein and lipid content of the SCI. In many
cases the various microbial products have been secondarily processed to concentrate these bioactive
molecules to potentiate their impact [211–214].

Several studies with microalgal products affecting the immune function have been reported.
Kousoulaki et al. [114] reported improvements in goblet cell proliferation, mucus production and
inducible nitric oxide synthase activity in Atlantic salmon fed a Schizochytrium SCP. Distinct effects
on the microbiome of the gastrointestinal tract of rainbow trout were reported by Lyons et al. [214],
with the inclusion of a Schizochytrium SCP. Although the microbiomes in both the test and control
fish were similar, the diversity of the microbiome in the fish fed the Schizochytrium SCP was greater.
The application of a Navicula SCP in the diet of gilthead seabream (S. aurata) was found to stimulate
various innate immune and inflammation parameters [215].

Substantially more work was found on the immune response of aquaculture species,
especially shrimp, fed various fungal products. This likely stems from the known presence of
high levels of β-glucans and nucleotides in Saccharomyces yeast products. In most cases, however,
these resources had been processed to concentrate these β-glucan fractions before they are applied at
relatively low inclusion levels in feeds [211,216]. However, the impact of such β-glucan fractions on
the immune function of black tiger shrimp as expressed by phenoloxidase activity of the haemolymph
was notable [211]. Similar benefits to Pacific white shrimp when challenged with a Vibrio sp. bacterial
challenge were also reported [216]. Another study, but this time using a Candida yeast product,
included at 100 g/kg, fed to black tiger shrimp, before a challenge against white-spot shrimp virus,
produced enhanced resistance to the virus [170]. More recently, a study with post-smolt Atlantic
salmon fed a Candida yeast product found that this SCP enhanced the expression of a variety immune
system parameters of the fish, whilst also reducing inflammatory processes [217].

Various impacts of a Methylococcus bacterial SCP on the reduction in intestinal inflammation in
Atlantic salmon have also been reported [212,213,218]. This has been shown to benefit the amelioration
of soybean-induced distal enteritis and a particular fraction of the resource (the cell-wall) has been
implicated as conferring this benefit [212,213].

Some biofloc-based products have also been reported to have positive effects on the immune
system of various species [67,216,219,220]. In black tiger shrimp, improvements to specific pathogen



Fishes 2020, 5, 22 26 of 39

(gill-associated virus) resistance have been reported through the use of a biofloc-based product
(Novacq™) [98]. Grassi et al. [219] also reported an increased antioxidant status (based on reduced
levels of TBARS of the plasma) of Nile tilapia when fed various microbial biomasses (bacterial and
fungal) at very low levels (<5 g/kg). Positive effects on the immune response (phenoloxidase and
respiratory burst) and disease resistance of Pacific white shrimp to infectious myonecrosis virus fed a
microbial biofloc grown on different carbon sources were reported by Ekasari et al. [67]. Zhao et al. [220]
also noted improvements in haemocyte count, bacteriolytic and antibacterial activity in Pacific white
shrimp fed a microbial biofloc.

11. Processing Effects (Functionality)

There have not been many studies examining the influence of different SCI of feed-processing
effects. In these types of study, research usually involves different formulations being tested in extrusion
or pelleting processing systems with subsequent assessment of pellet qualities [18,19]. In terms of effects
of inclusion into aquaculture diets, few studies have specifically reported many effects. The effects
of a Schizochytrium SCP on the physical properties of an extruded salmon feed were reported by
Samuelsen et al. [221]. As a high-lipid ingredient, it was suggested that there may be problems with
high inclusion of Schizochytrium SCP in extruded feeds. In this study, the authors examined the
inclusion of the Schizochytrium SCP in an extruded salmon formulation using a mixture-modelling
approach with inclusion levels up to 222 g/kg. Generally, increasing the inclusion of the SCP reduced
the specific mechanical energy, viscosity, and melt temperatures of the extrudate, which resulted in
pellets produced with a lower hardness and durability. Optimal inclusion of the Schizochytrium SCP
for pellet physical parameters was suggested to be around 132 g/kg. Øverland et al. [222] reported
the effects of different bacterial protein sources (basic or homogenate) when included into extruded
salmon diets. The authors found that the bacterial SCPs increased bulk density and hardness of the
pellets but reduced the pellet durability. There were only minor differences in effects of the different
sources of bacterial protein. No specific studies on the influence of fungal SCP or bioflocs on extrusion
or other feed processing parameters were found.

Another aspect of processing effects that has been examined is the way that SCI are themselves
processed and how this affects their inherent value. For example, the processability of different
microalgal and cyanobacterial species has been assessed in terms of their cellular rupture through the
bead-milling process [15,102]. In that study the authors found that there were marked differences
among the microalgal and cyanobacterial species in their rate of release of protein following bead
milling. Spirulina was easily ruptured and released its protein very quickly within 10 min, whereas the
microalgal sources of Nannochloropsis, Chlorella and Scendodesmus all took much longer, up to an
hour, to achieve the same level of protein release. Examination of number of intact cells in each
sample over time showed that the microalgal cells were simply much more resistant to rupture than
the cyanobacterial cells. Processing of SCI often involves a drying step to enable inclusion in to
extruded/pelleted feeds. Teuling et al. [14,15] compared different processes to rupture Nannochloropsis
cells followed by either drum drying and freeze drying. Next to the effects on nutrient digestibility,
also larger contrasts were present in the content of Maillard reaction products. In the different processed
Nannochloropsis biomass, which originated from the same source, substantial differences in Maillard
reaction products were present; e.g., the furosine content ranged between 0.8 and 11.4 g/kg protein and
the true lysine as percentage of total lysine between 52% and 97%.

12. Product Quality Influences

One of the primary applications of many of the SCO resources has been to fortify the flesh of
target species with an increased level of n-3 LC-PUFA [22,86,114,115]. Consequently, there has been a
proliferation of studies assessing aspects of product (flesh) quality influences when fed various SCOs.
While most of the work in this area has been with Atlantic salmon, there is a spread of studies on
several other aquaculture species as well.
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A series of studies by Kousoulaki et al. [86,114,115] has reported benefits to flesh quality from the
inclusion of a Schizochytrium SCP in feeds for Atlantic salmon. In addition to an elevated level of both
EPA and DHA, improvements to various other in the flesh quality attributes, including pigmentation,
reduced gaping, and the absence of melanin spots have also been observed [86,114]. Additionally,
the authors found no impacts on the sensory attributes of the flesh from fish fed the Schizochytrium
SCP based on the analysis of a trained sensory panel [115]. In addition to reporting enhanced levels
of DHA in the flesh of Atlantic salmon fed a different Schizochytrium SCP, Sprague et al. [122] also
reported a reduction in the levels of persistent organic pollutants such as polychlorinated biphenyls.

Various flesh quality responses with other microbial SCP and other aquaculture species have
been reported [195,219,223]. Lu et al. [223] fed Nile tilapia with raw Spirulina as the sole feed input
and found a series of flesh quality traits, assessed both mechanically and sensorially, had improved,
making the fish more suitable for sashimi. Also using Spirulina, Teimouri et al. [193] reported improved
pigmentation in rainbow trout compared to fish fed a non-pigmented control diet. An improvement
in the colour of fillets of Nile tilapia when fed various microbial biomasses (bacterial and fungal),
at very low levels (<5 g/kg), was also reported by Grassi et al. [219]. This effect was concomitant with a
reduced level of malonaldehyde in the fillets which was used as a measure of antioxidant status.

13. Next Steps

One of the clear advantages that many of the microbial SCI have over other ingredients is
their non-competitive nature with utilisation of many of our planet’s limited resources for their
production [224]. In a future when there is likely to be increased competition among the different
animal-feed sectors and needs for the human food supply, the capacity to produce new sources
of nutrients, beyond those that are currently produced, is a clear imperative. Indeed, some recent
assessments have suggested that it might be possible to produce a protein yield several times higher
than that of soybean production using the same land footprint and direct capture of atmospheric CO2

and renewable electricity [224]. Such sustainability claims provide some indication of a new emerging
priority in ingredient assessment, that of life-cycle assessment analysis and further work in this area
is warranted [225,226].

Among the many SCP and SCO resources that have been evaluated, it is clear that some have some
clear potential for use as ingredients in aquaculture feeds [5,8,227]. One of the key benefits of many of the
SCI resources is that they confer certain biological activities through various constituents they possess
(e.g., β-glucans, omega-3, nucleotides, poly-hydroxybutyrate or peptidoglycans). The processing of the
various SCI to increase the concentration of these molecules might also offer opportunities to produce
lower-cost co-products rich in protein [37,40]. As such, a co-product approach to production might
help reduce the overall costs of production [7,83].

However, the main industrial limitation upon their use appears to remain an economic not a
technical one [228]. Like all ingredients, the various microbial SCP and SCO have critical price points
at where they compete [10]. This price point can be manipulated to some extent by value-adding
through a concentrating process or addition of secondary points-of-value [37,83]. The other element
to this equation, of course, is the reduction of cost of production of the various products. Therefore,
another priority needs to be focused on developing methods and strategies for larger-scale and
lower-cost production of the various resources using open-field systems that might be another
avenue [224]. Presently, most SCP and SCO resources are produced using capital-intensive fermentation
systems so as to exert greater control over the production process [5]. The production of most of these
resources requires the input of various carbon and/or nitrogen resources (among other things) and
efforts need to be continued to identify ways of reducing these input costs, while maintaining qualities
and increasing productivity.

One of the obvious features noted through conducting this review, in following the ingredient
assessment steps as advocated by Glencross [18], was that very few, if any, of the ingredients examined
can presently fulfil criteria in each of the seven steps. Therefore, in progressing the development of
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any of the latest generation of novel single-cell ingredients, clearly completing the “check-list” and
resolving any weaknesses identified will provide a clear path forward and help further de-risk future
applications in aquafeeds. Unfortunately, because of the huge variability in raw materials, such a
“check-list” needs to be followed on a case-by-case basis.
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