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Single cell protein (SCP) is the first product of the fermentation process and has proven to be a good protein alternative.
Food competition is becoming more intense as the world’s population continues to grow. Soon, SCP may be able to
compensate for a protein deficit. Various global businesses are focusing on SCP production, and the scope of its
application is expanding as time and knowledge increases.
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| 1. Introduction

The world population is continuously increasing. By 2050, the world population could increase to 9.3 billion @& which at
current consumption levels would cause the global demand for animal-derivative protein to reach 1250 million tons per
year Bl. On the other hand, recent evidence has shown that almost 690 million people in the world (8.9 percent of the
world population) are estimated to have been undernourished in 2019, and this is estimated to exceed 840 million by
2030. The most affected regions are Africa, Asia, Latin America and (to a lesser extent) the Caribbean . Forecasting
studies have shown that population increase will also be accompanied by economic progress, and consequently the
increase in the living standard of about 3 billion people. It means that not only will water and food demands increase, but
also the number of people who have more exigencies for food quality &I,

The United Nations Food and Agriculture Organization (FAO) describes proteins as macromolecules that make up the
structural components of cells, tissues, muscles and organs. Proteins are required for metabolic function and are the
nitrogen source for both humans and animals to build the structural and functional units required for living. The
composition of a protein’s constituent amino acids reveals its nutritional worth. The most frequent are necessary amino
acids, which humans and animals cannot synthesize. As a result, we consume meat or a protein sources to meet these
needs [,

Single cell proteins (SCPs) are isolated from the cells of microorganisms with high protein content as dried cells and/or as
purified proteins. SCPs show very attractive features as a nutrient supplement for humans as they have a high protein
content with wide amino acid spectrum, low fat content and a higher protein:carbohydrate ratio than forages . SCPs
contain vitamins, e.g., thiamine, riboflavin, pyridoxine, nicotinic acid, pantothenic acid, folic acid, biotin, cyanocobalamin,
ascorbic acid, B-carotene and o-tocopherol; essential amino acids, represented by lysine and methionine; minerals;
nucleic acids and lipids B&, Until now, SCPs have been used for a wide range of purposes, from food (aroma carriers,

vitamin carriers, emulsifying acids, etc.) and feed (pigs, poultry, cattle, fish) production, to the paper and lead industry &
0

Common sources for SCPs are represented by waste and raw materials (starch, fruit, fruit waste, molasses, etc.),
combustible and/or combustible waste and/or byproducts (natural gas, petroleum byproducts, ethanol, methanol,
biomass, etc.) . Methanol is soluble in its aqueous phase at all concentrations, and it can be easily removed from
harvested biomass. Ethanol is a good substrate, but the process is not economically feasible. There are several
advantages to utilizing waste for SCP production; these include the conversion of low-cost organic waste to useful
products and a reduction in environment pollution. The cellulose, hemicellulose and lignin of natural waste wood
originating from agriculture and forestry sources are attractive natural sources of SCP. However, they must be pretreated
chemically (acid hydrolysis) or enzymatically (cellulases) to transform cellulose into fermentable sugars. Domestic sewage
and waste retained from industrial cellulose processing, starch production and food processing can also be utilized.
Agricultural waste has been reported to be an excellent substrate for cost-effective SCP production, the resulting protein-
enriched product being of good quality and suitable for animal feed. It can even be consumed by humans after further
processing 14,



The production of SCP from non-waste sources achieved industrial-scale production in the 1970s but was not
economically competitive with other protein supplements Recently, interest in SCP has been renewed, partly because of
the identification of new, less expensive production processes, but largely due to the realization that SCP production has
vast potential environmental benefits over traditional protein supplements in animal feed 12,

1.1. Historical Background of SCP

Many microorganisms have been directly utilized as food. SCPs can be lifesaving in less privileged areas where
malnutrition is a real and life-threatening problem. A species of alga called Spirulina was grown many years ago in Africa’s
Lake Chad, and was subsequently used as food to compensate for local people’s protein shortfall [&l. Germans reportedly
utilized a certain species of Candida in their meals during World War 1, including sausages and soups. Proteins generated
from bacterial, fungal and algal cultures were widely used in food and as food from then on. The concept of SCP arose
from this method, and these proteins are now widely used 13!,

1.2. Applications of SCP

SCP produced on commercial scale is used 13;
« In animal feed and nutrition, for the stuffing and fattening of poultry, laying hens, calves and pigs.

« As food additives (vitamin and aroma carriers and emulsifying agents), to enhance nutritional value (of baked food
items, ready-made meals, soups, etc.) and as starter cultures (baker’s, brewer’s and wine yeast).

« Inindustrial processes, as a foam-stabilizing agent and in paper and leather processing.

1.3. Mechanism of Production

There are different kinds of substrates, as categorized in 241:

High-energy resources: gas oil, hatural gas, ethanol, methanol, n-alkanes and acetic acid

Renewable plant resources: starch, sugar and cellulose
« Various wastes: sulfite waste liquor, molasses, whey, milk and fruit waste
« Carbon dioxide

The choice of substrate is made according to cost, availability, oxygen required during fermentation, quantity of heat
produced and cooling capacity of the fermenter, but also the cost related to post-treatment processing B4, Selected
substrates are used as a growth medium by microorganisms such as bacteria, algae, fungi and yeast for increasing their
cell mass, which is made up of SCP 15, Fermentation is the main process responsible for SCP production 8, as shown
is Figure 1.
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Figure 1. General steps during industrial production of single cell proteins.

The available biomass is harvested when the fermentation process is completed and can be used as a protein source &,
The biomass is processed further by purification, cell disruption, washing and protein extraction 28 to provide high



production rates with high yields.

The demand for protein is increasing due to changes in food consumption patterns. However, the reliance on animal and
dairy production to meet the growing demand for protein is ultimately unsustainable [El. Hence, alternative sources should
be explored to supply food for humans and animals 22,

SCP is widely viewed as a potential co-product that could boost the economic potential of a biorefinery process that is
otherwise unprofitable and lower the downstream processing costs associated with the disposal of process waste. It is
preferable to sell residual biomass as feed rather than as fertilizer. This can be seen in numerous publications in which
specific waste products are converted to SCP and are assessed as food for specific animals &,

| 2. Bacterial Metabolism

Bacteria have a wide range of metabolic processes characterized by enzymatic assimilation (the intake and use of organic
and inorganic chemicals required for cellular growth and maintenance) and dissimilation reactions (the oxidation and
breakdown of substrate). Assimilation reactions are endergonic, which means they require energy, whereas dissimilation
reactions are exergonic, which means they generate energy. These reactions form the basis of the bacterial cell's self-
replication and are involved in critical functions of the cell [22,

Vasdekis and Stephanopoulos (2015) describe bacteria as cells that can value the energy they capture from the
environment to accomplish their essential operations, thanks to their particular energy-transforming ability 21. Chemical
energy is conserved in adenosine triphosphate (ATP), adenosine diphosphate (ADP) and/or molecules with a thioester
link (e.g., succinyl SCoA and acetyl SCoA). These compounds have high energy phosphate bonds, which are used by
enzymatic systems to synthesize new compounds needed for cell existence and development.

Bacterial enzymatic systems include B-complex vitamins as functional coenzymes that are involved in cell growth and
energy transformation processes by catalyzing many oxidation—reduction reactions 22,

SCP metabolism involves the biological oxidation of organic compounds and yields simple organic and/or inorganic
compounds together with ATP. The bacterial cell needs these compounds for anabolic pathways. Two modes of energy
production are known in bacteria within heterotrophic metabolism: anaerobic respiration or fermentation (Figure 2A) and
aerobic respiration (Figure 2B). Energy production may occur in both aerobic and anaerobic environments.
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Figure 2. Bacterial metabolism by fermentation (A) and aerobic aspiration (B). TCA, tricarboxylic acid.

| 3. Algal Metabolism

The micro-algal metabolism refers to processes that include both biochemical mechanisms and nutrient transport. Intake
nutrients are converted through a metabolic pathway into nutritional principles needed for vital processes, such as growth,
reproduction and defense mechanisms. The mechanisms for the acquisition of carbon supplies, light capture, assimilation



of nutrients (nitrogen and sulfur) and synthesis of the unique secondary metabolites make the difference between micro-
algal metabolism and the metabolisms of other organisms 23],

The micro-algae display oxygen-evolving photosynthesis, which is a key feature that distinguishes them from other lower
eukaryotes. This metabolic process is characterized by specific reactions often produced in the presence of light, at
thylakoid membrane level. In algae, the basic chemo-organotrophic metabolism is similar to that encountered in bacteria.
In algae, anabolic processes may occur both in the presence of light (photolithotrophic) or in the dark. The
photorespiration process is catalyzed by specific enzymatic systems, including ATP syntheses, the cytochrome b6-f
complex or enzymes specific to the photosynthetic carbon-reduction cycle. In micro-algae, the photosynthetic reactions
yield carbohydrates as phosphates. The algae photolithotrophic metabolism involves pathways that cannot take place in
the dark. There are known linear pathways that produce the synthesis of essential C skeletons, and they use photons,
nitrogen, ammonium nitrate, ammonium sulfate, ammonium di-hydrogen phosphate and carbon dioxide for growth. Micro-
algae that grow in the dark have only organic carbon as a source [24],

Figure 3 outlines the pathways of energy, carbon and oxygen in photosynthesis, photorespiration, dark respiration and
the growth of an alga. No attempt is made to represent stoichiometries.
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Figure 3. Algal metabolism 23], Glyc, glycolate; PCOC, photorespiratory carbon-fixation cycle (or its equivalent); PCRC,
photosynthetic carbon reduction cycle; PGA, 3-phosphoglycerate; Pglyc, phosphoglycolate; RuBP, ribulose bisphosphate;
Rubisco, ribulose bisphosphate carboxylase—oxygenase.).

| 4. Fungal Metabolism

A series of specific reactions characterize fungal metabolism. The catabolic processes consist in the biosynthesis of a
large number of compounds, usually divided into primary and secondary metabolites 2. The primary fungal metabolites,
such as alcohols, organic acids (citric and lactic acid) and amino acids (I-glutamate, I-lysine) are required for growth and
reproduction. The secondary metabolites are not essential for cellular life, but have importance from an ecological point of
view, because they are involved in versatile metabolic pathways and have the capacity to break down organic matter,
which cannot otherwise be recycled 28271, These secondary metabolites are natural compounds, such as small peptides,
amino acids, pigments and products with a potentially toxic action, such as mycotoxins and antibiotics [28129[20[31],

The precursors of the primary metabolites of SCP are intermediate molecules involved in anabolic and catabolic pathways
that may be used for the synthesis of macromolecular subunits (lipids, amino acids, nucleotides) and/or may be oxidized
to generate ATP. Glucose and pyruvate (Figure 4) are used for the biosynthesis of fungal secondary metabolites. They
are linked together as result of reactions catalyzed by enzymes such as dimethyl-allyl tryptophan synthetases (DMATSS),
polyketide synthases (PKSs), terpene cyclases (TCs) or non-ribosomal peptide synthetases (NRPSs). Oligomers result
from these reactions, which are often chemically modified by the action of tailoring enzymes controlled by transcriptional
regulation 22, Macromolecular biosynthesis consists in lipids and amino acids, which are the main nutritional components
of biomass.



NADP Polyketides
Glucose » PPP

NADPH » Terpenes
v » Alkaloids
P A |-
YrURaLE #1 pAcetyCos * Non-ribosomal peptides
3 NADPH
Pyruvate ATP

Lipids

Mitochondrion

¥

Protein — Biomass

» DNA

NADPH
ATP

Figure 4. Fungal metabolism. TCA, tricarboxylic acid; ETC, electron transport chain.

| 5. Yeast Metabolism

In yeasts, the basic metabolic mechanisms are identical for different cells, but the resulting metabolites are different.
Complex enzymatic reactions are involved in yeasts’ metabolism. The metabolic process begins when the substrates
penetrate the cell. Action-specific factors then produce alterations of their basic structure 23, The enzymatic reactions
catalyzing the metabolic processes are needed for different aims: production and development of other cells, oxidation—
reduction reactions which generate carbon dioxide and alcohol. Carbohydrates are the main carbon and energy source for
most yeast species. However, there are known yeast species that use other sources of carbon, such as Cryptococcus
aureus, Cryptococcus laurentii, Hannaella aff. zeae, Tremella encephala and Trichosporon coremiiforme B4, These
microorganisms have the capacity to form proteins and amino acids from simple nitrogenous sources as presented in
Table 4.

The glycolysis process uses simple carbohydrates as substrates, mainly fructose and glucose. If other, more complex
carbohydrates (maltotriose or maltose) are involved, they are hydrolyzed to glucose by a-glucosidase. During the first step
of the yeast’'s metabolic process, glucose is degraded to pyruvate, through glycolysis. The pyruvate metabolic pathway
leads to the release of energy. Fermentation generates small amounts of energy, while respiration produces a larger
amount (Figure 5). The carbon substrate is totally oxidated through respiration. Oxidative phosphorylation and the Krebs
cycle are the mechanisms involved in this process. The energy produced and accumulated in ATP contributes to the
generation of intermediary metabolites. In presence of oxygen, pyruvate enters into mitochondria where, under the action
of the pyruvate dehydrogenase multi-enzyme system, it is the subject of the oxidative decarboxylation to acetyl-CoA.
When yeasts are grown on two carbon sources (e.g., ethanol or acetate), the glyoxylate cycle, which may be considered a
shortcut for the Krebs cycle, is often the supplier of energetic compounds. The alcoholic fermentation of carbohydrates
involves a process whereby yeasts re-oxidize NADH to NAD. It is a two-step reaction: (1) pyruvate decarboxylase
catalyzes the process of pyruvate decarboxylation, (2) alcohol dehydrogenase catalyzes the subsequent reaction of the
reduction of acetaldehyde at the same time. Simultaneously, dihydroxyacetone phosphate generates glycerol.
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| 6. Nutritional Benefits of SCP

Wu et al. (2014) indicated that the worldwide human protein diet is 65% plant based and 35% animal based B3I, The
average meat intake per capital is projected to rise by 29%, from 40.0 kg in 2013 to 51.5 kg in 2050. Global meat
production is therefore expected to increase from 288 million tons in 2013 to 494 million tons by 2050. According to
previous research, SCP could be a valuable solution for suppling the global demand of protein, due to its low cost of
production, easy process and nutritional quality EILLISEIE7],

As previously stated, the primary goal of SCP production is to use it as a protein (meat) substitute to address food scarcity
and hunger in the near future. SCP must meet nutritional requirements to be consumed as human food or animal feed,
such as the required protein content, amino acid composition of the protein being generated and digestibility of that
protein. According to the researchers, SCP must be produced to the highest standards to be safe and beneficial for food
and feed [28],

Finnigan et al. (2017) defined some of the macro and micronutrients provided by SCP as follows: proteins, lipids,
carbohydrates, -carotene, vitamin A precursor, biotin, folic acid, niacin, pantothenic acid, pyridoxine, riboflavin, thiamine,
vitamin B12 (cyanocobalamin), vitamin C and vitamin E B2,

Beside its protein content, the nutritional value of SCP depends on its chemical composition (amino acids, nucleic acids
minerals, enzymes and vitamins) but it is relatively cheap compared to other plant and animal sources 2. |t was reported
that dried cells of Pseudomonas spp. grown on petroleum-based liquid paraffin contain as much as 69% protein. SCP
obtained by algae processing is about 40%. Though proteins obtained from microbes contain all essential amino acids,
their composition depends on the type of substrate used (carbon or nitrogen) and the type of microorganism grown on a
specific medium %4, Microorganisms like bacteria and yeast have a very short multiplication time as they double their
population in just 5-15 min, while algae and mold species double themselves in 2—-4 h. The amino acid profile of SCP
from bacteria shows a close resemblance to fish protein and protein from yeast resembles soya protein 2., In addition,
SCP is reported to be deficient in sulfur-containing amino acids such as methionine and cysteine, whereas high levels of
lysine and other amino acids have been observed. Supplementation of methionine and cysteine is required for the use of
SCP as a feed ingredient. Microorganisms normally contain vitamin B12 in significant quantities. Bacteria and algae are
reported with high vitamin B12 and vitamin A content, respectively 3. Most common vitamins present in SCP are
riboflavin, thiamine, pyridoxine, niacin choline, folic acid, pantothenic acid, biotin, para-amino benzoic acid, inositol and
B12 3l Most microorganisms have very fast growth rate that yields a high amount of biomass (algae: 3—6 h, bacteria: 30
min to 2 h, yeast: 40 min to 3 h) 28], These microorganisms can be used as a whole in contrast to most crop and animal
protein sources which cannot be used entirely ¥4, SCP produced from different microbes has high protein content (30—
70%) as compared to different green plants and animal sources 3, Moreover, these proteins have an excellent amino
acid profile that makes them nutritionally more useful than conventional protein sources 48, Nevertheless, scientists can
add more valuable amino acids to proteins through genetic engineering, obtaining SCP with the desired composition.
Some microorganisms during the course of SCP production produce significant amounts of vitamins which cannot be
produced by the host individual in appropriate amounts. Production of SCP also requires low water content as compared
to plant sources 2. Unlike plant protein sources, SCP is independent of environmental and climatic variation and can be
produced throughout the year as microbes are available round the clock. The shelf life of protein preparation is dependent
on the nature of the protein and the storage conditions used, and can vary from a few days to more than a year. Optimal
conditions for storage are distinctive to each protein.

Nutritive and food values of SCP vary with the microorganisms used. The microorganisms used for SCP production must
be non-pathogenic, toxin-free, easy to handle and separate from the substrate and should also tolerate the scaling-up of
the process. Fast-growing microorganisms are required for getting massive output (biomass weight produced per unit
time). However, high output produces more quantities of RNA in the cell, and this is not desirable as it acts as anti-
nutritional factor in the final product. The method of harvesting, drying and processing affects the nutritive value of the
finished product “8I49AIBIIG2 The jdea that SCP could help to overcome food shortages in developing countries has
garnered interest among scientists and industry. For future success of SCP, food technology problems must be solved to
make these foods familiar, while the production should compare favorably with other protein sources.

The raw materials for SCP production based on waste substances are cheap, readily available and their processing
contributes to reducing environmental pollution. The origin of the feedstock must be carefully selected. Various types of
raw materials are attractive sources for SCP production from a cost and sustainability perspective but may raise safety
concerns. In addition to the safety requirements, the use of other unconventional waste-derived protein sources in human



nutrition requires efforts to improve public perception and acceptance and increase consumer awareness of the benefits
of SCP consumption in human diets.

Yeast SCPs have been used in aquaculture diets as partial replacement for fishmeal, thanks to their excellent nutrient
profiles and cost-effective large-scale production 2233, and have also been applied for the highly unsaturated fatty acid
fortification of Artemia and rotofiers 21, Some yeast strains with probiotic properties, such as Saccharomyces cerevisiae
B4l and Debaryomyces hansenii 22, increased larval survival by early maturation of the pancreas and intestine 22,
However, many of these yeast SCPs are deficient in sulfated amino acids, e.g., methionine 24, thus, cannot be used as
sole protein sources. Micro-algal SCP may be used for both animal and human consumption, and their nutritional value is
similar to, and sometimes higher than, values reported for conventional food/feed supplements. Besides their high protein
content, they are a source of nucleic acids (up to 6%), minerals (sodium, magnesium, potassium, iodine) and vitamins (A,
B group, D, C and E) and essential amino acids (leucine, valine, lysine, phenylalanine) 8 (Figure 6). Compared to many
vegetable foods, micro-algae SCP contains higher amounts of vitamins such as riboflavin, thiamine, folic acid or pro-
vitamins as carotene 4. Micro-algae, as Spirulina and Chlorella, are sources of vitamin B12 (cyanocobalamin), which
otherwise has animals as almost exclusive source 4. Algal SCP has a nutritional value like other SCP sources. The
crude protein content (N 6.25) varies between 45 and 73%, while the lipid content is 2—20% and is rich in essential fatty
acids, and the mineral content is 5-10%. The protein content of algae is higher than the value for soybean (70% and 40%,
respectively), and its amino acid profile shows an adequate balance except, as for any other microbial biomass, for the
sulfur-containing amino acids methionine and cysteine B8I37. Algal SCP is a good source of vitamins A, B group, D, C and
E; the content of some vitamins such as thiamine, riboflavin, folic acid and carotene is higher in algae than in many
vegetable foodstuffs. Some microalgae, such as Chlorella and Spirulina, contain vitamin B12 (cyanocobalamin), which is
found almost exclusively in animal origin foods. The content of nutrients, however, is highly dependent on cultivation and
processing conditions BZ. In addition, the search for new insects as a source of protein and the related technology for
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processing requires further research.

Ala, Arg, Asn, Asp, Cys, Glu, Gln,
Gly, His, lle, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Trp, Tyr, Val

Composition of I
algal species |

Sodium, Potassium, lodine,

Magnesium
Thiamine, Riboflavin, Pyridoxine,
Nicotinic acid, Pantothenic acid,
Folic acid, Biotin,
Cyanocobalamin, Ascorbic acid,
B-Carotene, a-Tocopherol

Figure 6. Composition of algal species.
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