1874-2858/22

Send Orders for Reprints to reprints@benthamscience.net

The Open
Microbiology
Journal

The Open Microbiology Journal

Content list available at: https://openmicrobiologyjournal.com

[REVIEW ARTICLE]

Single Cell Protein for Foods and Feeds: A Review of Trends

Helen Onyeaka]'*, Christian K. Anumudu', Calistus Okpe’, Arthur Okafor’, Francis Thenetu®, Taghi Miri', Olumide A.

Odeyemi’ and Amarachukwu Anyogu’

'School of Chemical Engineering, University of Birmingham, Birmingham, B15 2TT, UK

’Department of Microbiology, Federal University Otuoke, Otuoke, Bayelsa, Nigeria

*Institute of Medical Microbiology and Hygiene, Austrian Agency for Health and Food Safety (AGES), Vienna, Austria
‘Department of Microbiology, Imo State University, Owerri, Imo State, Nigeria

’Office of Research Services, Research Division, University of Tasmania, Launceston, Australia

°School of Biomedical Sciences, University of West London, London, W5 5RF, UK

-
Abstract:

Introduction:

Predictions on the world’s population in the next few decades suggest that the global demand for animal-derived proteins may not be met if current
conventional agriculture approaches are used. One promising solution to this complex crisis lies in the use of single-cell proteins (SCP). SCP refers
to the edible biomass of unicellular microorganisms and can be developed as animal feeds or human foods. This paper provides a detailed
overview on research towards the production and utilisation of SCPs and trends within the field.

Study Design:

A bibliometric based study was conducted on 425 SCP research articles collected from the Web of Science database, analysing the most cited

papers using VOSviewer software, and contributing authors, affiliations and country of origin. Research publications on SCP started in 1961 and
has grown steadily over the years.

Discussion:

Emerging research topics within SCP production focused on the use of improved fungal strains, the composition and characteristics of SCPs based
on the type of substrates used, industrial production processes and the use of waste for SCP production, which serves the dual purpose of

mitigating the cost associated with waste disposal and production of a valuable product.
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1. INTRODUCTION

It is estimated that by 2050, the world’s population will
exceed 9 billion people [1]. Based on current consumption
trends, the world will need to produce 1,250 million tonnes of
meat and dairy products yearly to meet the global demand for
animal-derived proteins with this increased population size [2].
However, given the current rate of food production, this
increased demand cannot be met with conventional agriculture
approaches currently in use. Thus, there is a need for alternate
approaches to achieve sustainable development goals focused
on food security. A promising approach is the use of single-cell
proteins.

* Address correspondence to this author at the School of Chemical Engineering,
University of Birmingham, B15 2TT, UK; Tel: +44 (0) 121 414 5292),
E-mail: h.onyeaka@bham.ac.uk

Single-cell proteins (SCP) generally refer to the edible
biomass of unicellular microorganisms. This can be the whole
biomass or protein extracts from single or mixed cultures of
various microbial groups, including algae, bacteria,
yeasts/fungi and others [3]. Single-cell proteins can be utilised
as animal feeds or human foods and consumed whole or
applied as supplements. There is growing interest in the
utilisation of SCP to meet the global demand for nutritious
food as they have various advantages over conventional plant
and animal proteins [4]. These benefits include; their ease of
production, which requires a very short period of time,
compared to the time interval of weeks, months or years
required for crop farming and animal husbandry. In addition,
SCPs are cost-effective as they can be grown in bioreactors.
Therefore, they do not require extensive land use or high-water
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demand that is synonymous with conventional agriculture [5].
Furthermore, the industrial production of SCP in bioreactors
ensures uniformity of products and high yields because the
product does not compete with pests and weeds. Importantly,
SCPs are not prone to diseases associated with conventional
agricultural efforts which are responsible for a significant cost
in crop farming and animal production with loss in products. In
addition, SCP production does not result in biodiversity loss,
environmental degradation or contribute to greenhouse gases
and climate change [6].

Agricultural waste is continually generated in the food
sector and generally are expensive to dispose of [7]. Single-cell
protein can be produced using these wastes. This conversion of
wastes to foods not only reduces wastage and pollution but
ensures that increased demand for food from the ever-growing
world population will be met using SCP which has minimal
carbon fingerprint [7]. Furthermore, with the global increase in
agricultural wastes, it is imperative to devise innovative
approaches to dispose of these waste products to safeguard
environmental and public while saving cost. Thus, the ability to
convert inorganic substrates such as methane, petroleum waste
and CO, to biomass offers an incredible sustainability potential
that is not currently available using conventional agriculture.

Although the current production and consumption of SCP
only account for a small percentage of protein intake for
humans, the growing demand for protein is likely to make
SCPs increasingly important [8, 9]. For animal feed, there is a
greater diversity of microbial species which can be used as
SCP, and they can be prepared from varied substrates,
including wastes. This is unlike SCP for human consumption,
which must be prepared from food-grade substrates. This is
because single-cell proteins for animal feed are not held to the
same regulatory standards as those destined for human
consumption, which requires more expensive substrates,
product controls, and monitoring. Because of this factor, it may
be more advantageous and cost-effective to produce single-cell
proteins from diverse substrates such as inexpensive waste
materials from forestry and agricultural sources, food and
beverage processing [10] as well as other non-food grade
sources and use these as animal feeds. This will reduce demand
for foliage and feed formulations from edible foods for
animals.

Over the years, research on SCP has grown, with
contributions across the globe. This study aims to review the
body of research on SCP using a bibliometric and bibliographic
approach, highlighting commercialisation efforts in SCP
production and industry developments. Bibliometric indicators
such as the most cited authors, countries, and institutions are
discussed. A critical analysis of the production processes and
microorganisms used for SCP production, feedstock,
biotechnological improvements and potential uses was
undertaken. The information provided in this review will guide
researchers on recent developments in SCP production and
help in harmonising industry and laboratory research towards
the use of SCP for food and feed. It will also support
researchers within the subject area in fostering collaborations
with more experienced research teams/groups in different
countries and institutions.

Onyeaka et al.

2. STUDY DESIGN

2.1. Database

The Web of Science database was searched for articles
related to single-cell proteins. Web of Science was chosen
because of its extensive coverage, ease of use, citation records,
and inbuilt tools that facilitate easy data analysis with
interdisciplinary coverage. Furthermore, it indexes reputable
peer-reviewed cited journals, with a complete index of authors,
their affiliations and bibliographic reference [11]. A focused
title search was conducted using the keywords (“single cell
protein” OR “single-cell protein” OR “microbial proteins” OR
“SCP”) for only research articles in the English language. The
title search retrieves only publications with the keywords in
their titles, allowing the retrieval of only articles directly
related to SCP. Furthermore, the Boolean operators (“ ”’) were
used to obtain matching keywords only. Research articles were
chosen because they represent an original contribution to the
field and indicate progress and trends in single-cell protein
research.

2.2. Inclusion Criteria

The inclusion criteria are research articles related to single-
cell proteins and published in the English Language. Related
research not in the English Language or other types of
publications was excluded.

2.3. Article Categorisation

All retrieved articles were exported to Endnote Online, and
their abstracts were evaluated individually by two independent
researchers to categorise them based on the class of
microorganisms employed in the production of single-cell
proteins. Research articles were grouped into; bacteria, fungi,
algae and others. Articles not related to single-cell proteins
were manually deleted. All vetted articles were preliminarily
categorised into different research groups using the Web of
Science analytical tools. Further analysis was undertaken to
determine participating institutions, publishing journals and
countries. Finally, trends in research output over time were
analysed using Microsoft Excel, and the articles were arranged
based on the total number of citations. VosViewer Software
[12] was used to visualise the co-occurrence of keywords used
in the retrieved articles. These indicate relevant keywords that
can be used for retrieving articles related to single-cell protein
research.

3. RESEARCH TREND IN SINGLE CELL PROTEINS

A total of 425 published articles were retrieved from the
Web of Science Database. The first recorded publication in
single-cell protein was by Mateles ez al. [13], which focused on
studying the growth of the thermophilic bacterium Bacillus
stearothermophilus on hydrocarbons and the use of this as a
new source of SCP. There was a gradual increase in
publications over the next two decades, with a peak in 1981 of
27 papers (Fig. 1). This growth was followed by a fluctuation
in the number of publications over the next four decades, with
a second peak in 2018 when 17 papers were published. Overall,
an average number of 7 publications per year was made over
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the 60 years period. Although a limitation of this study is
searching and using only articles in which the selected
keywords appeared in the title, this is necessary to screen and
obtain only articles related and relevant to SCP research. From
this, the data obtained suggests that despite the length of time
SCP has been a focus of research, there has been no significant
growth in the number of publications over the last six decades.
More scientific research is required to improve understanding
of growth requirements and process conditions for SCP
production and to position SCP as a viable protein source to
help in meeting the global demand for protein.

3.1. Categorisation of Research

Research on the production and utilisation of SCP for food
and feeds is growing. Retrieved articles highlighted the major
themes within SCP research. These include the different
microbial species utilised for SCP production, substrates used
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and process optimisation. The retrieved articles are categorised
mainly into the biotechnology and applied microbiology, food
science and technology and chemical engineering subject areas,
as shown in Fig. (2). The highest number of published articles
were in Biotechnology and Applied Microbiology. This
category represents the principal research focus directed to
discovering suitable microorganisms for use in SCP
production, optimisation of fermentation, and growth
conditions necessary for the production of high biomass. The
second-highest category is Food Science and Technology, with
articles published under this category focusing on the
nutritional composition and safety of produced SCPs.
Furthermore, research under this category investigated the
formulation of suitable food products from SCP into edible
food and feed for human and animal consumption by the
supplementation of existing food products with portions of
single-cell proteins.
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Fig. (1). Publications by year.

1990
1992

1994
1996
1998
2000
2002
2004
2006
2008
2010
2012
2014
2016
2018
2020

Top 10 research categories

MULTIDISCIPLINARY SCIENCES

NUTRITION DIETETICS

AGRICULTURE DAIRY ANIMAL SCIENCE
ENERGY FUELS

AGRICULTURAL ENGINEERING
BIOCHEMISTRY MOLECULAR BIOLOGY
ENGINEERING CHEMICAL

MICROBIOLOGY

FOOD SCIENCE TECHNOLOGY
BIOTECHNOLOGY APPLIED MICROBIOLOGY

Research Categories

Fig. (2). Categorisation of research on single-cell protein.

o

50 100 150

Number of articles

200



4 The Open Microbiology Journal, 2022, Volume 16

3.2. Producing Organisms

Analysis of retrieved research articles on SCP showed that
of the total published articles, fungi were utilised in 242
articles, algae (19), and bacteria (98) amongst others, for the
production of single-cell proteins, as shown in Fig. (3). Of the
Fungi genera, the predominant organisms were Candida
lipolytica, Candida tropicalis and Kluyveromyces marxianus,
which were employed as mixed cultures to produce single-cell
proteins from various food wastes. Bacteria species employed
are mainly Bacillus species and methanotrophic bacteria [14],
while marine algae widely employed include Chlorella sp. and
Euglena gracilis [15, 16].

3.3. Publication by Countries

A total of 62 countries have participated in SCP based
research (Fig. 4). An article is assigned to a country based on
the affiliation of the first author. The country with the highest
number of publications was the United States of America with
90 publications, followed by India (40) and England (28).

Onyeaka et al.

Within the last ten years (2010-2020), The United States of
America had 20 publications, followed by The Peoples
Republic of China (18), Iran and Thailand (8 each).
Publications from the United States of America focused mainly
on the modelling and validation of the production processes of
single-cell proteins for food uses and the genetics of single-cell
protein in yeast populations [17 - 19]. China’s research focus is
mainly on the volarization of food wastes for single-cell
protein production, making use of indigenous micro-flora [20 -
22] and the quantification of single-cell protein production
[23]. Interestingly, England and Norway were the top
publishing countries amongst other European nations.
Although in Europe, there is high consumption of proteins at
about 70% above recommended levels (Westhoek et al., 2011),
there is low research output on alternative protein sources such
as SCP, which is more sustainable and economically viable in
Europe (Voutilainen et al., 2021). Africa, Asia-Pacific and
South American regions have low participation in SCP
research.

Producer Organisms
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Fig. (3). SCP producer organisms.

Algae Others

Publications by Countries

100

90
80
70
60
50

Number of articles

F S &
NN
S \,sq'
Q
N
&

Publishing countries

Fig. (4). Country contribution in single-cell protein research.
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Table 1. Institution Contribution to Research on Single-cell Protein.
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S.No Institution Publications Percent
1 Dalhousie University 10 2.35%
2 Iowa State University 10 2.35%
3 Massachusetts Institute of Technology MIT 9 2.12%
4 Council of Scientific Industrial Research CSIR india 8 1.88%
5 Cornell University 7 1.65%
6 National Research Centre NRC 7 1.65%
7 Ocean University of China 7 1.65%
8 University of California System 7 1.65%
9 Norwegian University of Life Sciences 6 1.41%
10 Punjab Agricultural University 6 1.41%
11 Technical University of Denmark 6 1.41%
12 University of Quebec 5 1.18%

3.4. Publication by Institutions

Similar to country participation in single-cell protein
publications, many institutions (413) were associated with
publications in this field of research. Institutions with five
publications and above are shown in Table 1. The three most
productive research institutions are based in the United States.
In addition, of the top 12 institutions, five are in the United
States. This finding is consistent with the data on country
participation in which the United States of America had the
highest publication output.

Table 2. Publishing Journals

3.5. Publications by Journals

A total of 217 journals were involved in SCP related
research (Table 2). Biotechnology and Bioengineering Journal
had the highest number of articles (30). It is of note that these
articles were published between the years 1970 and 1985. This
was followed by Bioresource Technology with 19 articles.
Finally, the highest number of publications from the last ten
years was published by Bio-resource Technology, Scientific
Reports and Springer Briefs in Molecular Sciences with five
publications each.

S.No Journal Publications Percent
1 Biotechnology and Bioengineering 30 7.06%
2 Bioresource Technology 19 4.47%
3 Applied Biochemistry and Biotechnology 10 2.35%
4 Journal of Food Science 10 2.35%
5 Biotechnology Letters 9 2.12%
6 Nutrition Reports International 8 1.88%
7 Applied and Environmental Microbiology 7 1.65%
8 Applied Microbiology and Biotechnology 7 1.65%
9 Journal of Animal Science 7 1.65%
10 Process Biochemistry 7 1.65%
11 Biomass Bioenergy 6 1.41%
12 British Journal of Nutrition 6 1.41%
13 Journal of Fermentation Technology 6 1.41%
14 World Journal of Microbiology Biotechnology 6 1.41%
15 European Journal of Applied Microbiology and Biotechnology 5 1.18%
16 Food Technology 5 1.18%
17 Journal of the Science of Food and Agriculture 5 1.18%
18 Scientific Reports 5 1.18%
19 Single Cell Protein Production from Lignocellulosic Biomass 5 1.18%
20 Springer Briefs in Molecular Science 5 1.18%
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3.6. Top Cited Publications

A search of the most prominent publications showed that
16 papers had citations of 50 and above. These are highlighted
in Table 3. The most impactful paper in SCP research
investigated the improved conversion of methanol to SCP by
Methylophilus methylotrophus [24]. The next most cited article
discussed SCP production using Euglena gracilis and carbon
dioxide fixation in an innovative photo-bioreactor [15]. In this
study, a kinetic model was used to determine the relationship
between specific growth rate and light intensity to optimise the
growth of Euglena gracilis, this yielded SCP with high protein
content and digestibility for animal feed. About half of the
highly cited papers are from the earlier years (1970 to 1985) of
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SCP research, while the remaining half is from the last decade.
Although older papers are more likely to be cited more, as they
have been available for longer, the trend in citation indicates a
resurgence of interest in SCP research.

3.7. Keyword Analysis

Keyword analysis shows that a total of 1207 keywords
were used to describe research in this field. Expectedly, the
keywords; single, cell, and protein were used in all
publications. This is followed by production (189) times, yeast
(41), waste (35) and whey (27). The spread of keywords used
indicates the focus of research within the field. The co-
occurrence of keywords that have occurred a minimum of 5
times is visualised using VosViewer in Fig. (5).

Table 3. Highest cited articles in single-cell protein-related research.

AH, Bloom JS, Kruglyak L

S/N Author Title Citations Journal Year|Ref
1 Windass JD, Worsey MJ, Pioli Improved conversion of methanol to single-cell 157 Nature 1980([24]
EM, Pioli D, Barth PT, et al. protein by Methylophilus methylotrophus
2 Chae SR, Hwang EJ, Shin HS Single cell protein production of Euglena gracilis 117 Bioresource Technology 2006([15]
and carbon dioxide fixation in an innovative photo-
bioreactor
3 |Gefen O, Gabay C, Mumcuoglu M,| Single-cell protein induction dynamics reveals a 96 Proceedings of the National |2008|[25]
Engel G, Balaban NQ period of vulnerability to antibiotics in persister Academy Of Sciences of the
bacteria United States of America
4 Cysewski G.R. and Wilke C.R Utilisation of cellulosic materials through 85 Biotechnology and 1976([26]
enzymatic hydrolysis. I. Fermentation of Bioengineering
hydrolysate to ethanol and single-cell protein
5 Papanikolaou S, Chevalot I, Industrial derivative of tallow: a promising 73 Electronic Journal of 2007 ([27]
Galiotou-Panayotou M, Komaitis | renewable substrate for microbial lipid, single-cell Biotechnology
M, Marc 1, et al. protein and lipase production by Yarrowia
lipolytica
Howells ER Single-cell protein and related technology 68 Chemistry & Industry 19821[28]
Shahi P, Kim SC, Haliburton JR, | Abseq: Ultrahigh-throughput single cell protein 67 Scientific Reports 2017][29]
Gartner ZJ, Abate AR profiling with droplet microfluidic barcoding
8 | Albert FW, Treusch S, Shockley | Genetics of single-cell protein abundance variation 64 Nature 2014[19]

in large yeast populations

9 Ferrer J, Paez G, Marmol Z, Acid hydrolysis of shrimp-shell wastes and the 61 Bioresource Technology 1996[30]
Ramones E, Garcia H, et al. production of single cell protein from the
hydrolysate

10 Shipman RH, Kao IC, Fan LT Single-cell protein production by photosynthetic 56 Biotechnology and 1975([31]
bacteria cultivation in agricultural by-products Bioengineering

11 Humphrey AE, Moreira A, Production of single cell protein from cellulose 55 Biotechnology and 19771[32]
Armiger W, Zabriskie D wastes Bioengineering

12 [ Moon NJ, Hammond EG, Glatz | Conversion of cheese whey and whey permeate to 55 Journal of Dairy Science 1978([33]

BA oil and single-cell protein
13 Avnimelech Y, Mokady S, Circulated ponds as efficient bioreactors for single 52 Israeli Journal of Aquaculture- [1989]([34]

Schroeder GL cell protein production Bamidgeh
14 Aggelopoulos T, Katsieris K, Solid state fermentation of food waste mixtures for 52 Food Chemistry 2014([35]
Bekatorou A, Pandey A, Banat IM, single cell protein, aroma volatiles and fat
etal. production

15 Revah-moiseev S, Carroad PA Conversion of the enzymatic hydrolysate of 50 Biotechnology and 1981([36]
shellfish waste chitin to single-cell protein Bioengineering

16 | Bothe H, Jensen KM, Mergel A, | Heterotrophic bacteria growing in association with 50 Applied Microbiology and ~ |2002|[37]
Larsen J, Jorgensen C, et al. Methylococcus capsulatus (Bath) in a single cell Biotechnology

protein production process
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Fig. (5). Keyword analysis to describe research in SCP field using VosViewer.

Of all the keywords used, 32 occurred a minimum of 5
times. The highest co-occurrence of keywords was between
single-cell protein and fermentation used together in 20
documents. This is followed by yeast and single-cell protein
(15) and yeast with fermentation (11), then finally fermentation
and cheese whey (8). These keywords can guide researchers to
retrieve relevant papers within this field of study.

4. MICROBIAL GENERA AND RAW MATERIALS
UTILISED FOR SINGLE-CELL PROTEIN

Microbial genera employed in single-cell protein
production include; bacteria, yeasts/moulds, or algae. Although
the most investigated genera are fungi, algae are the richest
source of protein as they typically contain over 40% of rough
protein (dry weight) [38]. The production of SCP by these
microbial genera can be achieved using several substrates,
including; wood, straw, cannery, spent liquor, whey,
hydrocarbons, among others. The traditional raw materials
utilised for SCP production are mostly mono and
disaccharides, including glucose, other hexose and pentose
sugars. Other possible substrates for SCP include; bagasse,
citrus squanders, molasses, compost, whey, starch, and sewage
[39, 40].

4.1. Fungi as Single-Cell Protein

Fungi are the principal microorganism of interest in single-
cell protein research. They are the most studied organism thus
far because of several advantages which encourage their ease
of growth and harvest, large size (5 — 10pum) and low water
activity that enables easier recovery during harvest [41].
Furthermore, the use of fungi as SCP is desirable because of
their nutritional composition. They have a high protein and
essential amino acid content and contain a high proportion of
vitamins and lipids [39, 42 - 44]. Similarly, they have the
ability to grow at low pH, making their production cost-
effective and rapid [39, 41]. Advances have been made in
selecting suitable fungal strains for SCP production, selecting
suitable substrates and optimising substrates and bioprocess
parameters for improved yield. For the selection of producer
organisms for single-cell production, the major criteria
considered are; total biomass yield and protein content, nucleic
acid content, utilisation of diverse substrates and digestibility
by the host [2, 45, 46]. Various fungi (yeasts, moulds and
mushrooms) have been demonstrated to meet some of these
criteria and Table 4. presents some representatives of
interesting strains.

Table 4. Selected fungi and their reported advantages for use as SCP.

Fungi Advantages References
Candida intermedia FLO23 High protein content (48.4% of dry weight); Efficient utilisation of lignocellulosic materials [47]
and xylose
Candida utilis High protein content; amino acids particularly lysine, vitamin B complex and ergosterol; [48 - 50]
Ability to bind metal ions; Shorter generation time
Cryptococcus aureus G7a Synthesis of inulinase in addition to useful protein content [51]
Dipodascus spp. Useful protein content (30-36%); Good amino acid composition [52]
Geotrichum candidum High protein content (40%); good digestibility potential; low-cost method of recovery [53]
Kluyveromyces marxianus High protein content (59%); Ability to utilise diverse substrates [35]
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(Table 4) contd.....
Fungi Advantages References
Pleurotus florida High protein content (63%) [54]
Saccharomyces cerevisiae High protein content (24% - 50%) [35, 53]

Wickerhamomyces anomalus

High protein content (56%); Synthesis of a large number of essential amino acids; Synthesis [55]
of killer toxin against contaminating yeasts

engineered strains)

Yarrowia lipolytica High protein content (48% - 54%); Ability to utilise hydrophobic substrates; Attractive [56 - 60]
expression system for homologous and heterologous protein production
Yarrowia lipolytica (Genetically High protein content (53.7%, 151.2g/L of SCP); Synthesis of inulinase [61,62]

4.1.1. Production of Single Cell Proteins from Fungi

Beyond the criteria listed earlier for single-cell protein
production, new research has been directed towards the
selection of improved fungal strains with enhanced abilities to
be utilised in single-cell protein production. For example,
Candida utilis, a natural source of some essential bioactive
compounds [63], have been recently used for SCP production,
incorporating biomass and extracts of C. utilis in fermented
dairy beverages [64]. Recently, it was shown in a study that S.
cerevisiae could be used to enrich cereal bars to improve
human nutrition [65]. These studies may eventually pave the
way for the formulation of innovative bioproducts for human
food, departing from the traditional use of SCP for animal
feeds. Moreover, in the bid to find such fungal strains suitable
for other valuable applications in addition to SCP, researchers
are beginning to focus on marine yeasts and plant endophytic
fungi [46, 66]. The use of mixed fungal strains for SCP
production and the development of genetically engineered
fungal strains for improved substrate utilization has been
highlighted by various authors [20, 61, 67] and promises to be
a veritable avenue for the discovery of more suitable fungal
strains for SCP production.

Apart from the producer organism, the composition and
characteristics of SCP depend on the type of substrates used for
the production [2]. Substrates used for SCP production can be
diverse, and this is one of the advantages of SCP as its
production can convert waste materials into foods of improved
nutritional value and reduces pollution in the environment
posed by these wastes [68]. Generally, studies on fungal SCP
had always involved substrates of agricultural origin such as
molasses [69], sugarcane bagasse, rice husk, sugar beet pulp,
wheat straw residue, orange peel, cassava waste, coconut
waste, grape waste and mango waste [70 - 72]. Other
agricultural substrates that have gained attention are those that
are available in large quantities, renewable and cheap such as
corn cobs, stalks, sugarcane press mud, Miscanthus straw, corn
stover [47, 67], poultry wastes [39, 73], pineapple waste [74],
capsicum powder [75], Jerusalem artichoke tubers [61] and
carrot peels [76]. Similarly, liquid substrates such as glycerol,
vegetable oil and industrial derivative of tallow have been used
to support the growth of fungi for SCP with good biomass
yield [27, 77 - 79]. The use of these substrates, which are
generally not utilized as food and are relatively easy to source,
makes SCP production desirable as it does not put pressure on
the production of crops for human food or animal feed.

The efficacy of these substrates in the production of SCP
has been recently demonstrated [42]. In this study, the protein
content of Saccharomyces cerevisiae was boosted up to 39.8%

using substrates from fruit wastes and vegetable products. This
highlights that SCP production can not only serve in meeting
our food needs but can help in the reduction of conventional
food wastes, which is estimated by the United Nations to cost
about $940 billion per year and reportedly represents about
one-third of all produced foods, contributing to 8% of global
greenhouse gas emissions [80]. However, as noted by some
authors, some agricultural substrates such as corn stover, beet
and sugarcane molasses require pre-treatment processes,
including hydrolysis and detoxification, which may add to the
cost of production [67, 81, 82]. Some studies have evaluated
alternatives to ameliorate these challenges and make
pretreatment simpler and more efficient [47].

A challenge facing SCP production is the availability and
sustainability of feedstock, especially from agricultural sources
and wastes. Thus, better alternatives, such as using two-stage
bioprocessing systems, need to be conceived to achieve
sustainability. This system requires inorganic sources of
feedstocks such as ammonia and carbon dioxide as substrates
in a bioreactor gas-fermentation system. Two studies we
identified have investigated the use of Saccharomyces
cerevisiae for this new concept [83, 84], producing
encouraging results. More studies will be required to develop
viable alternatives for the increased and sustainable production
of SCP from fungi.

4.2. Algae as a Single-Cell Protein

Algae is a well-known source of SCP, as reported by
several authors [2, 15, 39, 85, 86]. This is because algal
biomass contains proteins in high concentrations, with an
amino acid profile composition that compares well with
proteins found in conventional sources like soya, eggs, milk,
fish, beef, and peanuts [38]. Furthermore, the growth of algal
biomass for SCP production is a cheap and sustainable
alternative to the conventional agricultural protein sources, as
they are neither limited by land nor require the measure of
resources peculiar with agricultural practices [39].

4.2.1. Algal Genera Used in SCP Production

There have been recorded reports of the direct
consumption of algae such as Spirulina sp. in some parts of
Africa, Mexico and India in the early 20" century [87]. Ever
since, there has been a surge in the utilisation of algae for SCP
production and a consequent increase in the different genera
being utilised [39, 88]. However, most of these genera are used
as feeds and supplements more than they are used as food [39,
88]. Table 5 presents some algaec genera used in SCP
production.
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Table 5. Algae genera utilised as single-cell protein.
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Genera Use Reference
Chlorella sp. Microalga species used in human diet Food [89]
Arthrospira sp (Spirulina) Used as human food [90]
Dunaliella sp. Food and supplement [91]
Spirogyra, Oedogonium Food additive [39]
Ulva sp. Regular diet and salad and soup making [39]
Caulerpa rosemosa Food [39]
Aphamizomenon sp. Dietary supplement [92]
Nostoc sp. Food and Suplement [92]
Scenedesmus sp. Biofuel and food [93]
Ascophylluem, Fucus, Laminaria Feed for cattle, pig and poultry [39]
Porphyra sp. Food [39]
Sargassum sp. Food [39]
Alaria sp. Food [39]

Microalgae have been shown to have high protein content
with unique amino acid composition and nutritional
acceptability [38]. The amino acid profile of algae compares
well against that of egg and soybean and it can serve as an
alternative, considering the high cost of the former [94, 95]. Its
protein content has high digestibility once the cell wall is
disrupted during clarification using physical methods such as
drying under high temperature, boiling or freeze-drying [96,
97]. Furthermore, algae contain high-quality fatty acids such as
the Omega-3 fatty acid, essential minerals and vitamins of high
nutritional value [98]. Studies have shown that algae produce
some chemical compounds that can influence the flavour or
aroma of the biomass. These compounds include unsaturated
aldehydes, dimethyl sulphide and organohalogens, improving
the organoleptic quality of microalgal enriched food materials
[38]. Similarly, algal-derived long-chained aldehydes have
been reported to have a positive influence on flavour [99].

The genera of algae that have been widely reported as food
include Spirulina sp. and Chlorella sp [89, 90]. The
macroalgae commonly consumed are the red algae Porphyra
spp. (nori) Aparagopsis taxiformis, Gracilaria sp., Chondrus
crispus, Palmaria palmata, The Kelps Laminaria sp., Undaria
and Macrocystis sp., and the green algae Caulerpa racemosa,
Codium and Ulva [100 - 102]. These algae are either harvested
from the wild or are grown in bioreactors [103]. Similarly,
some macroalgae from the family of Gelidiaceae and
Rhodophyceae are used as food supplements, thickeners and
stabilisers [103].

Other microalgae include the blue-green algae, Arthrospira
platensis, Arthrospira maxima Dunaliella salina, Chlorella
pyrenoidosa, and Euglena gracillis used as food, feeds, food
additives and supplements [2]. Currently, algae are used more
as feed additives and supplements. However, their use as
single-cell proteins has gradually increased over the years [88].
They are preferred to the other sources of single-cell proteins
because they have high protein content, essential fatty acids
(omega 3), vitamins and low nucleic acid content [41, 88].

4.2.2. Production of Single Cell Proteins from Algae

There are different considerations to be made when
processing algae for single-cell protein. These include the end
product, for example, whether the protein is to be used as food
for humans, food additives, or animal feed, the cost of the raw
materials to be used, and the characteristics of the starter
culture [104]. The use of cheap substrates such as waste
effluents for the mass production of algae in open ponds
reduces the cost of production of SCP using algal cells [105].
Generally, the algal cells can be grown in open ponds, using
wastewater from agriculture or sewage [106]. It can also be
grown in a photobioreactor where the environmental variables
such as light intensity, temperature and pH are controlled
[107]. The processing methods generally include the culturing
of the algae either in a natural open pond or in an artificial
photobioreactor [108] for a period of 5- to -8 days and the
harvesting and clarification of algal biomass to obtain the final
product [109].

The natural open pond (oxidation pond) used for the
growth of algae is supplied with the needed substrates for
growth [105], mainly organic substances gotten from human or
agricultural wastes [110]. The oxidation pond is a complex
environment that contains heterotrophic bacteria that break
down organic matter within the pond, releasing carbon dioxide,
which the algae use as a substrate for their growth. This is
termed a cooperative system, as the photoautotrophic algae use
the methane and carbon dioxide produced by the bacteria as
substrate and, in the process, release oxygen for aerobic
bacteria metabolism [2]. Factors that affect algal growth in
oxidation ponds are temperature, effluent composition (pH,
CO,, phosphorus), light intensity, agitation, pond depth and
residence time.

Oxidation ponds come in different sizes and can be
partitioned. They help in sustaining the bacteria and algae
suspension and facilitate the exchange of metabolites [106,
110]. In most cases, the oxidation pond is an integrated system
for water/waste treatment and SCP production [106]. This
system has been reported to be cost-effective, especially when
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the substrates are gotten from the waste effluents [2]. However,
some disadvantages of oxidation ponds are the presence of
contaminants, low-quality proteins and human perception [2].
Another method of mass-producing algae for SCP production
is through the use of a photobioreactor which is a closed
system capable of being operated both outdoor and indoor
using LED lanterns or sunlight [15, 107], allowing for both
batch and continuous production of algae using either organic
or chemical substrates.

Produced algae cells are usually clarified to transform the
harvested algae into the final product (food, food additives or
animal feed). The clarification process includes harvesting,
mechanical disruption of cells to eliminate the cell wall and the
nucleic materials and drying of the cell, which can be done
using different methods, including sun drying and drum drying
with further processing to isolate the proteins [111]. Harvesting
algae from an oxidation pond is a complex process because the
pond contains many organic particles and bacteria
contaminants and more so because the specific gravity of algae
is closer to that of water. The algal slurry can be harvested
using a sieve of fine mesh size, but the slimy nature of the
organism may block the sieve, rendering the sieving process
inefficient [85]. Various authors have reported the use of
centrifugation, flocculation and froth floatation as a more
efficient method of harvesting algal biomass after growth [15,
105]. Centrifugation is used to concentrate the algal biomass to
enhance biomass recovery using flocculants like lime, iron (iii),
chloride (FeCl,), potash Alum and other polyelectrolytes [110].
Alum has been reported to be the best flocculant, as it yields
high-quality algal biomass with minimal residue, while lime
and FeCl, leave unwanted residue in the sludge, making it
unsuitable for use as animal feed [110]. Alum flocculant also
has the advantage of precipitating soluble phosphates, a
growth-limiting factor for algae, and permits seasonal
collection of clarified effluent with minor eutrophication
problems. Algal flocculated biomass is further subjected to
froth-floatation using different chemicals such as hydrochloric
acid and sodium chloride [85]. Finally, the algal biomass
harvested is dried either by sun drying, freeze-drying, air
drying or drum drying [95]. Of the drying methods, drum dried
algal biomass has the highest digestibility coefficient compared
to the other drying methods [96, 112]. Furthermore, the drying
process helps to rupture the cell wall of the algae making the
protein content much more available for digestion.

4.2.3. Algae Selection for SCP Production

A variety of factors need to be considered when selecting
an organism for SCP production on an industrial scale. These
factors are Important to assure optimal productivity and
include; a high growth rate and low generation time, a high rate
of substrate conversion and no requirement for expensive
growth factors, resistance to contamination and adverse effects
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of the growth environment. Furthermore, the possibility of
genetic enhancement, high nutritional content, low content of
nucleic acid, high digestibility, non-toxicity and a suitable
sensorial/functional ~ property  [113] are  important
considerations. Of the microalgae utilised for single-cell
protein production, the class: Cyanophyceae, Chlorophyceae,
Bacillariophyceae and Chrysophyceae are most commonly
employed [114]. The algal genera commonly used for the
production of SCP include Chlorella, Spirulina (Arthrospira)
and Dunaliella [89, 115]. Of these, Chlorella is most dominant
for SCP production [89]. This is because it contains about 45%
protein, 20% carbohydrates, 20% fat and 10% minerals, along
with fibres and vitamins [104]. An example is Chlorella
stigmatophora, a marine microalga, that has high protein
content, fast growth rate, improved sensorial quality and uses a
mixotrophic mode of nutrition thus, making it suitable for the
production of single-cell protein [109]. Other Chlorella species
that have been utilised in single-cell protein production include
Chlorella sorokiniana and Chlorella pyrenoidosa. Another
microalgae utilised is Arthrospira (Spirulina) which has been
commercially produced and utilised for human consumption
over several centuries [90]. Spirulina sp. is an alkaliphile and
grows best at the pH range of 9.5 to 9.8 [90]. This particular
property gives the organism a competitive advantage when
grown in the wild against other competitors, thus, making it
suitable for an integrated oxidation pond production system
[115]. Spirulina sp. has been granted GRAS for use as food
additives in the United States of America [38], and the
microalgae have a high protein and essential fat content.
Furthermore, its consumption has other medicinal values, such
as weight loss and antioxidant activities [116]. Dunliella sp. is
another algae grown in an oxidation pond because of its ability
to adapt to different pH and salt concentrations [117]. Other
algal genera that have been used in the production of Single
Cell-Protein are; Porphyrum sp., Scenedesmus sp., Alaria sp.,
Ascophylluen sp., Fucus sp., Laminaria sp., Caulerpa
rosemosa, Durvilleaantartica, Ulva sp., Laminaria sp.,
Ecklonia sp., FEisenia sp., Nostoc sp., Pelvwtia sp.,
Porphyratenera, Monostroma sp., Undaria sp., Sargassum sp.,
Rhodomenia sp., Rhodymenia sp., Gelidium sp., Grateloupia
sp., Synechococcus sp., Sargassum sp., Spirogyra, and
Oedogonium [104].

4.2.4. Uses and Current Applications of Algae in Food and
Feeds

Algae provide tremendous benefits when consumed either
directly or as food additives or feed [118]. Besides having high
protein content, microalgae have also been effective in
controlling obesity, mopping up free radicals in the body,
enhancing tumour necrosis, and serving as a thickener to
certain food products [119]. Table 6 shows some products and
ingredients derived from the commercial growth/ production of
microalgae.
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Table 6. Some commercial products from microalgae.
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Commercial
Products

Characteristics

Company

Website/References

Microalgal flour

Chlorella is used to replace dairy fats, vegetable
oils and egg yolks in products such as ice
cream, cookies, cakes, dressings, chocolates
milk and pasta sauce

AlgaVia

https://algavia.com/how-we-innovate/

Bread and Cookies

Chlorella is inserted into the dough loaves to
reducethe oil content and replace eggs. It is also
used to create a healthier product and maintain
the texture and structure of the bread

Solazyme

http://solazymeindustrials.com/

Spaghetti

Chlorella vulgaris and Spirulina are added to

spaghetti tocompletely remove butter, oil and

egg yolks and maintain the texture, mouthfeel
and overall flavour of the product.

Weihai
Qingzheng
Foods

[120]

Juice powder

Juice powder is enriched with Athrospiraflos-
aquae,improving the nutritional content,

E,Live
Original

https://www.e3live.com/p-2-e3live-original.aspx

producing a healthier product, which can be
used in diets.

Euglena is used in the fermentation of yoghurt
as its excellent stability in low pH beverages
means there is no grittiness from the protein.

When fermented, it presents sensory
characteristics that are acceptable

Dairy drinks

Kemin

https://www.nutraingredients.com/ Article/2020/12/08/
Kemin-s-algae-based-ingredient-gets-EU-Novel-Food-approval

Extraction of
astaxanthin

Haematococcus pluvialis improves the texture,
emulsification, water binding and flavour
delivery in food. Astaxanthin is principally
consumed by the salmon feed industry

Vitamin
Express

https://www.vitaminexpress.org/uk/
astaxanthin-royal-astaxanthin-capsules

Capsules Chlorella, Spirulina, Haematococcus Pulvialis
and Dunaliella in these capsules are potent
dietary supplements to boost daily nutrient

intake

Ocean Drop

http://oceandrop.com.br

Docosahexaenoic
acid (DHA)

Produced by Schizochytruim, DHA has
severalapplications as food and dietary
supplements in infant formulas, beverages and
products for pregnant women.

Daesang

https://daesangeurope.com/

Dunaliella is rich in Beta-carotene and is used
asa natural food colourant and an additive for
animal feed

Beta-Carotene

Natural Beta
Technologies

[121]

Table 7. Bacteria used for SCP production.

Bacteria SCP Organism Used Substrate Used Industry Use Ref.
Pruteen  |Methylophilus methylotrophus Methanol, Imperial Chemical Industry; Pig feed [[123]
methane UniBio A/S
UniProtein Methanotrophic bacteria Methane UniBio A/S Animal Feed|[124]
FeedKind Methanotrophic bacteria Methane Calysta Inc.; Cargill Animal feed| [2]

KnipBio Meal| Methylobacterium extorquens |[Methanol, methane

KnipBio Fish feed |[[17]

Novacq Bacteria and Microalgae

CSIRO Canberra, Australia Animal feed [[125]

4.3. Bacteria as Single Cell Protein

Single cell protein derived from bacteria is desirable
because the cells contain about 50-80% of dry protein by mass,
are easy to grow using cheap substrates as sources of carbon
and energy [2, 41, 104]. (Table 7) shows some examples of
bacteria used for SCP production. Generally, the genus
Methylotrophus sp. is mainly used by different companies to
produce SCP [2, 107]. Bacteria have some advantages over
algae and fungi for use in SCP production, not only because of
their protein composition and use of cheap substrates but also
because of their faster growth rate, which is higher compared

to those of algae and fungi. The specific growth rate of bacteria
varies from 0.28u to 0.65u per hour, while that of algae and
fungi varies between 0.60p to 0.70p and 0.16p to 0.39u per
hour [122]. These qualities make bacteria a choice organism
for SCP production [2, 104]. However, the use of bacteria SCP
production presents some challenges:

1. Bacterial cells have high nucleic acid content, which can
be toxic to both man and animals. The removal of nucleic acid
materials from the cells introduces additional processing costs,
thereby impeding commercial production.
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2. Bacterial cell size and low density makes harvesting
difficult and expensive from the fermentation medium.

3. Human bias has also made the acceptability of bacteria
SCP difficult [41].

4. The presence of toxins produced by some gram-negative
bacteria can lead to food poisoning.

Bacteria cells are fermented in bioreactors to produce SCP.
Recent developments in technology have focused on improving
the processing of SCP from bacteria cells to maximise
production [2]. The use of bioreactors for SCP production also
reduces the risk of contamination and increases growth
efficiency.

Other bacteria used for the production of SCP include;
Aeromonas  hydrophylla,  Acinetobacter  calcaoceticus,
Alcaligenes eutrophus, Bacillus sp., Cellulomonas sp.,
Methylomonas sp., Mycobacterium sp., Nocardia sp.,
Pseudomonas sp., Rhodopseudomonas sp., Brevibacterium sp.,
Methanomonas methanica, and Methylophilus sp [104].

4.3.1. Production of Single-cell Proteins from Bacteria

The production of SCP from bacteria is carried out in a
bioreactor or fermenter followed by other downstream
processing, including; concentration of cells, clarification and
packaging [5, 39, 104, 126]. Production of SCP from bacteria
is usually achieved using a semi-solid fermentation process [5]
using agro-wastes and purified substrates such as methanol,
methane and a pure culture of the bacteria [127]. Fed-batch or
continuous fermentation can also be employed in bacteria SCP
production. However, the continuous fermentation technique is
more sustainable for commercial production [41]. This is
because, during the fed-batch technique, the oxygen demand of
the process would exceed the carrying capacity of the reactor,
making it very expensive and less sustainable. Similarly, the
batch fermentation technique is not recommended because of
the changes in the conditions of the reaction medium over time
[128].

In addition to the concentration of the cell biomass through
centrifugation and filtration using semi-permeable membranes,
there are other downstream processing required in the
production of SCP from bacteria. These include the removal of
amino acids in the cells through chemical methods using
acidified alcohol, salt, acid, alkalis or enzymatic treatments
such as the activation of endogenous RNAase by brief heat
treatment up to 60-70C for 20 mins. The use of these chemical
and enzymatic methods has proven effective in reducing the
nucleic acid content with very little loss in the protein content
[129]. However, these processes have been implicated in the
production of some harmful chemicals. For example, the
hydrolysis of nucleic acid at elevated temperatures causes the
formation of Lysnoalanine- an unusual amino acid involved in
the cross-linking of alkaline proteins. Lysinoalanine has been
implicated in reducing digestion and causing kidney changes in
rats [41]. Finally, the cells are dried and clarified and then
packaged [5].

The use of bacteria for SCP production is costly because of
the various downstream processes carried out. However, recent
developments in recombinant DNA technologies have focused
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on improving and selecting organisms with desirable traits for
SCP production for improved yield and economic profitability
[130]. For example, VTT Ltd. is investigating the reactor
design and options for combining farm methane generation
with the production of microbial oil and feed protein [2]. This
investigation aims at identifying key factors that would
encourage commercial production of SCP for food and feed at
reduced cost through the volarisation of cheap industrial
substrates while improving yield and nutritive value in terms of
protein and vitamins [39]. In another instance, genetic
modification of Pseudomonas methylotrophus by the Imperial
Chemical Industries (ICI) was used to improve protein yield,
growth rate and subsequent use in the commercial production
of SCP [131]. This was achieved through the isolation of the
glutamate dehydrogenase system of Escherichia coli and
transferring this to the glutamine-keto-acid-transaminase
(GOGAT) of the mutant P. methylotrophus, which forms
glutamate and NAD(P) from alpha-ketoglutarate, NAD(H) and
glutamine, thus leading to improved nitrogen assimilation
[131].

4.4. Advantages and Challenges Associated with Single Cell
Protein Production

Proteins derived from microorganisms offer certain
advantages compared to animal or plant-derived proteins, and
these can be considered in their nutritional quality, ease of
propagation and production, resource requirements and the
ancillary metabolites it produces.

The qualities and quantities of the various nutrients derived
from organisms used for SCP production vary from one
organism to another and rely on extrinsic factors such as the
nature and quality of the substrate and presence of contaminant
[105]. Of the microorganisms used for SCP, bacteria produce
the highest quantity of protein by dry mass, but due to their
high nucleic acid content and presence of toxins, fungi and
algae are preferable sources of SCP [112]. Generally, SCP
microbes are primarily needed for their protein content and
quality. However, what determines the acceptability of a
particular species as food or feed are growth rate, the substrate
used, contamination and presence of toxins [39]. Algae are one
of the most studied SCP microorganisms, with authors
comparing the essential amino acid constituents of algae with
some conventional protein sources such as egg and soybean.
This comparison shows that microalgae are good surrogates for
conventional protein sources [95].

The amino acid composition of microbial proteins and their
high protein value makes them potent alternative sources of
proteins for human and animal consumption. Furthermore, the
cheap propagation method of single-cell proteins gives it a
selective advantage over conventional protein sources. This
includes high growth rate and low generation time, cheap
multiple substrates, less demand for space and the possibility of
all year production [2]. Generally, algae have the lowest
growth rate, followed by yeast and filamentous fungi, with
bacteria having the fastest growth rate of about 20 minutes to
two hours [39]. However, the growth rate may vary depending
on the growth conditions such as the availability of nutrients in
certain forms, which is usually determined by the fermentation
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technique adopted and environmental factors such as pH,
presence of contaminants or absence of competition [104]. This
is unlike animal or plant-based proteins which usually take
months to years for growth and maturation [2].

Organisms utilised for single-cell protein production have
different modes of nutrition, including heterotrophic,
chemoautotrophic, photoautotrophic and methylotrophic [132],
enabling them to utilise a wide range of substrates and survive
in different growth conditions, unlike heterotrophic organisms,
which require organic matter as a source of carbon and the
photoautotrophs which can only fix carbon using carbon
dioxide in the presence of sunlight. The ability of SCP
organisms to engage in the dual phototrophic and heterotrophic
modes of nutrition is referred to as mixotrophy. This is
common in microalgae and confers a unique advantage over
other organisms with a single mode of nutrition [132].
Furthermore, this mixotrophic nature of algae makes it possible
for integrated propagation of algal single-cell protein with
simultaneous treatment of waste [106]. This has further
reduced the cost of production of protein, making it
commercially feasible [105]. Additionally, single-cell proteins
require less space and can be grown in a controlled
environment, thus making it possible for an all-year supply of
protein [104].

In addition to the viable role for SCP as food and feed,
SCP produced by microorganisms contains vitamins and
metabolites with diverse health and other benefits. Examples
include some single-cell proteins fractions that exhibit foaming
and gelation properties and can be used in food to increase
palatability [133].

Although SCPs present numerous advantages compared to
conventional protein sources, there are some challenges
associated with single-cell protein production. These include
the cost of production, sensory bias, regulatory challenges,
underdevelopment of food technology techniques and safety
concerns [2]. Furthermore, the downstream processing of
single-cell protein can be capital intensive. The series of
processes involved in cell biomass concentration, extraction,
and possible purification of proteins demands significant
resources. For instance, proteins from bacteria sources need to
be purified to remove the nucleic acid content in the cell
biomass, as this could have serious adverse health implications.
At the same time, algae and fungi derived single-cell proteins
needs to undergo some downstream processing to enhance the
biological availability of the proteins. These organisms have
thick cell walls that cannot be digested by animals and thus
need to be removed to increase the protein efficiency ratio
(PER) [94]. In some cases, the cost of obtaining purified
substrates and the upgrading/valorisation of specific substrates
for use by feedstock organisms can also be relatively high,
especially for chemoheterotrophic organisms thus, limiting the
commercialisation of numerous single-cell protein production
[132].

Generally, humans are sceptical about consuming single-
cell proteins. This bias can be attributed to safety concerns,
organoleptic qualities and concern for the substrate used in
production. Single-cell proteins derived from algae have poor
organoleptic quality, which makes it difficult for human
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consumption. Also, safety is a vital aspect of food production
and foremost consideration for SCP for human consumption.
Several bacteria-derived SCP are yet to be granted the GRAS
status because of the risk of intoxication commonly associated
with gram-negative bacteria.

An important consideration about single-cell protein
consumption is the potential for the bioaccumulation of toxic
substances and heavy metals within the cells of the organism
from waste effluents from homes or industries used for their
production as these can lead to cases of food poisoning [134].
Similarly, fungi derived SCP are also less desired because of
toxins in some filamentous fungi [104]. On the other hand,
algal cells are relatively more desired than bacteria and fungi
because of the low potential of toxin accumulation in algal-
derived SCP [104]. Furthermore, bacteria and fungi cells
contain high nucleic acid, inimical to health when consumed in
high quantities [41]. These safety challenges have elongated
the process of certifying some SCP, creating some bottlenecks
for them to attain the generally regarded as safe (GRAS) status.
The attainment of GRAS status is a requirement for novel
foods before they can be approved for consumption. Generally,
in the United States and the European Union, novel foods are
subjected to long trial periods before being considered safe for
consumption. In Europe, Regulation (EU) 2015/2283 governs
the development and consumption of novel foods, including
SCP [135] and adequate care is taken when the food is from
microbial sources to validate the safety status of these foods
[136]. Finally, a key challenge in advancing the production and
utilisation of SCP is a lag in developing novel food technology
equipment that can facilitate the propagation and processing of
single-cell proteins on a commercial scale without incurring a
high cost of production [137].

CONCLUSION

In this review, a bibliometric study was used to analyse the
body of research on single cell proteins. Our study revealed
that although papers in this area have been published over the
last 60 years, there has been minimal growth. Thus,
investigating the role of microorganisms as a significant source
of dietary proteins requires further attention from the scientific
research community. Research on SCP is multinational
involving institutions, with major research
contributions emanating from the United States of America.
With the ever-growing world population and projections on the
inability of conventional agriculture to cater to the food needs
of the future, especially in Africa and Asia, more collaborative
research activities are needed to increase food production using
SCP through capacity building and increasing infrastructure for
SCP production especially within these regions.

several

A more in-depth analysis of the original research showed
that SCP from fungi is the focus of most research activity in
this area, followed by algae and bacteria. Some benefits of SCP
identified from our study include the relatively lower cost
compared to other dietary protein sources; the possibility of all
year-round production of proteins and increased production
rate due to the rapid growth rate of microbes. However, this
review identified several challenges with SCP production,
including the high cost of downstream process, poor yield and
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safety issues. In order to address these challenges, future
research should focus on (1) use of genetic engineering
approaches to improve potential strains with desirable
characteristics, e.g. removing toxin producing genes (2)
understanding consumer perception to the use of Single cell
protein, to identify misconceptions and address these (3)
simplifying and reducing the downstream processing required
to make SCP readily consumable. Overall, SCP has an
important role to play in ensuring food security in the coming
years and the dedication of scientific effort in improving this
aspect of food production will be beneficial in providing
nutritious food and feed while ensuring a cleaner and more
sustainable environment as SCP production is generally carbon
neutral without adverse environmental impact as obtainable in
conventional agriculture.

LIST OF ABBREVIATION

SCp = Single Cell Protein

AUTHORS' CONTRIBUTIONS

Conceptualization and Design, H.O., T.M. and C.K.A.
methodology, C.K.A., C.0., A.O.; software and Analysis
0.A.O., F.I. and C.K.A; writing original draft preparation,
A.A.; writing review and editing, C.K.A, A.A and T.M,;
visualization, C.K.A. and 0O.0.; project administration, H.O.
All authors have read and agreed to the published version of
the manuscript.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

No funding was received to assist with the preparation of
this manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

[11 United-Nations. World Population
2021.https://population.un.org/wpp/DataQuery/

[2] Ritala A, et al. Single cell protein—state-of-the-art, industrial
landscape and patents . Frontiers in microbiology 2017.

[3] Nangul A, Bhatia R. Microorganisms: A marvelous source of single
cell proteins. J Microbiol Biotechnol Food Sci 2021; 2021: 15-8.

[4] Amata 1. Yeast a single cell protein: Characteristics and metabolism.
Int J Appl Biol Pharm Technol 2013; 2013(4): 158-70.

[5] Sharif M, et al. Single cell protein: Sources, mechanism of production,
nutritional value and its uses in aquaculture nutrition. Aquaculture
2021; 531735885
[http://dx.doi.org/10.1016/j.aquaculture.2020.735885]

[6] Tilman D. Global environmental impacts of agricultural expansion:
The need for sustainable and efficient practices. Proc Natl Acad Sci
USA 1999; 96(11): 5995-6000.
[http://dx.doi.org/10.1073/pnas.96.11.5995] [PMID: 10339530]

[71 Bogdahn 1. Agriculture-independent, sustainable, fail-safe and
efficient food production by autotrophic Single-Cell-Protein.

Prospects 2019

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Onyeaka et al.

2015.PrePrints

Boland MJ, et al. The future supply of animal-derived protein for
human consumption. Trends Food Sci Technol 2013; 29(1): 62-73.
[http://dx.doi.org/10.1016/j.tifs.2012.07.002]

Bratosin BC, Darjan S, Vodnar DC. Single Cell Protein: A Potential
Substitute in Human and Animal Nutrition. Sustainability 2021;
13(16): 9284.

[http://dx.doi.org/10.3390/su13169284]

Anbuselvi A, Mahalanobis S, Jha M. Optimization of single-cell
protein using green gram husk and Bengal gram husk using yeast. Int J
Pharm Sci Rev Res 2014; 28: 188-90.

Archambault E, et al. Benchmarking scientific output in the social
sciences and humanities: The limits of existing databases.
Scientometrics 2006; 68(3): 329-42.
[http://dx.doi.org/10.1007/s11192-006-0115-z]

Van Eck NJ, Waltman L. Software survey: VOSviewer, a computer
program for bibliometric mapping. scientometrics 2010; 84(2):
523-38.

[http://dx.doi.org/10.1007/s11192-009-0146-3]

Mateles RI, Baruah JN, Tannenbaum SR. Growth of a thermophilic
bacterium on hydrocarbons: A new source of single-cell protein.
Science 1967; 157(3794): 1322-3.
[http://dx.doi.org/10.1126/science.157.3794.1322] [PMID: 6038998]
Monkoondee S, Kuntiya A, Chaiyaso T, et al. Treatability of cheese
whey for single-cell protein production in nonsterile systems: Part II.
The application of aerobic sequencing batch reactor (aerobic SBR) to
produce high biomass of Dioszegia sp. TISTR 5792. Prep Biochem
Biotechnol 2016; 46(5): 434-9.
[http://dx.doi.org/10.1080/10826068.2015.1045612]
26178473]

Chae SR, Hwang EJ, Shin H-S. Single cell protein production of
Euglena gracilis and carbon dioxide fixation in an innovative photo-
bioreactor. Bioresour Technol 2006; 97(2): 322-9.
[http://dx.doi.org/10.1016/j.biortech.2005.02.037] [PMID: 16171688]
Passera C, Ferrari G. Evaluation of UV Induced Mutants of Chlorella
vulgaris for Single Cell Protein I. The Screening Effect of
Cycloheximide and 6 1Methylpurine. Physiol Plant 1973; 29(1): 6-9.
[http://dx.doi.org/10.1111/j.1399-3054.1973.tb04800.x]

Tlusty M, Rhyne A, Szczebak JT, et al. A transdisciplinary approach
to the initial validation of a single cell protein as an alternative protein
source for use in aquafeeds. Peer] 2017; 5¢3170
[http://dx.doi.org/10.7717/peerj.3170] [PMID: 28413727]

Petersen LA, Bequette BW, Jorgensen SB, et al. Modeling and system
identification of an unconventional bioreactor used for single cell
protein production. Chem Eng J 2020; 390124438
[http://dx.doi.org/10.1016/j.cej.2020.124438]

Albert FW, Treusch S, Shockley AH, Bloom JS, Kruglyak L. Genetics
of single-cell protein abundance variation in large yeast populations.
Nature 2014; 506(7489): 494-7.
[http://dx.doi.org/10.1038/nature12904] [PMID: 24402228]

Zhou Y-M, et al. Recycling of orange waste for single cell protein
production and the synergistic and antagonistic effects on production
quality. J Clean Prod 2019; 213: 384-92.
[http://dx.doi.org/10.1016/j.jclepro.2018.12.168]

Zhang HY, Piao XS, Li P, et al. Effects of single cell protein replacing
fish meal in diet on growth performance, nutrient digestibility and
intestinal morphology in weaned pigs. Asian-Australas J Anim Sci
2013; 26(9): 1320-8.

[http://dx.doi.org/10.5713/ajas.2013.13200] [PMID: 25049915]

Gao Y, Li D, Liu Y. Production of single cell protein from soy
molasses using Candida tropicalis. Ann Microbiol 2012; 62(3):
1165-72.

[http://dx.doi.org/10.1007/s13213-011-0356-9]

Abbaspourrad A, Zhang H, Tao Y, et al. Label-free single-cell protein
quantification using a drop-based mix-and-read system. Sci Rep 2015;
5(1): 12756.

[http://dx.doi.org/10.1038/srep12756] [PMID: 26234416]

Windass JD, Worsey MJ, Pioli EM, et al. Improved conversion of
methanol to single-cell protein by Methylophilus methylotrophus.
Nature 1980; 287(5781): 396-401.
[http://dx.doi.org/10.1038/287396a0] [PMID: 6776410]

Gefen O, Gabay C, Mumcuoglu M, Engel G, Balaban NQ. Single-cell
protein induction dynamics reveals a period of vulnerability to
antibiotics in persister bacteria. Proc Natl Acad Sci USA 2008;
105(16): 6145-9.

[http://dx.doi.org/10.1073/pnas.0711712105] [PMID: 18427112]
Cysewski GR, Wilke CR. Utilization of cellulosic materials through

[PMID:


https://population.un.org/wpp/DataQuery/
http://dx.doi.org/10.1016/j.aquaculture.2020.735885
http://dx.doi.org/10.1073/pnas.96.11.5995
http://www.ncbi.nlm.nih.gov/pubmed/10339530
http://dx.doi.org/10.1016/j.tifs.2012.07.002
http://dx.doi.org/10.3390/su13169284
http://dx.doi.org/10.1007/s11192-006-0115-z
http://dx.doi.org/10.1007/s11192-009-0146-3
http://dx.doi.org/10.1126/science.157.3794.1322
http://www.ncbi.nlm.nih.gov/pubmed/6038998
http://dx.doi.org/10.1080/10826068.2015.1045612
http://www.ncbi.nlm.nih.gov/pubmed/26178473
http://dx.doi.org/10.1016/j.biortech.2005.02.037
http://www.ncbi.nlm.nih.gov/pubmed/16171688
http://dx.doi.org/10.1111/j.1399-3054.1973.tb04800.x
http://dx.doi.org/10.7717/peerj.3170
http://www.ncbi.nlm.nih.gov/pubmed/28413727
http://dx.doi.org/10.1016/j.cej.2020.124438
http://dx.doi.org/10.1038/nature12904
http://www.ncbi.nlm.nih.gov/pubmed/24402228
http://dx.doi.org/10.1016/j.jclepro.2018.12.168
http://dx.doi.org/10.5713/ajas.2013.13200
http://www.ncbi.nlm.nih.gov/pubmed/25049915
http://dx.doi.org/10.1007/s13213-011-0356-9
http://dx.doi.org/10.1038/srep12756
http://www.ncbi.nlm.nih.gov/pubmed/26234416
http://dx.doi.org/10.1038/287396a0
http://www.ncbi.nlm.nih.gov/pubmed/6776410
http://dx.doi.org/10.1073/pnas.0711712105
http://www.ncbi.nlm.nih.gov/pubmed/18427112

Trends in single cell protein food and feeds

(27]

(28]

[29]

(30]

(31]

[32]

[33]

(34]

[35]

[36]

[37]

[38]

(391

[40]

[41]

[42]

[43]

[44]

enzyamtic hydrolysis. I. Fermentation of hydrolysate to ethanol and
single-cell protein. Biotechnol Bioeng 1976; 18(9): 1297-313.
[http://dx.doi.org/10.1002/bit.260180908] [PMID: 786408]
Papanikolaou S, et al. Industrial derivative of tallow: A promising
renewable substrate for microbial lipid, single-cell protein and lipase
production by Yarrowia lipolytica. Electron J Biotechnol 2007; 10(3):
425-35.

[http://dx.doi.org/10.2225/vol10-issue3-fulltext-8]

Howells E. Single-cell protein and related technology. Chem Ind 1982;
508-11.

Shahi P, Kim SC, Haliburton JR, Gartner ZJ, Abate AR. Abseq:
Ultrahigh-throughput single cell protein profiling with droplet
microfluidic barcoding. Sci Rep 2017; 7(1): 44447.
[http://dx.doi.org/10.1038/srep44447] [PMID: 28290550]

Ferrer J, et al. Acid hydrolysis of shrimp-shell wastes and the
production of single cell protein from the hydrolysate. Bioresour
Technol 1996; 57(1): 55-60.
[http://dx.doi.org/10.1016/0960-8524(96)00057-0]

Shipman R, Kao I, Fan L. Singlel/cell protein production by
photosynthetic bacteria cultivation in agricultural by-products.
Biotechnol Bioeng 1975; 17(11): 1561-70.
[http://dx.doi.org/10.1002/bit.260171102]

Humphrey A, et al. Production of single cell protein from cellulose
wastes.Biotechnol Bioeng Symp;(United States). Philadelphia: Univ.
of Pennsylvania 1977.

Moon NJ, Hammond E, Glatz BA. Conversion of cheese whey and
whey permeate to oil and single-cell protein. J Dairy Sci 1978; 61(11):
1537-47.

[http://dx.doi.org/10.3168/jds.S0022-0302(78)83762-X]

Avnimelech Y, Mokady S, Schroeder G. Circulated ponds as efficient
bioreactors for single cell protein production. Isr J Aquacult Bamidgeh
1989; 41(2): 58-66.

Aggelopoulos T, Katsieris K, Bekatorou A, Pandey A, Banat IM,
Koutinas AA. Solid state fermentation of food waste mixtures for
single cell protein, aroma volatiles and fat production. Food Chem
2014; 145: 710-6.
[http://dx.doi.org/10.1016/j.foodchem.2013.07.105]
24128535]

Revah[IMoiseev S, Carroad PA. Conversion of the enzymatic
hydrolysate of shellfish waste chitin to single-cell protein. Biotechnol
Bioeng 1981; 23(5): 1067-78.
[http://dx.doi.org/10.1002/bit.260230514]

Bothe H, Moller Jensen K, Mergel A, et al. Heterotrophic bacteria
growing in association with Methylococcus capsulatus (Bath) in a
single cell protein production process. Appl Microbiol Biotechnol
2002; 59(1): 33-9.

[http://dx.doi.org/10.1007/500253-002-0964-1] [PMID: 12073128]
Patias LD, et al. Single-cell protein as a source of biologically active
ingredients for the formulation of antiobesity foods.Alternative and
Replacement Foods. Elsevier 2018; pp. 317-53.
[http://dx.doi.org/10.1016/B978-0-12-811446-9.00011-3]

Anupama , Ravindra P. Value-added food: Single cell protein.
Biotechnol Adv 2000; 18(6): 459-79.
[http://dx.doi.org/10.1016/S0734-9750(00)00045-8]
14538097]

Vrati S. Single cell protein production by photosynthetic bacteria
grown on the clarified effluents of biogas plant. Appl Microbiol
Biotechnol 1984; 19(3): 199-202.
[http://dx.doi.org/10.1007/BF00256454]

Nasseri A, Rasoul-Amini S, Morowvat MH, Ghasemi Y, et al. Single
cell protein: Production and process. Am J Food Technol 2011; 6(2):
103-16.

[http://dx.doi.org/10.3923/ajft.2011.103.116]

Gervasi T, Pellizzeri V, Calabrese G, Di Bella G, Cicero N, Dugo G.
Production of single cell protein (SCP) from food and agricultural
waste by using Saccharomyces cerevisiae. Nat Prod Res 2018; 32(6):
648-53.
[http://dx.doi.org/10.1080/14786419.2017.1332617]
28540744]

Pires JF, Ferreira GMR, Reis KC, Schwan RF, Silva CF. Mixed yeasts
inocula for simultaneous production of SCP and treatment of vinasse
to reduce soil and fresh water pollution. J Environ Manage 2016; 182:
455-63.

[http://dx.doi.org/10.1016/j.jenvman.2016.08.006] [PMID: 27526083]
Nigam JN. Continuous ethanol production from pineapple cannery
waste using immobilized yeast cells. J Biotechnol 2000; 80(2): 189-93.
[http://dx.doi.org/10.1016/S0168-1656(00)00246-7] [PMID:

[PMID:

[PMID:

[PMID:

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[53]

[54]

[55]

[56]

[57]

[58]

[60]

(e1]

[62]

[63]

The Open Microbiology Journal, 2022, Volume 16 15

10908799]

Patil RS, Ghormade V, Deshpande MV. Chitinolytic enzymes: An
exploration. Enzyme Microb Technol 2000; 26(7): 473-83.
[http://dx.doi.org/10.1016/S0141-0229(00)00134-4]
10771049]

Gao L, Chi Z, Sheng J, Ni X, Wang L. Single-cell protein production
from Jerusalem artichoke extract by a recently isolated marine yeast
Cryptococcus aureus G7a and its nutritive analysis. Appl Microbiol
Biotechnol 2007; 77(4): 825-32.
[http://dx.doi.org/10.1007/500253-007-1210-7] [PMID: 17929010]

Wu J, Hu J, Zhao S, et al. Single-cell protein and xylitol production by
a novel yeast strain Candida intermedia FL023 from lignocellulosic
hydrolysates and xylose. Appl Biochem Biotechnol 2018; 185(1):
163-78.

[http://dx.doi.org/10.1007/s12010-017-2644-8] [PMID: 29098561]
Munawar R, Irfan M, Nadeem M, et al. Biosynthesis of single cell
biomass of Candida utilis by submerged fermentation. Pak J Sci 2010;
1(62): 1-5.

Btazejak S, et al. Distribution of magnesium in the Candida utilis
ATCC 9950 yeast cells enriched in that element. Acta Sci Pol Technol
Aliment 2004; 3: 95-110.

Miura Y, Kondo K, Shimada H, Saito T, Nakamura K, Misawa N.
Production of lycopene by the food yeast, Candida utilis that does not
naturally synthesize carotenoid. Biotechnol Bioeng 1998; 58(2-3):
306-8.
[http://dx.doi.org/10.1002/(SICI)1097-0290(19980420)58:2/3<306::Al
D-BIT29>3.0.CO;2-8] [PMID: 10191407]

Sheng J, Chi Z, Li J, Gao L, Gong F, et al. Inulinase production by the
marine yeast Cryptococcus aureus G7a and inulin hydrolysis by the
crude inulinase. Process Biochem 2007; 42(5): 805-11.
[http://dx.doi.org/10.1016/j.procbio.2007.01.016]

Brown MR, Barrett SM, Volkman JK, et al. Biochemical composition
of new yeasts and bacteria evaluated as food for bivalve aquaculture.
Aquaculture 1996; 143(3-4): 341-60.
[http://dx.doi.org/10.1016/0044-8486(96)01286-0]

Ziino M, Lo Curto RB, Salvo F, et al. Lipid composition of
Geotrichum candidum single cell protein grown in continuous
submerged culture. Bioresour Technol 1999; 67(1): 7-11.
[http://dx.doi.org/10.1016/S0960-8524(99)00102-9]

Nassimi A, et al. Analysis of combining ability in Brassica napus L.
lines for yield associated traits. Pak J Biol Sci 2006; 9: 2333-7.
[http://dx.doi.org/10.3923/pjbs.2006.2333.2337]

Lombard J. Characterisation of Wickerhamomyces anomalus and
Kazachstania aerobia: Investigating fermentation kinetics and aroma
production. Stellenbosch: Stellenbosch University 2016.

Zinjarde SS. Food-related applications of Yarrowia lipolytica. Food
Chem 2014; 152: 1-10.
[http://dx.doi.org/10.1016/j.foodchem.2013.11.117]
24444899]

Fickers P, Benetti PH, Waché Y, et al. Hydrophobic substrate
utilisation by the yeast Yarrowia lipolytica, and its potential
applications. FEMS Yeast Res 2005; 5(6-7): 527-43.
[http://dx.doi.org/10.1016/j.femsyr.2004.09.004] [PMID: 15780653]
Finogenova T, et al. Organic acid production by the yeast Yarrowia
lipolytica: A review of prospects. Appl Biochem Microbiol 2005;
41(5): 418-25.

[http://dx.doi.org/10.1007/s10438-005-0076-7]

Papanikolaou S, Muniglia L, Chevalot I, Aggelis G, Marc 1. Yarrowia
lipolytica as a potential producer of citric acid from raw glycerol. J
Appl Microbiol 2002; 92(4): 737-44.
[http://dx.doi.org/10.1046/j.1365-2672.2002.01577 .x]
11966915]

Madzak C, Gaillardin C, Beckerich J-M. Heterologous protein
expression and secretion in the non-conventional yeast Yarrowia
lipolytica: A review. J Biotechnol 2004; 109(1-2): 63-81.
[http://dx.doi.org/10.1016/j.jbiotec.2003.10.027] [PMID: 15063615]
Cui W, et al. Direct conversion of inulin into single cell protein by the
engineered Yarrowia lipolytica carrying inulinase gene. Process
Biochem 2011; 46(7): 1442-8.
[http://dx.doi.org/10.1016/j.procbio.2011.03.017]

Bankar A, Jadhav L, Phalke V. Metagenomic Insights of Yarrowia
lipolytica in Food Industry.Metagenomic Systems Biology. Springer
2020; pp. 159-83.

[http://dx.doi.org/10.1007/978-981-15-8562-3_8]

Buerth C, Heilmann CJ, Klis FM, de Koster CG, Ernst JF, Tielker D.
Growth-dependent secretome of Candida utilis. Microbiology 2011;
157(Pt 9): 2493-503.

[PMID:

[PMID:

[PMID:


http://dx.doi.org/10.1002/bit.260180908
http://www.ncbi.nlm.nih.gov/pubmed/786408
http://dx.doi.org/10.2225/vol10-issue3-fulltext-8
http://dx.doi.org/10.1038/srep44447
http://www.ncbi.nlm.nih.gov/pubmed/28290550
http://dx.doi.org/10.1016/0960-8524(96)00057-0
http://dx.doi.org/10.1002/bit.260171102
http://dx.doi.org/10.3168/jds.S0022-0302(78)83762-X
http://dx.doi.org/10.1016/j.foodchem.2013.07.105
http://www.ncbi.nlm.nih.gov/pubmed/24128535
http://dx.doi.org/10.1002/bit.260230514
http://dx.doi.org/10.1007/s00253-002-0964-1
http://www.ncbi.nlm.nih.gov/pubmed/12073128
http://dx.doi.org/10.1016/B978-0-12-811446-9.00011-3
http://dx.doi.org/10.1016/S0734-9750(00)00045-8
http://www.ncbi.nlm.nih.gov/pubmed/14538097
http://dx.doi.org/10.1007/BF00256454
http://dx.doi.org/10.3923/ajft.2011.103.116
http://dx.doi.org/10.1080/14786419.2017.1332617
http://www.ncbi.nlm.nih.gov/pubmed/28540744
http://dx.doi.org/10.1016/j.jenvman.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27526083
http://dx.doi.org/10.1016/S0168-1656(00)00246-7
http://www.ncbi.nlm.nih.gov/pubmed/10908799
http://dx.doi.org/10.1016/S0141-0229(00)00134-4
http://www.ncbi.nlm.nih.gov/pubmed/10771049
http://dx.doi.org/10.1007/s00253-007-1210-7
http://www.ncbi.nlm.nih.gov/pubmed/17929010
http://dx.doi.org/10.1007/s12010-017-2644-8
http://www.ncbi.nlm.nih.gov/pubmed/29098561
http://dx.doi.org/10.1002/(SICI)1097-0290(19980420)58:2/3<306::AID-BIT29>3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0290(19980420)58:2/3<306::AID-BIT29>3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/pubmed/10191407
http://dx.doi.org/10.1016/j.procbio.2007.01.016
http://dx.doi.org/10.1016/0044-8486(96)01286-0
http://dx.doi.org/10.1016/S0960-8524(99)00102-9
http://dx.doi.org/10.3923/pjbs.2006.2333.2337
http://dx.doi.org/10.1016/j.foodchem.2013.11.117
http://www.ncbi.nlm.nih.gov/pubmed/24444899
http://dx.doi.org/10.1016/j.femsyr.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15780653
http://dx.doi.org/10.1007/s10438-005-0076-7
http://dx.doi.org/10.1046/j.1365-2672.2002.01577.x
http://www.ncbi.nlm.nih.gov/pubmed/11966915
http://dx.doi.org/10.1016/j.jbiotec.2003.10.027
http://www.ncbi.nlm.nih.gov/pubmed/15063615
http://dx.doi.org/10.1016/j.procbio.2011.03.017
http://dx.doi.org/10.1007/978-981-15-8562-3_8

16 The Open Microbiology Journal, 2022, Volume 16

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

[80]

(81]

(82]

[http://dx.doi.org/10.1099/mic.0.049320-0] [PMID: 21680638]
Buitrago Mora HM, Pifieros MA, Espinosa Moreno D, et al.
Multiscale design of a dairy beverage model composed of Candida
utilis single cell protein supplemented with oleic acid. J Dairy Sci
2019; 102(11): 9749-62.

[http://dx.doi.org/10.3168/jds.2019-16729] [PMID: 31495617]
Diaz-Muiioz C, Van de Voorde D, Comasio A, et al. Curing of cocoa
beans: Fine-scale monitoring of the starter cultures applied and
metabolomics of the fermentation and drying steps. Front Microbiol
2021; 11616875

[http://dx.doi.org/10.3389/fmicb.2020.616875] [PMID: 33505385]
Paynor K, David E, Valentino M. Endophytic fungi associated with
bamboo as possible sources of single cell protein using corn cob as a
substrate. Mycosphere 2016; 7(2): 139-47.
[http://dx.doi.org/10.5943/mycosphere/7/2/5]

Ren X, Wang J, Yu H, et al. Anaerobic and sequential aerobic
production of high-titer ethanol and single cell protein from NaOH-
pretreated corn stover by a genome shuffling-modified Saccharomyces
cerevisiae strain. Bioresour Technol 2016; 218: 623-30.
[http://dx.doi.org/10.1016/j.biortech.2016.06.118] [PMID: 27416512]
Suman G, Nupur M, Pradeep B, et al. Single cell protein production: A
review. Int J Curr Microbiol Appl Sci 2015; 4(9): 251-62.

Goldberg 1. Organisms and substrates Single Cell Protein 1985;
11-66.

[http://dx.doi.org/10.1007/978-3-642-46540-6_2]

Singh A, Chandrasekaran A. Single cell protein analysis. Springer
2015.

[http://dx.doi.org/10.1007/978-1-4939-2987-0]

Rao MB, Varma A, Deshmukh SS. Production of single cell protein,
essential amino acids, and xylanase by Penicillium janthinellum.
BioResources 2010; 5(4): 2470-7.

Mohammadi M, Samadi S, Najafpour Darzi G. Production of single
cell protein from sugarcane bagasse by Saccharomyces cerevisiae in
tray bioreactor. International Journal of Engineering 2016; 29(8):
1029-36.

El-Deek A, Ghonem KM, Saffa MH, e al. Producing single cell
protein from poultry manure and evaluation for broiler chickens diets.
Int J Poult Sci 2009; 8(11): 1062-77.
[http://dx.doi.org/10.3923/ijps.2009.1062.1077]

Nigam J. Continuous ethanol production from pineapple cannery
waste. J Biotechnol 1999; 72(3): 197-202.
[http://dx.doi.org/10.1016/S0168-1656(99)00106-6]
10908799]

Zhao G, Zhang W, Zhang G. Production of single cell protein using
waste capsicum powder produced during capsanthin extraction. Lett
Appl Microbiol 2010; 50(2): 187-91.
[http://dx.doi.org/10.1111/j.1472-765X.2009.02773.x]
20002572]

Bacha U, Nasir M, Khalique A, et al. Comparative assessment of
various agro-industrial wastes for Saccharomyces cerevisiae biomass
production and its quality evaluation as single cell protein. J Anim
Plant Sci 2011; 21(4): 844-9.

Jach M, et al. Yarrowia lipolytica grown on biofuel waste as a source
of single cell protein and essential amino acids for human diet. Saudi J
Med Pharm Sci 2017; 3(12): 1344-51.

Jach ME, Serefko A. Nutritional yeast biomass: characterization and
application In: Diet, Microbiome and Health. 2018; pp. 237-70.
[http://dx.doi.org/10.1016/B978-0-12-811440-7.00009-0]

Kurcz A, et al. Application of industrial wastes for the production of
microbial single-cell protein by fodder yeast Candida utilis. Waste
Biomass Valoriz 2018; 9(1): 57-64.
[http://dx.doi.org/10.1007/312649-016-9782-7]

United-Nations. UN announces first-ever global standard to measure
food loss and waste
2020.https://www.un.org/sustainabledevelopment/blog/2016/06/un-an
nounces-first-ever-global-standard-to-measure-food-loss-and-
waste/#:~:text=According%20t0%20the%20UN%2C%20an,t0%20%2
4940%20billion%20per%?20year

Veana F, Martinez-Hernandez JL, Aguilar CN, Rodriguez-Herrera R,
Michelena G. Utilization of molasses and sugar cane bagasse for
production of fungal invertase in solid state fermentation using
Aspergillus niger GHI. Braz J Microbiol 2014; 45(2): 373-7.
[http://dx.doi.org/10.1590/S1517-83822014000200002] [PMID:
25242918]

Roukas T, Kotzekidou P. Rotary biofilm reactor: A new tool for long-
term bioethanol production from non-sterilized beet molasses by
Saccharomyces cerevisiae in repeated-batch fermentation. J Clean

[PMID:

[PMID:

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

[99]

[100]

[101]
[102]

[103]

[104]

Onyeaka et al.

Prod 2020; 257120519
[http://dx.doi.org/10.1016/j.jclepro.2020.120519]

Matassa S, Boon N, Pikaar I, Verstraecte W. Microbial protein: Future
sustainable food supply route with low environmental footprint.
Microb Biotechnol 2016; 9(5): 568-75.
[http://dx.doi.org/10.1111/1751-7915.12369] [PMID: 27389856]
Molitor B, Mishra A, Angenent LT. Power-to-protein: Converting
renewable electric power and carbon dioxide into single cell protein
with a two-stage bioprocess. Energy Environ Sci 2019; 12(12):
3515-21.

[http://dx.doi.org/10.1039/COEE02381J]

Garcia-Garibay M, et al. Single cell protein Algae 2014.

Voutilainen E, Pihlajaniemi V, Parviainen T. Economic comparison of
food protein production with single-cell organisms from lignocellulose
side-streams. Bioresour Technol Rep 2021; 14100683
[http://dx.doi.org/10.1016/].biteb.2021.100683]

Haque MA, et al. Factors affecting the biomass and lipid production
from Chlorella sp. TISTR 8990 under mixotrophic culture. Walailak J
Sci Technol 2012; 9(4): 347-59. [WIST].

Gouveia L, et al. Microalgae—source of natural bioactive molecules as
functional ingredients. Food Sci Technol Bull Funct Foods 2010; 7(2):
21-37.

[http://dx.doi.org/10.1616/1476-2137.15884]

Iwamoto H. Industrial production of microalgal cell-mass and
secondary products-major industrial species. Handbook of microalgal
culture: Biotechnology and applied phycology 2004; p. 264.

Hu Q. Industrial production of microalgal cell mass and secondary
products-major industrial species. Handbook of microalgal culture:
Biotechnology and applied phycology 2004; p. 264.

Hosseini Tafreshi A, Shariati M. Dunaliella biotechnology: Methods
and applications. J Appl Microbiol 2009; 107(1): 14-35.
[http://dx.doi.org/10.1111/j.1365-2672.2009.04153.x]
19245408]

Senevirathne M, Kim S-K. Marine macro- and microalgae as potential
agents for the prevention of asthma: Hyperresponsiveness and
inflammatory subjects. Adv Food Nutr Res 2011; 64: 277-86.
[http://dx.doi.org/10.1016/B978-0-12-387669-0.00022-3]  [PMID:
22054955]

Xia L, Ge H, Zhou X, Zhang D, Hu C. Photoautotrophic outdoor two-
stage cultivation for oleaginous microalgae Scenedesmus obtusus
XJ-15. Bioresour Technol 2013; 144: 261-7.
[http://dx.doi.org/10.1016/j.biortech.2013.06.112] [PMID: 23876654]
Barka A, Blecker C. Microalgae as a potential source of single-cell
proteins A review. Base 2016.
[http://dx.doi.org/10.25518/1780-4507.13132]

Kent M, Welladsen HM, Mangott A, Li Y. Nutritional evaluation of
Australian microalgae as potential human health supplements. PLoS
One 2015; 10(2)e0118985
[http://dx.doi.org/10.1371/journal.pone.0118985] [PMID: 25723496]
Becker EW. Micro-algae as a source of protein. Biotechnol Adv 2007;
25(2): 207-10.
[http://dx.doi.org/10.1016/j.biotechadv.2006.11.002]
17196357]

Gellenbeck KW. Utilization of algal materials for nutraceutical and
cosmeceutical applications—what do manufacturers need to know? J
Appl Phycol 2012; 24(3): 309-13.
[http://dx.doi.org/10.1007/s10811-011-9722-7]

Yook J-S, Kim KA, Park JE, Lee SH, Cha YS. Microalgal oil
supplementation has an anti-obesity effect in C57BL/6J mice fed a
high fat diet. Prev Nutr Food Sci 2015; 20(4): 230-7.
[http://dx.doi.org/10.3746/pnf.2015.20.4.230] [PMID: 26770909]
Donadio C, et al. Carotenoid-derived aroma compounds detected and
identified in brines and speciality sea salts (fleur de sel) produced in
solar salterns from Saint-Armel (France). J Food Compos Anal 2011;
24(6): 801-10.

[http://dx.doi.org/10.1016/j.jfca.2011.03.005]

Tseng C. Algal biotechnology industries and research activities in
China. J Appl Phycol 2001; 13(4): 375-80.
[http://dx.doi.org/10.1023/A:1017972812576]

Mumford T Jr. Porphyra as food: Cultivation and economics. Algae
and human affairs 1988.

Lembi CA, Waaland JR. Algae and human affairs. Cambridge
University Press 1988.

Borowitzka M. Algae as food. In: Microbiology of fermented foods.
Springer 1998; pp. 585-602.
[http://dx.doi.org/10.1007/978-1-4613-0309-1_18]

Bajpai P. Nutritional Benefits of Single-Cell Proteins In: Single Cell

[PMID:

[PMID:


http://dx.doi.org/10.1099/mic.0.049320-0
http://www.ncbi.nlm.nih.gov/pubmed/21680638
http://dx.doi.org/10.3168/jds.2019-16729
http://www.ncbi.nlm.nih.gov/pubmed/31495617
http://dx.doi.org/10.3389/fmicb.2020.616875
http://www.ncbi.nlm.nih.gov/pubmed/33505385
http://dx.doi.org/10.5943/mycosphere/7/2/5
http://dx.doi.org/10.1016/j.biortech.2016.06.118
http://www.ncbi.nlm.nih.gov/pubmed/27416512
http://dx.doi.org/10.1007/978-3-642-46540-6_2
http://dx.doi.org/10.1007/978-1-4939-2987-0
http://dx.doi.org/10.3923/ijps.2009.1062.1077
http://dx.doi.org/10.1016/S0168-1656(99)00106-6
http://www.ncbi.nlm.nih.gov/pubmed/10908799
http://dx.doi.org/10.1111/j.1472-765X.2009.02773.x
http://www.ncbi.nlm.nih.gov/pubmed/20002572
http://dx.doi.org/10.1016/B978-0-12-811440-7.00009-0
http://dx.doi.org/10.1007/s12649-016-9782-z
https://www.un.org/sustainabledevelopment/blog/2016/06/un-announces-first-ever-global-standard-to-measure-food-loss-and-waste/#:~:text=According%20to%20the%20UN%2C%20an,to%20%24940%20billion%20per%20year
https://www.un.org/sustainabledevelopment/blog/2016/06/un-announces-first-ever-global-standard-to-measure-food-loss-and-waste/#:~:text=According%20to%20the%20UN%2C%20an,to%20%24940%20billion%20per%20year
https://www.un.org/sustainabledevelopment/blog/2016/06/un-announces-first-ever-global-standard-to-measure-food-loss-and-waste/#:~:text=According%20to%20the%20UN%2C%20an,to%20%24940%20billion%20per%20year
https://www.un.org/sustainabledevelopment/blog/2016/06/un-announces-first-ever-global-standard-to-measure-food-loss-and-waste/#:~:text=According%20to%20the%20UN%2C%20an,to%20%24940%20billion%20per%20year
http://dx.doi.org/10.1590/S1517-83822014000200002
http://www.ncbi.nlm.nih.gov/pubmed/25242918
http://dx.doi.org/10.1016/j.jclepro.2020.120519
http://dx.doi.org/10.1111/1751-7915.12369
http://www.ncbi.nlm.nih.gov/pubmed/27389856
http://dx.doi.org/10.1039/C9EE02381J
http://dx.doi.org/10.1016/j.biteb.2021.100683
http://dx.doi.org/10.1616/1476-2137.15884
http://dx.doi.org/10.1111/j.1365-2672.2009.04153.x
http://www.ncbi.nlm.nih.gov/pubmed/19245408
http://dx.doi.org/10.1016/B978-0-12-387669-0.00022-3
http://www.ncbi.nlm.nih.gov/pubmed/22054955
http://dx.doi.org/10.1016/j.biortech.2013.06.112
http://www.ncbi.nlm.nih.gov/pubmed/23876654
http://dx.doi.org/10.25518/1780-4507.13132
http://dx.doi.org/10.1371/journal.pone.0118985
http://www.ncbi.nlm.nih.gov/pubmed/25723496
http://dx.doi.org/10.1016/j.biotechadv.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17196357
http://dx.doi.org/10.1007/s10811-011-9722-z
http://dx.doi.org/10.3746/pnf.2015.20.4.230
http://www.ncbi.nlm.nih.gov/pubmed/26770909
http://dx.doi.org/10.1016/j.jfca.2011.03.005
http://dx.doi.org/10.1023/A:1017972812576
http://dx.doi.org/10.1007/978-1-4613-0309-1_18

Trends in single cell protein food and feeds

The Open Microbiology Journal, 2022, Volume 16 17

Protein Production from Lignocellulosic Biomass. Springer 2017; pp. [121] Harvey PJ, Ben-Amotz A. Towards a sustainable Dunaliella salina
59-63. microalgal biorefinery for 9-cis B-carotene production. Algal Res
[http://dx.doi.org/10.1007/978-981-10-5873-8_8] 2020; 50102002

[105] Mabhapatra D, Chanakya H, Ramachandra T. Algae Derived Single- [http://dx.doi.org/10.1016/j.algal.2020.102002]

Cell Proteins: Economic Cost Analysis and Future Prospects In: [122] ANACC. Algal growth phases including determination of the growth
Protein Byproducts. Elsevier 2016; pp. 275-301. rate and population doubling time
[http://dx.doi.org/10.1016/B978-0-12-802391-4.00015-X] 2021.https://research.csiro.au/anaccmethods/phycological-techniques/

[106] Hiilsen T, Hsieh K, Lu Y, Tait S, Batstone DJ. Simultaneous treatment biomass-estimation/algal-growth-phases-including-determination-of-
and single cell protein production from agri-industrial wastewaters the-growth-rate-and-population-doubling-time/
using purple phototrophic bacteria or microalgae - A comparison. [123] Johnson EA. Biotechnology of non-Saccharomyces yeasts--the
Bioresour Technol 2018; 254: 214-23. ascomycetes. Appl Microbiol Biotechnol 2013; 97(2): 503-17.
[http://dx.doi.org/10.1016/j.biortech.2018.01.032] [PMID: 29413925] [http://dx.doi.org/10.1007/300253-012-4497-y] [PMID: 23184219]

[107] Rasouli Z, et al. Nutrient recovery from industrial wastewater as single [124] Petersen LA, Villadsen J, Jorgensen SB, Gernaey KV. Mixing and
cell protein by a co-culture of green microalgae and methanotrophs. mass transfer in a pilot scale U-loop bioreactor. Biotechnol Bioeng
Biochem Eng J 2018; 134: 129-35. 2017; 114(2): 344-54.

[http://dx.doi.org/10.1016/j.bej.2018.03.010] [http://dx.doi.org/10.1002/bit.26084] [PMID: 27571389]

[108] Ugbogu E, Ugbogu O. A review of microbial protein production: [125] Glencross B, et al. Effective use of microbial biomass products to
Prospects and challenges. FUW Trends in Science and Technology facilitate the complete replacement of fishery resources in diets for the
Journal 2016; 1(1): 182-5. black tiger shrimp, Penaeus monodon. Aquaculture 2014; 431: 12-9.

[109] Fabregas J, Herrero C. Marine microalgae as a potential source of [http://dx.doi.org/10.1016/j.aquaculture.2014.02.033]
single cell protein (SCP). Appl Microbiol Biotechnol 1985; 23(2): [126] Bhalla TC, Sharma NN, Sharma M. Production of metabolites,
110-3. industrial enzymes, amino acid, organic acids, antibiotics, vitamins
[http://dx.doi.org/10.1007/BF00938962] and single cell proteins. 2007.

[110] Moraine R, et al. Algal single cell protein from wastewater treatment [127] Prado-Rubio OA, Jergensen JB, Jorgensen SB. Systematic model
and renovation process. Biotechnol Bioeng 1979; 21(7): 1191-207. analysis for single cell protein (SCP) production in a U-loop reactor, in
[http://dx.doi.org/10.1002/bit.260210709] Computer aided chemical engineering. Elsevier 2010; pp. 319-24.

[111] Srividya A, et al. Single cell protein-a review. IJPRS 2013; 2(4): [128] Steinkraus KH. Microbial biomass protein grown on edible substrates:
472-85. The indigenous fermented foods. Microbial Biomass Proteins 1986;

[112] Becker W. 18 microalgae in human and animal nutrition.Handbook of pp. 33-45. .
microalgal culture: Biotechnology and applied phycology. Wiley [129] KURBANOGLU. E.B., Production of single-cell protein from ram
Online Library 2004. horn hydrolysate. Turk J Biol 2001; 25(4): 371-7.

[113] Caballero B, Finglas P, Toldra F. Encyclopedia of food and health. [130] Omar S, Sabry S. Microbial biomass and protein production from
Academic Press 2015. whey. Bull Fac Sci Univ Alex 1991; 31: 186-93.

[114] Chacén-Lee TL, Gonzdlez-Marifio GE. Microalgae for “healthy” [131] Gow I, et al. SCP production from methanol: bacteria. International
foods—possibilities and challenges. Compr Rev Food Sci Food Saf Conference on Single Cell Protein.

2010; 9(6): 655-75. [132] Jones SW, Karpol A, Friedman S, Maru BT, Tracy BP. Recent
[http://dx.doi.org/10.1111/j.1541-4337.2010.00132.x] [PMID: advances in single cell protein use as a feed ingredient in aquaculture.
33467820] Curr Opin Biotechnol 2020; 61: 189-97.

[115] Marshall H. Micro-algae as a superfood source: Phytoplankton for [http://dx.doi.org/10.1016/j.copbio.2019.12.026] [PMID: 31991311]
future nutrition. Vegetarian Issues 2007; (Jun): 1-2. [133] Cantat I, et al. Foams: structure and dynamics. OUP Oxford 2013.

[116]  Sarma AP, Petar P, Murthy S. Spirulina as a source of single cell [http://dx.doi.org/10.1093/acprof:0s0/9780199662890.001.0001]
protein. Vegetos 2008; 21(1): 35-45. [134] Nkhalambayausi-Chirwa EM, Lebitso MT. Assessment of nutritional

[117]  Ben-Amotz A. Industrial production of microalgal cell-mass and value of single-cell protein from waste-activated sludge as a protein
secondary products-major industrial species. Handbook of microalgal supplement in poultry feed. Water Environ Res 2012; 84(12): 2106-14.
culture: Biotechnology and applied phycology 2004; p. 273. [http://dx.doi.org/10.2175/106143012X13415215907130]  [PMID:

[118] Rajauria G, et al. Identification and selection of algae for food, feed, 23342942]
and fuel applications.Seaweed Sustainability. Elsevier 2015; pp. [135] European-Commission. What is the current Novel Food legislation?
315-45. 2021.https://ec.europa.eu/food/safety/novel-food/legislation_en
[http://dx.doi.org/10.1016/B978-0-12-418697-2.00012-X] [136] Bulajic S, Mijacevic Z. Food as ecosystem for transfer of resistant

[119] Henrikson R. Microalgae Spirulina super alimento del future ronore strains  of microorganisms. In: Kongres veterinara Srbije (sa
Enterprises, 2 nd ediciones Urano Barcelona. Espafia 1994. medjunarodnim ucescem). Beograd (Serbia) 2009; pp. 15-9.

[120]  Grumezescu AM, Holban AM. Alternative and Replacement Foods. [137]  Ugalde U, Castrillo J. Single cell proteins from fungi and
Academic Press 2018; Vol. 17. yeasts.Applied mycology and biotechnology. Elsevier 2002; pp.

123-49.
© 2022 Onyeaka et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1007/978-981-10-5873-8_8
http://dx.doi.org/10.1016/B978-0-12-802391-4.00015-X
http://dx.doi.org/10.1016/j.biortech.2018.01.032
http://www.ncbi.nlm.nih.gov/pubmed/29413925
http://dx.doi.org/10.1016/j.bej.2018.03.010
http://dx.doi.org/10.1007/BF00938962
http://dx.doi.org/10.1002/bit.260210709
http://dx.doi.org/10.1111/j.1541-4337.2010.00132.x
http://www.ncbi.nlm.nih.gov/pubmed/33467820
http://dx.doi.org/10.1016/B978-0-12-418697-2.00012-X
http://dx.doi.org/10.1016/j.algal.2020.102002
https://research.csiro.au/anaccmethods/phycological-techniques/biomass-estimation/algal-growth-phases-including-determination-of-the-growth-rate-and-population-doubling-time/
https://research.csiro.au/anaccmethods/phycological-techniques/biomass-estimation/algal-growth-phases-including-determination-of-the-growth-rate-and-population-doubling-time/
https://research.csiro.au/anaccmethods/phycological-techniques/biomass-estimation/algal-growth-phases-including-determination-of-the-growth-rate-and-population-doubling-time/
http://dx.doi.org/10.1007/s00253-012-4497-y
http://www.ncbi.nlm.nih.gov/pubmed/23184219
http://dx.doi.org/10.1002/bit.26084
http://www.ncbi.nlm.nih.gov/pubmed/27571389
http://dx.doi.org/10.1016/j.aquaculture.2014.02.033
http://dx.doi.org/10.1016/j.copbio.2019.12.026
http://www.ncbi.nlm.nih.gov/pubmed/31991311
http://dx.doi.org/10.1093/acprof:oso/9780199662890.001.0001
http://dx.doi.org/10.2175/106143012X13415215907130
http://www.ncbi.nlm.nih.gov/pubmed/23342942
https://ec.europa.eu/food/safety/novel-food/legislation_en
https://creativecommons.org/licenses/by/4.0/legalcode

	Single Cell Protein for Foods and Feeds: A Review of Trends 
	[Introduction:]
	Introduction:
	Study Design:
	Discussion:

	1. INTRODUCTION
	2. STUDY DESIGN
	2.1. Database
	2.2. Inclusion Criteria
	2.3. Article Categorisation

	3. RESEARCH TREND IN SINGLE CELL PROTEINS
	3.1. Categorisation of Research
	3.2. Producing Organisms
	3.3. Publication by Countries
	3.4. Publication by Institutions
	3.5. Publications by Journals
	3.6. Top Cited Publications
	3.7. Keyword Analysis

	4. MICROBIAL GENERA AND RAW MATERIALS UTILISED FOR SINGLE-CELL PROTEIN
	4.1. Fungi as Single-Cell Protein
	4.1.1. Production of Single Cell Proteins from Fungi

	4.2. Algae as a Single-Cell Protein
	4.2.1. Algal Genera Used in SCP Production
	4.2.2. Production of Single Cell Proteins from Algae
	4.2.3. Algae Selection for SCP Production
	4.2.4. Uses and Current Applications of Algae in Food and Feeds


	4.3. Bacteria as Single Cell Protein
	4.3.1. Production of Single-cell Proteins from Bacteria

	4.4. Advantages and Challenges Associated with Single Cell Protein Production
	CONCLUSION
	LIST OF ABBREVIATION
	AUTHORS' CONTRIBUTIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




