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Abstract

 

The alarming rate of population growth has increased the demand for food production in third-
world countries leading to a yawning gap in demand and supply. This has led to an increase in the
number of hungry and chronically malnourished people. This situation has created a demand for the
formulation of innovative and alternative proteinaceous food sources. Single cell protein (SCP) pro-
duction is a major step in this direction. SCP is the protein extracted from cultivated microbial bio-
mass. It can be used for protein supplementation of a staple diet by replacing costly conventional
sources like soymeal and fishmeal to alleviate the problem of protein scarcity. Moreover, bioconver-
sion of agricultural and industrial wastes to protein-rich food and fodder stocks has an additional ben-
efit of making the final product cheaper. This would also offset the negative cost value of wastes used
as substrate to yield SCP. Further, it would make food production less dependent upon land and re-
lieve the pressure on agriculture. This article reviews diversified aspects of SCP as an alternative pro-
tein-supplementing source. Various potential strains and substrates that could be utilized for SCP pro-
duction are described. Nutritive value and removal of nucleic acids and toxins from SCP as a protein-
supplementing source are discussed. New processes need to be exploited to improve yield. In that di-
rection the solid state fermentation (SSF) method and its advantages for SCP production are
highlighted. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

“The food supply increases in arithmetic ratio but the population of animals increases in

 

geometric ratio,” was very well stated by Thomas Robert Malthus, in 

 

The Principles of Pop-
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ulation

 

 and extensively exemplified by Charles Darwin in his theory of natural selection. A
similar trend is observed in the recent statistical analysis carried out by the Food and Agricul-
tural Organization (FAO) with respect to the human population and availability of affordable
proteinaceous food sources. The scarcity of protein-rich food and global existence of impov-
erished millions of people have forced mankind to search for alternative protein sources that
can replace conventional, but expensive, soymeal or fishmeal. Hence, the focus has shifted in
recent times to exploit microbes as food sources for fortification of the food supply or for
consumption as single cell protein (SCP). The term ‘single cell protein’ was coined in 1968
at a meeting held at the Massachusetts Institute of Technology (MIT) to replace the less aes-
thetic ‘microbial protein’ and ‘petroprotein’ which were the terms originally used (Mateles
and Tannenbaum, 1968; Tannenbaum and Wang, 1975).

Use of microbes as a food source may appear to be unacceptable to some people but the
idea of consumption of microbes as food for man and animals is certainly innovative to solve

 

Table 1
Algae as food in different regions of the world

Algae Region Use

 

Alaria

 

Japan Stipes called ‘Saumen’ are
dried, salted and sold

 

Ascophylluem, Fucus, Laminaria

 

Japan, USA, New Zealand Feed for cattle, poultry and
pigs

 

Caulerpa rosemosa

 

Philippines Food

 

Durvillea antartica, Ulva

 

Chile Food

 

Laminaria

 

Japan Stipes called ‘Kombu’ are
dried, salted and sold

 

Laminaria, Ecklonia, Eisenia

 

Great Britain, France, Scandinavia,
Pacific coasts of USA

Chopped and used for chickens
and sheep

 

Nostoc

 

Brazil Colonies are boiled and
consumed

 

Pelvwtia

 

Norway, France, USA,
Denmark, New Zealand

Fodder for cattle

 

Porphyra tenera

 

 (Amanori),

 

Laminaria, Monostroma,
Undaria, Sargassum

 

England, Korea, China, Japan Regular diet, Food

 

Rhodomenia palmata

 

Not available Food and salty confection
named ‘dulse’

 

Rhodymenia

 

France Cattle feed

 

Rhodymenia palmata, Gelidium,
Grateloupia, Fucus

 

Pacific islands Chopped and added to
other dishes

 

Rhodymenia, Chlorella
pyrenoidosa, Spirulina,
Synechococcus 

 

Pacific islands, Oriental region Regular portion of diet

 

Sargassum

 

China Fodder

 

Spirogyra, Oedogonium

 

India Dried and used to make
soup

 

Ulva

 

Europe As regular diet

 

Ulva lactuca

 

Scotland Used in salads and soups
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the global food problem. For thousands of years man has been consuming, either intention-
ally or unintentionally, products such as alcoholic beverages, cheese, yogurt, soya sauce, and
along with these products, the biomass responsible for their production (Tuse, 1984). The
first written record of the utilization of microbes dates back to 2600 BC in Babylonia, as
traces of bread were found there. By the time of Hammurabi, who ruled during the 12th cen-
tury BC, baking had developed into a special craft. The discovery of leavened bread is gener-
ally attributed to the Egyptians (Jacob, 1944). Even today there are reports regarding the use
of microbes in food and feed from many parts of the world (Singh, 1998).

Currently SCP is produced from many species of microorganisms. These include algae,
fungi and bacteria. It is convenient to use fungi and bacteria for production of SCP when
grown on inexpensive waste material. Their rapid growth and high protein content have
made them the prime candidates for use as sources of SCP. Several species of algae that are
currently being used are cultivated on aquatic media (Tuse, 1984).

 

2. Sources

 

Algae, fungi and bacteria are the chief sources of microbial protein that can be utilized as
SCP. Since ancient times, people near Lake Chad in Africa and the Aztecs near Lake Tex-
coco in Mexico have been harvesting 

 

Spirulina

 

 from the waters and using it as food after dry-
ing (Singh, 1998). Among the algae, 

 

Spirulina 

 

is most extensively used and is even carried
by astronauts during space travel. Similarly, biomass from 

 

Chlorella

 

 and 

 

Senedesmus 

 

is har-

 

Table 2
Single cell protein production from fungi

Organism used Substrate References

 

Aspergillus niger

 

 AS 101 Corn cobs Singh et al., 1991

 

Aspergillus niger, Sporotrichum pulverulentum

 

Maize and Cotton stalk El-Saadany et al., 1988

 

Candida krusei

 

 SO1& 

 

Saccharomyces

 

 spp. LK3G Sorghum hydrolysate Kolani et al., 1996

 

Candida tropicalis ceppo

 

 571 Sulfite waste liquor Guven and Cansunar, 1989

 

Chaetomium cellulolyticum

 

Cellulosic wastes Singh, 1998

 

Chrysonilia sitophilia

 

Lignin Rodriguez et al., 1997

 

Fusarium graminearum

 

Starch hydrolysates Singh, 1998
Marine yeast Pawn shell wastes Rhishipal and Philip, 1998
Mixed cultures of yeasts Dairy wastes Saliceti-Piazza et al., 1992

 

Paecilomyces variolii

 

Sulfite liquor Singh, 1998

 

Penicillium cyclopium

 

Whey Kim and Lebeault, 1981

 

Penicillium roqueforti, Penicillium camemberti

 

Citus fruit peel Scerra et al., 1999

 

Pichia pastoris

 

Methanol Wagner, 1990

 

Saccharomyces cereviceae

 

Molasses, Stillage Singh, 1998

 

Schwanniomyces occidentalis

 

Starch Deibel et al., 1988

 

Scytalidium acidophilum

 

Waste paper Invarson and Morita, 1982

 

Trichoderma album

 

Not disclosed Staron, 1981

 

Trichoderma reesei

 

 & 

 

Kluyveromyces marxianus

 

Beet-pulp Ghanem, 1992
White rot fungi Sugarcane bagasse Zadrazil and Puniya, 1995
Yeast Plant origin liquid waste Chanda and Chakrabarti, 1996
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vested and utilized as food and feed by tribal communities in certain parts of the world. A va-
riety of algae form an important food source for fish, aquatic amphibians, mammals and
other animals. Algae can be used as a food source in many ways as listed in Table 1 (Vash-
ista, 1989).

Many fungal species are used as protein-rich food. Most popular among them are the yeast
species 

 

Candida, Hansenula, Pitchia, Torulopsis

 

 and 

 

Saccharomyces

 

. Many other filamen-
tous fungi also serve as sources of SCP (Table 2). A recent trend in SCP production is the ex-
ploitation of fungal species for bioconversion of lignocellulosic wastes.

 

Cellulomonas

 

 and 

 

Alcaligenes

 

 are the most frequently used bacterial species as an SCP
source (Trehan, 1993). Sasikala and Ramana (1995) reviewed the potential phototrophic bac-
terial strains for SCP production. There are also reports regarding the use of methanotrophic
and other bacteria for SCP production (Murrell, 1992; Table 3).

 

3. Production process

 

Technically, SCP is the manufacture of cell mass using microorganisms by culturing on
abundantly available agricultural and industrial wastes. The production of microbial biomass
is done either by a submerged or solid state fermentation process. After fermentation, bio-
mass is harvested and may be subjected to downstream processing steps like washing, cell
disruption, protein extraction and purification (Faust, 1987).

 

4. Key substrates

 

A variety of substrates have been utilized to cultivate bacteria, fungi and algae. The main
substrates required for growth of algae are carbon dioxide and sunlight. Principal algal spe-
cies for SCP production are reported in Table 4. Fungal species are cultured on different sub-
strates, mostly cheap wastes, which supply the carbon and nitrogen for growth (Table 2).
Lignocellulosic wastes from different sources have varying composition of hemicellulose,
cellulose and lignin. Some sources of lignocellulosic material are wood from angiosperms
and gymnosperms, grasses, leaves, wastes from paper manufacture, sugarcane bagasse,

 

Table 3
Single cell protein production from bacteria

Organism used Substrate References

Bacterial species Variety of substrates Tannenbaum and Wang, 1975
Bacteria of

 

 Methylococcaceae

 

C

 

1

 

 compounds Ekerott and Villadseer, 1991

 

Brevibacterium

 

 spp. C

 

1

 

–C

 

4

 

 compounds Singh, 1998

 

Cellulomonas

 

 spp

 

.

 

Agricultural wastes Callihan and Clemmer, 1979
Different species of bacteria Fruit processing wastes Litchfield, 1979

 

Methanomonas methanica

 

Methane Singh, 1998

 

Methylophilus methanotrophus

 

Methanol Singh, 1998

 

Pseudomonas fluorescens

 

Manure, Animal wastes Shuler et al., 1979

 

Rhodopseudomonas gelatinosus

 

Wheat bran Shipman et al., 1975

 

Streptomyces

 

 spp

 

.

 

Methanol Singh, 1998
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wheat straw, wheat bran, rice bran, groundnut shell and other agricultural wastes (Tanaka
and Matsuno, 1985; Gupte and Madamwar, 1997). Based on the dominant component in the
waste used, specific fungi can be utilized for biomass production. Bacteria can also be culti-
vated on wastes or byproducts obtained from industrial processes (Table 3). The biomass
thus produced can be harvested and used as SCP.

 

5. Nutritive value

 

The food value and usefulness of SCP from any source is based on its composition. The
nutrients, vitamins, nitrogen, carbohydrates, fats, cell wall components, nucleic acids, pro-
tein concentration and amino acid profile, should be analyzed before the product is used for
food or as feed supplementation.

Algae are rich in protein, fats and vitamins A, B, C, D and E. Planktonic algae are the
original source of vitamins A and D. 

 

Macrocystis

 

 is rich in vitamins A and E, while the dia-
tom 

 

Nitzschia 

 

is rich in vitamin A. Vitamin B is found in 

 

Ulva, Enteromorpho, Laminaria,
Alaria valida

 

 and

 

 Porphyra

 

. Vitamin C is present in

 

 Ulva, Enteromorpho, Alaria valida,

 

among others. 

 

Dulse

 

 contains half as much vitamin C as oranges, and 

 

Fucoids 

 

and 

 

Porphyra

 

are even richer. The milk-yielding capacity of cattle is reportedly enhanced when 

 

Pelvetia

 

forms an ingredient in cow feed (Vashista, 1989). Apart from vitamins, algae also contain
40–60% protein, 7% mineral salts, chlorophyll, bile pigments, fiber, and have a very low nu-
cleic acid content (4–6%) (Brock, 1989).

While algae are rich in all vitamins, fungi provide, to some extent, the B-complex group
of vitamins. Fungi also show a low level of nucleic acid content (9.7%) (Frazier and
Westhoff, 1990). The amino acid composition of 

 

Aspergillus niger 

 

according to FAO stan-
dards is well balanced (Kuzmanova et al., 1989; Table 5). Yeast contains thiamine, ribofla-
vin, biotin, niacin, pantothenic acid, pyridoxine, choline, streptogenin, glutathione, folic acid
and p-amino benzoic acid (Frazier and Westhoff, 1990). SCP from mixed cultures of 

 

Tricho-
derma reesei

 

 and 

 

Kluyveromyces

 

 

 

marxianus

 

, when grown on beet pulp, are reported to con-

 

Table 4
Single cell protein production from algae

Organism used Substrate References

 

Caulerpa rocemosa

 

Carbon dioxide 

 

1

 

 sunlight Vashista, 1989

 

Chlorella salina CU-1(28)

 

 Saline sewage effluent Wong and Chan, 1980

 

Chlorella

 

 spp. Carbon dioxide Singh, 1998

 

Chlorella

 

 spp. (M109, M121,
M122, M138, M150) 

Carbonate and seven other
compounds

Mahasneh, 1997

Dunaliella Carbon dioxide 1 sunlight Trehan, 1993
Chlorella & Diatoms Carbon dioxide 1 sunlight Trehan, 1993
Laminaria Carbon dioxide 1 sunlight Vashista, 1989
Porphyra Carbon dioxide 1 sunlight Vashista, 1989
Sargassum Carbon dioxide 1 sunlight Vashista, 1989
Spirulina maxima Carbon dioxide 1 sunlight Singh, 1998
Spirulina spp. Carbon dioxide Singh, 1998
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tain essential amino acids which compares favorably with FAO guidelines and soybean oil
meal (Ghanem, 1992). The amino acid composition of Chaetomium cellulolyticum was
found to be better than Trichoderma viride on comparison with the FAO reference protein,
alfalfa and soymeal (Moo-Young, 1977, Moo-Young et al., 1977). Proteins of K. fragilis ob-
tained by culturing on whole whey along with the unconsumed whey proteins yielded a SCP
with high crude protein and low ash content. The product was also rich in sulfur-containing
amino acids (Galvez et al., 1990; Singh et al., 1991).

Bacterial SCP is high in protein and certain essential amino acids. The crude protein con-
tent is around 80% of the total dry weight. The nucleic acid content, especially RNA, is very
high on a dry weight basis and is reported to be 15–16%. Bacterial SCP is rich in methionine,
around 2.2–3.0%, which is comparatively higher than that of algae (1.4–2.6%) and fungi
(2.5–1.8%) (Brock, 1989; Frazier and Westhoff, 1990; Singh, 1998). The essential amino
acid composition of different Lactobacilli appears comparable to the FAO reference protein
and SCP from other sources (Erdman et al., 1977).

6. Limitations for use of SCP from various sources

Although algae are very good nutrition sources, there are some limitations for human con-
sumption. The most important one is the presence of the algal cell wall. Humans lack the cel-
lulase enzyme and hence they cannot digest the cellulose component of the algal wall. In or-
der to be used as food for humans the algal walls must be digested before the final product is
eaten. The cellulose digestion step is not required if the SCP is used as feed for cattle as they
have cellulose-degrading symbiotic bacteria and protozoa in their rumen. Algal production is
generally done outdoors and is dependent on the climatic conditions. Hence, productive algal
species and favorable conditions are important. Elaborate methods and preparations are re-
quired to eliminate contamination (Trehan, 1993).

The presence of mycotoxins in certain fungal species especially Aspergillus parasiticus
and A. flavus is a major hindrance in their use. These toxins are known to produce many al-
lergic reactions, diseases and liver cancer in humans as well as animals. Hence, it is a prereq-
uisite that mycotoxins are eliminated before fungal SCP is consumed.

Use of bacterial SCP is limited due to its high cost. Harvesting protein from bacteria is
costly due to the smaller cell size and hence the cells must be flocculated to give a higher sol-
ids slurry prior to centrifugation (Trehan, 1993). Bacterial cells also have a very high content
of nucleic acids. Moreover, there is a psychological barrier to the use of bacteria as major
food source.

Table 5
Composition of SCP from Aspergillus niger as compared to the FAO standard

Amino acid (%)

Valine Leucine Isoleucine Lysine Methionine Phenylalanine Cystine Tyrosine

FAO Standard 4.20 4.80 4.20 4.20 2.20 2.80 2.80 2.80
Aspergillus niger 4.36 6.80 3.75 4.50 0.35 5.70 Trace 3.00
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Algal species are extensively used for commercial purposes owing to their very low nu-
cleic acid content. The removal of mycotoxins and reduction in nucleic acid content, make it
possible for some fungal species to be used as SCP sources on commercial basis, but SCP
from bacteria has yet to carve out its niche in the global SCP market. Extensive use of SCP as
food is possible if it is tasty, appealing to the eye and possesses a higher nutritive value than
conventional protein sources. It should be economically viable with a high yield coefficient
(Ys) to reach the poorest of the poor (Frazier and Westhoff, 1990).

7. Ranking of algae, fungi and bacteria derived SCP products

A comparison between algae, fungi and bacteria highlighting the nutritive value of the fi-
nal product is cited in Table 6. The acceptability of a particular species as food or feed de-
pends on the growth rate, substrate used, contamination and associated toxins. These are
briefly presented and compared in Table 7. The parameters indicate that nucleic acid safety
in algae is better than fungi and bacteria. Further, due to their low nucleic acid content, fungi
are better than bacteria. Moreover, fungal SCP is rich in methionine and lysine. Fungal lysine
content is higher than bacteria or algae. Hence, the order of preference can be given as algae
. fungi . bacteria. Fungal sources can be exploited as nutritive SCP if the nucleic acid con-
tent is considerably reduced to levels comparable to that of algae and also if the mycotoxins
are removed.

However, among all SCP sources, the species, which find global acceptability presently, is
the yeast in breweries and bakeries. Further, Spirulina and Chorella are most popular among
the algae. These are used as food and food supplements, in many parts of the world.

Table 6
Composition of SCP from the representative types

Component Percentage composition of weight

Algae Fungi Bacteria

True proteins 40–60a 30–70a 50–83a

Total nitrogen (Protein 1 nucleic acids) 45–65a 35–50a 60–80a

Lysine 4.6–7.0a 6.5–7.8a 4.3–5.8a

Methionine 1.4–2.6a 1.5–1.8a 2.2–3.0a

Fats/Lipids 5–10a 5–13a 8–10a

Carbohydrate 9 NA NA
Bile pigment and Chlorophyll 6 NA NA
Nucleic acids 4–6a 9.70 15–16a

Mineral salts 7 6.6 8.6
Amino acids NA 54 65
Ash 3 NA NA
Moisture 6.0 4.5–6.0a 2.8
Fiber 3 NA NA

a The yield varies with the type of substrate used, the specific organism used and the culture conditions main-
tained.

NA- Not available. 
Sources: Brock, 1989; Frazier and Westhoff, 1990; Powar and Daginawala, 1995; Ziino et al., 1999.
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8. Toxic compounds in SCP and their effects

The extent to which SCP is extracted and purified when used as food should be compara-
ble to global standards. The final product should not only be nutritious, but should also pass
all toxicity tests to be commercialized as a food product. Apart from the nucleic acid content,
several toxins and unwanted compounds accumulated during the course of growth on sub-
strates like hydrocarbons and petroleum contaminated with heavy metals should be removed.

8.1. Nucleic acids

Intake of a diet high in nucleic acid content leads to the production of uric acid from nu-
cleic acid degradation. Uric acid accumulates in the body due to a lack of the uricase enzyme
in humans. Hence, nucleic acids in different SCPs should be reduced to acceptable limits if
they are to be used as food. Bacterial SCP products may have nucleic acids as high as 16% of
dry weight. Human consumption greater than 2 g nucleic acid equivalent per day may lead to
kidney stone formation and gout (Calloway, 1974).

In rapidly proliferating microbial cells RNA forms the bulk of the nucleic acids (Singh,
1998). The RNA content of yeast cells is known to be dependent on the culture conditions
and C/N ratios. The nucleic acid level can be reduced by several means. These include acti-
vation of endogenous RNAase by brief heat treatment up to 60–708C for 20 min, alkaline hy-
drolysis of nucleic acids, modifications of cultural conditions with respect to nitrogen, car-
bon, phosphorous and zinc content or chemical extraction and removal of nucleic acids.

Some researchers have extensively discussed safety evaluation of SCP products for hu-
man food and animal feed, and specific methods to reduce the nucleic acids are also reported
(Taylor et al., 1974). Purine content in baker’s yeast can be reduced by chemical treatment
and autolytic methods (Trevelyan, 1976a,b). Reduction of nucleic acids can be achieved by

Table 7
Comparison of various parameters for SCP production from algae, fungi and bacteria

Parameter Algae Bacteria Fungi (Yeast) Fungi (Filamentous)

Growth rate Low Highest Quite high Lower than bacteria
and yeast

Substrate Light, carbon 
dioxide or
inorganic samples

Wide range
(Refer Table 3)

Wide range
except carbon
dioxide 

Mostly
lignocellulosics 

pH range Upto 11 5–7 5–7 3–8
Cultivation Ponds, Bioreactors Bioreactors Bioreactors Bioreactors
Contamination risks High and serious Precautions needed Low Least if pH is less

than 5
S-containing amino acids Low Deficient Deficient Low
Nucleic acid removal – Required Required Required
Toxin – Endotoxins from

gram-negative
bacteria

– Mycotoxins in many
species

Source: Singh, 1998.
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the endogenous polynucleotide phosphorylase and RNase in Brevibacterium (Yang et al.,
1979). Two derivatives of pancreatic RNase and an endonuclease of Staphylococcus aureus,
immobilized on corncobs, have been used to reduce the percentage of nucleic acids in SCP
concentrates of yeasts, from 5–15% to 0.5% with a protein loss of only 6% after treatment
(Martinez et al., 1990). Immobilized nucleases like benzonases on corncobs were also used
to reduce the nucleic acid content in protein concentrates. The percentage of DNA was re-
ported to be reduced to 3–6% and RNA to 50% with loss of protein in the process being only
1% (Moreno et al., 1991). An immobilized pancreatic RNase was also investigated for the
degradation of yeast ribonucleic acid. The rapid reaction rates obtainable at relatively low
temperatures offer a potential alternative method of purifying yeast SCP with minimal loss of
derived protein (Dale and White, 1979). Methods for reduction of nucleic acid content in
SCP obtained from gas oil are also reported (Abou-Zeid et al., 1995).

8.2. Toxins

Toxins, if present in SCP, also act as contaminants. Toxins are actually secondary metab-
olites produced by certain fungi (Bennett and Keller, 1997) and bacteria (Blancou et al.,
1978) during growth. Algae generally do not produce harmful toxins. The toxicity of the SCP
product must be assessed before marketing it. When used as animal feed, toxicity levels are
generally higher than when consumed by humans. Some toxicity tests can only be done on
live model animals. Hence, all these tests and analyses are primarily made to assess the suit-
ability of the final product for food, feed or supplementation purposes. For example, Gupta
and Sharma (1984) reported the effect of aflatoxins on various animal models. Based on the
age, body weight and sex of the animals the toxicity effect was different even when equal
amounts of aflatoxin was administered to animals. Hence, the limit of unavoidable consump-
tion varies based on toxicity levels and decontamination.

8.2.1. Mycotoxins
Human mycotoxicoses dates back to 1100 AD (Gupta and Sharma, 1984). There are many

reports on mycotoxins but aflatoxins are the most important and best understood (Eaton and
Groopman, 1994). Mycotoxins generally display great chemical heterogeneity and are tradi-
tionally analyzed by thin layer chromatography or high performance liquid chromatography
techniques. The best single source for mycotoxin methodology, including structural elucida-
tion, is given by Cole (1986).

Prominent fungal toxins include aflatoxins of type B1, B2, G1 and G2 from Aspergillus fla-
vus, citrinin from Penicillium citrinum, trichothecenes and zearalanone from Fusarium spe-
cies and ergotamine from Claviceps species (Bennett and Keller, 1997). There is strong epi-
demiological evidence linking aflatoxins to human liver cancer (Eaton and Groopman,
1994). Aflatoxins are produced by A. flavus, A. parasiticus and A. oryzae (Schlegel, 1996).
Apart from aflatoxins, ochratoxins are important mycotoxins. These are structurally related
groups of pentaketides. Ochratoxin A is the most abundant and toxic of the five metabolites
in the Ochratoxin group. These metabolites have been found to occur in the Aspergillus and
Penicillium species and cause damage to the liver as well as kidneys (Kerkadi et al., 1998;
Varga et al., 1996).
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Trichothecenes are considered the next most important group among mycotoxins. They
have a 12, 13 epoxytrichothec-9-ene nucleus. There are 80 types. These cause dermal toxic-
ity and several hematopoietic effects (Cole and Cox, 1981; Marasas et al., 1984; Joffe, 1986).
Mycotoxins recently became the objects of general public interest when thousands of young
turkeys died due to aflatoxin contamination in the feed by a mycotoxin-producing fungal
species (Schlegel, 1996). Even though non-toxin-producing strains are used for SCP produc-
tion, contaminating fungal strains sometimes produce toxins in the medium. Minute quanti-
ties of mycotoxins are capable of producing allergies, diseases, rashes on skin, neurotoxicity
and other disorders. Hence, contaminating strains should be checked for toxin production
and eliminated before and during the SCP production process. Eliminating or minimizing
mycotoxin contamination is a continuing biotechnological challenge (Lee et al., 1992).

Research in the removal of mycotoxins from SCP has been focused chiefly on aflatoxins.
Among the many methods tested, ammoniation is the most successful. It can reduce aflatoxin
levels by 99% (Park and Liang, 1993; Lee et al., 1992). Further, when A. flavus is co-cultured
with other microbes, its toxin-producing capacity is found to be reduced (Widstrom, 1992;
Cotty et al., 1994).

Most recently, molecular biology techniques have been exploited for detoxification. Mo-
lecular dissection and elimination of genes responsible for mycotoxin synthesis is developing
into an exciting area of contemporary mycotoxin research (Keller et al., 1992). The biosyn-
thetic pathways for both aflatoxins (Dutton, 1988) and trichothecenes (Desjardins et al.,
1993) have been studied. The techniques of cloning, probing, sequencing, expression librar-
ies, transcript mapping, gene disruption, and chromosome walking have been employed to
isolate the aflatoxin pathway clusters from A. flavus and A. parasiticus (Bennett et al., 1994;
Trail et al., 1995). Studies that identify the molecular determinants regulating mycotoxin
production are promising rational control strategies. For example, aflR is the regulatory gene
controlling the production of both aflatoxins and sterigmatocystin in Aspergillus. This forms
the target gene to be inhibited for the future control of mycotoxin production in Aspergillus
(Chang et al., 1993; Woloshuk et al., 1994; Yu et al., 1996). When Aspergillus is impaired in
asexual reproduction the production of aflatoxins is inhibited (Kale et al., 1994). A recent re-
port describes how a plasmid vector (pDEL2) was engineered to introduce a deletion within
the aflatoxin biosynthesis gene cluster of A. parasiticus. Subsequent aflatoxin precursor
feeding studies confirmed that the enzyme activities associated with the deleted genes were
absent (Cary et al., 1999). There are also reports that products of plant defense pathways (i.e.
lipoxygenase or the jasmonate pathway) can inhibit aflatoxin production (Goodrich-Tan-
rikulu et al., 1995; Zeringue, 1996).

Hence, it can be seen that detoxification of SCP from fungal sources is possible by gaining
an understanding of toxin gene regulation. Though the research in this field is in the initial
stages, reliable and easily applicable techniques can be expected in the near future.

8.2.2. Bacterial toxins
Bacteria produce either endo or exotoxins. Exotoxins are secreted by gram-positive bacte-

ria into the surrounding medium. They are proteins of molecular weight 10 000–900 000
Dalton. They do not produce fever in the host but cause generalized symptoms and lesions of
various kinds. Administration of filtrates, lacking bacterial cells, to experimental animals
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also results in these symptoms. The toxins are fatal for laboratory animals at nanogram lev-
els. Some exotoxins are: enterotoxin, erythrogenic toxin, alpha-toxin, and neurotoxin.

Endotoxins are an integral part of the cell walls of gram-negative bacteria and are liber-
ated upon lysis. They are lipopolysaccharides, and the Lipid A portion is responsible for the
toxicity. They often produce fever in the host and are fatal for laboratory animals at slightly
higher doses than exotoxins (Powar and Daginawala, 1995). SCP from Pseudomonas species
and Methylomonas methanica, when used for animal feed purposes, caused febrile reaction
and high titres of IgG and IgM due to endotoxins (Ekenvall et al., 1983).

Pathogenic bacteria can be avoided for use as SCP. Some non-pathogenic species are
highly nutritive due to their high protein content. But if these species produce toxins their use
as SCP sources is not possible. Hence, removal of toxin can be done for SCP derived from
non-pathogenic species prior to their use as SCP source. Exotoxins can be easily removed, as
these are present in soluble form in the medium. They are sensitive to temperatures above
608C. Moreover, 50% alcohol, formaldehyde and dilute acids can denature exotoxins or con-
vert them into non-toxic toxoids. Toxoids are beneficial for artificial immunization (Powar
and Daginawala, 1995).

Because endotoxins are the part of cellular components of some of the gram-negative bac-
teria and are not released into the medium by the living bacterial cell, their removal is some-
what difficult. Their formation can only be prevented by genetic engineering, where the ac-
tivity of genes controlling the formation of the unwanted toxins can be modified or
suppressed. This may be a difficult task to achieve, as they are integral structural components
of the bacterial cell wall.

9. SCP safety

The foreign protein in SCP can be unsuitable for humans and lead to skin reactions, aller-
gies or gastrointestinal reactions resulting in nausea and vomiting. The SCP may even carry
carcinogenic factors as contaminants derived from the substrates used. Hence, prior decon-
tamination and purification of the final product is required before it is used as a food source.
Bacterial SCP appears to be safe, as it has no effects on the rat immune system when tested
both in vitro and in vivo. Immunogenicity of the product was checked by lymphocyte trans-
formation tests for systemic response and foot-pad swelling assay to determine immunologi-
cal risk of food stuffs to man. There was no apparent systemic response when lymphocyte
transformation tests were carried out. The foot-pad-swelling assay also did not show any ef-
fects (Steinmann et al., 1990).

SCP may also contain contaminating heavy metals or other metallic compounds, which
can cause mutations, even in minute quantities. Further, foreign protein consumed in the
form of SCP should not be mutagenic. SCP from bacteria, grown on methanol as a substrate
was tested for mutagenicity in five in vivo tests in different mammalian test systems. Statisti-
cal evaluation of all test results revealed no evidence of mutagenic activity (Renner and
Munzner, 1978).

High metabolic efficiency of SCP from any source is essential in order to extract the max-
imum possible benefits. SCP from bacteria grown on methanol was evaluated in dogs (Dal-
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matian variety). There were no effects on metabolism or any other harmful influence
(Giesecke et al., 1982). Separate 90-day trials were done on egg-laying hens at peak produc-
tion to evaluate two SCP sources, namely Pruteen, produced from methanol utilizing bacteria
and Lavera-type yeast grown on n-paraffins of heavy oil. At the same concentrations (50 g/
Kg of diet) yeast SCP had little effect on performance, but Pruteen decreased the production
rate and egg size due to a significant reduction (5%) in food consumption (Bornstein et al.,
1982).

A major limiting factor in the use of SCP as food is its nucleic acid content. The relation-
ship between SCP nucleic acid and human feeding was reviewed (Araujo-Neto and Ferreira-
Pinto, 1975) and analysis of nitrogen, cell wall, protein and RNA content was carried out by
Kellems et al. (1981). It was concluded that SCP was higher in methionine and lysine than
cottonseed meal. True proteins based upon amino acids recovered in SCP samples ranged
from 51.6 to 65.9% of crude protein. In digestion trials, sheep consumed the SCP diets
readily and without any digestive disturbances. Based on in vitro and laboratory results the
SCP from secondary clarifiers of pulp mill had the potential to be a viable protein supple-
ment for live stock. To prove that nucleic acid consumption increased levels of uric acid in
the body, rats were fed Fusarium derived SCP. Plasma and kidney uric acid concentrations
showed an increase after 21-day trials in the absence of uricase. During the trials, the uricase
activity was inhibited by oxonate, a uricase inhibitor in the diet (Winocour et al., 1978).
Hence, SCP for human consumption should be free from nucleic acid as humans lack uricase
in their system. Digestibility also plays an important role in the efficient utilization of SCP in
a diet supplemented by SCP. Protein digestibility values expressed as a percentage, range
from 65 to 96% for the various cultures tested. Protein efficiency ratio (PER) values range
from 0.6 to 2.6 (Frazier and Westhoff, 1990). An analysis was done for the apparent digest-
ibility of diets containing fishmeal, soybean meal and bacterial meal when fed to Salmo
salar. The digestibility of the diet with bacterial meal was comparable with that of the other
supplements (Storebakken et al., 1998).

SCP, being a novel product, demands extensive sanitation and purification processes be-
fore the final product is cleared for consumption as per quality control standards. The US
Food and Drug Administration and the Protein Evaluation Group of the United Nations have
developed guidelines for the safety evaluation of SCP products in humans and domestic live-
stock (Litchfield, 1985). Rigorous sanitation and quality control procedures must be main-
tained throughout the process to avoid spoilage and contamination by pathogenic and toxi-
genic microorganisms when biomass for SCP is being cultivated.

10. Optimum SCP production parameters

Substrate, yield, and nutritive value in terms of proteins and vitamins dictate the cost of
the final product. The yield is controlled by the organism and the substrate used for fermenta-
tion. Mixed cultures of Trichoderma reesei and Kluyveromyces marxianus gave a SCP yield
of 51% and the efficiency of conversion of beet-pulp into protein was reported to be 39.4%.
The yield was 54% when yeast extract was substituted in the basal medium and beet-pulp
level was increased from 2 to 4%. The conversion efficiency in the latter case was increased
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to 41.8% (Ghanem, 1992). Among 67 potential yeasts analyzed, Candida tropicalis and Yar-
rowia lipolytica were found to be the most efficient for SCP production on diesel oil as the
sole carbon source. Maximum yield was reported at 168 h for diesel oil concentrations in the
range of 40–60 mL/L (Ashy and Abou-Aeid, 1982).

Culture conditions, pretreatment of substrates, nutrient supplementation, types of fermen-
tation processes, and strain improvement can all alter the final SCP composition. Several
fungal cultures produced double the amount of crude protein on alkali-treated rice straw
when compared to that of untreated straw (Darmwal and Gaur, 1991). When Kluyveromyces
fragilis was grown on whole whey as the substrate, the chemical score of the protein pro-
duced was 91%. Whey protein product, a protein isolate could be recovered with a yield of
80%. The protein content of the isolate was reported to be 75% and the nucleic acids were re-
duced by 90.8%. Cell wall debris was also considerably reduced in the final product (Galvez
et al., 1990). Addition of yeast extract and manganese chloride resulted in the highest yield
of SCP from Lactobacillus delbrueki subsps. bulgricus 369 when cultured on dried whey.
The yield was reported to be 32.8% (el-Sabaeny, 1996). Conversion of substrate into final
product in terms of protein content is shown in Table 8. Here, mycoprotein (Fusarium
graminearum) production shows greater efficiency in conversion of substrate to protein
when compared to the conversion of feed by farm animals.

Cloning techniques are also used for improvement of SCP production. Pseudomonas
methylotrophus was isolated by Imperial Chemical Industries (ICI) and then significantly im-
proved through genetic engineering and physiological development. The glutamine-keto-
acid-transaminase (GOGAT) enzyme of P. methylotrophus forms glutamate and NAD(P)
from alpha-ketoglutarate, NADP(H) and glutamine. When the glutamate dehydrogenase sys-
tem isolated from Escherichia coli was transferred to a GOGAT mutant of P. methylotrophus
by genetic engineering, improved nitrogen assimilation was observed. It was used commer-
cially and yield improvements in terms of raw protein, pure protein, cell dry weight and max-
imum growth rate were significant (Gow et al., 1975). Yields of the engineered organisms
were about 5% greater than the parent organism (Balasubramanian et al., 1998). The use of
genetic engineering is not restricted to the design and production of microbes with high pro-
tein yield alone, but also finds application in the improvement of downstream processing in
the post-fermentation stage. It is used in the production of ‘designer’ or ‘recombinant’ pro-
teins of high nutritive value and their subsequent purification. Novel techniques like specifi-
cally designed tags or modification of sequences with target-gene product are used for effi-

Table 8
Conversion rates in protein formulation in mycoprotein and animals

Starting material (1 Kg) Product

Protein (g) Total (g)

Cow Feed 14 68 Beef
Pig Feed 41 200 Pork
Chicken Feed 49 240 Meat
Fusarium graminearum Carbohydrate 1 inorganic nitrogen 136 1080 Wet cell mass

Source: Beech et al., 1984.
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cient recovery of native and modified proteins (Nygren et al., 1994; Murby et al., 1996).
Improvement in protein recovery can also be achieved by suppression or elimination of pro-
tease activity in the microbial cells. Mutants with a modified protease gene sequence can be
isolated and used for this purpose. For example, the LDHP1 strain of S. cerevisiae, a pro-
tease-deficient mutant produced by osmotic shock, showed an improved beta-galactosidase
yield (Becerra et al., 1997).

Recombinant DNA technology can be used to isolate mutant genes that can produce high
amounts of specific amino acids like glutamate, tryptophan, and phenylalanine along with
high protein yields. Such genes were combined by recombination techniques and incorpo-
rated into an organism with a wide substrate range. A mutant variety of S. cerevisiae pro-
duced a high concentration of intracellular glutamate (Hill, 1994). Mutants of S. cerevisiae,
which were resistant to toxic ethionine, showed accumulations of methionine as high as 163
times that of parental strain. These high levels were achieved due to enhanced specific activ-
ity and reduced feedback inhibition by threonine of the enzymes aspartokinase and ho-
moserine dehydrogenase (Martinez-Force and Benitez, 1993). About 180 000 tons of lysine
is needed annually to improve the nutritive value of food and SCP. An alanine auxotroph of
Corynebacterium glutamicum, sensitive to beta-fluoropyruvate and resistant to alpha-chloro-
caprolactum, could produce 70 g/L lysine. Upon strain improvement by recombinant DNA
techniques, the yield was enhanced to 98 g/L of lysine (Sahm, 1995). The yield of expensive
amino acids like threonine can also be improved by the use of recombinant Escherichia coli
(Tsukada and Sugimori, 1971), and that of phenylalanine by using a genetically manipulated
strain of Rhodotorula rubra (De Boer and Dijkhuizen, 1990).

High cost restricts the use of tryptophan by humans. Using genetic recombination to com-
bine four mutations into one strain of S. cerevisiae helped to produce 12 g/L tryptophan
(Moller, 1994). Strain improvement is done by complementing the auxotrophic mutants with
wild-type genes (Jungehulsing et al., 1994; Niederberger, 1989). The substrate range of such
strains can be extensively widened when compared to the auxotrophic variety. This would al-
low the utilization of a variety of unused substrates for the growth of microbes for SCP pro-
duction.

Unstructured logistic models were also applied to stimulate the kinetic processes of SCP
batch cultures with two species of yeast, in which glucose, xylose or a mixture of the two
were used as a carbon source. The aim was to increase the productivity of the final product
i.e. SCP (Liu et al., 1995; Ahmad and Holland, 1995).

Solid state fermentation (SSF) involves the growth of microbes on a chiefly insoluble sub-
strate where there is no free liquid. Research in industrial fermentation technology has
largely concentrated on submerged fermentation and until recently SSF did not generate
much interest. A renewal of interest in SSF over the past 10 years stems from the need to re-
duce manufacturing costs from wastes by taking advantage of engineering principles and
techniques (Pandey and Soccol, 1998). These include simplicity in operating the Koji fer-
menter, simultaneous saccharification, fermentation of lignocellulosic substrates, and release
of concentrated hydrolytic enzymes in the medium during growth. Generally, under condi-
tions of low water activity and an intractable solid substrate, fungi show luxuriant growth
when compared to bacteria and algae. Mycelial tips of fungi have immense turgor pressure,
which assists in their penetration of hard substrates. Hence better growth of fungi in SSF
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gives much higher biomass when compared to submerged fermentation. Further, the SSF
process is simple and has many advantages over the submerged fermentation (Table 9).
However, substrate particle size, moisture level and C/N ratio are critical factors for SSF
(Pandey and Soccol, 1998; Tengerdy, 1985; Rodriguez-Vazquez et al., 1992; Zadrazil and
Puniya, 1995; Nigam and Singh, 1994).

A study regarding the cost analysis of SCP reported that the cost of SCP produced by sub-
merged fermentation was 2–5-fold the cost of fishmeal (Perera et al., 1995). Perhaps SSF
processes should be used to reduce the cost of SCP production. Currently SSF is being used
for the production of protein-enriched feed (Zadrazil and Puniya, 1995; Rodriguez-Vazguez
et al., 1992; Chaudhari et al., 1994). Industrial scale application of SSF for production of
SCP would help increase yields and improve conversion efficiency, which would reduce the
overall cost of the final product.

11. Impact of SCP in solving protein malnutrition

Aside from protein, microbial cells are also rich in carbohydrates, fats, vitamins and min-
erals. Today SCP is considered as a potential protein source for humans and as feed for ani-
mals (Trehan, 1993). According to chemical, microbiological and toxicological analysis,
SCP from Aspergillus niger proved to be a potentially good animal feed. When cultivated as
monoculture it nearly doubled the protein content of the starting material (Kuzmanova et al.,
1989). Testing of SCP products on pigs and chickens (Giec and Skupin, 1988) suggested that
10–20% of the protein in foodstuffs could be replaced by SCP. Prospects for SCP as a human
food along with development of three generations of SCP products, each having a higher de-
gree of purity and suitability, is discussed by Mauron (1976). For human use, the microbes
used are primarily Saccharomyces cerevisiae, Candida utiliz, Spirulina and Chlorella spe-
cies. These are fully accepted for human consumption by public health authorities. Spirulina
maxima is grown on a commercial basis in Lake Texcoco. Several plants are currently being
operated for Chlorella and Spirulina production in Japan, Taiwan, Israel, Thailand and the
United States. The overall production of algal health food is about 2000 metric tonnes/year
on dry weight basis. These algae are grown in ponds, fermenters and then spray dried and
sold as powder or pills (Trehan, 1993).

Table 9
Comparison of solid state and submerged fermentation processes

Parameter Submerged fermentation Solid state fermentation

Substrate condition Requires continuous agitation 
and soluble substrate

No agitation required and
insoluble polymers as substrate

Moisture Required in large quantity Absence of free water
Aerobic conditions maintenance By agitation By diffusion
Post fermentation waste Large quantity, hence effluents

polluting the environment
Very little, hence non-polluting

Space Large Small
Capital investment Very high Low
Aseptic conditions Highly essential Not required
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Though some species of algae, fungi and bacteria are commercialized, their use and ac-
ceptability is poor. Due to the high cost of production, ignorance among masses and poor
marketing strategies, these products are found on a limited scale and have yet to form part of
a staple diet. Some algae find acceptance in the form of regional recipes, as in some tribal
communities in Africa and South America or places where normal food is scarce. SCP is also
used as a prescribed health food on a limited scale. Use of SCP as a binder and filler would
mean utilization in even greater quantities as well as varieties. To explore the potential of
SCP to its maximum extent, it should be produced with direct human consumption in mind.
This potential is also limited by available technology. Hence, there should be cooperation
among academia, government and industry in the fundamental study for the utilization of
SCP for human food.

12. Conclusions

Sustainable food security implies physical and economic access to food for all. This re-
quires greater efforts directed at food production and distribution as well as improving living
standards of the people. The recent Human Development Index (HDI) of the United Nations
Organization ranks countries on their ability to provide food resources, education and a
healthy life to their citizens. Moreover, there is also a growing awareness among people re-
garding nutritional deficiencies and protein deficiency in particular. In recent times people
have begun to accept alternative and innovative protein-rich foods. However, they still hesi-
tate to accept SCP as a food to any great extent.

Recently, there were newspaper reports regarding destruction of genetically modified
cloned crops in Europe. People fear that microbial genes cloned into crops would enter the
human system and lead to diseases, allergies or even cancer. Precautions and control mea-
sures must be taken to alleviate these fears. SCP products should be evaluated extensively for
safety purposes, to gain popularity among masses.

The chemical composition of any SCP product must be characterized clearly in terms of
percentage protein, type of amino acids, nucleic acid, lipids, fats, toxins and vitamins. Prop-
erties like density, particle size, texture, color and storage must be clearly indicated on the
package for marketing. A microbiological description indicating species, strains and percent-
age of contaminants, if any, should be indicated. Final products for human consumption must
be made to undergo rigorous testing during the pre-marketing stage. Possible toxic or carci-
nogenic compounds, heavy metals and polycyclic hydrocarbons must be assayed for and re-
moved. It is of primary importance that SCP products are safe to eat and also inexpensive in
order to be popular among masses. Further, genetically improved, high-yielding and non-
toxic microbes can be grown for SCP production. We should therefore look forward to ex-
tensive use of value-added SCP products in the new millennium and the eradication of
chronic malnutrition globally by bridging the gap between demand and supply with SCP.
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