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Abstract
Edible microbial biomass derived from bacteria, yeasts, filamentous fungi or microalgae is a promising alternative to conven-
tional sources of food and feed. Microorganisms are a good source of protein, vitamins and, in some cases, also contain beneficial
lipids. The ability of microorganisms to use simple organic substrates for growth permits industrial-scale cultivation of edible
microbial biomass in geographical locations that would not compete with agricultural production. Only a handful of microbial
products are currently available for human consumption. The use of microbial biomass for animal feed is limited by access to
low-cost growth substrates and competition from conventional feed sources such as soy and fishmeal. At a time when the global
food production system is threatened by the effects of climate change, the production of edible microorganisms has the potential
to circumvent many of the current environmental boundaries of food production as well as reducing its environmental impact.
Photosynthetic microorganisms such as cyanobacteria and microalgae can be cultivated for food and feed independently of arable
land. In addition, recent technological developments in atmospheric carbon dioxide (CO2) capture, extraction and catalytic
conversion into simple organic compounds can be used for cultivation of edible microbial biomass for food and feed in a manner
that is wholly independent of photosynthesis. The future possibilities, challenges and risks of scaled-up production of edible
microbial biomass in relation to the global food system and the environment are discussed.
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1 The current challenge

Population growth, changing consumption patterns and a
warming climate are collectively putting unprecedented strain
on the global food production system. The human population
is estimated to reach 9.6–12.3 billion people by the year 2100
(Gerland et al. 2014). Contemporary agriculture already exerts
a significant environmental footprint in terms of greenhouse
gas (GHG) emissions (Vermeulen et al. 2012), freshwater use
(Hoekstra and Mekonnen 2012), eutrophication (Diaz and
Rosenberg 2008), land degradation (Montgomery 2007) and
loss of biodiversity (Newbold et al. 2015). The predicted ex-
pansion of the global food production system during the next
couple of decades is expected to nearly double environmental

pressures by 2050 when compared to 2010 levels
(Springmann et al. 2018). Rising temperatures resulting from
anthropogenic climate change are, in turn, expected to reduce
agricultural yields of major crops (Zhao et al. 2017), which
include increased yield losses to crop pests (Deutsch et al.
2018) and extreme weather events (Lesk et al. 2016).
Decreased agricultural yields would necessitate further agri-
cultural expansion in order to keep up with demand. Such
expansionwould in turn be expected to exacerbate agricultural
emissions that then risk lowering yields further through cli-
mate change. Retaining the current food production model to
satisfy future global food demand therefore has the potential
to trap humanity in a vicious spiral of gradually decreasing
agricultural output (Harvey and Pilgrim 2011).

A number of countermeasures have been proposed to in-
crease food production output and simultaneously reduce its
inherent environmental costs. Such actions include increasing
agricultural yields per unit surface area, more efficient man-
agement of agricultural inputs (water and fertilizer use),
changes in dietary patterns and reducing food waste (Horton
2017;McKenzie andWilliams 2015; Springmann et al. 2018).
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There is still some operating space for closing yield gaps
across the globe (Foley et al. 2011; Onyutha 2018) but global
trends in agricultural yields for the major crops suggest that
yield increases alone will be insufficient for adequately feed-
ing the human population mid-century (Grassini et al. 2013;
Ray et al. 2013), assuming that current dietary trends prevail.
The majority of land area currently dedicated to food produc-
tion is used for feeding animals – either as pasture or for the
cultivation of feed crops (Foley et al. 2011). Hence, a dietary
transition towards predominantly plant-based foods could sig-
nificantly alleviate pressure on the environment (Cassidy et al.
2013). However, the current global trend is the opposite with
improving living standards causing an increase in per capita
consumption of animal protein such as meat, eggs and dairy
products (Gerbens-Leenes et al. 2010). Any policy efforts
aiming to reverse this dietary transition are further hampered
by entrenched attitudes to meat consumption that exist in dif-
ferent cultures (Happer and Wellesley 2019).

At this critical juncture in human history, alternatives to
conventional means of food production urgently need to be
considered. Some of the alternative strategies for food produc-
tion that regularly feature in public discourse include farming
insects for human consumption (van Huis 2013), cultivation
of artificial Blab-grown^ meat (Jones 2010) and vertical farm-
ing of crops (Despommier 2009). Although the concept of
using microorganisms as both food and feed is at least several
centuries old, it has received significantly less attention in the
current public debate. The present review will introduce some
of the unique properties of microorganisms that make them a
promising alternative to conventional sources of food and
feed. The future challenges and possibilities as well as poten-
tial risks of large-scale production of edible microbial biomass
will be discussed. Particular emphasis will be given to the
potential of pairing cultivation of edible microorganisms with
emerging technologies within the field of carbon dioxide
(CO2) capture and extraction from ambient air and its subse-
quent conversion into simple organic compounds. For the
benefit of non-specialist readers, relevant technical terms have
been highlighted in italics when they are first mentioned.
Scientific names of individual microbial species are also ital-
icized according to standard convention.

2 A primer on microorganisms

Microorganisms typically adopt two lifestyles, existing either
as individual cells or as thin filaments of cells that are attached
end-to-end. Some microorganisms may switch between these
two lifestyles depending on environmental conditions or the
stage of their lifecycle. If external conditions are favorable and
nutrients are abundant, some microorganisms are capable of
very rapid growth with cell division occurring approximately
every 20 min in the case of the intestinal bacterium

Escherichia coli to every 90 min for the common baker’s
yeast Saccharomyces cerevisiae.

All currently known microorganisms belong to one of the
three kingdoms of life: the eukaryotes, the bacteria or the
archaea (Hug et al. 2016). The eukaryotes (which also include
multicellular organisms such as animals, land plants, fruit
body-forming fungi and macroalgae) are distinguished by
membrane-bound structures (so-called organelles) within their
cells such as the cell nucleus, mitochondria and chloroplasts.
Eukaryotic microorganisms include microscopic fungi (sin-
gle-celled yeasts as well as filamentous fungi), microalgae,
ciliates and amoebae. All currently known members of the
remaining two kingdoms of bacteria and archaea are exclu-
sively microorganisms. Although bacteria are often associated
with disease, these organisms play an absolutely vital role in
maintaining planetary geochemical cycles as well as directly
benefiting plants and animals through countless examples of
symbiotic relationships. The bacterial kingdom includes pho-
tosynthetic species, which are commonly referred to as Bblue-
green algae^ but the term cyanobacteriawill be used through-
out this review. (Even though cyanobacteria are technically a
form of microalgae, the term Bmicroalgae^ will be used ex-
clusively in this review to denote single-celled or filamentous
eukaryotic algae.) Archaea are superficially similar to bacteria
but differ significantly in the biochemical composition of their
cellular structures. The archaea are often found in extreme
environments such as hot springs but also in more convention-
al environments such as oxygen-poor aquatic sediments
(Jarrell et al. 2011). Archaea play an important role in many
global geochemical cycles and a sub-set of archaea are
uniquely responsible for the biological production of methane
gas (CH4), which will be of significance later in this review.

Microorganisms are notably adept at using simple organic
(carbon-containing) compounds in their immediate environ-
ment to grow and divide. The extent of this ability gives rise to
a functional classification scheme that will be briefly intro-
duced here (Fig. 1a) and which will be useful to the non-
specialist reader in order to follow the remainder of this re-
view. Microorganisms are divided into two main functional
categories: autotrophicmicroorganisms and heterotrophicmi-
croorganisms. Autotrophic microorganisms can assimilate
CO2 directly as a source of carbon (C) to grow and divide
(Berg 2011) while heterotrophic microorganisms can only as-
similate organic C that has already been synthesized (Bfixed^)
from CO2. Autotrophic microorganisms are classified further
according to the energy source used to assimilate CO2.
Photoautotrophic microorganisms harvest light energy to as-
similate CO2 through the process of photosynthesis while
chemoautotrophicmicroorganismmake use of chemical ener-
gy to assimilate CO2 through the process of chemosynthesis.
The range of compounds that can be used as energy sources
by chemoautotrophic microorganisms include hydrogen sul-
fide gas (H2S), elemental sulfur, ferrous iron (Fe2+) and
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ammonia (NH3). Hydrogen-oxidizing chemoautotrophic
microorganisms constitute a subset of chemoautotrophic mi-
croorganisms, which use the chemical energy embedded in
hydrogen gas (H2) to assimilate CO2. This particular category
of microorganisms will feature later in this review.

Heterotrophic microorganisms can also be further classi-
fied according to the type of fixed C they can assimilate.
The three forms of heterotrophy that will be relevant to this
review are acetotrophy, methylotrophy and methanotrophy.
Acetotrophic microorganisms have the ability to assimilate
acetic acid (Fig. 1b) into biomass, which is a very common
ability among microorganisms. Methylotrophic microorgan-
isms have the ability to assimilate one or more one-C com-
pounds such as methane, methanol or formic acid into bio-
mass (Fig. 1b). Methanotrophy is a form of methylotrophy
that specifically refers to the ability to assimilate methane into
biomass. It should be noted that different trophic categories
are not necessarily mutually exclusive. Many microorganisms
are capable of both autotrophy and heterotrophy. Likewise
different categories of heterotrophy are not mutually exclu-
sive. For example, many microorganisms are capable of both
acetotrophy and methylotrophy.

3 Past and current use of microorganisms
as food and feed

The concept of using microorganisms as a source of food and
feed is at least several centuries old. In the sixteenth century,
the native population of today’s Mexico City was known to

harvest mats of cyanobacteria belonging to the genus
Arthrospira (commonly known today as Spirulina) from the
alkaline waters of nearby Lake Texcoco (Ciferri 1983). There
are also contemporary instances of the use of Spirulina for
human consumption, such as Lake Chad in Africa where
Spirulina biomass (known locally as Dihé) is harvested and
dried into biscuits (Abdulqader et al. 2000). During the First
World War, Germany maintained large-scale production of
yeast biomass to replace previously imported sources of pro-
tein feed (Ugalde and Castrillo 2002). The industry term sin-
gle-cell protein (SCP) was coined in the late 1960s and refers
to protein derived from microorganisms. However, the term
SCP is also often used to describe edible microbial biomass as
a whole even though this may include non-protein compo-
nents such as lipids and carbohydrates. Some microorganisms
are used predominantly for the production of lipids that can be
used for either food, feed or fuel applications. Such microbial
lipids are commonly referred to as single-cell oil (SCO). To
avoid confusion, the term Bmicrobial biomass^ will be used
consistently throughout this review to refer to any edible prod-
uct derived from microorganisms, irrespective of whether it
refers to the total biomass or a particular fraction such as
proteins or lipids.

The nucleic acid content of crude microbial biomass is too
high for direct consumption by humans as well as many animals
and can cause gout-like symptoms as a result of elevated levels
of uric acid in the blood following ingestion (Edozien et al.
1970). Crude microbial biomass must therefore be pretreated
to remove nucleic acids, usually through heat treatment. In ad-
dition, the cell walls of many kinds of microorganisms destined
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Fig. 1 Carbon assimilation by microorganisms. a Trophic classification of microorganisms. b Structural formulae of simple organic compounds
commonly assimilated by microorganisms
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for either human or animal consumption are often ruptured
through processes such as grinding in order to increase digest-
ibility (Ritala et al. 2017). As a consequence of these treatments,
processed microbial biomass predominantly consists of dead
cells. This distinguishes edible microbial biomass from
probiotics, where the latter consists of live microorganisms that
mediate health benefits through interactions with the host gut as
well as the resident gut microbiota (Syngai et al. 2016).

Selected examples of food and feed products derived from
microbial biomass are listed in Table 1. At present there are
only a few microbial food products sold for human consump-
tion globally. Sandwich spreads derived from extracts of spent
brewer’s yeast (e.g. Marmite) have been consumed since the
early twentieth century (Unilever 2019). The meat substitute
Quorn™, which is derived from the filamentous fungus
Fusarium venenatum, has been commercially available in the
United Kingdom since 1985 and is now sold in many countries
world-wide (Finnigan et al. 2017). Spirulina is marketed as a
nutritional supplement rather than a food product because of
concerns regarding the introduction of biotic and abiotic con-
taminants during its production (Heussner et al. 2012).

There is currently renewed interest into the development
and commercialization of microbial sources of animal feed
(Ritala et al. 2017) following a previous market decline during
the late 1980s/early 1990s (Ugalde and Castrillo 2002). At
present, cost-competiveness with conventional feed sources
(such as soy or fishmeal) is the main factor that determines
the commercial potential of microbial sources of feed.
Controlled cultivation of food- or feed-grade microorganisms
in most cases require capital-intensive facilities that include
large fermentation tanks (10–1000 m3), advanced instrumen-
tation for maintaining optimal growth conditions (e.g. temper-
ature, pH, mixing, air flow, supply of nutrients) as well as
equipment for harvesting the microbial biomass from the sur-
rounding liquid growth substrate.

Production costs for microbial biomass are also greatly in-
fluenced by the choice of organic substrate for microbial growth
– typically referred to as feedstock (Cooney et al. 1980;

Hamdan and Senez 1992). Microorganisms can be cultivated
on a variety of simple organic feedstocks such as sugars, alco-
hols, organic acids and hydrocarbons. Manufacturers of micro-
bial biomass often favor low-cost organic byproducts from the
food production industry such as molasses, vegetable starch
and whey (Hamdan and Senez 1992). There is also an ongoing
effort to achieve efficient extraction of usable sugars from oth-
erwise inedible byproducts of the agriculture and forestry sec-
tors (e.g. straw, sawdust, woodchips) with the help of enzymes
from wood-degrading bacteria and fungi. In addition, recalci-
trant plant biomass such as wood can be converted into meth-
anol through thermochemical gasification (Singh et al. 2017).
The methanol can then be used for the cultivation of
methylotrophic bacteria and fungi. Methane, the main constit-
uent of natural gas and biogas, is currently used for the produc-
tion microbial feed using methanotrophic bacteria (Øverland
et al. 2010; Table 1). So-called biomethane is a renewable feed-
stock that can be produced through natural microbial degrada-
tion of food waste, manure or sewage sludge under oxygen-free
(anaerobic) conditions (Khalid et al. 2011). Fossil methane is
also an abundant and currently low-cost feedstock but cannot
be considered renewable since its constituent C will eventually
end up as CO2 in the atmosphere through cellular respiration.

4 Nutritional value, functional properties
and safety aspects of edible microbial
biomass

Table 2 lists basic nutritional properties for three microbial
food products intended for human consumption compared to
selected basic foodstuffs. The protein content of microbial
biomass is generally high (30–60% of dry weight) and can
reach 70% of the total dry weight (Matassa et al. 2016;
Ritala et al. 2017). Protein quality, as measured by essential
amino acid content and digestibility, will depend on the amino
acid profile of the individual microorganism vis-à-vis the ami-
no acid requirements of the target animal (Boisen et al. 2000).

Table 1 Examples of food and feed products based on microbial biomass

Product name Species Type Feedstock Company

All-G Rich Aurantiochytrium limacinum Non-photosynthetic microalga (Not disclosed) Alltech

FeedKind Methylococcus capsulatus Bacterium Methane Calysta Inc.

KnipBio Meal Methylobacterium extorquens Bacterium Methanol KnipBio

Provesta# Pichia pastoris Yeast Methanol Phillips Petroleum Co.

Pruteen# Methylophilus methylotrophus Bacterium Methanol Imperial Chemical Industries (ICI)

Quorn™ Fusarium venenatum Filamentous fungus Glucose Marlow Foods Ltd.

Spirulina Arthrospira sp. Cyanobacterium CO2 various

UniProtein Methylococcus capsulatus Bacterium Methane Unibio A/S

#Discontinued
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Studies using the protein digestibility-corrected amino acid
score (PDCAAS), which quantifies protein quality for human
consumption on a scale from 0 to 100% (Schaafsma 2000),
have shown that the Quorn™ Bmycoprotein^ ingredient ex-
hibits a protein quality (PDCAAS 96–97%; Edwards and
Cummings 2010) equivalent to high-quality protein sources
such as egg (100%) and cow’s milk (100%) while also ex-
ceeding that of soy (91%) and beef (92%). The protein quality
of biomass derived from spent brewer’s yeast as quantified by
PDCAAS ranges from 62 to 90% depending on how the bio-
mass is processed (Pacheco et al. 1997; Yamada and Sgarbieri
2005). Some so-called Boleaginous^microorganisms have the
ability to accumulate lipids up to 50–70% of the total biomass
dry weight when they are cultivated under conditions of low
nitrogen availability (Ochsenreither et al. 2016). These lipids
can then be extracted from the microbial biomass as SCOs and
subsequently be used as food and feed supplements. A sub-set
of oleaginous microorganisms are capable of producing high
proportions of beneficial polyunsaturated fatty acids (PUFAs),
which include omega-3 fatty acids (Adarme-Vega et al. 2012).
The main source of carbohydrates in microbial biomass de-
rives from the cell wall fraction, which consists of cellulose,
pectin, mannan and/or xylan in eukaryotic microalgae, pepti-
doglycan in bacteria while the cell walls of yeasts and fila-
mentous fungi are composed of β-glucan and chitin.

Microbial biomass can supply not only protein and lipids but
also several vitamins, which includes many vitamins of the B

family such as biotin, folic acid, niacin, pantothenic acid, pyr-
idoxine, riboflavin and thiamine (Ritala et al. 2017). One nota-
ble exception is vitamin B12 (cyanocobalamin), which is a
corrinoid compound only produced by certain bacteria and ar-
chaea and subsequently accumulates via the food chain in phy-
toplankton and the tissues of animals (Watanabe and Bito
2018). Good microbial sources of vitamin B12 include the ed-
ible eukaryotic microalga Chlorella (Watanabe et al. 1997)
while the predominant corrinoid compound in Spirulina bio-
mass is pseudovitamin B12, which is inactive in human tissues
(Watanabe et al. 2002). In cases where the bulk of human or
animal diets were to consist of microbial biomass derived from
microorganisms that do not produce vitamin B12 themselves
(such asmany bacteria as well as all currently known yeasts and
filamentous fungi), supplementation with suitable microbial
sources of vitamin B12 would be essential. Other important
nutrients that can be derived from microorganisms include vi-
tamins C and E, which are produced by eukaryotic microalgae
and some cyanobacteria (Ritala et al. 2017). Microalgae and
cyanobacteria as well as some yeasts and non-photosynthetic
bacteria can also produce valuable carotenoid pigments such as
β-carotene – the metabolic precursor of vitamin A, and
astaxanthin, which is the source of the orange and red hues of
crustacean shells and salmon meat (Vachali et al. 2012).

In addition to satisfying nutritional requirements, microbial
biomass that is used to replace conventional sources of animal
feed must also be palatable to the production animal while at

Table 2 Basic nutritional
properties of microbial food
products compared to a selection
of basic foodstuffs

Product Energy (kcal/g) Protein (%) Lipids (%) Carbohydrates (%)

Mycoprotein ingredient 3.4 45.0 13.0 35.0

Spirulina 2.8 63.5 4.2 25.9

Yeast extract 3.1 40.4 1.5 34.6

Atlantic salmon (farmed, raw) 5.9 58.2 38.2 0.0

Chicken egg (whole, raw) 6.0 52.7 39.9 3.0

Chicken breast (skinless, raw) 4.6 86.2 10.0 0.0

Clam (raw) 3.5 69.8 4.6 17.0

Cow’s milk (3.7% fat) 5.2 26.6 29.7 37.8

Ground beef (grass-fed, raw) 6.0 59.1 38.7 0.0

Ground pork (raw) 6.8 43.3 54.4 0.0

Kelp (raw) 2.3 9.1 3.0 52.0

Lentils (raw) 3.8 26.8 1.2 69.1

Maize flour (yellow, whole-grain) 4.1 7.8 4.3 86.3

Potato (raw) 3.5 15.4 0.6 74.4

Rice (white, long-grain, raw) 4.1 8.1 0.7 90.5

Shrimp (raw) 3.9 93.3 2.4 0.0

Soy flour (defatted) 3.5 55.5 1.3 36.6

Soy protein concentrate 3.5 92.9 3.6 0.0

Wheat flour 4.2 13.8 1.9 83.7

All values are given in reference to dry weight

Data from USDA (2018) and Finnigan et al. (2017)
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the same time maintaining animal performance (e.g. rate of
weight gain, milk yield), animal welfare and final product
quality (e.g. flavor, aroma, texture, color, fatty acid profile).
For example, studies of Spirulina biomass used as feed in
tilapia (Oreochromis niloticus) aquaculture have shown that
complete replacement of conventional feeds with Spirulina
biomass does not significantly affect meat color, texture or
taste (Lu and Takeuchi 2002) but that feed replacement levels
above 30% negatively affect growth performance and animal
health (Velasquez et al. 2016). Dairy cows that were fed 200 g
Spirulina per day in addition to their regular feed resulted in
increased milk yields as well as higher levels of PUFAs in the
milk (Kulpys et al. 2009). However, in the case of beef cattle,
supplementation of cattle feed with biomass from the PUFA-
rich microalga Aurantiochytrium limacinum was shown to
increase meat PUFA levels but caused undesirable meat off-
flavors and accelerated meat discoloration (Phelps et al.
2016a, b). Biomass derived from the methanotrophic bacteri-
um Methylococcus capsulatus has positive effects on animal
performance and product quality in a range of monogastric
production animals including pigs, broiler chickens, mink,
fox and several species of farmed fish (reviewed by
Øverland et al. 2010). For example, partially replacing soy-
bean meal withM. capsulatus biomass in broiler chicken feed
decreased lipid oxidation in broiler meat during frozen storage
without affecting taste (Øverland et al. 2011). M. capsulatus
biomass also alleviates negative effects of other feed compo-
nents. Farmed Atlantic salmon (Salmo salar) that are fed soy-
bean meal tend to develop a type of distal gut inflammation
known as soybean meal-induced enteritis (Baeverfjord and
Krogdahl 1996). However, if the salmon are fed a mixture of
soybean meal and formulatedM. capsulatus biomass, no such
inflammation occurs (Romarheim et al. 2011).

Potential food and feed safety concerns of edible microbial
biomass include allergic reactions, endogenous toxins as well
as biotic and abiotic toxic contaminants introduced during the
production process. There are reported cases of allergic reac-
tions and other immune responses in humans caused by inges-
tion of microbial biomass in the form of food or supplements
(Higson 1989; Jacobson 2003; Le et al. 2014) or inhalation of
dust from dried microbial biomass by factory workers during
its production (Ekenvall et al. 1983; Sikkeland et al. 2009).
Some microorganisms such as filamentous fungi,
cyanobacteria and eukaryotic microalgae can produce highly
potent toxins (Richard 2007; Vilariño et al. 2018), which ne-
cessitates careful evaluation during the introduction of new
microbial species for food and feed applications. Large-scale
cultivation facilities must also be carefully monitored for the
presence of potentially toxin-producing contaminants. The
use of closed cultivation systems such as large fermentation
tanks, although capital-intensive, not only allow for the opti-
mization of both nutrient utilization and water use but also
enable fairly efficient control of the microbial population (by

preventing the introduction of contaminants). Photosynthetic
microorganisms such as cyanobacteria and eukaryotic
microalgae require access to light and are therefore often cul-
tivated in open ponds. As a consequence, such open systems
are more vulnerable to contamination from particulate matter,
other undesirable (and potentially toxin-producing) photosyn-
thetic microorganisms (Heussner et al. 2012) in addition to
algal parasites such as viruses as well as predatory zooplank-
ton (Wang et al. 2013). Closed cultivation systems for photo-
synthetic microorganisms can counter these problems but re-
sult in increased capital costs.

5 Possible routes towards producing edible
microbial biomass from CO2

Any process directly utilizing CO2 as a substrate has the po-
tential to be C neutral, provided that the CO2 substrate is not
produced concurrently from fossilized C. This makes CO2 a
very attractive feedstock for the sustainable production of ed-
ible microbial biomass. As a feedstock, CO2 is essentially free
and theoretically accessible from anywhere in the world with
access to the atmosphere. However, with the exception of
cultivating photosynthetic microorganisms, the relatively
low concentration (0.04% per weight) of CO2 in ambient air
(Le Quéré et al. 2018) means that energy and other resources
must first be expended to capture and concentrate atmospheric
CO2 in order to ensure an efficient conversion process. CO2

can be captured from ambient air with the help of CO2-bind-
ing materials called adsorbents (Goeppert et al. 2012). The
captured CO2 is then extracted from the adsorbent, which
may involve heat or moisture depending on the chemical
properties of the particular adsorbent. Following CO2 extrac-
tion, the adsorbent can subsequently be regenerated for addi-
tional cycles of CO2 capture. One alternative to direct chem-
ical capture and extraction of CO2 from ambient air is to har-
vest concentrated CO2 instead from industrial exhaust gas
(commonly known as flue gas) from emission-intensive in-
dustries such as coal-fired power plants, cement factories or
metal works. However, CO2-capture from flue gas would only
temporarily offset the environmental impact of these industrial
processes but do not offer a long-term path for transitioning to
C neutral production of microbial biomass for food and feed
applications. As in the previous case of microbial biomass
produced from natural gas, the C fraction of microbial bio-
mass produced from CO2 that in turn has been derived from
fossilized C would simply re-enter the atmosphere following
cellular respiration after ingestion.

A number of companies are currently developing technol-
ogy platforms for CO2-capture and extraction from ambient
air or geological sources (Table 3). CO2 captured in this man-
ner can be used directly as a feedstock for the cultivation of
either photosynthetic microorganisms (such as cyanobacteria
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or eukaryotic microalgae; Fig. 2a) or chemoautotrophic mi-
croorganisms, such as H2-oxidizing chemoautotrophic bacte-
ria (Fig. 2b). In the latter case, H2 gas can be produced by
electrolysis of water using zero-emission energy sources such
as solar, wind, hydro or nuclear. The use of H2-oxidizing
chemoautotrophic bacteria for the production of edible micro-
bial biomass from CO2 was already proposed several decades
ago as a circular food production system for space travel
(Foster and Litchfield 1964). The Finnish start-up Solar
Foods has recently announced that they will bring a microbial
food product to market by 2021, which is based on H2-oxi-
dizing chemoautotrophic bacteria.

Some of the companies listed in Table 3 have focused ex-
clusively on CO2 capture and storage while others have
coupled the capture and extraction process to chemical con-
version of CO2 into an organic compound. These organic
compounds are typically intended for use as carbon-neutral
fuels (e.g. methanol; Olah 2013) or as starting materials for
chemical synthesis of plastics and other organic bulk mate-
rials. However, these processes can easily be repurposed to
produce organic feedstocks from CO2 for the cultivation of
edible microbial biomass. For example, CO2 that has been
hydrogenated into methanol through chemical catalysis
(Olah 2013) can be used for the cultivation of methylotrophic
bacteria and fungi (Fig. 2c). Formic acid can be synthesized
electrochemically from CO2 and water, which has previously
been used in an integrated electromicrobial system for lab-
scale production of fuel-grade alcohols by methylotrophic
bacteria (Li et al. 2012). Such a process can be reconfigured
for the direct production of edible microbial biomass from
formic acid that has been synthesized electrochemically from
CO2 and water (Fig. 2d).

There are also a number of microbial biocatalytic process-
es that are capable of converting CO2 into simple organic
compounds, which can subsequently be used as feedstocks
for cultivation of a different set of microorganisms to be used
as food or feed. The biocatalytic conversion of CO2 into
organic feedstocks must usually occur in the absence of ox-
ygen as the microorganisms involved tend to be highly oxy-
gen-sensitive. One such group are acetogenic (acetic acid-
producing) bacteria, which have the ability to harness the
chemical energy of H2 gas to convert CO2 into acetic acid
in a process called syngas fermentation (Latif et al. 2014).
The resulting acetic acid can then be used to cultivate
acetotrophic bacteria or fungi to be used as food or feed

(Fig. 2e). Such an integrated process has already been dem-
onstrated in the scientific literature, where the acetogenic bac-
teriumMoorella thermoacetica was used to convert a CO2/H2

mixture into acetic acid, which was then used for cultivation
of the acetotrophic oleaginous yeast Yarrowia lipolytica (Hu
et al. 2016). Although the purpose of this particular proof-of-
concept study was to produce diesel-like lipids for fuel appli-
cations, the process can be directly repurposed to produce
lipids for food and feed applications. In addition, simply in-
creasing the proportion of nitrogen to carbon in the cultiva-
tion medium favors the production of proteins over lipids in
Y. lipolytica (Sestric et al. 2014). It has recently been shown
that some acetogenic bacteria have the ability to harness elec-
trical energy through direct physical contact with electrodes
(Nevin et al. 2010). Acetic acid production by such
Belectrotrophic^ acetogenic bacteria (Fig. 2f) circumvents
the need for H2 gas. This not only increases the overall effi-
ciency of the process but also avoids issues of H2 gas trans-
port and storage as well as the associated explosion hazard.

Methane can also be produced from CO2 by biocatalysis
using methanogenic (methane-producing) archaea. The meth-
ane can then be used as a feedstock for the cultivation of
methanotrophic bacteria (Fig. 2g, h). The production of meth-
ane from CO2 and H2 by methanogenic archaea is well
established and commonly referred to as hydrogenotrophic
methanogenesis. This process occurs naturally during biogas
production from organic waste but could also be employed for
methane production from pure CO2/H2 mixtures (Zabranska
and Pokorna 2018). As in the case of syngas fermentation
described above, H2 gas could be produced through electrol-
ysis of water using zero-emission energy sources. There have
also been a number of reports in the scientific literature that
describe archaea capable of electrotrophic methanogenesis
(Beese-Vasbender et al. 2015; Cheng et al. 2009) where the
archaea grow on electrodes and can harness electrical energy
directly to produce methane. As in the case of electrotrophic
acetogenesis described previously, this would also circumvent
the need to produce, transport and store H2 gas for the produc-
tion of methane as a feedstock.

In summary, a number of technology options already exist
for the capture, extraction and conversion of atmospheric CO2

into edible microbial biomass. (The conversion routes listed in
Fig. 2 should not be considered exhaustive.) It should be em-
phasized that there is no technological barrier preventing the
immediate deployment of this technology for the production

Table 3 Examples of companies
currently engaged in CO2 capture
and conversion

Company name CO2 source Conversion

Carbon Engineering Ambient air Yes (Bdrop-in fuels^)

Carbon Recycling International Geothermal steam emissions Yes (methanol)

Climeworks Ambient air No

Global Thermostat Ambient air No
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of food and feed. However, the impact that this technology
can have on the global food production system and the envi-
ronment will depend on its cost-effectiveness, at what scale it
can be deployed and at what speed, which will likely hinge on
financial and regulatory incentives as will be discussed below.

6 Future possibilities, challenges and risks

Current global food production is ultimately constrained by
the rate at which atmospheric CO2 is converted into edible
biomass through photosynthesis. The term net primary
production (NPP) is used to describe the total amount of ac-
cumulated organic C fixed from CO2 through chemo- and
photosynthesis within a set geographical area and time span,
typically one year (Field et al. 1998). Global NPP sets a the-
oretical upper limit to the amount of biomass available for
human appropriation through activities such as agriculture,
forestry and fishing (Running 2012). However, the rate of
global food production could theoretically be increased be-
yond the current NPP boundary through localized increases
of photosynthetic activity that would boost the rate of CO2

fixation. This could be accomplished by for example
expanding crop production into geographical locations with
low NPP such as arid regions (e.g. through desert agriculture)
or offshore marine areas (e.g. through large-scale cultivation
of macroalgae; Rebours et al. 2014).

Industrial CO2-to-microbial biomass conversion as de-
scribed in the previous section presents a radically different
strategy to circumvent the current global NPP boundary. One
obvious advantage of the seven non-photosynthetic CO2-to-
microbial biomass conversion routes described in the previous
section (Fig. 2b–h) is that, unlike cultivation of land-based
crops or algae, these processes are not absolutely dependent
on sunlight and are therefore not confined to two-dimensional
food production systems but can instead be stacked in three
dimensions. The true magnitude of this property can be ap-
preciated through a comparison of soybean yields with the
production capacity of the Imperial Chemical Industries bio-
reactor design, which was used for continuous production of
bacterial biomass from methanol during the 1980s. The now
demolished cultivation tank, which was located in
Billingham, UK, was 60 m tall and 7–11 m wide with an
operating volume of 1500 m3 and an annual output of 50–60
kt of dry bacterial biomass (Westlake 1986). This would
roughly translate to 413–496 t of dry microbial biomass/m2/
year, if discounting the surrounding area that would be re-
quired for downstream processing infrastructure. One hectare
of land could theoretically house 82 such vessels (provided
the ground beneath could withstand the weight) and would
have a combined annual output of 4.1–4.9 Mt. of dry bacterial
biomass. In comparison, the average US soybean yield in
2017 was 3.3 t wet weight per hectare (FAOSTAT 2019).

Another attractive property of non-photosynthetic CO2-to-
microbial biomass processes is that energy generation can be
geographically decoupled from CO2 capture, extraction and
conversion into microbial biomass. In a scenario where solar
power would be used as the energy source for capture and con-
version of CO2 into microbial biomass, sunlight could be har-
vested in arid regions with high solar irradiance where there is
no competition between photovoltaic panels and agriculture.
The resulting electrical energy could then be transmitted hun-
dreds of kilometers through the electricity grid to the location
where CO2 capture, extraction and conversion into microbial
biomass can take place. One added advantage of using solar
power rather than photosynthesis is that the efficiency of photo-
voltaic panels is an order of magnitude higher than of photosyn-
thesis (Blankenship et al. 2011). However, non-photosynthetic
CO2-to-microbial biomass conversion processes (Fig. 2b–h) are
not limited to solar energy, which theoretically allows for pro-
duction of microbial biomass anywhere in the world indepen-
dently of local climate conditions or land availability as long as
there is access to energy, CO2 and water. These processes could
also provide a novel form of energy storage capacity for inter-
mittent energy sources such as solar or wind, where excess
electricity could be used to sequester atmospheric CO2 and con-
vert it to simple organic feedstocks (Fig. 1b) for later cultivation
of edible microorganisms.

The rate at which global production of edible microbial
biomass can be scaled up will depend on regulatory incen-
tives, consumer acceptance as well as the degree of competi-
tion from conventional alternatives. The global success of
Quorn™ has demonstrated a willingness by consumers to
transition to microbial food products as a vegetarian alterna-
tive to meat (Finnigan et al. 2017). Increased awareness of the
possible environmental benefits of microbial food products in
general (provided a sustainable feedstock is used for its pro-
duction) may also increase adoption rates. A key factor that
will influence adoption rates is the cost to the consumer – and

�Fig. 2 Possible routes for conversion of CO2 into microbial biomass. a
Direct conversion of CO2 into biomass by photoautotrophic
microorganisms such as cyanobacteria or eukaryotic microalgae. b
Direct convers ion of CO2 into biomass by H2-oxidizing
chemoautotrophic bacteria. c Catalytic conversion of CO2 into
methanol that is then used to cultivate methylotrophic bacteria or fungi.
d Electrocatalytic conversion of CO2 into formic acid that is then used to
cultivate methylotrophic bacteria or fungi. e Biocatalytic conversion of
CO2 into acetic acid using bacteria capable of hydrogenotrophic
acetogenesis (syngas fermentation). The resulting acetic acid is used to
cultivate acetotrophic bacteria or fungi. f Biocatalytic conversion of CO2

into acetic acid by bacteria capable of electrotrophic acetogenesis. The
resulting acetic acid is used to cultivate acetotrophic bacteria or fungi. g
Biocatalytic conversion of CO2 into methane using archaea capable of
hydrogenotrophic methanogenesis. The resulting methane is used to
cultivate methanotrophic bacteria. h Biocatalytic conversion of CO2

into methane using archaea capable of electrotrophic methanogenesis.
The resulting methane is used to cultivate methanotrophic bacteria
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it should be noted that in the case of Quorn™, these products
often retail at higher prices than conventional meat (author’s
own observation). Another factor specific to Quorn™ prod-
ucts is that they require frozen storage in order to maintain the
desired meat-like texture (Finnigan et al. 2017). This becomes

a hurdle in developing economies where limited income and
access to electricity restricts freezer ownership. In such cases,
dry powder formulations will be a more feasible alternative, as
demonstrated by the local use of sun-dried Spirulina as food in
Central Africa (Abdulqader et al. 2000).

c
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From the perspective of consumer acceptance, the animal
feed sector might be more accessible to microbial alternatives
in the immediate future in a situation analogous to the broad
adoption of genetically modified soybean for animal feed.
Despite consumer aversion to genetically modified organisms,
30 non-planting countries (including the EU) still import ge-
netically modified soybeans and 77% of the global area ded-
icated to soybean cultivation in 2017 consisted of genetically
modified variants (ISAAA 2018). One key factor that will
determine the extent to which microbial sources of feed can
reduce the environmental footprint of animal foods is the in-
clusion threshold, i.e. what proportion of conventional feeds
can be substituted for microbial biomass without incurring
productivity losses, decreased product quality or negative ef-
fects on animal welfare. The feed properties of microbial bio-
mass depend on its amino acid and fatty acid profiles as well
as possible physiological or immunological responses of the
production animal to other microbial cell components such as
the outer cell wall or other bioactive compounds. Current mi-
crobial feed products (Table 1) consist of endogenous protein
only, which may or may not contain the optimal amino acid
profiles for the target animal in question (Boisen et al. 2000).
However, many microorganisms can easily be genetically
engineered to produce well-characterized feed proteins from
non-microbial sources – or even produce entirely novel, cus-
tomized proteins with superior digestibility, tailor-made ami-
no acid profiles and reduced allergenic potential. A number of
genes encoding seed storage proteins from plants have suc-
cessfully been inserted into the genomes of yeast for recom-
binant protein production at laboratory scale (Consonni et al.
2010; Lin et al. 2004; Medina-Godoy et al. 2006). Such re-
combinant (and potentially customized) feed protein could
allow for a higher inclusion threshold than endogenous micro-
bial protein, potentially to a degree where it could completely
replace conventional sources of protein feed. In addition, it is
possible to engineer microorganisms to secrete feed or food
proteins directly into the surrounding growth medium, which
can then be harvested separately from the microbial biomass.
This approach has been used routinely for decades in the pro-
duction of recombinant peptide hormones (e.g. human insu-
lin) as well as recombinant enzymes for industrial applica-
tions. In this manner it would be possible to avoid any poten-
tial negative effects on animal welfare or consumer health that
would otherwise be caused by microbial cell components.
However, it should be noted that recombinant proteins meant
for food or feed applications are governed by separate regula-
tions from proteins meant for medical or industrial applica-
tions (EFSA 2011).

Microbial production of recombinant plant or animal pro-
teins for human consumption may prove more acceptable to
consumers than microbial biomass itself. The company
Perfect Day Inc. (San Francisco, CA, USA) is developing
animal-free dairy products through the production of animal

milk proteins in yeast cultivated on a sugar feedstock
(Pandya et al. 2016), although this process could also em-
ploy CO2-derived feedstocks such as methanol or acetic ac-
id. Impossible Foods Inc. (Redwood City, CA) has devel-
oped a strain of transgenic yeast containing a gene from soy
for production of the protein leghemoglobin (Fraser et al.
2018; Jin et al. 2018), which is used as an ingredient in
plant protein-based meat substitutes in order to mimic the
flavors, aroma and cooking properties of real meat. The
recombinant leghemoglobin produced by Impossible Foods
Inc. has been designated Bgenerally recognized as safe^
(GRAS) by the US Food and Drug Administration (FDA
2018) and plant-based meat-imitation products containing
recombinant leghemoglobin are already commercially avail-
able for human consumption under the Impossible™ brand.
Leghemoglobin is a heme-containing oxygen-transport pro-
tein analogous to animal hemoglobin and myoglobin. The
muscle protein myoglobin is responsible for producing many
of the distinct flavors when animal muscle is cooked, which
can be mimicked by recombinant soy leghemoglobin. The
function of leghemoglobin in nature is to manage oxygen
availability in specialized root nodules of soy and other le-
gumes, where oxygen-sensitive symbiotic bacteria convert
atmospheric nitrogen gas (N2) into ammonia. The plant
can then assimilate the ammonia for the production of
nitrogen-requiring biomolecules such as proteins and nucleic
acids. Although recombinant soy leghemoglobin is currently
used in food as a flavoring agent, in the future it could also
be used as a nutritional supplement in food to counteract
chronic iron deficiency, especially in low- and middle-
income countries (Pasricha et al. 2013), since heme-bound
iron in the diet is better absorbed than free iron.

In theory, microbial sources of food and feed hold great
promise for achieving a future food production system that is
both more sustainable and more resilient. A recently pub-
lished model simulation showed that it would be feasible to
replace 10–19% of conventional crop-based protein feed
with microbial biomass by 2050, with significant reductions
in global cropland area, nitrogen leakage and agricultural
GHG emissions (Pikaar et al. 2018). Should global agricul-
tural output suddenly decline due to a sudden cataclysmic
event (e.g. a major war, global pandemic, extreme weather
event or asteroid impact), globally distributed CO2 capture
and extraction facilities coupled to production of edible mi-
crobial biomass could act as a buffer against mass starvation
and the social unrest that would likely result from it.
Nevertheless, careful environmental assessments must be
carried out to identify potential trade-offs and unintended
consequences of large-scale production of microbial sources
of food and feed. Following the industrial revolution of the
early nineteenth century, the British economist William
Stanley Jevons formulated what was later named BJevons’
paradox^ (Sorrell 2009), which stipulates that any increase in
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efficiency of resource utilization results in a counterintuitive
increase in overall resource consumption rather than a de-
crease. In the case of agricultural production, Jevons’ para-
dox implies that an increase in yield per unit surface area
would not translate into an equivalent reduction in land area
dedicated to agriculture (a phenomenon known as Bland-
sparing^), which has subsequently been demonstrated to be
the case (Rudel et al. 2009). It would therefore seem likely
that a large-scale transition to non-photosynthetic means of
food and feed production from microorganisms would not
automatically translate into actual land-sparing without addi-
tional regulatory intervention. Likewise the question remains
whether scaling up industrial CO2 capture for production of
food, feed and other microbial products would disincentivize
reductions in anthropogenic CO2 emissions and delay or
even halt the phasing out of fossil fuels. Food waste is a
significant reason for resource use inefficiency in the current
global food production system with approximately one quar-
ter of food being wasted from field to consumer (Kummu
et al. 2012). It would be prudent to ask whether there is a
risk that community efforts and government policies to re-
duce food waste will slow or cease altogether in a future
scenario where the food production system is no longer ab-
solutely dependent on photosynthetic CO2-fixation.

Just over a century ago the invention of industrial ammo-
nia synthesis from atmospheric N2 gas by the German chem-
ist Fritz Haber led to a revolution in food production as
humanity was no longer dependent on biological nitrogen
fixation (Erisman et al. 2008). However, higher agricultural
yields came at the price of increased fertilizer leakage and
run-off leading to eutrophication. In addition, microorgan-
isms in the environment can convert excess nitrogen fertil-
izer into the highly potent GHG nitrous oxide (N2O).
Although it is possible to synthesize ammonia from atmo-
spheric N2 gas using zero-emission energy sources (Service
2018), essentially all industrial ammonia synthesis today
uses fossil fuels – predominantly natural gas, which results
in substantial CO2 emissions. The reason is simply that the
use of fossil fuels is cheaper and more energy efficient than
most renewable alternatives (Tunå et al. 2014) and no sig-
nificant regulatory pressure currently exists that would favor
fossil-free ammonia synthesis. Thus the example of industri-
al nitrogen fixation clearly illustrates the point that the mere
existence of a sustainable technology option will not guar-
antee its deployment in the absence of financial or regulato-
ry incentives. Large-scale CO2-fixation independent of pho-
tosynthesis would seem like an obvious next technology
leap in global food production. Whether this scenario will
come to pass (and if so, whether it will fulfill its potential for
environmental sustainability and food security) will depend
less on the technology itself and more on the scale at which
it will be deployed and what choices are made on how it
will be implemented.
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