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ABSTRACT 

Climate change and food security are two of our most significant global challenges of our time. 
Conventional approaches for food production not only produce greenhouse gases but also 
require extensive land and water resources. An alternative is to use gas fermentation to convert 
greenhouse gases as feedstocks into microbial protein-rich biomass (single-cell protein). Aerobic 
methanotrophic (methane-oxidising) and hydrogenotrophic (hydrogen-oxidising) bacteria, which 
produce biomass using gases as their energy and carbon sources, are ideal candidates for single- 
cell protein production. However, multiple innovations are required for single-cell protein 
production to be economical and sustainable. Although current technologies rely on conversion 
of purified single gaseous substrates, the potential to directly use mixed gas streams from point 
sources remains reasonably unexplored. In addition, there is much potential to increase nutri
tional and commercial value of single-cell protein through synthetic biology. In this perspective, 
we discuss the principles, approaches, and outlook for gas fermentation technologies aiming to 
significantly reduce greenhouse gas emissions and enhance food security.    

Background 

The International Panel on Climate Change 2022 report has warned the world to limit 
global warming to 1.5°C within the next two decades.1 Global warming is a result of 
anthropogenic greenhouse gases (GHGs) such as carbon dioxide and methane, which are 
primarily produced by the energy, waste, transport, and agriculture and food industries. 
There is a paramount need to reduce and recycle these emissions given climate change is 
leading to environmental catastrophes and increasing human health risks. A circular 
economy would employ economically viable processes to convert emissions into prod
ucts, thereby mitigating their impact. Gas fermentation technologies offer several advan
tages by producing various end-products such as high-value chemicals, biofuels and 
protein feed.2,3 In contrast to typical gas conversion processes by thermochemical 
catalysis (e.g. Fischer–Tropsch reactors), biological processes can occur at close to 
ambient temperatures and pressures. Toxic gases also poison chemical catalysts, whereas 
some bacteria tolerate and even utilise these compounds.4 

The global population is expected to rise to 9.8 billion by 2050 (UN 2019 Revision of 
World Population Prospects5), increasing global food demand. Current practices for 
animal-derived protein production lead to significant release of GHGs, and may not be 
feasible for increasing consumption levels of a growing population. A recent study found 
that food production generated ~35% of the world’s anthropogenic GHG emissions from 
2007 to 2013.6 There is much industry interest in transforming the food production 
system and, at the same time, minimising further climate impacts and biodiversity loss. 
Rising public awareness and ecological factors are encouraging consumers towards more 
sustainable products. Some microbes can convert GHGs into single-cell protein, reducing 
the climate’s adverse impacts on food production. Single-cell protein (SCP) is derived 
from bacteria, algae, yeast or fungi and has high protein content. SCP therefore has the 
potential to replace traditional protein sources such as fish and soybean products in 
human and animal feed.7 Currently, SCP occupies a reasonably small market for human 
nutrition, though SCP is likely to become a significant alternative amid rising global 
demand for protein and increasing need for sustainable food production.8 Advantages of 
SCP include reduced production time, water and carbon footprints, and biodiversity 
impacts, e.g. extensive use of Antarctic krill in aquaculture feed is driving concerns of 
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Southern Ocean ecosystem collapse.9 Further, SCP can be 
produced at any time of the year, avoiding the risk of seasonal 
and climatic variations, as well as biotic factors such as 
pathogens or pests.10 Thus, SCP production can be a more 
efficient and sustainable solution than traditional agriculture. 

Bacteria are particularly promising SCP producers, given 
they can use inorganic feedstocks and produce 50–80% pro
tein by dry weight.11 Bacteria can produce SCP using a wide 
range of feedstocks, including waste gases. Waste gases are 
produced in abundance by various industries and released 
into the atmosphere. Methane is the second most abundant 
GHG after carbon dioxide and has contributed ~30% of 
global emissions to date.12 Aerobic methane-oxidising bacte
ria, also known as methanotrophs, consume significant 
amounts of methane before it is emitted into the atmosphere 
and also serve as the primary biological sink of atmospheric 
methane (~30 Tg year−1).13 There is much ongoing research 
and development on using methanotrophs to produce 
methane-derived SCP.14 Methane-derived SCP has a promis
ing nutritional profile: it is reported to be rich in essential 
amino acids such as histidine, valine, phenylalanine, iso
leucine, leucine, threonine, and lysine,15 with notable 
amounts of vitamins, minerals, and essential fatty acids.16 

In addition to methanotrophs, aerobic hydrogen-oxidising 
bacteria (HOB), also known as Knallgas bacteria, have 
emerged as promising candidates for SCP production. HOB 
fix carbon dioxide using hydrogen as the electron donor and 
oxygen as the electron acceptor. Hydrogen is oxidised by 
hydrogenases and carbon dioxide is fixed for biomass pro
duction by the Calvin–Benson–Bassham cycle under aerobic 
conditions.17,18 

Commercial advancements in SCP 
production 

The need for sustainable feed solutions is increasing the 
demand for single-cell proteins. Though SCP production has 
gained increased attention in recent years, it has been under 
investigation since the 1960s. Pruteen is an example of SCP 
that was first commercialised by Imperial Chemical Industries 
using the methanotrophic bacterium Methylophilus methylo
trophus.19 Despite the high protein content of Pruteen, the 
production was discontinued because of poor economics. 
Since then, SCP production is becoming more economically 
favourable and methane is gaining renewed attention as a 
cheap feedstock while reducing GHG emissions.20 Innovators 
include Calysta, an American company that uses methano
troph, Methylococcus capsulatus, to convert methane from 
natural gas into the protein feed, ‘FeedKind’. FeedKind is 
reported to use 100 times less water and 1000 times less 
land when compared to soy-based meal.21 Similarly, Unibio 
in Denmark produces methane-based SCP to feed pigs and 
pets.22 Other companies such as String Bio and Circe 
Biotechnologie GmbH are developing SCP focusing on aqua
culture industry.23,24 

In recent years, several companies have also explored the 
use of HOB to produce food and feed ingredients. Solar Foods, 
a Finnish company founded in 2017, has developed human- 
grade SCP, ‘Solein’, and has submitted to the European 

Commission for approval for safe human consumption.25 

Similarly, other companies pioneering mass production of 
hydrogen-based SCP are Novonutrients, Kiverdi and Deep 
Branch Biotechnology. 

It should be noted that SCP must not only have nutri
tional value, but should also be safe for human and animal 
nutrition. The limiting factor with bacterial SCP for human 
consumption is the presence of nucleic acids (~8–12%).26 

This concentration of nucleic acids can cause human health 
issues such as kidney stones and gout.27 However, nucleic 
acids can be removed during food processing, for example 
by nuclease treatment.28 Another important aspect to con
sider in SCP production is from an economic point of view 
regarding feedstock availability, scalability and processing. 
Therefore, further advancements are important for produc
ing cost-effective SCP. 

Future directions 

To improve the economic viability of SCP production, mix
tures of waste gases should be used as substrates. So far, SCP 
production relies on single gaseous substrates typically 
derived from fossil fuels. The advantages of using waste 
gases are that they are cheap, available and have a lower 
environmental footprint. One notable example is Lanzatech, 
a key technology developer in gas fermentation, which uses 
steel mill off-gas or syngas to produce carbon-negative prod
ucts by anaerobic acetogenic bacteria.29 

We now have evidence that most aerobic bacteria are 
mixotrophs and can use multiple substrates to enhance 
growth and survival.30,31 The metabolic versatility of aero
bic bacteria can provide a platform to exploit mixed waste 
gases as a substrate to produce protein-rich biomass. Our 
current work aims to assess whether metabolic versatility 
will enable mixotrophic bacteria to convert mixed waste 
gases from different sources, such as steel mill gas, biogas 
and syngas to maximise the benefits offered by mixotrophic 
bacteria for the production of animal feed or human food 
(Fig. 1). To do this, we are assessing growth, gas conversion 
and metabolite production of a panel of hydrogenotrophs 
and methanotrophs. For example, we have discovered that 
the verrucomicrobial methanotroph Methylacidiphilum sp. 
RTK17.1 optimally grows using a combination of hydrogen 
and methane simultaneously as energy sources, carbon diox
ide as the carbon source and oxygen as the final electron 
acceptor.30 This depends on the activities of its uptake 
[NiFe]-hydrogenase, particulate methane monooxygenases, 
and RuBisCO-dependent Calvin–Benson–Bassham cycle. It is 
therefore ideal to use a range of flue gas and biogas streams. 
Hydrogenophaga pseudoflava is a promising candidate 
for aerobic syngas conversion. This bacterium grows by 
simultaneously oxidising hydrogen and carbon monoxide 
to support aerobic respiration and carbon fixation, a process 
that depends on the activities of oxygen- and carbon 
monoxide-tolerant hydrogenases and carbon monoxide 
dehydrogenase.32 Another hydrogenotrophic model organism, 
Cupriavidus necator H16, has been intensively studied and 
grows rapidly in the presence of hydrogen and carbon dioxide, 
while accumulating high titres of biomass.33 
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The ultimate aim is to produce high-value SCP suitable 
for pets, livestock and aquaculture feed and eventually food- 
grade protein by lowering nucleic acid content. With the 
rapid development of genetic engineering, SCP can be lev
eraged in the food and feed industry. The process can be 
optimised using systems engineering (e.g. changing sub
strate inputs, bioreactor design), adaptive laboratory evolu
tion and synthetic biology. Gas-consuming bacteria can be 
genetically engineered to produce desired products such as 
carotenoid colourants and omega-3 fatty acids, potentially 
assisting the replacement of wild-catch fishmeal with sus
tainable fish feed. Astaxanthin, a keto-carotenoid, improves 
salmon colouration and omega-3 fatty acids are a nutritional 
supplement for consumers. The well-characterised bio
synthesis genes for these metabolites can be synthesised, 
transformed and induced in the bacterium of interest. 
Equivalent approaches could achieve the opportunity for 
producing other high-value chemicals. 

Summary 

Industrial processes such as fuel refining and waste treat
ment produce large quantities of mixed waste gases. At the 
same time, the demand for feed for agriculture, aqua-culture 
and pets is growing. Sustainable feed production is needed 
to alleviate land use change, biodiversity loss and climate 
change impacts. Therefore, a solution is to use mixotrophic 
bacteria to produce nutritionally rich animal feed from 
waste gases. Mixotrophic bacteria provide an opportunity 
to use mixed waste gases as feedstock, given their mixo
trophic capability for utilising diverse gases contributing to 
alleviating climate change. Although such approaches are 
scientifically sound, efficient bioprocesses are needed for 
economic implementation and scalability. 
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