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Abstract: A sustainable society was proposed more than 50 years ago. However, it is yet to be realised.
For example, the production of ammonia, an important chemical widely used in the agriculture, steel,
chemical, textile, and pharmaceutical industries, still depends on fossil fuels. Recently, biological
approaches to achieve sustainable ammonia production have been gaining attention. Moreover, un-
like chemical methods, biological approaches have a lesser environmental impact because ammonia
can be produced under mild conditions of normal temperature and pressure. Therefore, in previous
studies, nitrogen fixation by nitrogenase, including enzymatic ammonia production using food waste,
has been attempted. Additionally, the production of crops using nitrogen-fixing bacteria has been
implemented in the industry as one of the most promising approaches to achieving a sustainable
ammonia economy. Thus, in this review, we described previous studies on biological ammonia
production and showed the prospects for realising a sustainable society.

Keywords: ammonia; sustainable carbon-free society; nitrogenase; metabolic engineering; cell
surface engineering

1. Introduction

Recently, the realisation of a sustainable society has been desired. The global envi-
ronment is rapidly deteriorating due to global warming and ocean acidification caused
by the massive consumption of fossil fuels and deforestation. Therefore, to improve this
situation, Sustainable Development Goals have been declared, and not only researchers
but also governments and corporations of various countries are taking great interest in
improving the global environment [1,2]. Furthermore, to achieve a carbon-free society, we
should reduce our dependence on fossil fuels for energy production and increase the use
of renewable resources, such as geothermal, hydro, solar, and wind power [3–6]. Interest-
ingly, wind-power generation has recently received the most attention and wind turbine
generators are spreading greatly [7]. Biomass (e.g., perennial plants, forestry residues,
and municipal solid waste (MSW), such as food waste and algae) is also recognised as an
effective carbon-neutral resource for reducing greenhouse gas (GHG) emissions. However,
the energy production efficiency of these technologies varies with the weather, time, and
location. Additionally, energy supply tends to be unstable. Therefore, the development of
a more stable energy supply method is desired [8–11].

In addition to energy production, the production of key chemical substances in various
industries should also be sustainable, particularly that of ammonia, an important chemical
substance in various industries. More than 75% of ammonia is used as fertiliser in the
agricultural sector. Ammonia is also widely used in the steel, chemical, textile, and
pharmaceutical industries. Therefore, the synthesis of primary amines from ammonia
contributes to produce important key chemicals for manufacturing dyes, pesticides, and
pharmaceuticals in the chemical industry [12–17]. Ammonia is also expected to be used as
fuel [6,8,18–23], as 1 mol of ammonia contains 1.5 mol of hydrogen. Thus, due to its high

Sustainability 2021, 13, 9496. https://doi.org/10.3390/su13179496 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1504-4244
https://doi.org/10.3390/su13179496
https://doi.org/10.3390/su13179496
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13179496
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13179496?type=check_update&version=2


Sustainability 2021, 13, 9496 2 of 13

volumetric hydrogen (121 kg m−3) and weight fractions (17.8 wt%), ammonia should be
used as an efficient carrier of hydrogen. Additionally, ammonia can easily be transported in
liquid form at temperatures below −33.4 ◦C and atmospheric pressure or room temperature
of 8.5 atm. Additionally, the flammability range of ammonia in air is 16% to 25% (v/v),
making it safer to transport than hydrogen [24–26]. Moreover, direct ammonia fuel cells
can efficiently convert ammonia into energy for vehicles, thereby making it increasingly
feasible to develop ammonia-fueled vehicles [27,28]. Therefore, the infrastructure for
storing and transporting ammonia has already been established and therefore using these
infrastructures in a society based on ammonia energy can be realised quickly.

Fifty-five percent of all ammonia produced is conducted using the Haber–Bosch pro-
cess [29]. It is estimated that the Haber–Bosch process uses about 2–3% of the energy used
worldwide because it requires the breaking of the triple bonds of nitrogen molecules at
high pressure (150–350 atm) and high temperature (350–550 ◦C) [29,30]. Therefore, the
development of new catalysts that catalyse reactions under mild conditions is desirable for
realising a sustainable society [29–33]. For example, the use of Ru catalysts is being consid-
ered. However, Ru is much more expensive than conventional iron catalysts and there are
only about 10 ammonia synthesis plants in the world that use Ru-based catalysts [33]. More
recently, attempts have been made to develop metal catalysts that mimic the active centres
of nitrogenases [34,35]. The most successful example is the molybdenum-based catalyst of
samarium diiodide dissolved in alcohol or water [36]. However, although nitrogen fixation
by this catalyst has been achieved at room temperature and pressure, further research
should improve its reaction rate.

Recently, biological approaches have also attracted much attention for sustainable
ammonia production [37–39]. These biological approaches allow producing various sub-
stances under mild conditions [40–44]. So far, biological approaches have as well been
successfully used to produce energy, such as alcohol and hydrogen, making use of raw
materials such as glycerol, sugar, and fatty acids on a commercial scale [40–47]. In ammonia
production, the use of nitrogen fixation by nitrogenase and enzymatic production methods
from food waste are beginning to be actively studied. These approaches should influence
sustainable ammonia production in the future. Therefore, this review introduced the most
recent studies on biological ammonia production and described the prospects for realising
a sustainable society (Figure 1).
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2. Ammonia Production Using Nitrogenase

In contrast to the Haber–Bosch process, which requires high temperature and pressure
conditions, diazotrophic bacterial nitrogenases can produce ammonia at ambient temper-
ature and pressure conditions [50]. Rhizobia, a type of diazotrophic bacteria, is a group
of Gram-negative bacteria that includes Alphaproteobacteria and Betaproteobacteria [51,52].
These rhizobia form nodules in the roots and stems of their host legumes and fix nitro-
gen [51,52]. Furthermore, the amount of nitrogen fixed by cultivating forage legumes
reaches 2.4 × 1012 mol of Nitrogen annually [53,54]. Thus, it is estimated that about 21% of
the nitrogen fixed on earth is so by nitrogenases of nitrogen-fixing bacteria [31].

Nitrogenases are enzymes that produce ammonia from nitrogen molecules in an ATP-
dependent manner (Figure 2a) [49]. The kinetics of nitrogenase are kcat/km ~104 M−1 s−1,
whereas its turnover is 1 s−1 [55]. Although the reaction rate of nitrogenases is slower than
that of other enzymes, such as ribosomes and DNA polymerases, it is recognised as an excel-
lent enzyme in that it can cleave the triple bond of nitrogen molecules at room temperature
and normal pressure [56,57]. Therefore, to realise a carbon-free society, many studies have
been conducted on nitrogenases from both basic and applied aspects [50,58–60]. Numer-
ous studies have elucidated the structure–activity relationship of nitrogenases [58,61,62].
They have found that the active centre of nitrogenases was identified at the interface of
a tetrameric structure comprising two molecules each, NifD and NifK [63]. These two
proteins use metal atoms, and the MoFe, FeFe, and VFe cofactor types exist. Furthermore,
the ATP-binding site is located at the dimeric interface of NifH [63]. In 1992, the entire
structure of the MoFe-type nitrogenase protein complex derived from Azotobacter vinelandii
was first characterised by X-ray crystalography [64]. Later, the resolution was improved
to 1.16 Å from 2.7 Å, and the structure of the complex [8Fe:7S] iron-sulfur cluster was
precisely elucidated [65].

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 13 
 

2. Ammonia Production Using Nitrogenase 
In contrast to the Haber–Bosch process, which requires high temperature and pres-

sure conditions, diazotrophic bacterial nitrogenases can produce ammonia at ambient 
temperature and pressure conditions [50]. Rhizobia, a type of diazotrophic bacteria, is a 
group of Gram-negative bacteria that includes Alphaproteobacteria and Betaproteobacteria 
[51,52]. These rhizobia form nodules in the roots and stems of their host legumes and fix 
nitrogen [51,52]. Furthermore, the amount of nitrogen fixed by cultivating forage legumes 
reaches 2.4 × 1012 mol of Nitrogen annually [53,54]. Thus, it is estimated that about 21% of 
the nitrogen fixed on earth is so by nitrogenases of nitrogen-fixing bacteria [31]. 

Nitrogenases are enzymes that produce ammonia from nitrogen molecules in an 
ATP-dependent manner (Figure 2a) [49]. The kinetics of nitrogenase are kcat/km ~104 M−1 
s−1, whereas its turnover is 1 s−1 [55]. Although the reaction rate of nitrogenases is slower 
than that of other enzymes, such as ribosomes and DNA polymerases, it is recognised as 
an excellent enzyme in that it can cleave the triple bond of nitrogen molecules at room 
temperature and normal pressure [56,57]. Therefore, to realise a carbon-free society, many 
studies have been conducted on nitrogenases from both basic and applied aspects [50,58–
60]. Numerous studies have elucidated the structure–activity relationship of nitrogenases 
[58,61,62]. They have found that the active centre of nitrogenases was identified at the 
interface of a tetrameric structure comprising two molecules each, NifD and NifK [63]. 
These two proteins use metal atoms, and the MoFe, FeFe, and VFe cofactor types exist. 
Furthermore, the ATP-binding site is located at the dimeric interface of NifH [63]. In 1992, 
the entire structure of the MoFe-type nitrogenase protein complex derived from Azotobac-
ter vinelandii was first characterised by X-ray crystalography [64]. Later, the resolution was 
improved to 1.16 Å from 2.7 Å, and the structure of the complex [8Fe:7S] iron-sulfur clus-
ter was precisely elucidated [65]. 

 
Figure 2. Methods for ammonia production: (a) crystal structure of the nitrogenase complex (PDB 
ID code 1N2C), the model was generated from PDB ID code 1N2C by using UCSF Chimera and the 
ammonia production from N2 [48,49]; (b) ammonia production from nitrogen-based media, includ-
ing sugar. Red crosses, red arrows, and red boxes indicate knockout of genes, overexpression of 
genes, and the product of interest, respectively; (c) ammonia production using cell surface engi-
neered yeast from amino acids contained in enzyme-treated soybean residues. Amino acids are con-
verted into 2-keto acids and ammonia by using L-amino acid oxidase-displaying yeast. 

Figure 2. Methods for ammonia production: (a) crystal structure of the nitrogenase complex (PDB
ID code 1N2C), the model was generated from PDB ID code 1N2C by using UCSF Chimera and the
ammonia production from N2 [48,49]; (b) ammonia production from nitrogen-based media, including
sugar. Red crosses, red arrows, and red boxes indicate knockout of genes, overexpression of genes,
and the product of interest, respectively; (c) ammonia production using cell surface engineered yeast
from amino acids contained in enzyme-treated soybean residues. Amino acids are converted into
2-keto acids and ammonia by using L-amino acid oxidase-displaying yeast.
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Therefore, although nitrogenase is an extremely complex machinery, and thus difficult
to engineer, though some important achievements exist. For example, attempts to express
the nitrogenase complex of the nitrogen-fixing bacterium A. vinelandii in Escherichia coli
have been successful, and the minimal set of genes required for nitrogen fixation has been
identified. The Fe-type nitrogenase complex from A. vinelandii, originally composed of
21 subunits, the nitrogenase complex can be actively expressed by simply incorporating
only 10 genes into E. coli [66]. Furthernore, the Fe-type nitrogenase from Paenibacillus sp.,
which consists of 20 subunits, functions with a set of nine genes; however, the activity of
the reconstituted nitrogenase was close to 10% that of the wild type [67]. In further studies,
adding NifSU and pfoABfldA to this minimal gene set yielded 50.1% of the wild-type
activity [68]. Furthermore, an attempt has been made to reconstitute 14 nitrogenase-related
genes from Klebsiellaoxytoca by combining them into five gene cassettes and cleaving them
with tobacco etch virus-derived proteases after expression. This combination has led to
creating E. coli that can grow under anaerobic conditions using only nitrogen molecules as
a nitrogen source [69]. Moreover, in yeast, eukaryotic organisms, NifH and NifM, which
are nitrogenase subunits, were localised in the mitochondria, purified, then mixed with
other subunits purified from E. coli to reconstitute an active nitrogenase [70]. Researchers
also isolated the active form of AnfH, which uses cheaper Fe instead of NifM, the rare earth
Mo, and reconstituted the active nitrogenase by mixing it with other subunits [71]. NifB is
a subunit required for forming MoFe clusters in the nitrogenase active centre; however, this
protein was not well expressed in the mitochondria of budding yeast [72]. Therefore, all
28 NifB genes from various nitrogen-fixing bacteria were introduced into yeast, after which
the evaluation of all 62 genes with different expression levels was conducted [73]. As a result,
NifB from the archaea Methanocaldococcus infernus or Methanothermobacter thermautotrophicus
became successfully active in the mitochondria of budding yeast [73]. Further studies have
also attempted to express nitrogenase subunits within plant mitochondria. This study
found that NifF, M, N, S, U, W, X, Y, and Z can be expressed in soluble forms, whereas, NifB,
E, H, J, K, Q, and V were insoluble. It was also found that the nitrogenase activity of NifM
was reduced to 10% of the control because of the N-terminal processing (MTP) that occurs
during mitochondrial transport [74]. Furthermore, the NifD protein itself contains an MTP-
recognition sequence, which is subject to processing, thereby making functional expression
difficult. However, R98 has been identified as a key mutation for this cleavage, and an R98P
mutant that is resistant to processing and retains high levels of activity in the mitochondria
has been obtained [75]. Another study found that the Y100Q mutant was also resistant to
processing within the plant and yeast mitochondria [76]. In their search for efficient NifH
expression, the authors expressed 32 types of NifH in tobacco and yeast mitochondria and
found that NifH from the thermophilic bacterium Hydrogenobacter thermophilus (Aquificae)
in particular was produced in the most active form. Additionally, the highly temperature
in the mitochondria controls itself [77]. Thus, with the finding that the temperature in the
mitochondria can reach 50 ◦C, the expression of nitrogenase subunits from thermophilic
bacteria should be one of the approaches of future interest [77]. Additionally, with further
research, it might be possible in the future to construct functional nitrogenases in plant cells
and create a practical crop that can fix nitrogen by itself [78]. Recently, researchers have
succeeded in heterologously expressing a nitrogenase that is active within the chloroplast of
the cyanobacterium Synechococcus elongatus PCC7942, and have also succeeded in creating
algae that can fix nitrogen using energy from photosynthesis [79].

Nitrogenases have the two following major problems: low stability and easy denat-
uration by oxygen, which should be solved [50]. Therefore, in a study to search for a
highly stable nitrogenase, nitrogen fixation at 92 ◦C was detected using archaea isolated
from hydrothermal vents in the deep sea [80]. Additionally, various methods, such as
pyrene hydrogel, redox polymer, encapsulation, and nanocoating known as immobilisa-
tion supports contributed to enzyme stabilisation, and studies using carbon nanotubes
for nitrogenase stabilisation exist [81,82]. Additionally, several mechanisms that protect
nitrogenases from oxygen exist as well. For example, it has been shown that the shethna
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protein, which functions as a lid on the oxygen binding site, protects nitrogenases from
oxygen [83]. Ferredoxin-NADPH oxidoreductase (FNR) and similar proteins from chloro-
plasts, root pigments, and mitochondria were also expressed as alternative enzymes to NifF,
which functions as an electron donor for nitrogenase, and found that the FNR-ferredoxin
module in chloroplasts and root pigments supported the activity of MoFe-type and FeFe-
type nitrogenases [84]. Furthermore, research on legume constructs symbionts, such as
Rhizobium leguminosarum, is also ongoing, with a study on the comprehensive analysis of
genes involved in symbiosis. A candidate gene set made up of 603 genes has been listed as
symbiosis-related genes, and 146 of them were important genes for root development with
nitrogen-fixing bacteria [85]. Moreover, regarding the function of leghemoglobin, which
is highly concentrated in legume rhizoids, a comparison of a CRISPR/Cas9-generated
knock out strain of the leghemoglobin-encoding gene and the wild-type strain revealed
that the absence of this gene causes mitochondrial dysfunction and was involved in post-
translational modifications of heme synthesis [86]. Therefore, by elucidating the symbiotic
mechanisms of nitrogen-fixing bacteria in these studies, the future creation of rhizobia
capable of symbiosis with various crops is possible. There exists a nitrogen-fixing alga,
Leptolyngbya boryana, with a heterocyst is enabled, which will solely be used for nitrogen
fixation. The nitrogenase genes of this alga have been studied as well. For example, it is
known that when nifZ is deleted, nitrogenase activity is reduced to less than 10%, resulting
in poor growth of the alga. It has also been shown that loss of nifP causes poor growth and
a reduction in nitrogenase activity to 22% [87]. Thus, a closer look at the mechanisms in-
volved in oxygen protection in this alga is proposed to lead to the future use of nitrogenases
less susceptible to inactivation when exposed to oxygen.

Recently, it has been disclosed that various companies, such as Gingko Bioworks
and Pivot Bio, Inc., are attempting to use nitrogen-fixing microorganisms in industrial
applications. A proven study developed by Pivot Bio, Inc. used genetically engineered
gram-positive nitrogen-fixing bacteria of the genus Enterobacter [88]. These bacteria had a
low intracellular glutamine concentration due to the reduced expression of the ammonium
assimilation-related transcription factor gene, GlnR. Thus, by increasing the intracellular
glutamine, this bacterium synthesised more ammonia, which is the raw material for
glutamine in the presence of nitrogenase than the wild strain [88]. Additionally, by pre-
infecting the corn plant (Zea mays) seeds with these bacteria, a stable supply of nutrients
was provided because washing away by rain did not occur [88]. Therefore, this technology
has been field-tested, and a report in 2020 showed that it resulted in an average yield
increase of about 9% in the cultivation of corn than for use in chemical fertilisers alone [89].

3. Ammonia Production by Metabolic and Cell Engineering

Recently, there have been attempts to produce ammonia from sources other than
atmospheric nitrogen molecules. For example, attempts were made to recover ammonia
from the nitrogen contained in amino acids derived from proteins in food waste. Therefore,
in this section, we introduce the possibility of producing ammonia from amino acids and
food waste using microorganisms modified by metabolic and cellular engineering.

The production of food waste has recently been increasing, and according to the Food
and Agriculture Organization (FAO), it accounts for one-third of all food produced. This
means that about 1.4 billion hectares of fertile land (28% of the world’s agricultural area) are
used to produce food that is lost or wasted yearly [90]. For example, it has been reported
that the annual amount of urban food waste in Asian countries should increase from
278 million tonnes to 416 million tonnes between 2005 and 2025 [91]. Specific examples of
food waste are fruits, such as grapes, apples, and citrus fruits, vegetables, such as potatoes,
tomatoes, carrots, and onions, as well as staple food-derived waste, such as legumes and
rice bran [92]. Therefore, attempts to convert this waste into high value-added compounds
should be effective for realising a sustainable society, and recently, many attempts have
been made to produce useful compounds from food waste.
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Among the best-known uses of food waste is anaerobic digestion [11]. This type of di-
gestion can be divided into three major stages: enzymatic hydrolysis, acid production, and
gas production [93,94]. Hydrolysis breaks down polymer molecules, such as carbohydrates
and proteins, that cannot penetrate cell membranes, into monomers mainly by streptococci
and Enterobacter [11]. Next comes acid production, which is a type of digestion where
hydrolysis products are fermented into volatile fatty acids, such as acetate, propionate,
butyrate, valeric acid, and isobutyrate, along with carbon dioxide, hydrogen, and ammonia.
Acetic acid bacteria mainly produce these volatile fatty acids [95]. Here, acetic acid is also
produced by Syntrophomonas and Syntrophobacter, and is mainly used as a substrate for
the following methane fermentation processes [95]. In methane fermentation, 70% of the
acetic acid is converted to methane and 10% to hydrogen. It has thus been reported that
goat rumen fluid is an effective addition to the fermenter [96]. For example, research is
being conducted on the production of biodiesel and bioethanol from noodle scraps using
Saccharomyces cerevisiae K35 [97]. Other studies include the production of butanol using
the Clostridiaceae family of bacteria and the production of methane and hydrogen mixtures
from carbohydrate-rich food waste using anaerobic activated sludge [98]. Additionally, hy-
droxybutyrate, a precursor for bioplastics, has been successfully produced from sugarcane
with a high yield (70.89%) and productivity (0.312 g/L/h) using Alcaligenes sp. NCIM 5085
and Bacillus megaterium SRKP-3. Biomass, such as food waste, can therefore be used as an
energy source [99].

Biomass, such as food waste, is also promising for producing various substances and as
animal feed because it contains fixed nitrogen in various forms, such as proteins and nucleic
acids [100–106]. For example, food waste can be used as organic fertiliser by digesting it
with anaerobic bacteria [11]. Food waste can also be used as a culture medium component
for microalgae [11]. Among food waste sources, soybean residues contain high amount of
proteins (~31%), making them a promising raw material for ammonia production derived
from food waste [100,102,103]. Furthermore, more than 3.9 million tonnes of soybean
residue (okara) are generated annually worldwide as a byproduct of soy milk and tofu
production, and more than 40% of it is landfilled or incinerated [100,101]. Additionally,
most of the landfilled soybean residue is converted into nitrogen dioxide, a greenhouse
gas, by microorganisms in the soil [31,107–109]. Recently, research on the use of okara as a
food has been reported. For example, when okara treated with Eurotium cristatum, a type
of fungus used in the production of Chinese tea, was mixed in the diet at a ratio of 20%
and fed to type 2 diabetic mice, the high blood glucose levels were reduced to levels that
allowed normal eating. This diet is sufficient in calories (348 kcal), well-balanced in dietary
fibre (5.5 g/100 g) and protein (6.6 g/100 g), and low in fat (2.5 g/100 g) [110]. Additionally,
the fermentation of okara by the Lactobacillus acidophilus, Lacticaseibacillus rhamnosus, and
Pediococcus acidilactici species gives it a buttery taste and enhances its value as a food. It
has therefore been successfully used to add a buttery taste and increase its value as a food
product [111].

Several attempts to produce ammonia from organic molecules containing nitrogen have
been made (Table 1) [100,102–106]. For example, there is a study using Bacillus subtilis [102].
In this study, the codY gene was knocked out, after which the gene served as a transcrip-
tional regulator of other genes, such as those involved in the branched-chain amino acid
production and uptake. Next, bkdB was also knocked out, and the gene, being a lipoamide
acyltransferase, prevented the conversion of two-keto acids, which are sources of biofu-
els, to acyl CoA. Furthermore, the overexpression of the alcohol dehydrogenase leuDH
gene promoted ammonia production. As a result, the production of biofuel, including
the production of ammonia by deamination from amino acid-containing medium, was
achieved with a theoretical yield of 46.6% [102]. Another attempt has been made to pro-
duce ammonia from amino acids using E. coli [112]. Since E. coli is a strong assimilator
of ammonia, knockout of genes involved in ammonia assimilation was attempted. More-
over, knocking out the glutamine assimilation gene, glnA, was expected to increase the
extracellular leaching of ammonia. Furthermore, the decarboxylase gene kivD was overex-
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pressed to unbalance the equilibrium reaction between ammonia production and amino
acid production toward ammonia production. As a result, ammonia was produced from
the amino acid-containing medium with a theoretical yield of 47.8% [112]. However, the
above two studies were mainly experiments using amino acid-containing medium, and
actual food waste was not used. Oriented toward the use of actual food waste, ammonia
production from six media and four types of food waste was investigated using E. coli [106].
Furthermore, the correlation between the concentration of substances, such as amino
acids, sugars, and organic acids, in the media and ammonia production was analysed by
metabolic profiling, and it was found that glucose should inhibit ammonia production.
Thus, when glucose was added to the M9 yeast extract medium at various concentrations,
a negative correlation with ammonia production was observed. Therefore, by knocking out
the glucose transporter ptsG and deleting phosphoenolpyruvate, the phosphotransferase
system, which transports major sugars such as glucose in E. coli, and the strain succeeded
to produce ammonia of about 73% yield from sugar-containing amino acid medium. Ad-
ditionally, ammonia production from pretreated soybean residues also succeeded for the
first time with a conversion efficiency of about 47% and a high concentration of about
35 mM (Figure 2b) [106]. In these studies, ammonia was produced intracellularly, which
led to a tradeoff between microbial growth and ammonia production. Furthermore, in
the study using Bacillus subtilis modified for ammonia biosynthesis, ammonia production
plateaued on day 6 and did not increase on day 7 [102]. These results meant that the
ammonia produced was used for cell growth. As one strategy for balancing production
and growth, the approach of producing ammonia extracellularly is promising.

Table 1. Ammonia production from amino acids or food wastes by microorganisms.

Microorganisms Methods Resource References

Bacillus subtilis Metabolic engineering Amino acids-based
medium [102]

Escherichia coli Metabolic engineering Amino acids-based
medium [112]

Escherichia coli Metabolic engineering
Amino acids-based

medium and soybean
residue

[106]

Saccharomyces cerevisiae Cell surface engineering Glutamine solution and
soybean residue [104]

Saccharomyces cerevisiae Cell surface engineering Amino acids solution and
soybean residue [105]

Several attempts have been made to produce ammonia extracellularly. In some stud-
ies, yeast cell surface engineering systems have been used to avoid intracellular ammonia
assimilation and toxicity [105,113,114]. In yeast cell surface engineering, for example, a
secretory signal is added to the N-terminus of a target protein, and an α-agglutinin cell
wall anchor protein containing a glycosylphosphatidylinositol anchor attachment signal
sequence is added to the C-terminus, thereby allowing the target protein to be displayed
on the cell surface [105,113–115]. About 105–106 target proteins can be presented on the cell
surface, and yeast cells can be used as biocatalysts for enzyme immobilisation [105,113,114].
Furthermore, proteins immobilised on the cell surface are known to be stabilised, and
in some cases show higher enzyme activity than in the free state. Additionally, since
the eukaryotic folding machinery was retained, various proteins can be displayed [115].
Therefore, due to these advantages, yeast cell surface engineering has been successfully
used to produce ethanol from carbohydrates, woody biomass, and macroalgae with high
efficiency [116–118]. Furthermore, ammonia production from soybean residues has been
attempted using yeast cell surface engineering [104]. Deaminase, transaminase, oxidase,
and ammonia-lyase are known as amino acid catabolic enzymes that can produce ammonia
from amino acids. Unlike nitrogenases, these proteins can produce ammonia from amino
acids with a single enzyme. Ammonia lyases are particularly suitable for display on the sur-
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face of yeast cells because they do not require cofactors for catalysis. In a study using yeast
displaying glutamine ammonia-lyase YbaS, ammonia production from a glutamine solution
succeeded with high efficiency (83.2%) and concentration (3.34 g/L) [104]. Additionally,
although it is known that ammonia at concentrations higher than 0.1% (v/v) inhibited
the growth of yeast, any impairment of the microbial catalyst was not observed due to
ammonia toxicity in this approach [104,119]. YbaS-presenting yeast also succeeded in
producing ammonia with high efficiency from pretreated okara solution, which is thought
to contain various substances that inhibit ammonia production. The problem with am-
monia production using YbaS ammonia-lyase was that it only used glutamine among the
20 amino acids derived from proteins [120]. Additionally, L-amino acid oxidase has broad
substrate specificity and can produce ammonia from various amino acids [105,121,122].
For example, L-amino acid oxidase from Aplysia californica is active against L-arginine
and L-lysine [123,124]. Additionally, the L-amino acid oxidase contained in the venom
of venomous snakes, such as Bothrops atrox, Crotalus viridis helleri, and Daboia russelii, has
been well studied and is inactive against amino acids, such as L-glutamine and L-aspartate;
however, it is active against hydrophobic amino acids, such as L-leucine, hydrophilic amino
acids, such as L-histidine and L-methionine, and aromatic amino acids, such as L-tyrosine
and L-phenylalanine [120,122,125]. Further, since Hebeloma cylindrosporum has mycelium
for the intracellular absorption of ammonia from free amino acids dissolved in the soil, it is
expected to have enzymes with wide specificity. In literature, enzymes that can produce
ammonia from more than 10 amino acids are known [126]. Therefore, if L-amino acid
oxidase (HcLAAO) from H. cylindrosporum can be constructed to express in a budding
yeast, more efficient ammonia production from food waste was expected. HcLAAO, which
has been successfully expressed in budding yeast, and is highly efficient for ammonia
production (about 88%), have been achieved under mild conditions (30 ◦C) from pretreated
okara solutions (Figure 2c) [105]. In this study, as in the previous study of glutamine
ammonia-lyase, no toxic effects of extracellular ammonia were observed. Thus, attempts
have been successfully made to produce ammonia from food waste, but these studies are
all lab-scale studies. In the future, it is expected that field tests on an industrial scale will
be studied for social implementation. Additionally, the use of metabolically optimised and
cell-engineered microorganisms to produce ammonia, instead of the Haber–Bosch process,
would be a promising and environmentally friendly approach to solve the global ammonia
demand problem and develop a sustainable carbon-free society.

4. Conclusions

In this review, we presented various efforts to achieve sustainable microbial ammonia
production. These studies have provided important insights for achieving a carbon-free
society [126].

However, many issues should be solved in the future to implement ammonia produc-
tion using these biological methods in society. For example, it is still difficult to use the
nitrogenase complex in vitro, as it is necessary to provide it with high stability and oxygen
tolerance. Additionally, although attempts for the heterologous expression of nitrogenase
complexes in plant cells still face problems, such as the fact that about half of the subunits
are insoluble, many methods to increase the solubility of proteins have been developed
in the field of protein engineering, and it will be possible to overcome this problem by
applying these techniques in the future. As an approach to use nitrogen-fixing bacteria
with nitrogenase for agricultural production, PROVEN, invented by Pivot Bio, Inc., using
nitrogen-fixing bacteria has been successful. It is expected to support carbon-free food
production without relying on chemical fertilisers in the future. Additionally, various
studies have been conducted on the effective use of food waste, which has recently been
increasing. Therefore, the production of ammonia from food waste can be achieved using
budding yeast with amino acid catabolic enzymes immobilised outside the cells. In the
future, research on an industrial scale for social implementation is expected.
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