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60-656 Poznań, Poland; aleksandra.grzyb@up.poznan.pl (A.G.); alicja.niewiadomska@up.poznan.pl (A.N.)
* Correspondence: amaruwka@up.poznan.pl; Tel.: +48-618466724

Abstract: Nitrogen (N) is widely distributed in the lithosphere, hydrosphere, atmosphere and
biosphere. It is a basic component of every plant cell as well as microorganisms, as a component of
proteins, nucleic acids and chlorophyll. It enters soil with organic and mineral fertilizers, plant and
animal residues and biological nitrogen fixation. There are various forms of nitrogen in soil, and
this element is usually transformed by microorganisms. The transformation of nitrogen compounds
(ammonification, nitrification and immobilization) is significantly influenced by climatic conditions
and the physicochemical properties of soil. Microbial mineralization of nitrogen organic matter
results in the enrichment of soil with this element, which is necessary to generate a yield. The amount
of nitrogen entering soil through the mineralization of crop residues ranges from 15 to 45 kg N/ha in
cereal residues and from 80 to 144 kg N/ha in winter rape residues. Biological nitrogen fixation can
increase the nitrogen content in soil by 30–50 kg/ha/year. In recent decades, the mismanagement
of mineral fertilizers has drastically changed the natural balance of the nitrogen cycle. Every year
huge amounts of nitrogen compounds enter the aquatic ecosystems and cause their eutrophication.
That is why it is important to have adequate knowledge of sustainable fertilization so as to practice
integrated crop management.

Keywords: nitrogencycle; crop management; fertilization; soil microorganisms; nitrogen transforma-
tions; crop residues; crop yield

1. Introduction

In the natural environment, nitrogen is distributed between the atmosphere, soil and
the biomass of microorganisms. The total content of nitrogen in mineral soils usually
ranges from 0.02% to 0.3%, which corresponds to about 600–9000 kg N/ha in the arable
layer. Only a small part of the total nitrogen content in soil, i.e., less than 5%, is directly
available to plants [1]. The largest amount of this element in mineral soils can be found at
humus horizons. Then, the content decreases rapidly at deeper layers in the soil profile.
Generally, in arable soils, about 90% of nitrogen is combined with organic matter in the
form of amino acids (about 60%), amino sugars (5–15%), amide nitrogen (up to 15%) and
non-hydrolyzing nitrogen (up to 30%). The remaining 10% of the nitrogen content is in
mineral forms [2,3]. Dinitrogen is a gas that makes up 79% of the Earth’s atmosphere,
and it is definitely the most abundant form of nitrogen in the biosphere. However, most
organisms, including plants, cannot absorb nitrogen in this form. It can be absorbed only
after soil microorganisms have transformed it into NH3 [4].

Nitrogen is a basic element of every living cell because it is a component of nucleic
acids (DNA, RNA), proteins, membrane lipids, ATP, NADH, NADPH and photosynthetic
pigments. According to Kopcewicz et al. [5] and Zboińska [6], it is also a component of acyl
residues (coenzyme A), cytochromes, cytokinins and some vitamins, as well as secondary
plant metabolites, such as alkaloids, betalains, mustard oils and cyanogenic glycosides.
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Nitrogen enters soil through mineral and organic fertilization (manure, crop residues)
and as a result of biological fixation of elemental nitrogen by symbiotic and free-living
bacteria [7,8]. Plants absorb two forms of nitrogen: ammonium (NH4

+) and nitrate (NO3
−).

The uptake additionally depends on the plant’s phase of development and temperature. At
early phases of development and lower temperatures, plants mainly take up ammonium
nitrogen. In acidic soils, the nitrate form is better absorbed, whereas in neutral soils, the
ammonium form. No other element that is necessary for life has so many forms in soil
as nitrogen and is transformed by microorganisms [9]. According to Lamb et al. [10],
the circulation of nitrogen in the environment involves six microbiological processes, i.e.,
atmospheric nitrogen fixation, mineralization, immobilization, nitrification, denitrification
and anaerobic ammonium oxidation (anammox), which are significantly influenced by the
physicochemical properties of soil and climatic conditions. Soil microorganisms are very
sensitive to changes in environmental conditions, such as the soil water content and pH,
temperature, plant cover type and soil type, and their activity also depends on agricultural
management practices [11–13].

Microorganisms play a key role in the nitrogen transformation cycle because they have
genes encoding enzymes involved in nitrogen metabolism, which are used as indicators
of the potential of this cycle [14]. The following microbial marker genes influencing the
rate of transformation of nitrogen compounds have been studied most frequently: nifH
(encoding nitrogenase reductase), amoA (encoding ammonia monooxygenase), nirK and
nirS (encoding nitrite reductase) and nosZ (encoding nitrous oxide reductase) [15–17].
According to Levy-Booth [18], the characterization of functional genes involved in the
biogeochemical cycle of nitrogen helps to relate groups of microorganisms directly to
the processes of transformation of this element. According to Geisseler et al. [19], the
understanding of microbial nitrogen transformations is necessary to find the right nitrogen
management methods and understand their influence on the productivity of the ecosystem.

As plants have a very high demand for nitrogen, the availability of this element is
often the main factor limiting their growth and development. Therefore, every year more
than 110 million tons of nitrogen is applied to farmlands around the world, including
15 million tons in Europe. Globally, wheat and maize consume 32%, whereas oil plants
consume 10% of nitrogen. The annual nitrogen consumption in Poland is 70 kg/ha, which
results in a grain yield of 4.2 t/ha [20–23].

An improper balance of nutrients may have negative effects on plants because neither
nitrogen deficiency nor its excess is good for them. An insufficient supply of nitrogen
results in the stunted growth of plants, which are poorly branched and have a low root-to-
shoot ratio. Their leaves are small and thin, with signs of chlorosis. The first symptoms
of nitrogen deficiency appear on older leaves, and they gradually spread to higher leaves
on the shoot. Moreover, a nitrogen deficiency results in fewer flowering shoots (spikes),
limited setting of flower buds, as well as faster flowering, which results in fewer flowers
(caryopses per spike). Consequently, there is lower seed weight, lower protein content in
seeds and lower useful yield. An excess of nitrogen also negatively affects the yield and
quality of crops. Excessive fertilization causes delayed and irregular flowering of plants.
Shoots are thick and end their growth late, which delays the harvest time. Leaves are
large, thick, dark green and susceptible to many fungal diseases, and they are willingly
inhabited by pests. Cereals, maize and rape are susceptible to lodging. Excessive nitrogen
fertilization of rape results in an overgrowth of vegetative organs, such as stems and
leaves, and a decrease in the number of generative organs, i.e., siliquae. Additionally,
excessive nitrogen fertilization of winter rape in autumn reduces its winter hardiness. Too
high doses of nitrogen stimulate the rapid growth and development of new organs in
plants. The process involves the consumption of sugars, which should be stored for winter.
In consequence, rape plants are poorly hardened, straggling and overhydrated, which
increases their sensitivity to frost. Nitrogen excess also contributes to the accumulation of
harmful nitrates in root vegetables (carrot, beet, radish, celery, etc.) and leafy vegetables
(lettuce, cabbage, spinach, parsley, etc.). Extremely high amounts of nitrogen fertilizer
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cause the tips of shoots and the youngest leaves to dry up. In consequence, the useful yield
of crops decreases [24–28].

The natural nitrogen cycle is disturbed by anthropogenic factors, such as the use of
nitrogenous mineral fertilizers, the combustion of fossil fuels, and the release of nitrogen
into waters as a result of their contamination with sewage [29]. Large amounts of nitrogen
fertilizers applied in farmlands influence the processes of transformation of nitrogen
compounds in soil, especially nitrification and denitrification. This results in increased
N2O production, the leaching of nitrates from fields and groundwater contamination [30].
Large amounts of nitrogen used in agricultural and urban areas end up in rivers. This
may cause hypoxia or anoxia (lack of oxygen), changes in the biodiversity of waterbodies,
changes in the food web structure, and overall habitat degradation [31]. One of the common
consequences of increased amounts of nitrogen in soil as a result of poor management of
mineral fertilization is the increase in harmful algae blooms due to the high mortality of
fish and shellfish in waterbodies [32,33]. According to Johnson et al. [34], changes in the
nitrogen cycle increase the risk of diseases (methemoglobinemia, enteritis and respiratory
failure) in humans and wild animals. In order to avoid these consequences, integrated
crop management has been introduced. The purpose of this system is to obtain high-
quality crops without a negative influence on the environment and the health of humans
and animals.

The aim of this work is to systematize the knowledge on nitrogen transformations in
soil while showing the importance of microorganisms in the entire process, with particular
emphasis on the integrated pest management program. The brief and careful presentation
of information on microbiological transformations of N compounds in the paper resulted
from the need to understand the mechanisms of their operation in providing plants with a
source of nitrogen against the background of an innovative approach to plant cultivation.

2. Nitrogen Fertilization vs. Yield Potential

Fertilization is an essential agricultural practice to maximize yield and increase soil
fertility. The fertilizer market includes mineral fertilizers (e.g., ammonium nitrate and
ammonium chloride), organic ones (crop residues, animal excrements) and also organo-
chemical (urea). According to Blanco-Canqui and Schlegel [35] and Wang et al. [36],
the efficiency of mineral fertilization is low, and excessive amounts of mineral fertilizers
may seriously degrade soil and pollute the environment. Han et al. [37], Li et al. [38],
Stockmann et al. [39], Xiang et al. [40], Zamanian and Kuzyakov [41] and Zhou et al. [42]
proved that long-term mineral fertilization contributes to soil acidification due to the
formation of protons when ammonium becomes oxidized into nitrites and nitrates. Apart
from that, it adversely affects the processes of nitrification, denitrification and fixation of
atmospheric nitrogen and reduces the pool of organic carbon in soil. Mineral fertilizers
also reduce the diversity of bacteria and fungi as well as soil microbial biomass [43–46].
Hallin et al. [47] and Wessén et al. [48] observed a significant decrease in the count of
bacteria and archaea in the soil fertilized with ammonium sulfate. Treseder [49] found that
fertilization with mineral nitrogen reduced the microbial biomass by 15% on average. The
study by Paungfoo-Lonhienne et al. [50] showed that mineral fertilization increased the
count of fungal pathogens as a result of soil acidification. Morrison et al. [51] observed that
the difference in the content of plant pathogens between the control (unfertilized) variant
and the one where mineral fertilization had been applied was greater than 2%. Afreh
et al. [52], Miller et al. [53], Saunders et al. [54] and Zhang et al. [55] concluded that the soil
environment should be protected from the negative effects of mineral fertilization with
organic fertilizers, which increase the soil pH, prevent soil acidification and have a positive
effect on the count, diversity and activity of microorganisms. Xiang et al. [56] observed
that the long-term use of manure increased the abundance of some bacterial species, e.g.,
Pseudaleuria and Hypocreales, which exhibited antagonism against plant pathogens, and thus,
they improved the growth and development of plants. Bandyopadhyay et al. [57], Herencia
et al. [58] and Miller [53] proved that organic fertilizers increased the pool of organic
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carbon in soil and its hydraulic conductivity while reducing its bulk density. Šimon [59]
observed that fertilization with manure increased the mean content of total nitrogen in
the soil by 9.1%, whereas mineral fertilization (NPK) increased it by 8.0% in comparison
with the unfertilized (control) variant. According to Fließbach et al. [60], in order to
ensure the sustainability of agricultural production, it is essential to maintain the right soil
quality, which can be assessed with various biological, physical and chemical indicators
that are sensitive to changes in nitrogen management and related to key soil functions.
Therefore, it is very important to follow the principles of integrated crop management,
which includes balanced fertilization. Integrated crop management (ICM) is a modern
food production system that uses technological and biological progress in cultivation, crop
protection and fertilization in a sustainable manner while paying particular attention to
environmental protection and human health [61]. The system enables the production of
healthy food of plant origin, which does not contain excessive amounts of residues of
crop protection products, heavy metals, nitrates, other elements and harmful substances.
Nitrogen management in Poland is subject to the Regulation of the Minister of Agriculture
and Rural Development on Integrated Agricultural Production of 16 December 2010 [62].
Apart from that, the safety of fertilization in the European Union is laid down in Regulation
(EU) 2019/1009 of the European Parliament and the Council of 5 June 2019 [63], which
includes provisions on making fertilizing products available on the market. In Poland, it is
regulated by the Fertilizer and Fertilization Act of 10 July 2007 [64].

According to Delgado and Lemunyon [65], the proper management of fertilizer com-
ponents is the knowledge and practical skill that directly connects factors such as soil,
crops and weather conditions with cultivation and irrigation practices to optimize the
use of these components by plants and limit the dispersion of the components that may
negatively affect the environment. According to Prasad et al. [66] and Shober et al. [67],
integrated agriculture is based on conscious fertilizer management processes, which aim to
precisely determine the source of nitrogen in soil and the extent of its uptake by plants and
microorganisms. This action enables the identification of adverse effects of fertilization
such as leaching, soil erosion, destruction of natural habitats and biodiversity, and it helps
to indicate alternative measures to reduce these effects. According to Cissé [68], sustainable
fertilization should correct soil nutrient deficiencies, maintain or improve soil fertility,
increase yield, improve crop quality, increase farm income and restore the fertility and
productivity of soil degraded by abnormal agricultural practices.

Nitrogen management is of key importance for plant production. Therefore, it is par-
ticularly important to select appropriate doses of nitrogen fertilizers applied to the soil. Too
small doses may result in fierce competition for food between plants and microorganisms,
which adversely affects yield. On the other hand, if too high doses of nitrogen fertilizers are
used, e.g., urea, apart from the abovementioned economic and environmental aspects (wa-
ter contamination), this may cause the accumulation of ammonia in soil. In consequence,
plants will be poisoned, and the development of beneficial groups of microorganisms will
be limited [69–71].

Additionally, it is necessary to remember that nitrogen is also removed from the soil
when crops are harvested. However, the lost amounts of nitrogen can be returned to
soil with crop residues, which, as an organic fertilizer, will be mineralized by active soil
microorganisms. It is assumed that the amount of nitrogen entering soil as a result of the
mineralization of legume residues is equal to 25–30% of the amount of nitrogen accumu-
lated by these plants in the aerial mass. Legumes are an excellent forecrop for cereals,
industrial and root crops because if they are used as fertilizers, the yield of succeeding
crops increases by up to 15%. When making a nitrogen balance, it is assumed that 1 ton of
the dry weight of cereal residues contains about 5–9 kg N, whereas 1 ton of the dry weight
of maize and rape residues contains 8–12 kg N. Given the average weight of crop residues,
the amount of nitrogen that enters soil with them ranges from 15 to 45 kg/ha in cereal
residues and from 80 to 144 kg/ha in winter rape residues. When residues of maize grown
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for silage or grains are applied into soil, the amount of nitrogen that enters the soil with
these residues ranges from 40 to 72 kg/ha and from 80 to 180 kg/ha, respectively [72,73].

3. Microbial Transformations of Organic Nitrogen Forms in Soil

The conversion of organic forms of nutrients in dead biomass (detritus) into simpler,
soluble forms which can be re-absorbed by plants and microorganisms is a key process
in any food cycle. Organic nitrogen in soil fractions, crop residues or various types of
organic fertilizers is transformed microbiologically into ammonium ions (NH4

+), which
are available to plants (Figure 1) [4,10]. These transformations are possible thanks to the
mineralization process, which consists of proteolysis and ammonification. The understand-
ing of the concept of mineralization of organic forms of nitrogen is extremely important
for sustainable agriculture because it helps to improve the management of crop residues
and natural fertilizers, such as solid and liquid manure or slurry. At the same time, it
helps to minimize the use of mineral fertilizers and thus avoid the potential problems of
groundwater contamination [74]. According to Bailey and Lazarovits [75], crop residues
are a renewable resource, and their reapplication to soil allows nutrients to be recycled
while increasing crop production and soil fertility. The supply of nitrogen-rich organic
matter (narrow C:N ratio–15:1) to soil causes intensive mineralization and increases the
availability of this element for plants. As crop residues decompose in the soil, their chem-
ical composition changes considerably, especially their organic nitrogen content. Active
microorganisms mineralizing organic matter gain access to carbon and nitrogen contained
in it, and they use it to synthesize their own proteins and other organic molecules in the cell.
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Proteolysis is the first stage in the decomposition of nitrogen-based organic matter.
It consists of the enzymatic hydrolysis of proteins into peptides and then amino acids.
This process is catalyzed by proteolytic enzymes secreted into the environment by het-
erotrophic microorganisms such as fungi, actinobacteria and bacteria [76,77]. Amino acids
formed as a result of proteolysis can be taken up by microorganisms and plants. How-
ever, most of them undergo further transformations. According to Rahman et al. [78],
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many soil microorganisms exhibit proteolytic activity, thus ensuring the availability of
nutrients. The key proteases produced by microorganisms include alkaline serine endopep-
tidases (EC 3.4.21) and subtilisin peptidases (EC 3.4.21.62) produced by bacteria, e.g., of
the Bacillus and Pseudomonas genera, and by the Aspergillus sp., Penicillium sp., Pythium sp.,
Trychophyton sp. and Cladosporium herbarum fungi. Apart from that, these are cysteine
endopeptidases (EC 3.4.22) produced by bacteria of the Clostridium, Micrococcus, Microspo-
rum and Streptococcus genera, as well as aspartyl endopeptidases (EC 3.4.23) produced
by fungi and bacteria of the Aspergillus, Candida, Mucor, Saccharomyces and Shewanella
genera [79–84]. Metalloendoproteinases (EC 3.4.24), which require the participation of
metals (usually Zn2+), also significantly contribute to protein mineralization. They include
thermolysin (EC 3.4.24.27) and neutral proteases (EC 3.4.24.28–31) produced by Bacillus sp.,
Aspergillus oryzae, Proteus aeruginosa and Streptomyces sp. [77]. Apart from that, kerati-
nolytic serine proteases (EC 3.4.4.25) of soil bacteria and fungi play an important role in
the recycling of keratin residues [85]. Acid proteinases (EC 3.4.23) are an important group
of proteolytic enzymes of fungal origin (Saccharomyces sp., Aspergillus sp., Penicillium sp.,
Rhizopus sp., Endothia sp.), which are the most active in substrates with pH lower than 5 [86].
Moreover, exopeptidases such as glycine and alanine aminopeptidase (EC 3.4.11) produced
by Pseudomonas fluorescens and Lactobacillus lactis are also considered important for the
mineralization of organic nitrogen in soil [87–89]. According to Fuka [90] and Fuka [91],
sub and npr are two typical genes coding for proteolytic enzymes and enabling assessment
of the potential proteolytic activity of soil microorganisms. The former gene codes for
subtilisins, the latter–for neutral metallopeptidases. According to these authors, the size of
the total or proteolytic population of bacteria can only be assumed because microorganisms
differ in the number of gene copies per genome. For example, the number of npr copies can
range from one (most microorganisms) to seven (Bacillus cereus). Most proteolytic bacteria
have one copy of the sub gene, except Bacillus amyloliquefaciens bacteria, which have two
copies of this gene. According to Näsholm et al. [92], proteolysis is strongly controlled by
pH. It is more intense in acidic soils and positively correlates with organic matter resources
in the soil. Both aerobic and anaerobic microorganisms take part in these transformations.
Aerobic metabolism predominates on the soil surface and in layers with litter, whereas
anaerobic metabolism occurs in deep layers and in wet soils. Research has shown that
proteolysis occurs in a wide range of temperatures (10–60 ◦C) in soil, and the rate of decom-
position of protein substances increases along with the temperature. Protein hydrolysis is
strongly correlated with soil moisture because proteases exhibit their optimum activity in a
soil aqueous solution [77,93,94]. Gardini et al. [95] observed that the activity of proteolytic
bacteria was inhibited by the presence of NaCl. Bach and Munch [96] and Fuka et al. [91]
proved that the protease activity depended on the depth of the soil profile. The authors
observed that the count and activity of proteolytic bacteria tended to decrease at deeper
soil layers. Marx et al. [97] and Fuka et al. [91] found that the soil structure also influenced
the course of proteolysis, as there was a positive correlation between the clay content and
the proteolytic activity of microorganisms. The study by Niewiadomska et al. [98] showed
that the count of proteolytic bacteria was determined by the fertilization method and the
plant’s phase of development. The authors observed the most intense multiplication of
these bacteria in the soil fertilized with sewage sludge at the maize germination phase.

Ammonification is the next stage of nitrogen mineralization of organic matter. During
this process, low-molecular-weight organic nitrogen compounds (amino acids, urea, purine
bases, nucleic acids) enter soil with animal and plant residues and the products of proteoly-
sis are further transformed when ammonia is released [99]. Soil deamination is mostly a
biochemical process, which occurs thanks to the presence of deaminases (EC 3.5.1.4), such
as asparaginase, urease and cytosine deaminase, secreted by soil microorganisms [100,101].
Apart from that, amino acid oxidases (EC 1.4.3.2) and dehydrogenases (EC 1.4.1.5) con-
vert amino acids when ammonia is released [102]. Urease is an enzyme that catalyzes
the hydrolysis of urea. NH3 and carbamate are formed. The latter spontaneously de-
composes to give another molecule of ammonia and carbonic acid. Amino acid oxidases
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catalyze the oxidative deamination of amino acids to produce NH3, ketoacids and hydro-
gen peroxide (H2O2) [19]. According to Alur [103], the ammonium ion can also be formed
in certain related hydrolytic reactions, involving the cleavage of other C-N bonds than
peptide bonds. These reactions are catalyzed by amidohydrolases (EC 3.5.1) and amidino-
hydrolases (EC 3.5.3). Two enzymes from the amidohydrolase group, i.e., asparaginase
(EC 3.5.1.1) and glutaminase (EC 3.5.1.2), cleave asparagine and glutamine, respectively,
and release NH4

+ and amino acids, such as aspartate and glutamate. These reactions can
be observed in Aspergillus sp., Bacillus sp., Pseudomonas fluorescens, Azotobacter agilis and
Streptomyces griseus. According to Szostak et al. [104], the decomposition of amino acids to
ammonia and carbon dioxide in soil takes 1–6 days. Next, ammonia is converted to the
ammonium ion (NH4

+) in the presence of water in the soil solution. NH4
+ is a form that can

be taken up by plants, remain in the soil solution or be sorbed by the soil sorption complex.
According to Alur [103], amino acids can be deaminized by hydrolysis, decarboxylation,
reduction, direct deamination or oxidation (Scheme 1).
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The ammonification process takes place in soil with a wide tolerance of environmental
factors due to large diversity among groups of ammonifying microorganisms, which
include aerobes and anaerobes, psychrophiles, mesophiles and thermophiles, as well as
organisms adapted to acidic and alkaline environments and a wide range of substrate
moisture [105,106]. Research has shown that the following environmental factors influence
the ammonification process: temperature, pH, C:N ratio, the content of nutrients and
soil conditions (soil type and structure, its aeration and water retention capacity). The
studies conducted by Vymazal [107], Vymazal et al. [108] and Saeed and Sun [109] showed
that the optimal pH and temperature for the ammonification process are 6.5–8.5 and
40–60 ◦C, respectively. The rate of ammonification doubles as the temperature increases by
10 ◦C. The ammonification process involves numerous bacteria (Bacillus sp., Clostridium sp.,
Proteus sp., Pseudomonas sp., Serratia sp. and Escherichia coli), actinobacteria (Streptomyces sp.,
Micromonospora sp. and Nocardia sp.) and fungi (Aspergillus sp., Mucor sp., Cladosporium sp.,
Botrytis sp. and Trichoderma sp.) [76,110].
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4. Microbial Transformations of Mineral Nitrogen in Soil
4.1. Immobilization

Microbial nitrogen immobilization consists of the uptake of nitrogen in the form
of ammonium, nitrate or amine into microbial cells in order to further use this element
for the synthesis of high-molecular-weight intracellular compounds containing nitrogen
(Figure 2) [102,111]. According to Bottomley et al. [112], both bacteria and fungi participate
in the immobilization of inorganic nitrogen forms in soil, but the rate of this process is
different. According to Li et al. [113], due to the high diversity and complexity of soil mi-
croorganisms, it seems difficult to quantify nitrogen immobilization indicators. Moreover,
at present, it is not exactly known how much inorganic nitrogen can be immobilized by
the community of soil microorganisms. According to Myrold and Posavatz [114], due
to the threadlike appearance of cells, fungi usually take up nitrogen in the form of low
motility NH4

+ ions, whereas bacteria exhibit greater potential for using NO3
−, especially

in the absence of exogenous organic carbon sources. According to Grzyb et al. [115], the
immobilization of nitrogen by soil microorganisms significantly affects the content of in-
organic nitrogen in soil and thus influences the degree of nutrition and productivity of
plants. According to Grzebisz [116] and Grzyb [115], a C:N ratio ranging from 25:1 to 30:1
is often considered to be the critical point between immobilization and mineralization.
When crop residues with a high C:N ratio (above 30:1) enter soil, nitrogen in the microbial
biomass is immobilized (nitrogen proteinization process), and it becomes less available to
plants. According to Chen et al. [117], in ‘t Zandt et al. [118] and Montaño et al. [119], crop
residues directly affect the microbial immobilization of nitrogen. According to Yevdokimov
et al. [111], this process also has advantages because immobilization and remineralization
cycles ensure the long-term positive effect of nitrogen on soil fertility and plant nutrition.
In addition, immobilization delays the loss of nitrogen from fertilizers by leaching or
volatilization of gaseous compounds, which helps to control the resistance of soil ecosys-
tems to contamination with fertilizers. Apart from microbial immobilization in soil, there is
also abiotic immobilization, during which phenolic compounds derived from the decompo-
sition of crop residues react with ammonia (NH3) and nitrite ions (NO2

−) in condensation
and nitrosation reactions, respectively, to form organically bound nitrogen [120–122].
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4.2. Nitrification

Nitrification is another key process of the transformation of nitrogen compounds
in soil. It consists of the transformation of ammonium ions into nitrates under aerobic
conditions [1].

The first stage of the nitrification process is known as nitritation. It consists of the
oxidation of ammonia (NH3) to nitrite (NO2

−) by nitrosobacteria (AOB—ammonia-oxidizing
bacteria). These bacteria initiate this transformation through hydroxylamine (NH2OH),
which is intermediate. The reaction requires two different enzymes, ammonium monooxy-
genase (AMO) and hydroxylamine oxidoreductase (HAO), which are encoded by the amo
and hao genes, respectively (Scheme 2) [123]. AMO is an enzyme associated with various
cytoplasmic membrane subunits, which are responsible for the conversion of ammonia into
hydroxylamine. The amo genes are used as functional markers for AOB in the environment.
The amo operon consists of at least three genes: amoC, amoA and amoB, where amoA encodes
a subunit containing the active site of the enzyme. HAO transfers four electrons from the
oxidation of hydroxylamine to cytochrome-554 (Cyc554) [124].
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Five types of AOB belonging to the Proteobacteria class have been identified and
classified on the basis of their phylogenetic relationship. Four of them belong to the β-
Proteobacteria subclass, including Nitrosomonas, Nitrosospira, Nitrosovibrio and Nitrosolobus,
whereas Nitrosococcus belongs to the γ-Proteobacteria subclass. The analysis of the 16S
rRNA sequence resulted in the division of the Nitrosomonas and Nitrosospira genera into
seven clusters (Nitrosospira—clusters 1–4; Nitrosomonas—clusters 5–7), where clusters 2–4
of the Nitrosospira genus were found to be the dominant group in soils [14,125]. Archaea
(AOA—ammonia-oxidizing archea) are a separate group of microorganisms, which include
the Nitrosopumilus maritimu species [14,126,127].

According to Avrahami et al. [128] and Kowalchuk and Stephen [129], the structures
of the AOB community are influenced by soil conditions, such as pH and humidity, because
soil water limits the diffusion of air into soil and the inflow of nitrogen fertilizers. De Boer
and Kowalchuk [130] and Nicol et al. [131] analyzed the influence of pH on the rate of
ammonia oxidation in soil and found that it decreased in acidic soils. The authors explained
this reaction by the reduced growth and activity of AOB under the influence of a low pH,
the reduced NH3 availability by ionization to NH4

+, the reduction of NH3 diffusion and the
increased demand for energy-dependent NH4

+ transport. Moreover, Morimoto et al. [132]
proved that AOAs exhibited greater adaptability to low pH and low oxygen environments
than AOBs. The type of fertilizer is another factor that influences nitrosobacteria. Enwall
et al. [133] observed the most diverse AOB community in the soil fertilized with manure.

Nitratation, i.e., the oxidation of nitrites (NO2
−) to nitrates (NO3

−), is the second
stage of nitrification (Scheme 3). A separate group of prokaryotes is involved in this
process; these nitrobacteria are known as nitrite-oxidizing bacteria (NOB). According
to Bernhard [134], the NOB group includes the following genera: Nitrospira, Nitrobacter,
Nitrococcus and Nitrospina. The key enzyme of NOB is nitrite oxidoreductase (NXR). There
are two phylogenetically distinct forms of this cytoplasmic membrane-bound enzyme: the
cytoplasmic type (Nitrobacter sp., Nitrococcus sp. and Nitrolancetus sp.) and the periplasmic
type (Nitrospira sp. and Nitrospina sp.) [135,136]. The nxrA gene and especially the nxrB
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gene are powerful functional and phylogenetic markers for the detection and identification
of uncultured NOB [137].
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Nitrification bacteria are typical chemoautotrophs because they use part of the energy
obtained from both oxidation processes to assimilate carbon dioxide, which is bound in
the Calvin–Benson cycle by the carboxylase enzyme (ribulose-1,5-bisphosphate oxygenase-
RubisCO) [124,138]. Nitrosobacteria gain 234 kJ/mol from the conversion of ammonia into
nitrites, whereas nitrobacteria gain 74 kJ/mol in the nitratation process [139]. As much
as 80% of the energy produced by these bacteria is absorbed to assimilate CO2 and for
cell growth (Wong et al., 2003). There is a constant dependence in the ratio of assimilated
carbon to oxidized nitrogen between these reactions. The ratio is 1:35 for the first phase
nitrifiers and 1:135 for the second phase nitrifiers [140].

The NO2
− ions produced in the first stage of nitrification rarely accumulate in most

soils because they are quickly oxidized into NO3
− ions [141]. According to Zhu et al. [142],

gaseous nitrogen oxide (NO) may also be formed during the nitrification process. This is a
by-product of the chemical decomposition of hydroxylamine during the oxidation of NH3.
On the other hand, if there is an oxygen deficiency, both NO and N2O can be formed as a
result of the NO2

− reduction.
The rate of growth of nitrifying bacteria in soil is controlled by oxygen, temperature,

pH and substrate concentration. Strains of nitrifying bacteria develop optimally at 25–30 ◦C
and at substrate concentrations of 1–25 mM. Nitrifying bacteria are sensitive to the end
products they make. According to Schultze and Mooney [143], the growth of Nitrosomonas
is inhibited by nitrites in the substrate at a concentration of 300 mg/g, whereas the pro-
liferation of bacteria of the Nitrobacter genus is inhibited by nitrates at a concentration of
4000 mg/g. The optimal pH for the development of nitrifying bacteria is 7–9. They can also
be isolated from soils with a pH of 3, but their growth in a substrate with a pH below 6 is
significantly limited [130]. Beeckman et al. [144] and Schulze and Mooney [143] observed
that sufficient amounts of phosphorus (P), calcium (Ca) and other macronutrients in soil
and an appropriate manganese (Mn)-to-copper (Cu) ratio are necessary for the normal
course of the nitrification process. The highest concentration of nitrifying bacteria can be
found in the upper (10 cm) layers of soil and in rivers and streams at the sediment–water
interface. According to Hofman and Van Cleemput [1], the rate of the nitrification process
is also influenced by the availability of oxygen and soil water potential. At a water potential
of 0 kPa, there is little air in the soil. As a consequence, nitrification is inhibited. The fastest
rate of the process is at a water potential of at least −33 kPa for soils with medium and
heavy textures and at −10 kPa for sandy soils. Soil salinity is also one of the main abiotic
factors responsible for the rate of nitrogen transformations in the soil environment. Akhtar
et al. [145] analyzed the influence of different salinity levels (9, 17, 27 dS/m) on nitrogen
transformations in the soil fertilized with urea and ammonium sulfate. The researchers
observed that the salinity levels of 17 and 27 dS/m inhibited the second stage of nitrification
and caused the accumulation of nitrites (NO2

−) in the soil. Moreover, the highest salinity
level of 27 dS/m inhibited the first stage of nitrification. It caused the accumulation of
nitrogen in the form of ammonia, which was lost into the atmosphere due to volatilization.
According to Podlaska and Russel [146], the nitrification process can also be inhibited
by other substances in the environment, such as methane, ethylene, carbon monoxide,
ethane, chloroethane and thiocarbamide. As resulted from scientific publications, some
heterotrophic microorganisms are also capable of nitrification, but their efficiency is much
lower than that of autotrophic bacteria. Heterotrophic nitrification is the conversion of
ammonia to nitrate in the presence of an organic substrate, which is necessary to provide
energy to oxidize ammonium ions. Studies have shown that this process is carried out
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by a wide phylogenetic range of soil bacteria and fungi, e.g., Pseudomonas sp., Bacillus sp.,
Streptomyces sp., Arthrobacter sp., Paracoccus pantotrophus, Aspergillus flavus, Cephalosporium
sp. and Penicillium sp. [14,143]. These organisms oxidize not only ammonium ions but
also hydroxamic acids, oximes, amine oxides, nitroso and nitro compounds. Nevertheless,
in most cases, neither the biochemical mechanisms of these processes nor their ecological
significance has been well investigated.

4.3. Denitrification

In contrast to nitrification, denitrification is an anaerobic process in which denitrifying
bacteria catabolize carbon substrates into energy (ATP), using reactive nitrogen forms
as the ultimate electron acceptors in respiratory metabolism. The microorganisms carry-
ing out this process are relative anaerobes, which, in aerobic conditions, gain energy by
oxidizing various organic and mineral compounds with oxygen from the air. The same
microorganisms, under anaerobic conditions, reduce nitrates (or nitrites), taking from them
the oxygen they need for energy processes [147]. During this process, nitrate ions are
converted into dinitrogen gas (N2), which is the end product of this process, or into other
gaseous intermediate forms of nitrogen such as ammonia (NH3) or nitrous oxide (N2O),
which is considered a greenhouse gas (Scheme 4). Complete denitrification takes place
when the content of free oxygen in the soil atmosphere decreases. In cultivated mineral
soils, where oxygen has easy access and which contain relatively small amounts of organic
matter and nitrate, this process does not occur [8,148].
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The process of bacterial denitrification consists of four reactions catalyzed by the
enzyme complex: nitrate reductase (nar), nitrite reductase (nir), nitric oxide reductase (nor)
and nitrous oxide reductase (nos) (Scheme 5) [14]. The first stage of the process, which
consists in the reduction of nitrates to nitrites, is catalyzed by the nar enzyme, which
is bound to the cytoplasmic membrane and the periplasm of the bacterial cell. The nar
enzyme contains molybdenum (Mo). It is encoded by the narG, narH, narI, narJ, napA and
napB genes. Two nir enzymes with different structures are responsible for the reduction of
NO2

− to NO, which occurs in the second stage of denitrification. One of these enzymes
contains copper (Cu-Nir) and is encoded by the nirK gene. The other one contains prosthetic
groups, hem c and hem d1 (cd1-Nir), and is encoded by the nirS gene. The third stage of
denitrification is catalyzed by the nor enzyme, which is a product of the norB and norC
genes. The conversion of NO into N2O is very important because it results in the formation
of a bond between nitrogen molecules. The nos enzyme is involved in the last stage of the
denitrification process. This enzyme contains copper (Cu) and is encoded by the nosR and
nosZ genes [149].
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Scheme 5. The enzymes involved in denitrification.

Denitrification mostly occurs in flooded soils and low-oxygen zones in lakes and
oceans. The functional group of denitrifying microorganisms includes a large number of
bacteria from different taxonomic units, which differ significantly in the specifics of their
substrate (electron donor). According to Schulze and Mooney (2002), most denitrifying
bacteria are heterotrophs of the following genera: Alcaligenes, Bacillus, Paracoccus, Thiobacil-
lus, Burkholderia, Thaurea, Rubrivax and Ralstonia. The following species are also capable
of denitrification: Achromobacter sp., Agribacterium sp., Alcaligenes sp., Flavibacterium sp.,
Serratia sp., Spirillum sp. and Micrococcus sp. Pseudomonas bacteria isolated from both soil
and water sediments, such as P. stutzeri and P. perfectomarinus species, are also classified as
denitrifiers. They have often been used as models in studies on the specific nature of the
denitrification process.

Studies have proved that some bacteria can reduce nitrites or nitrates to gaseous
nitrogen compounds in the presence of oxygen. Su et al. [150] observed that the denitrifying
bacteria Paracoccus denitrificans reduced 27% of the nitrate added to the medium into
gaseous nitrogen in an atmosphere containing 92% O2. Japanese scientists Matsuzaka
et al. [151] and Okada et al. [152] isolated aerobic denitrifying bacteria of the Mesorhizobium
genus and Burkholderia cepacian species from soil.

From the results of scientific publications, selected species of moulds (Aspergillus nidu-
lans, Fusarium oxysporum, Fusarium decemcellulare, Trichoderma hamatum, Talaromyces flavus
and Chaciomhun sp.) are capable of denitrification [76,153–155]. Studies by Laughlin and
Stevens [156] and McLain and Martens [157] showed that fungal denitrification mostly
occurs in forest soils, meadows and semi-arid regions. Shoun [158] studied the biochemical
mechanisms and physiological role of fungal denitrification in soil. He tested pure cultures
of ascomycetes (Cylindrocarpon tonkinense and Gibberella fujikuroii) and basidiomycetes
(Trichosporon cutaneum) and observed that the denitrification process occurs in fungal
mitochondria and is coupled with ATP synthesis. Cabello et al. [159] found that hy-
perthermophilic (Pyrobaculum aerophilum and Ferroglobus placidus) and halophilic species
(Haloferax sp. and Haloarcula sp.) of archaea were also capable of denitrification. The
authors proved that, similar to bacteria, archaea are involved in the dissimilatory reduction
of nitrates through NO2

−, NO and N2O into N2. However, biochemical analyses and
genome sequence analyses revealed that archaea differed from bacteria in the organization
of the genes encoding denitrifying enzymes and in the structure and regulation of these
enzymes. Only a few operons are preserved in all or most of the genomes of bacteria
and archaea. For example, in some archaea, the organization of the narGHJI operon is not
preserved, nor do they have the narI genes located near the narGHJ [160].

The course of the denitrification process is influenced by various factors, e.g., the
oxygen content, the availability of electrons in organic carbon compounds, soil pH, am-
bient temperature and inhibitors of denitrifying enzymes. Denitrification is inhibited by
acetylene, azide, cyanide, 2,4-dinitrophenol, nitrapyrin, pesticides, sulfates and sulfides.
N2O reductase is an enzyme that is particularly sensitive to the pH of the medium, the
presence of acetylene, CO, azide and cyanide [143]. Stremińska and Błaszczyk [161] studied
the influence of the pH value on the course of the denitrification process and found that
it was the most intensive in substrates with a pH of 6–8. It was also observed in acidic
soils, e.g., in forest soils with a high content of nitrates. The rate of denitrification is closely
related to the availability of organic substrate. Therefore, the process may be optimized by
adding manure or crop residues to soil. The denitrification process is also influenced by the
soil texture, which significantly affects soil aeration and water content and thus the activity
of denitrifying microorganisms [148,162]. According to Payne et al. [163], the denitrification
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process is also stimulated by plant root secretions, which are rich in easily degradable
carbon compounds, amino acids and vitamins. These findings were confirmed by Zhang
et al. [164], who clearly concluded that the presence or absence of plants influenced the
amount of N2O in soil.

Denitrification is a negative process from the agricultural point of view. Total deni-
trification results in gaseous forms of nitrogen escaping from soil. According to [76,134],
this process is particularly important for the transformation of nitrogen compounds in the
environment because nitrates are removed from the soil ecosystem and returned to the
atmosphere in a biologically inert form (N2).

4.4. Codenitrification

Codenitrification, also known as biotic nitrosation, is another process that takes place
in the soil environment. The process consists of the formation of N2O and N2, where one
N atom comes from an inorganic N compound (e.g., NO2

−), whereas the other one comes
from a co-metabolized organic compound, such as amines, azide, salicylhydroxamic acid
or hydroxylamine. This process is the most intensive in nearly neutral to alkaline soils,
both in grasslands and in agricultural soils [165,166]. Long et al. [167] and Spott et al. [166]
found that both fungi (Fusarium oxysporum, Fusarium solani and Cylindrocarpon tonkinense)
and bacteria (e.g., Streptomyces antibioticus, Corynebacterium nephridia, Pseudomonas denitrifi-
cans, Paracoccus denitastrificans, Rhodoclastobacter sphacterides and Mesorhizobium sp.) were
involved in biotic nitrosation.

4.5. Anammox

In 1999, Strous et al. [168] discovered a new type of ammonia oxidation occurring
under anaerobic conditions and called it anammox (anaerobic ammonia oxidation). Anam-
mox bacteria are the second largest group of microorganisms after denitrifiers that live
in an anaerobic environment. They oxidize ammonia (electron donor) using nitrite as an
electron acceptor and CO2 as a source of carbon and form gaseous N2 under anaerobic
conditions [169]. Hydroxylamine (NH2OH) and hydrazine (N2H4) are intermediates in
this process (Scheme 6). Studies by Ali et al. [170], Oshiki et al. [171] and Strous et al. [172]
showed that the genome of anammox bacteria includes several genes (narK, focA and amtB)
responsible for substrate transport. Having been transported into the cell, the substrates
are converted into intermediates (NH2OH, N2H4) in a reaction catalyzed by the nitrite
reductase nirS enzyme or its nirK homologue. Moreover, the reactions in which hydrazine
is formed and oxidized are catalyzed by hydrazine synthetase, encoded by the hzs gene,
and hydrazine oxidoreductase, encoded by the hzo gene. In comparison with denitrifica-
tion, anammox is an ecologically advantageous and less toxic process because gaseous
nitrogen is produced (N2) without intermediate gases (NOx). All these reactions take place
in the anammoxosome (Figure 3), which is an intracytoplasmic compartment bounded by
a single membrane containing tightly packed ladder lipids (ladderanes). Ladderanes make
the cell membrane denser and stiffer, thus minimizing the loss of gaseous intermediates
such as nitric oxide (NO) and hydrazine (N2H4). The anammoxosome fills 50–70% of
the cell and functions similarly to the mitochondria in eukaryotes [173,174]. Research
by Han and Gu [175] and Schmid et al. [176] showed that seven genera of prokaryotes
belonging to the Planctomycetes phylum (Brocadia, Anammoxoglobus, Kuenenia, Scalindua,
Jettenia, Brasillis and Anammoximicrobium) were involved in the anammox process. Initially,
it was assumed that Planctomycetes lacked peptidoglycan, the universal polymer of the
bacterial cell wall. However, the research by van Teeseling et al. [177] showed that the
Kuenenia stuttgartiensis anammox bacteria of the Planctomycetes phylum had a thin murein
layer under the outer cell membrane, which corresponded to the typical peptidoglycan
characteristics of Gram-negative bacteria. Moreover, unlike in Gram-negative bacteria, the
Kuenenia stuttgartiensis cell wall is not surrounded by one outer membrane and one inner
membrane. Instead, it has two inner membranes, mostly composed of proteins [178].
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The anammox process is influenced by the slow growth of anammox bacteria and their
high sensitivity to changes in environmental conditions, such as temperature, pH of the
environment and substrate concentration. The optimal pH and temperature for the growth
and activity of anammox microorganisms are 6.7–8.3 and 20–43 ◦C, respectively. However,
depending on the species, these bacteria can also grow within a wide range of temperatures,
i.e., from −2 ◦C to 85 ◦C [179–183]. According to Gao and Tao [184], Pereira et al. [185] and
Tomaszewski et al. [186], the course of the anammox process is also significantly influenced
by the content of substrates, i.e., nitrites and ammonia. Free ammonia (NH3) and free
nitrous acid (HNO2) can strongly inhibit the anammox process. Jaroszynski et al. [187]
and Jung et al. [188] described the lowest inhibitory concentrations of ammonia, i.e., 1.7
and 2.0 mg N/L. Moreover, Jaroszynski [189] found that anammox bacteria were very
sensitive to salination. NaCl concentrations above 150 mM, KCl concentrations above
100 mM and Na2SO4 concentrations above 50 mM had a negative influence on the course
of this process. The activity of anammox bacteria was completely inhibited at 1 mmol/L
HgCl2. The study by Dapena-Mora et al. [190] showed that phosphates and sulfides
are two inorganic inhibitors of the anammox process. Under anaerobic conditions, the
SO4

2− ion is reduced to H2S, which inhibits bacterial activity. Hu et al. [191] described
the presence of slow-release organic matter (e.g., humic acids) as an important factor
influencing the distribution of anammox bacteria of the Brocadia and Jettenia genera in
peat soil. Other scientific publications also show that annamox bacteria are widespread
in marine ecosystems, freshwater and subtropical lakes, as well as in wetlands [192–194].
Humbert et al. [195] provided a lot of evidence for the presence of anammox bacteria
in various soil environments. These microorganisms were found in soil samples from
wetlands, lakeshores, farmlands and those with nitrophilic or nitrogen-fixing plants.

4.6. Nitrogen-Fixing

Although molecular nitrogen makes up almost 80% of the Earth’s atmosphere, plants
and animals cannot assimilate it due to its very low reactivity. The gaseous form N2 is very
stable because it has a triple bond between nitrogen atoms and requires a large amount of
energy to be broken (Scheme 7). As a result, only selected groups of prokaryotes, known
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as diazotrophs, including heterotrophic bacteria, archaea and cyanobacteria, are able to
carry out the energetically demanding process of binding molecular nitrogen (N2) and
incorporating it into organic compounds [196]. Some nitrogen-fixing organisms are free-
living bacteria (Azotobacter sp., Azomonas sp., Azospirillum sp., Bacillus sp., Beijerinckia sp.,
Calothrix sp., Clostridium sp., Derxia sp., Desulfovibrio sp., Nostoc sp., Rhodobacter sp., Rho-
dospirillum sp.), whereas others make symbiotic systems with plants (rhizobia—Rhizobium
sp., Allorhizobium sp., Azorhizobium sp., Bradyrhizobium sp., Mesorhizobium sp., Sinorhizo-
bium sp.) [143,153]. According to Herridge et al. [197] and Łyszcz and Gałązka [198], every
year, about 139–170 million tons of nitrogen is provided to arable soils around the world
through the process of biological fixation of atmospheric nitrogen. The amount of nitrogen
fixed by microorganisms living in symbiotic systems ranges from about 70% to 80%; the
remaining 20–30% is fixed by non-symbiotic microorganisms [199,200]. The research by
Natywa et al. [201] and Schulze and Mooney [143] showed that 100–200 kg N/ha/year is
provided by Rhizobium sp. bacteria, which live in symbiosis with legumes. The amount
of nitrogen fixed by free-living bacteria is about ten times smaller, i.e., usually <10 kg
N/ha/year. According to these authors, only small amounts of atmospheric nitrogen are
fixed by free-living diazotrophs because the process occurs only during the growth of these
microorganisms. Moreover, nitrogen is not released to the environment immediately but
only after the death of bacterial cells.
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The diversity of nitrogen-fixing bacteria in aquatic and terrestrial environments is
assessed by means of a molecular marker, i.e., the nifH gene. It is a highly conserved gene
among various microorganisms. It encodes the nitrogenase component, which catalyzes
the reduction of N2 into NH3. The nitrogenase complex encoded by the nifHDK genes
consists of an iron metalloprotein (Fe) homodimer, which binds two ATP molecules, and a
metalloprotein tetramer containing a molybdenum–iron (Mo-Fe) complex [202,203]. The
studies by Siemann et al. [204] and Wielbo and Skorupska [205] showed that the evolution
of nifDK genes led to the formation of new variants of the Mo-Fe metalloprotein com-
plex in the tetramer. Molybdenum was replaced by vanadium (V-Fe metalloprotein), e.g.,
in Azotobacter saliestris, Azotobacter chroococcum and Anabaena variabilis, or the ability to
bind atoms of two different metals was lost in favor of iron (Fe metalloprotein), e.g., in
Clostridium pasteurianum, Rhodobacter capsulatus, Rhodospirillum rubrum and Azomonas macro-
cytogenes. The following genes encode both nitrogenases: vnfH, vnfD, vnfG and vnfK, as
well as anfH, anfD, anfG and anfK [206]. According to Nordult and Ureta [207], the activity
of nitrogenase is mainly limited by the oxygen content or the concentration of hydrogen
ions in the environment. The studies by Egamberdieva and Kucharova [208] showed that
the season of the year also significantly influenced the count and activity of nitrogen-fixing
bacteria. The authors observed higher counts of these microorganisms in the soil in spring.
They explained that this phenomenon was caused by the optimal temperature and in-
creased soil moisture due to higher rainfall. According to Vitousek et al. [209], nitrogen
fixation is also influenced by the access of rhizobia to micro- and macroelements because
molybdenum is necessary for the activity of most nitrogenases. Apart from that, nitrogen-
fixing microorganisms also need more phosphorus and iron to meet their high demand
for ATP and for the normal activity of nitrogenase, which is necessary to fix nitrogen.
Additionally, the synthesis and activity of nitrogenase in most nitrogen-fixing organisms
are inhibited by high levels of fixed nitrogen. The availability of calcium (Ca) is another
factor influencing the efficiency of nitrogen fixation. A decrease in the calcium content in
soil reduces the ability of rhizobia to colonize root hairs [210]. The highest nitrogen fixation
efficiency of most microorganisms can be observed at 20–25 ◦C, although the process takes
place within a temperature range of 12–35 ◦C [211]. Long [212] found that each symbiotic
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system of Rhizobium and legumes had its optimal temperature dependence. It was 25–30 ◦C
for common beans (Phaseolus vulgaris L.) and about 30 ◦C for clover (Trifolium pratense
L.) and peas (Pisum sativum L.). The activity of rhizobia is also significantly influenced
by the dose of nitrogen fertilizer applied to the soil. Salvagiotti et al. [213] observed a
negative exponential relationship between the dose of mineral nitrogen fertilizer and the
efficiency of legumes in binding N2. Sellstedt and Richau [214] and van Nguyen and
Pawlowski [215] observed the best-known symbiosis resulting in nitrogen fixation between
legumes (Fabaceae) and rhizobia. Some rhizobia can induce the formation of nodules in
one or more species of legumes, whereas others have a wide range of plant hosts [198,216].
The root secretions of legumes (e.g., pea, clover, soybean) are specific attractants, which
act as signal substances for some Rhizobium species. Legumes secrete phenolic molecules,
mainly flavonoids and isoflavonoids, into the rhizosphere. These signals are captured by
rhizobia. A flavonoid–NodD protein interaction occurs on the inner membrane of bacterial
cells, and a set of genes responsible for the formation of nodules on the surface of plant
roots is activated. In bacteria of the Rhizobium genus, the genes responsible for symbiosis
are found on a circular DNA molecule—the symbiotic plasmid (pSym). There are two
basic groups of these genes: nod and nol genes—nodulation genes inducing the initiation
and development of nodules, and fix and nif genes—fixation and nitrogen fixation genes
responsible for atmospheric nitrogen fixation. The group of nodulation genes includes
comnod genes (common nodulation genes), which have been found in all rhizobia studied
so far, and hsnnod genes (host-specific nodulation genes), which are specific to bacterial
species or strains. When nodulation genes are activated, the so-called Nod factor in the
signaling molecule is synthesized. Legumes can recognize the Nod factor through NFR
receptors, which are composed of two histidine kinases with the extracellular LysM do-
main. The binding of receptors with Nod factors causes depolarization of the plasma
membrane of root hairs through the influx of Ca2+. This process initiates the infectious
thread, the penetration of bacteria into the hairs and the formation of growths (nodules), in
which the rhizobia turn into a bacteroid form and begin nitrogen fixation in a unique plant
organelle known as symbiosome. The symbiosome is bounded by a membrane of plant
origin, which controls the exchange of nutrients between symbionts [217–220]. According
to Mus [217], the existence of rhizobia in newly formed growths of legumes depends on
the sources of carbon and energy from the plant, as well as on phosphorus (P), iron (Fe),
sulfur (S), molybdenum (Mo), vanadium (V) and cobalt (Co). There are numerous positive
aspects of this symbiosis, such as higher yield as well as the maintenance and restoration
of soil fertility. According to scientific publications, thanks to the activity of rhizobia, the
yield of legumes can be increased by 10–20%, and there is a higher content of proteins in
crops. Research has shown that free-living nitrogen-fixing bacteria enrich soil and plants
with nitrogen and increase the yield of crops by 5–15%. In addition, rhizobia also play a
significant role in the secretion of growth hormones such as cytokinins, gibberellins and
auxins. One of them is indole acetic acid (IAA), which stimulates plant rooting and plays an
important role in the formation and development of nodules on the roots of legumes [221].
According to Verma et al. [222], rhizobia also have other advantages; they release phos-
phates and use molecules of 1-aminocyclopropane-1-carboxylate (ACC), which is a plant
ethylene precursor, to protect plants from ethylene stress. Chandra et al. [223] and Verma
et al. [222] found some strains of rhizobia to be acting as biocontrol agents. Tamiru and
Muleta [224] described the ability of rhizobia isolates to counteract the black rot of broad
bean (Vicia faba L.) roots caused by Fusarium solani. Shaukat and Siddiqui [225] observed
that pathogens infecting ocher (Abelmoschus esculentus L.) and sunflower (Helianthus L.),
such as Macrophomina phaseolina, Rhizoctonia solani and Fusarium solani, were effectively con-
trolled with Bradyrhizobium japonicum, Sinorhizobium meliloti and Rhizobium leguminosarum.
Mechanisms of biological control of phytopathogens by rhizobia include competition for
nutrients, the production of cell wall-degrading enzymes, antibiotics, siderophores and
metabolites such as HCN, phenazines, pyrrolnitrin, viscoinamide and tensin. Król and
Zielewicz-Dukowska [226], Martyniuk [227] and Svistoonoff [228] observed symbiotic



Agronomy 2021, 11, 1415 17 of 27

nitrogen fixation in actinobacteria of the Frankia genus, living in symbiosis with woody
plants, e.g., with alder (Alnus). The transformation of nitrogen compounds also involves
three processes causing the loss of nitrogen from farmlands—the volatilization, leaching
and removal of nitrogen from the field with harvested crops.

4.7. Ammonia Volatilization

The pH value is the main factor that may cause the soil nitrogen content to decrease.
In an alkaline environment, ammonium ions (NH4

+) dissociate into ammonia, which is
then released into the atmosphere (Scheme 8). It is so because ionized ammonia (NH4

+)
is soluble in water, whereas the non-ionized form (NH3) is volatile [229]. Meisinger and
Jokela [230] and Jones et al. [231] observed that apart from the soil pH, it was also the
temperature, type and chemical composition of the organic fertilizer (e.g., manure) that
caused the volatilization of ammonia. They found that NH3 volatilized from the soil
when pH was above 7.5, and the volatilization rate tended to increase along with the
temperature. Higher temperature increases the loss of ammonia because its solubility in the
soil solution decreases. The composition of manure fertilizers also influences the emission
of ammonia from the soil. Differences in the chemical composition of fertilizers (slurry,
liquid manure, manure) applied to the soil translate into different values of the soil pH, the
amount of NH4

+ ions formed and the rate of urea hydrolysis. Sommer and Hutchings [232]
analyzed a number of empirical models designed to predict the volatilization of NH3 after
the application of slurry. The researchers found a linear relationship between the rate
of ammonia volatilization from soil and the temperature within the range of 15–25 ◦C.
According to Yang et al. [233] and Zhou et al. [234], every year, about 9.3 × 106 mol of NH3
is released into the atmosphere. It reacts with sulfuric, nitric and hydrochloric acids and
forms ammonium salts, thus increasing air pollution.
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4.8. Leaching

Nitrogen is also lost from the soil as a result of leaching (Figure 1). These are nitrites
and nitrates that are leached from the rhizosphere [235]. They are very mobile because they
are adsorbed on soil particles and are easily moved beyond the soil profile [236]. According
to Bolan and Hedley [237], this process is particularly important in areas with heavy rainfall
and soils with a light, sandy texture, where as much as 25–50% of nitrogen may be lost
through leaching. According to Davis et al. [238], the amount of nitrogen applied to soil, its
water content and permeability are important factors regulating the amount of nitrogen lost
through leaching. Leaching reduces the bioavailability of nitrogen to plants and negatively
affects the quality of the environment because it causes high concentrations of nitrates
in groundwater and indirect emissions of greenhouse gases, e.g., nitrous oxide (N2O).
Leaching also increases costs because it is necessary to re-apply mineral fertilizers with
nitrogen [239–241].

Additionally, it is necessary to remember that some nitrogen is lost from soil when
crops are harvested [242]. For example, the amounts of nitrogen lost from the soil at harvest
time may be as high as: 0.3 kg N/yu (per yield unit) for maize, 0.54 kg N/yu for wheat,
0.72 kg N/yu for rape and 1.5 kg N/yu for soybeans [243].

5. Conclusions

The nitrogen cycle in soil is a combination of transformations such as nitrification,
denitrification, anammox, mineralization, nitrogen immobilization and leaching. Their dis-
covery gave a new dimension to our understanding of nitrogen transformations. For a long
time, the understanding of the role of microorganisms in the transformation of nitrogen
compounds was limited by the fact that the vast majority of microorganisms present in the
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ecosystem cannot be cultured using traditional microbiological techniques. Modern tools
in genomics and metagenomics have changed our knowledge of microbial communities
in the soil environment and their influence on the metabolism of nitrogen compounds.
Many human activities significantly influence the nitrogen cycle in the environment. The
combustion of fossil fuels and the use of nitrogen fertilizers may increase the amount of
bioavailable nitrogen in the soil ecosystem. However, the mismanagement of mineral
fertilization may disturb the biological equilibrium in soil and cause the leaching of nitrates,
which will pollute streams and rivers, and ultimately contaminate drinking water. Apart
from that, as the availability of nitrogen in soil increases, the microbial decomposition of
carbon sources intensifies, and thus the amount of humus compounds is reduced. As the
long-term influence of agriculture on the environment is a matter of concern in industri-
alized and developing countries, it is necessary to better understand the nitrogen cycle.
Therefore, the Food and Agriculture Organization of the United Nations (FAO) stressed
the need to increase food production without degrading the environment and proposed
sustainable agricultural practices to achieve this goal [244]. Proper nitrogen management
is a challenge not only for Poland but also for Europe because it requires knowledge and
social awareness. The proper management of organic and mineral fertilizers, the regulation
of soil pH and the use of microbiological preparations promoting the growth and devel-
opment of crops are the elements that need to be understood and implemented in order
to develop modern, sustainable agriculture and protect the natural environment and the
health of present and future generations.
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161. Stremińska, M.A.; Błaszczyk, M. The biogeochemical cycle of nitrogen in soils of coniferous forest ecosystems. Post. Mikrobiol.

2004, 43, 235–250.
162. Gaillard, R.; Duval, B.D.; Osterholz, W.R.; Kucharik, C.J. Simulated effects of soil texture on nitrous oxide emission factors from

corn and soybean agroecosystems in Wisconsin. J. Environ. Qual. 2016, 45, 1540–1548. [CrossRef] [PubMed]
163. Payne, E.G.; Fletcher, T.D.; Cook, P.L.; Deletic, A.; Hatt, B.E. Processes and drivers of nitrogen removal in stormwater biofiltration.

Crit. Rev. Environ. Sci. Technol. 2014, 44, 796–846. [CrossRef]
164. Zhang, S.; Liu, F.; Xiao, R.; Li, Y.; He, Y.; Wu, J. Effects of vegetation on ammonium removal and nitrous oxide emissions from

pilot-scale drainage ditches. Aquat. Bot. 2016, 130, 37–44. [CrossRef]
165. Clough, T.J.; Lanigan, G.J.; de Klein, C.A.M.; Samad, M.S.; Morales, S.E.; Rex, D.; Bakken, L.R.; Johns, C.; Condron, L.M.; Grant, J.

Influence of soil moisture on codenitrification fluxes from a urea-affected pasture soil. Sci Rep 2017, 7, 2185. [CrossRef]
166. Spott, O.; Russow, R.; Stange, C.F. Formation of hybrid N2O and hybrid N2 due to codenitrification: First review of a barely

considered process of microbially mediated N-nitrosation. Soil Biol. Biochem. 2011, 43, 1995–2011. [CrossRef]
167. Long, A.; Heitman, J.; Tobias, C.; Philips, R.; Song, B. Co-occurring anammox, denitrification, and codenitrification in agricultural

soils. Appl. Environ. Microbiol. 2013, 79, 168–176. [CrossRef]
168. Strous, M.; Fuerst, J.A.; Kramer, E.H.M.; Logemann, S.; Muyzer, G.; van de Pas-Schoonen, K.T.; Webb, R.; Kuenen, J.G.; Jetten,

M.S.M. Missing lithotroph identified as new Planctomycete. Nature 1999, 400, 446–449. [CrossRef]
169. Kartal, B.; Kuypers, M.M.M.; Lavik, G.; Schalk, J.; Op den Camp, H.J.; Jetten, M.S.M.; Strous, M. Anammox bacteria disguised as

denitrifiers: Nitrate reduction to dinitrogen gas via nitrite and ammonium. Environ. Microbiol. 2007, 9, 635–642. [CrossRef]
170. Ali, M.; Oshiki, M.; Awata, T.; Isobe, K.; Kimura, Z.; Yoshikawa, H.; Hira, D.; Kindaichi, T.; Satoh, H.; Fujii, T. Physiological

characterization of anaerobic ammonium oxidizing bacterium ‘Candidatus J Ettenia Caeni’. Environ. Microbiol. 2015, 17, 2172–2189.
[CrossRef]

171. Oshiki, M.; Shinyako-Hata, K.; Satoh, H.; Okabe, S. Draft genome sequence of an anaerobic ammonium-oxidizing bacterium
‘Candidatus Brocadia Sinica’. Genome Announc. 2015, 3, e00267-15. [CrossRef]

172. Strous, M.; Pelletier, E.; Mangenot, S.; Rattei, T.; Lehner, A.; Taylor, M.W.; Horn, M.; Daims, H.; Bartol-Mavel, D.; Wincker, P.
Deciphering the evolution and metabolism of an anammox bacterium from a community genome. Nature 2006, 440, 790–794.
[CrossRef]

173. Kuenen, J.G. Anammox bacteria: From discovery to application. Nat. Rev. Microbiol. 2008, 6, 320–326. [CrossRef]
174. van Niftrik, L.; Geerts, W.J.; van Donselaar, E.G.; Humbel, B.M.; Webb, R.I.; Fuerst, J.A.; Verkleij, A.J.; Jetten, M.S.; Strous, M.

Linking ultrastructure and function in four genera of anaerobic ammonium-oxidizing bacteria: Cell plan, glycogen storage, and
localization of cytochrome c proteins. J. Bacteriol. 2008, 190, 708–717. [CrossRef] [PubMed]

175. Han, P.; Gu, J.-D. More refined diversity of anammox bacteria recovered and distribution in different ecosystems. Appl. Microbiol.
Biotechnol. 2013, 97, 3653–3663. [CrossRef] [PubMed]

176. Schmid, M.C.; Maas, B.; Dapena, A.; van de Pas-Schoonen, K.; van de Vossenberg, J.; Kartal, B.; van Niftrik, L.; Schmidt, I.; Cirpus,
I.; Kuenen, J.G. biomarkers for in situ detection of anaerobic ammonium-oxidizing (anammox) bacteria. Appl. Environ. Microbiol.
2005, 71, 1677–1684. [CrossRef] [PubMed]

177. van Teeseling, M.C.F.; Mesman, R.J.; Kuru, E.; Espaillat, A.; Cava, F.; Brun, Y.V.; Van Nieuwenhze, M.S.; Kartal, B.; van Niftrik, L.
Anammox planctomycetes have a peptidoglycan cell wall. Nat Commun. 2015, 6, 6878. [CrossRef]

178. Jetten, M.S.; van Niftrik, L.; Strous, M.; Kartal, B.; Keltjens, J.T.; Op den Camp, H.J. Biochemistry and molecular biology of
anammox bacteria. Crit. Rev. Biochem. Mol. Biol. 2009, 44, 65–84. [CrossRef]

179. Byrne, N.; Strous, M.; Crépeau, V.; Kartal, B.; Birrien, J.-L.; Schmid, M.; Lesongeur, F.; Schouten, S.; Jaeschke, A.; Jetten, M.
Presence and activity of anaerobic ammonium-oxidizing bacteria at deep-sea hydrothermal vents. ISME J. 2009, 3, 117–123.
[CrossRef]

180. Jaeschke, A.; Op den Camp, H.J.; Harhangi, H.; Klimiuk, A.; Hopmans, E.C.; Jetten, M.S.; Schouten, S.; Sinninghe Damsté, J.S. 16S
rRNA gene and lipid biomarker evidence for anaerobic ammonium-oxidizing bacteria (anammox) in California and Nevada Hot
Springs. FEMS Microbiol. Ecol. 2009, 67, 343–350. [CrossRef]

181. Jin, R.-C.; Yang, G.-F.; Yu, J.-J.; Zheng, P. The Inhibition of the anammox process: A review. Chem. Eng. 2012, 197, 67–79. [CrossRef]
182. Tang, C.; Zheng, P.; Mahmood, Q.; Chen, J. Effect of substrate concentration on stability of anammox biofilm reactors. J. Cent.

South Univ. Technol. 2010, 17, 79–84. [CrossRef]

http://doi.org/10.2136/sssaj2002.1540
http://doi.org/10.1016/j.apsoil.2005.06.005
http://doi.org/10.1099/mic.0.27303-0
http://doi.org/10.1016/S0167-4781(02)00420-7
http://doi.org/10.2134/jeq2016.03.0112
http://www.ncbi.nlm.nih.gov/pubmed/27695747
http://doi.org/10.1080/10643389.2012.741310
http://doi.org/10.1016/j.aquabot.2016.01.003
http://doi.org/10.1038/s41598-017-02278-y
http://doi.org/10.1016/j.soilbio.2011.06.014
http://doi.org/10.1128/AEM.02520-12
http://doi.org/10.1038/22749
http://doi.org/10.1111/j.1462-2920.2006.01183.x
http://doi.org/10.1111/1462-2920.12674
http://doi.org/10.1128/genomeA.00267-15
http://doi.org/10.1038/nature04647
http://doi.org/10.1038/nrmicro1857
http://doi.org/10.1128/JB.01449-07
http://www.ncbi.nlm.nih.gov/pubmed/17993524
http://doi.org/10.1007/s00253-013-4756-6
http://www.ncbi.nlm.nih.gov/pubmed/23515834
http://doi.org/10.1128/AEM.71.4.1677-1684.2005
http://www.ncbi.nlm.nih.gov/pubmed/15811989
http://doi.org/10.1038/ncomms7878
http://doi.org/10.1080/10409230902722783
http://doi.org/10.1038/ismej.2008.72
http://doi.org/10.1111/j.1574-6941.2008.00640.x
http://doi.org/10.1016/j.cej.2012.05.014
http://doi.org/10.1007/s11771-010-0014-6


Agronomy 2021, 11, 1415 25 of 27

183. Zhu, G.; Xia, C.; Shanyun, W.; Zhou, L.; Liu, L.; Zhao, S. Occurrence, activity and contribution of anammox in some freshwater
extreme environments. Environ. Microbiol. Rep. 2015, 7, 961–969. [CrossRef]

184. Gao, D.-W.; Tao, Y. Versatility and application of anaerobic ammonium-oxidizing bacteria. Appl. Microbiol. Biotechnol. 2011, 91,
887–894. [CrossRef]

185. Pereira, A.D.; Cabezas, A.; Etchebehere, C.; de Chernicharo, C.A.L.; de Araújo, J.C. Microbial communities in anammox reactors:
A review. Environ. Technol. Rev. 2017, 6, 74–93. [CrossRef]
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