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Soil is an important environment in which nitrogen is transformed. The nitrogen cycle in the soil depends on
microorganisms, without them, nitrogen transformation processes cannot occur. They determine the continuity of the
circulation of this element in the environment and ensure the renewal of its resources. The presence of microorganisms
involved in nitrogen transformation in the sail, their activity and the intensity of the reactions taking place are influenced by
many factors, including the type of soil, moisture, oxygenation, pH, vegetation and fertilization.
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| 1. Introduction

Nitrogen is a widespread element in nature. It occurs in atmo-, litho-, hydro- and biosphere. It is a biogenic element,
necessary for all living organisms, for their growth and development [, It occurs in the environment at various degrees of
oxidation (from -3 to +5) @ in molecular, mineral and organic forms. Molecular nitrogen in the N, form is a gas, the main
component of atmospheric air (78%) [l. The mineral nitrogen is ammonium (NH,*), nitrite (NO,™) and nitrate (NO3"), while
nitrogen in the organic form is part of many organic compounds, including amino acids, proteins, nucleic acids, urea,
vitamins, chlorophyll, alkaloids I,

This element goes to the soil with mineral and organic fertilizers, plant residues, rainfall, but also through the biological
binding of atmospheric nitrogen . It does not accumulate in the soil but is subject to losses as a result of volatilization to
the atmosphere (ammonia, nitrogen oxides and molecular nitrogen) and leaching into waters (mainly nitrates) I almost
all, because about 99% of nitrogen in the soil occurs in organic form. Most nitrogen in mineral soils is found in humus
horizons. Ammonium ions in the soil are bound by clay minerals and organic matter, and nitrate ions (NO3™) are easily
soluble—they are found in the soil solution, they can also be eluted &,

Nitrogen is an element that has the greatest effect on plant yielding . The lack of biologically available nitrogen is often a
limiting factor in the growth and production of biomass, even in environments with an appropriate climate and access to
water. Therefore, numerous studies are currently carried out on the possibility of increasing the availability of this element
for plants without disturbing the natural balance 2. Nitrogen stimulates the growth of plants, makes them intensely green,
regulates the use of nutrients . Both deficiency and excess nitrogen are harmful to plants. The deficiency of this element
is manifested by poor leaf formation and yellowing, worse reproduction and soaring. Additionally, the quantity and quality
of crops are much smaller €. The surplus of nitrogen, on the other hand, causes excessive growth, slowing down of
puberty, the tendency to lodging, and sensitivity to diseases, as well as a decline in biological value 1.

The microorganisms that participate in the transformation of nitrogen belong to bacteria, archaea and fungi &. The
occurrence of microorganisms in the soil is closely related to vegetation. It depends on the type and species of the plant,
but also the variety and even the development stage. Microbes meet many important functions for vegetation. They take
part in the transformation and sharing of substances, slow down the development of other microorganisms that are often
harmful to the plant, which improves plant health. The latest research indicates the possibility of effective use of various
types of microbiological biostimulants containing nitrogen microorganisms that have a positive effect on plants and do not
disturb soil biodiversity. The composition of microflora in the soil depends to a large extent on plant root exudations. If it
were not for the activity of microorganisms, the resources of available nitrogen would be depleted. Microbes participate in
the mineralization of organic compounds, thanks to which nitrogen is brought back into circulation .

Nitrogen in the soil undergoes many changes, most of which are carried out with the participation of microorganisms.
These processes are symbiotic and non-symbiotic atmospheric nitrogen fixation, proteolysis, ammonification, nitrification,
denitrification. The binding of molecular nitrogen consists of its reduction to ammonium ions, proteolysis is the hydrolytic
breakdown of proteins into amino acids, ammonification is the breakdown of amino acids into ammonium ions. Nitrification



is the oxidation of ammonium ions to nitrites (NO,™) and then nitrates (NO3™), while denitrification is the reduction of
nitrates to nitrogen in gaseous form &l The currently conducted research has significantly expanded the modern
knowledge on the metabolic changes occurring during the transformation of nitrogen compounds.

The natural circulation of nitrogen in nature is disturbed by human activities, including the use of nitrogen fertilizers, the
burning of fossil fuels, and the release of nitrogen to soil and water along with sewage [&. The latest scientific
achievements make it possible to minimize the effects of disturbances in the nitrogen cycle.

Nitrogen belongs to the group of basic elements that are part of all organisms and therefore plays a key role in the
existence of all life forms. Among other things, it builds proteins, nucleic acids and nucleotides, alkaloids, vitamins, plant
hormones, chlorophyll and ATP, which is the energy carrier L&,

This element, applied in the right dose, affects the proper growth and development of plants, the size of the plant yield, as
well as its quality. Thanks to it, the plants propagate better, limiting the dieback of lateral shoots, and thus increasing the
number of ears. With the increase in the amount of nitrogen supplied, the protein content in plants increases. Nitrogen
gives intensive green color to plants [,

It is the deficit of this element in the soil that plants are the most sensitive. Nitrogen deficiency is very unfavorable to
plants, because their growth and development of both aboveground and underground parts is inhibited. The root system
is poorly educated, which affects the poor uptake of other micro- and macroelements . The leaves fall prematurely,
change their color—from light green to yellow—chlorosis may appear, and leaf blades are reduced. The fruits are small
and often distorted 19,

There are also situations where the plant has an excess of nitrogen, for example as a result of using too much fertilizer.
The phenomenon is also not beneficial for plants because it causes lodging and increases susceptibility to diseases. As a
result of excess nitrogen, the plants later mature and their biological value deteriorates due to an inappropriate change in
the composition of nitrogen compounds . The latest scientific achievements indicate the possibility of using various
types of biopreparations without fear of overfertilization. Nitrogen is the most yield-generating macronutrient in the
cultivation of all plants. Significant importance in the transformation of its connections is assigned to microorganisms that
supply plants with it in the available form of ammonium or nitrate ions 1. Due to the gradual decrease in the content of
organic matter in arable soils and the increase in their acidification resulting from the use of chemical fertilizers, biological
agents supporting the development and yielding of plants are sought—in accordance with the principles of sustainable
agriculture 221, An interesting alternative is the use of plant growth biostimulants, significantly increasing their biomass
and maintaining soil fertility. Such microorganisms include, for example, symbiotic and non-symbiotic atmospheric
nitrogen-fixing bacteria 3. Nodule bacteria are aerobic and thrive best in well-oxygenated soils, and their development
stops in the absence of oxygen. They occur in soils with appropriate moisture, because in dry soils plants produce a weak
root system and the degree of infection with nodule bacteria is also low. In these cases, soil inoculation with a special
vaccine containing active strains of bacteria of the genus Rhizobium gives good results. Scientific studies show that, in
addition to gibberellins, they also produce indole-3-acetic acid (IAA), which is one of the natural auxin hormones 14!, |AA
secreted by nodule bacteria influences the action of plant auxins during root growth, by stimulating the division and
elongation of plant cells, and by promoting the formation of adventitious and lateral roots 22!,

The latest research shows that the positive effect of vaccines containing atmospheric nitrogen-fixing bacteria also consists
in inhibiting the effects of phytopathogenic microorganisms. Currently, bacterial products are gaining more and more
recognition in agricultural and horticultural production €1,

Microbiological stimulators include, among others, plant-growth promoting rhizobacteria (PGPR), mainly from the
rhizosphere. Currently, several dozen PGPR strains are known. Plant growth-promoting bacteria belong to different
phylogenetic groups. The most numerous group is bacteria of the genus Pseudomonas, as well as Bacillus, Enterobacter
and Erwinia 14, PGPR bacteria affect plant growth both directly and indirectly. The indirect way of influencing plants is
related to the protection against the effects of phytopathogens 12, Direct stimulation consists in supplying plants with
minerals, synthesizing plant growth-promoting phytohormones, similar to plant hormones, e.g., auxins, gibberellins,
cytokinins, or lowering the level of ethylene adversely affecting plant rooting. Gibberellins stimulate seed germination,
stem growth, and induce flowering and flower development. They stimulate the growth of the root and root hairs. These
compounds are produced, among others by Acetobacter diazotrophicus, Herbaspirilum seropedicae, Bacillus and
Azospirillum. Indole-3-acetic acid (IAA) from the group of other plant hormones (auxins) is a common product synthesized
by PGPR bacteria. It is probably involved in establishing bacterial contact with the plant 221, It can also support the action
of plant auxins in root growth by directly influencing the division and elongation of plant cells. Low levels of bacterial IAA
stimulate root elongation, while high levels stimulate the formation of lateral and adventitious roots. Since changes in the



endogenous pool of plant phytohormones under the influence of PGPR bacteria result in an increase in the root mass, the
contact surface of the plant with the soil is increased, which facilitates the availability and more effective uptake of
nutrients (141,

The improvement of the nutritional status of plants as a result of the use of microbiological inoculants also takes place by
increasing the pool of soil nitrogen resulting from the fixation of atmospheric nitrogen by the diazotrophic bacteria. They
contain nitrogenase—an enzyme that reduces atmospheric nitrogen to ammonium. Bacteria with the ability to fix
atmospheric nitrogen asymbiotically are e.g., Azoarcus, Pantoea agglomerans, Azotobacter, Azospirillum, Bacillus
polymyxa or Herbaspirillum L4151 Scientific reports show that in soil conditions favorable for bacteria, about 7-12% of
total nitrogen taken up by wheat may be the nitrogen bound by Azospirillum brasilense and Azospirillum lipoferum. PGPR
bacteria influence the nitrogen balance not only by the ability to fix atmospheric nitrogen, but also by stimulating the NO3™
transporting systems in plants (15,

Microbiological preparations can be added to fertilizers in order to increase the effectiveness of the nutrients contained in
the latter. The effectiveness of microbiological preparations depends largely on the species of plants under which they are
used. Plants produce various root secretions supporting the activity of inoculated microorganisms, often constituting a
substrate for the formation of biologically active substances produced by microorganisms LZLL8]

| 2. Biological Changes of Nitrogen
2.1. Binding of Atmospheric Nitrogen

The process of biological binding of atmospheric nitrogen is carried out by microorganisms referred to as diazotrophs.
They belong to the domains Archaea and Bacteria. One can distinguish among them both free-living organisms and those
living in symbiosis with plants. Nitrogen binding involves the reduction of molecular nitrogen to ammonium ions. This
process is a significant source of nitrogen in the soil. It is a very important part of the circulation of this element because it
supplies it in the form available to plants .

Molecular nitrogen in the air is an unacceptable compound for plants and animals due to very low reactivity. The process
of biological binding of atmospheric nitrogen leads to the formation of ammonia, i.e., nitrogen in the form available to
higher organisms 19, The process is carried out thanks to nitrogenase—an enzyme that accelerates the reduction of the
N, molecule. It runs as follows:

N, + 16ATP + 8e™ + H* » 2NH3 + H, + 16ADP + 16P;

Nitrogenase is composed of two components: protein-Fe and protein-MoFe, which during the reduction of N, interconnect
temporarily. In some bacteria, instead of molybdenum, vanadium (e.g., Azotobacter saliestris, Anabaena variabilis) or only
iron (e.g., in Clostridium pasteurianum, Rhodobacter capsulatus, Rhodospirillum rubrum) 8. Besides, the complex in all
microorganisms is not structurally or functionally different.

Oxygen is the limiting factor for the enzyme. Nitrogenase is active under anaerobic conditions or in the presence of small
concentrations of O,. Higher concentrations of this element cause its inactivation 2. Microorganisms counteract this
differently. Cyanobacteria produce cells with thick walls, the so-called heterocysts to which oxygen does not reach.
Aerobic bacteria change the respiratory chain or produce mucus. In the nipples, oxygen-binding leghemoglobin is
produced 29,

Factors that affect the effectiveness of nitrogen binding by diazotrophs are also the content of heavy metals in the soil,
pesticides and the type of fertilizer. The use of organic fertilizers has a positive effect on the growth of these
microorganisms and the intensity of the binding process 211,

Research on the influence of the reaction on the effectiveness of atmospheric nitrogen binding indicates that the
concentration of hydrogen ions plays a very important role in this process. Vu et al. 22 investigated the effect of pH on
nitrogenase activity, and thus the effectiveness of nitrogen fixation by Acetobacter diazotrophicus—a bacterium found in
tropical climate under sugarcane. These bacteria showed the highest efficiency of nitrogen binding at pH = 7, they
achieved high efficiency at pH = 5 to 9, while pH = 2 and 11 were limit levels. From this it follows that the reaction plays a
significant role in the efficiency of nitrogen fixation by Acetobacter diazotrophicus 19,

2.1.1. Non-Symbiotic Nitrogen Fixation



Non-symbiotic binding of atmospheric nitrogen is carried out by microorganisms that are slowly living in soil, including
aerobic bacteria of the genera: Azotobacter, Azotococcus, Azospirillum, Beijerinckia, Derxia, anaerobic: Clostridium, as
well as photosynthetic bacteria: Rhodobacter and cyanobacteria: Anabaena and Nostoc. These organisms are
widespread in soils and water reservoirs of different climatic zones. Their habitat requirements are heterogeneous 12,
According to Papik et al. 23], 30% of nitrogen absorbed biologically is bound by non-symbiotic microorganisms.

One of the best known nitrogen-fixing bacteria are those of the genus Azotobacter. Their amount in soils in the temperate
zone ranges from several to several thousand cells in one gram of soil 24, and the factor limiting their growth is the
reaction. They are sensitive to acidification of the environment—they rarely occur at pH below 6 22, According to Batista
and Dixon 23 bacteria of this type were present in 15 out of 27 soil samples collected from various places, which
constituted approx. 55.5%. Most Azotobacter were observed in fertile soils, whose reaction was near neutral. Bacteria of
the genus Azotobacter are sensitive to physical and chemical factors, so they can be treated as indicators of
environmental changes &I

The ability to bind atmospheric nitrogen also has many species of endophytic bacteria, for example those from the genera
Acetobacter, Herbaspirillum and Azospirillum 28, Cooperation between endophytes and plants (Table 1) is beneficial for
both groups. Endophytic bacteria, in addition to nitrogen binding, also produce substances beneficial to plant roots that
ensure their better development &1, In return, they are better supplied with nutrients and protected against high oxygen
concentrations that destroy nitrogenase. Additionally, endophytic bacteria play an important role in soils on which legumes
are grown. They stimulate the development of papillary bacteria. Bradyrhizobium japonicum soybean suspension with
Pseudomonas fluorescens caused papillation intensity. The situation was similar for the inoculation of red clover
Rhizobium leguminosarum and Bacillus brevis (8,

Table 1. Examples of endophytic diazotrophs and plants with which they form associations [€].

Bacterial Species Plant
Azospirillum brasilense Millet, sorghum, wheat, corn
Azospirillum lipoferum Millet, wheat, corn
Azospirillum amazonense Wheat
Azospirillum doeberainerae Miscanthus
Herbaspirillum seropedicae Wheat, sugar cane, rice
Herbaspirillum rubrisubalbicans Sugar cane, rice
Herbaspirillum frisingense Miscanthus
Acetobacter diazotrophicus Sugar cane, sweet potatoes, wheat

The activity of endobiotic diazotrophs increases the nitrogen resources available to plants. For this reason, these
microorganisms are stimulants of plant growth 23, The high nitrogen binding efficiency of Azospirillum bacteria, e.g., A.
brasilense in association with maize, may increase yield by 18%. In contrast, Acetobacter diazotrophicus in sugarcane
cultivation binds up to 150 kg N-ha™* per year (€1,

Bacteria of the genus Azospirillum are present in moderate climate soils. They live in association with plant roots,
including wheat and corn. Their presence in the soil is influenced by physical and chemical factors (nitrogen content,
organic matter, salinity, humidity and soil compactness), weather conditions, as well as species and plant development
phase and fertilization [,

The binding of nitrogen gas from the atmosphere to slow-living diazotrophs is low because it is carried out only during the
growth of microorganisms. In addition, nitrogen does not end up in the environment immediately, and only after bacterial
cells die 24, Non-symbiotic bacteria bind 10-50 kg N-ha™! per year [22l. Thanks to bacteria of the genus Azotobacter,
which actively binds nitrogen to the soil, goes 1-5 kg N-ha™! per year [28. Numbers in the soil of Arthrobacter provide 5—
25 kg N-ha™! per year of this element, as well as cyanobacteria 2128129 Cjostridium bind 0.1-0.5 kg N-ha™! per year 29

Coexistence between different species of microorganisms can play an important role in non-symbiotic binding of
atmospheric nitrogen. Nitrogen-fixing microorganisms in the presence of other microorganisms can absorb nitrogen in
much larger quantities. Research conducted by Torres-Cruz et al. BY proves that there is a close relationship between the



nitrogen binding activity and the presence of other microorganisms in the soil. These studies have shown that the use of
bacterial strains in appropriate combinations (e.g., Acetobacter diazotrophicus with Pseudomonas fluorescens) increases
the nitrogenase activity up to 10-fold.

2.1.2. Symbiotic Nitrogen Fixation

Nitrogen assimilation through the symbiosis of microorganisms with plants accounts for 70-80% of the nitrogen that
occurs as a result of biological binding to the global cycle 311,

Symbiotic bacteria include primarily papillary bacteria belonging to the Rhizobiaceae family. These include bacteria of the
genus Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium (Table 2) referred to as rhizobia and living in symbiosis

with legumes (Fabaceae). Other examples of endosymbionts include actinomycetes of the genus Frankia [,

Table 2. Species of papillary bacteria and plants with which they coexist 2],

Bacterial Species Plant
Rhizobium leguminosarum biowar viviae Pea
Rhizobium leguminosarum biowar trifolii Clover
Rhizobium leguminosarum browar phaseoli Bean
Mesorhizobium lori Pigweed
Sinorhizobium melilori Lucerne, melilot
Azorhizobium caulinodans Sesbania rostrata
Bradyrhizobium sp. Lupine
Bradyrhizobium japonicum Soya

Actinomycetes of the genus Frankia are much less specialized diazotrophs than rhizobia. They live in symbiosis with
species of angiosperm plants belonging to eight families: Betulaceae, Casuarinaceae, Myricaceae, Elaeagnhaceae,
Rhamnaceae, Rosaceae, Coriariaceae and Datiscaceae [&. The most known, however, is their symbiosis with the alder
(191, The amount of nitrogen bound by actinomycetes is similar to the amount of nitrogen bound by rhizobia [&!.

For an efficient nitrogen binding process to occur, the interaction of plants with microorganisms is needed. Plants must
guarantee the right conditions, i.e., an anaerobic environment and energy sources needed to reduce nitrogen, while
bacteria must have the ability to bind this element at an appropriate level beyond their needs.

Plant infection with bacteria is a multistage process. It begins with the mutual recognition of partners, thanks to the
secretion of flavonoid compounds by plants, inhibiting the growth of other bacteria, and attracting specific species of
rhizobia. The next step is the adhesion of bacteria to root hairs and the production of chitolipooligosaccharides, the so-
called Nod factors, that cause root hair modifications, which initiates nipple formation. Rhizobia infect plants by forming
infectious threads (&,

Root warts are formed from the cells of the primary bark of the roots. Two types of warts can be distinguished. The first
ones are active meristatically, i.e., capable of continuous growth, have an elongated shape, and transport nitrogen in the
form of amide compounds (e.g., asparagine, glutamine). The second have limited growth capability, are generally round,
and transport nitrogen in the form of ureids (e.g., allantoin) 29, Inside warts, the bacteria are transformed into bacteroids
that have the ability to bind nitrogen. This is due to the expression of nif and fix genes that encode nitrogenase proteins £,
Plants transport carbohydrates that are a source of energy for bacteroids through conductive beams to warts. In plant
cells, leghemoglobin, a protein that protects nitrogenase complex against excessive oxygen concentration, is formed. The
nitrogenase is then activated and the nitrogen is bound. Leghemoglobin makes the warts red in color. The ammonium
ions formed as a result of binding are incorporated into amino acids in plant cells and then transferred beyond the warts
(191, symbiosis of papillary bacteria with legumes provides on average 100-400 kg N-ha™! per year 29,

In the period when the papillary bacteria do not live in symbiosis with plants, they are present in the soil as saprophytes.
Their occurrence is related to both soil and climate factors as well as agrotechnical measures. The survival in the soil of
symbiotic bacteria without plants with which they live in symbiosis is uneven. A significant influence on their abundance in
the soil environment is the concentration of hydrogen ions and the granulometric composition—mainly the content of
floatable parts. The majority of symbiotic bacteria is made up of neutral, higher content of floatable parts, liming of soil [,



The studies of Czaban and Wréblewska 22 show that the presence of papillary bacteria in soils varies. Clover symbiotes
(e.g., Rhizobium leguminosarum biovar trifolii) were present in most of the studied soils, symbiotes of lupine and bean
(Rhizobium leguminosarum biovar phaseoli, Bradyrhizobium sp.) were less frequent, while alfalfa symbiotes
(Sinorhizobium melilori) were found in most soils. It follows that symbionts of red clover or peas can survive longer in the
soil than the lupine symbiotes.

2.2. Decomposition of Organic Nitrogen Compounds

The nitrogen contained in the organic matter is decomposed into the ammonium form as a result of the mineralization
process, which consists of proteolysis and ammonification. The first stage of mineralization is proteolysis. It consists of the
hydrolysis of proteins, resulting in the formation of peptides, followed by amino acids. The proteolysis of individual proteins
proceeds at different rates. The degradation time for various proteins ranges from a few minutes to several hours and, in
the case of structural proteins, up to several weeks or months. The process is catalyzed by proteolytic enzymes, secreted
into the environment by heterotrophic microorganisms. It involves fungi, actinomyces and other bacteria (including those
from the genus Proteus, Bacillus and Pseudomonas) 3. The resulting amino acids can be taken up by microorganisms
and plants, but most of them undergo a further transformation. Proteolysis also occurs in proteins other than complex
nitrogen-containing organic compounds, e.g., nucleic acids, which, thanks to nucleases, hydrolyse to nucleotides and then
nitrogen bases 241,

The second stage of mineralization is ammonification. This process involves converting amino acids to ammonia.
Deaminization in soil occurs mainly as a result of biochemical changes due to the presence of enzymes—deaminases
secreted by microorganisms B2l According to Wang et al. 38, the breakdown of amino acids into ammonia and carbon
dioxide takes 1-6 days. The ammonia is then transformed into N-NH4. This form can be taken up by plants, be in soil
solution, sorption or evaporate into the atmosphere 28, Numerous bacteria (Bacillus sp., Clostridium sp., Proteus sp.,
Pseudomonas sp., Serratia sp., Escherichia coli, actinomycetes) and fungi participate in the ammonification process 29,
Due to the large diversity of these microorganisms in the soil, the process takes place regardless of the conditions. Among
the ammonifiers are oxygen and anaerobic organisms, preferring acidic and alkaline reaction, adapted to different
temperatures and humidity 52!,

Factors that influence the process of mineralization of organic nitrogen compounds in the soil include soil properties,
humidity, reaction, weather conditions, season, nitrogen fertilization. Acidification of the soil influences the intensification of
the ammonification process, which increases the amount of NH,* in the soil B2,

2.3. Nitrification
2.3.1. The Morphology and Ecology of Nitrifying Bacteria and the Biochemistry of the Nitrification Process

The biological nature of the nitrification process was already established in 1877 by Schloesing and Miintz—they showed
that this process involving the oxidation of ammonia to nitrites and nitrites to nitrates is carried out by autotrophic bacteria
under extremely aerobic conditions. Winogradsky, on the other hand, as a result of many years of research, isolated
nitrifying bacteria, which he divided into two highly specific groups of chemoautotrophic bacteria, then included in one
family—Nitrobacteriaceae 1381,

Nitrifiers are Gram-negative bacteria, they do not produce spores. In terms of morphology, they constitute a diverse group
of rods, spherical and spiral forms. Most nitrifying bacteria produce intracytoplasmic membranes, which may be in the
form of flattened lamellar structures or randomly spaced tubes. Some species have the ability to move. The mobile cells
are provided with cilia 3.

Nitrifying bacteria are found in most aerobic environments in which the mineralization of organic matter takes place. They
are widespread in soil, in fresh, brackish and marine waters, as well as in sewage, sediment and compost “Q4L[42][43][44]
Nitrifiers occurring in sewage treatment plants tend to concentrate and grow in tight aggregates, forming structures called
cysts.

According to Bergey's Manual of Determinative Bacteriology 431481 pacteria belonging to the Nitrobacteriaceae family
were divided into 14 species belonging to nine genera (Table 3). Within this family two distinct physiological groups have
been distinguished, which do not show any phylogenetic connections between them [2Z[48][49][50]

Table 3. The occurrence of nitrifying bacteria [421[46],



Bacterial Species Habitat

I. Bacteria Oxidizing NH; To NO,~

Nitrosomonas europaea Soil, sea water, sweet water, sewage
Nitrosomonas cryotolerans Marine environment
Nitrosococcus nitrosus Soil, sea water, industrial sewage
Nitrosococcus oceanus Sea water
Nitrosococcus mobilis Brackish water
Nitrosococcus halophilus Salty lagoons, salt lakes
Nitrosospira briensis Soil, fresh wate
Nitrosolobus multiformis Soil
Nitrosovibrio tenuis Soil

1l. Bacteria Oxidizing NO,™ To NO3~

Nitrobacter winogradskyi Soil, sea water, fresh water, sewage
Nitrobacter hamburgensis Soil
Nitrospina gracilis Sea water
Nitrococcus mobilis Sea water
Nitrospira marina Soil, sea water, sediments

The first group of nitrifiers includes bacteria oxidizing ammonia (NH3) to nitrites (NO,™), while the second group includes
bacteria oxidizing nitrites (NO5") to nitrates (NO3™) (Figure 1).

NH, P — 460 red.
%0, C P - 460 oxid.

H:0

%0;  HO

Figure 1. Electron transport reactions during the nitrification process. Compiled by lwona B. Pasmionka.

Oxidation of ammonia takes place in two stages (Figure 2). They are involved in the nitrifying bacteria of the first phase,
among which the metabolic abilities of Nitrosomonas europaea were best studied BUBABE3IEA] |n the first stage, due to the
attachment of the oxygen molecule, ammonia is oxidized to hydroxylamine.
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Figure 2. Oxidation of ammonia to hydroxylamine. Compiled by lwona B. Pasmionka.

This process is catalyzed by ammonium monooxygenase (AMO), an enzyme located in the cell membrane, containing
copper and cooperating with cytochrome P-460 53I56157],

Oxidation of ammonia to hydroxylamine is an endothermic reaction requiring energy to be supplied in an amount of AF =
+13.4 kcal per mole of oxidized ammonia. Therefore, the first phase nitrifiers are equipped with a respiratory system of
cytochromes, which allows the generation of an adequate amount of energy necessary for this transformation. It is also
believed that ammonium monooxygenase may fulfill a dual function:

« catalyzes the inclusion of one oxygen atom in the substrate (NH3);

« catalyzes the transformations of the second oxygen atom leading to the generation of energy, probably due to the
oxidation of pyridine nucleotides 24(58],

It should be emphasized that ammonium monooxygenase tends to bind to other substrates, including those toxic to
nitrifiers. These substrates in an irreversible way inactivate the enzyme. In connection with the above, ammonia oxidizing
bacteria are extremely sensitive to inhibitory compounds that, even at low concentrations, make it impossible to carry out
biochemical reactions necessary for life BAI5859]

In the second stage of the first nitrification phase, hydroxylamine is oxidized to nitrite ion (Figure 3), through intermediates,
which are [€9I;
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Figure 3. Oxidation of hydroxylamine to nitrite. Compiled by Iwona B. Pasmionka.



« highly unstable nitrile (NOH) radical;

« nitrohydroxylamine (NO,NHOH).

This reaction is catalyzed by a hydroxylamine oxidoreductase (HAQO), an enzyme located in the periplasm, containing 21
c-type hemises and three P-460 centers. Hydroxylamine oxidoreductase participates in the duplex electron
dehydrogenation B4, C-type cytochromes transfer two electrons from hydroxylamine to conventional cytochrome oxidases
(cytochrome aaz or cytochrome O), and then to the final electron acceptor, i.e., oxygen. In this process, a proton pump is
created, and this is the only reaction by which the bacteria responsible for the first phase of nitrification can store usable
energy. Two electrons separated during oxidation (NOH) are used to regenerate the reduced form of the cofactor P-460,

which allows the oxidation of the next ammonia molecule 2],

Two oxygen atoms are necessary when oxidizing ammonia. One oxygen atom in the resulting nitrite ion is derived from

molecular oxygen and the other from water (Eigure 4).

PERIPLASM MEMBRANE CYTOPLASM

NO; + 4H* NH;OH + H,0 NH;OH + H;0

NH; + 03 + 2H* + 2e-

2H;0

20H
Y2 0p + 2H*

H;O
ADP

ATP

Figure 4. Oxidation of ammonia. Compiled by Iwona B. Pasmionka.

In the second nitrification phase, the nitrite ion oxidizes to the nitrate ion (Eigure 5). This process is carried out by a
separate group of nitrifying bacteria, with the majority of knowledge about nitrite oxidation coming from studies on
Nitrobacter winogradskyi strains 2631 Oxidation of nitrites to nitrates is a two-electron process. The electrons are
separated from the substrate connected to the enzyme. However, it is not known whether the real substrate in the second
nitrification phase is the NO,™ ion, undissociated nitrous acid or the hydrated form of one of them [B21[58],
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Figure 5. Oxidation of nitrate (IIl) to nitrate (V). Compiled by lwona B. Pasmionka.

The oxygen necessary for the formation of nitrate ion comes from the water molecule, not atmospheric oxygen 611,
The nitrite ion is oxidized by a specific enzymatic complex, which consists of:

« nitrite oxidase (NO), located in the cell membrane, which contains hemi ¢ and a, in the form of cytochromes c¢; and a;
and three proteins, with different molar masses, forming the molecule transporting electrons;

e cytochrome c;

e unknown quinone;

 NADH dehydrogenase;

« molybdenum center;

» nonhemous iron and sulfur proteins 241,

In the chemolithotrophic metabolism of nitrite-oxidizing bacteria, the nitrite ion has a dual function:
e is an electron donor for oxidative phosphorylation;

« is an electron donor for the synthesis of NADH 44,

According to the oxidoreductive reduction potential, for the redox pair NO,"/NO3™, E,~ = + 0.42V, the electrons separated
from the nitrite oxidoreductase pass through the respiratory chain to the level of cytochrome a; to produce energy 8159,
The classical equation of the second phase of nitrification:

NO,™ +% O, - NO3™ + 17 kcal

is the result of a three-step reaction:

NO,™ + H,0 + 2cyt. a; F3* — NO3™ + 2H* + 2cyt. a; F2* (a)

2cyt. a,F?* + 2 oxidase cyt. cF3* — 2cyt. a;F3* + oxidase cyt. cF?* (b)



2 oxidase cyt. cF2* + 2H* + 1 O, — 2 oxidase cyt. cF3* + H,0 (c)

Presumably, cytochrome a; is the basic electron acceptor for nitrites (Figure 6). According to the second reaction (b), the
reduced cytochrome a; serves as an electron donor for cytochromes ¢ and aag [64.

PERIPLASM MEMBRANE CYTOPLASM
Hz0 + NOy

2H* + HO;‘

2H;0

1203 + 2H* 20H

ATP

Figure 6. Oxidation of nitrite (NO,™). Compiled by lwona B. Pasmionka.

According to Ginawi et al. B4, the formation of a reduced form of NADP in Nitrobacter winogradskyi cells requires the
reverse flow of electrons, dependent on ATP. This process (requiring energy supply) appears to be catalyzed by a nitrite
oxidoreductase. Therefore, the reverse electron transfer system will not be part of the conventional respiratory chain, but
part of the own key enzyme complex oxidizing the nitrite ion.

This scheme considers the energetically dependent transport of hydride ion (H™), disconnected from the water molecule.
This ion passes through the cytochrome ¢ membrane, where the charge is separated and the proton separated into the
periplasm. Then, two electrons from cytochrome c flow through cytochrome aas oxidase to molecular oxygen, which in the
cytoplasm is reduced to water. The proton pump (Eigure 7) is formed in the final stage of nitrite oxidation [64],




PERIPLASM MEMBRANE CYTOPLASM

NO; + H0

NOy + H*

Y20y + 2H*

H0

total NO" + % 07 — NOy

Figure 7. The action of the proton pump during the nitrite oxidation by Nitrobacter winogradskyi. Compiled by Iwona B.
Pasmionka.

2.3.2. Heterotrophic Nitrification

Research conducted in recent years has shown that although most nitrifying bacteria belong to strict autotrophs, there are
also single heterotrophic organisms that oxidize organic nitrogen compounds to nitrites or nitrates. Such organisms
include, among others Aspergillus flavus 3, Nocardia sp., Alcaligenes sp., Agrobacter sp., Arthrobacter sp. etc. 2LI54]58]
[59][60I65]I66] Heterotrophic nitrification plays a major role in soils with an acid reaction (e.g., forest soils). An interesting
example is Thiosphaera pantotropha, a bacterium with extremely diverse matabolism, capable of both nitrification and
denitrification (87,

Heterotrophs can use both organic and inorganic nitrogen compounds for nitrification. In contrast to autotrophic
nitrification, the oxidation of ammonia by heterotrophs is not associated with cell growth 49,

The enzymes responsible for heterotrophic nitrification have not yet been characterized. There are doubts as to whether
ammonia is first released from organic compounds and then oxidized by the same mechanisms that use conventional
nitrifiers or intermediate products in the form of derivatives of organic nitrogen compounds, from which inorganic
compounds are released, such as hydroxylamine, radical nitrile, nitrite [,

The nitrification process carried out by chemoautotrophic and heterotrophic bacteria can be presented in the general
scheme (Figure 8).

INORGANIC PATHWAY: NHs* =+ NH;OH —» (NOH) —» NO;y —» NOy
ORGANIC PATHWAY: R- NH; -+ R- NHOH — R-NQO ———R-NO;
R= NOH

Figure 8. Nitrification pathways. Compiled by Iwona B. Pasmionka.

Nitrification is also carried out by fungi. Aspergillus flavus is the best-known species in this respect 2. However, the
process is of less importance to these organisms because they do not produce energy. The resulting intermediates can
inhibit the growth and development of bacteria. The effectiveness of nitrification carried out by fungi is not high, however,
in soils populated by these organisms it may play an important role 58],



2.4. Denitrification

Research on the transformation of nitrogen compounds, under the influence of microorganisms, has been conducted for
over 100 years. For the first time, the concept of “denitrification” was introduced in 1882 by Gayon and Dupetit, showing

the distribution of nitrate (NO3™), with the participation of microorganisms contained in wastewater, in anaerobic conditions
[69]

It is now known that denitrification is a biochemical process, carried out by microorganisms, involving the reduction of
nitrate (NO3™) under anaerobic or relatively anaerobic conditions. This process takes place in the soil and in the aquatic
environment and may be partial or total (29,

Partial denitrification is the reduction of nitrate (NO3™) to nitrite (NO,™) or ammonia, which compounds are usually
reoxidized by nitrifiers or assimilated by various microorganisms. Total denitrification is the reduction of nitrate (NO3™) to
nitrogen oxides and even gas nitrogen.

Until recently, denitrification was regarded, mainly by farmers, as an undesirable phenomenon associated with high losses
of nitrogen in the soil. Currently, as a result of intensification of agriculture, involving the use of high doses of mineral
fertilizers and as a result of introducing municipal and industrial sewage into surface waters with a high content of nitrate
(NO3"), the soil and waters are contaminated with nitrogen compounds. The use of denitrification bacteria is the most
advantageous way to utilize excess nitrogen compounds in water and wastewater. The elimination of nitrate (NO3™) also
leads to the suppression of the eutrophication process of surface waters, especially stagnant waters 74,

Denitrification bacteria also play an important role in the breakdown of many organic substances, such as toluene,
resorcinol, aromatic heterocyclic compounds. These substances are products of the petrochemical industry and to a large
extent contaminate the environment. Nitrogen compounds, mainly oxides, are also a major threat to the atmosphere. The
best example of this is the possibility of exposure to nitrous oxide on the stratospheric ozone layer.

Drawing up a balance of nitrogen resources is a very difficult task, because there is a lack of sufficient data on the amount
of nitrogen bound in biological processes, as well as returning to the atmosphere, also by biological means. There is also
a lack of data on the amount of nitrogen bound to oxides in the processes taking place in the atmosphere. The global
amount of nitrogen that gets into the soil with rainfall is around 25 million tons per year. In total, 70% of this amount is
previously connected nitrogen and 30% are new nitrogen compounds resulting from the ionization process 2.

It is now known that denitrification is not able to keep up with the rate of nitrogen fixation in industrial technologies. It is

also known that the sum of assimilated nitrogen exceeds the amount of nitrogen released into the atmosphere by about
10% 31,

In today’s era, eutrophication has become a major problem, both ecological and economic as well as the landscape.
Enriching water with nitrogen and phosphorus is a natural process, but human activity accelerates it very fast. Currently,
algal blooms follow human economic activity, wherever industrial centers or centers of intensive farming are created. The
substances that cause eutrophication of water come mainly from urban centers, which, even if they are provided with well-
planned wastewater treatment plants, enrich the surrounding waters with significant amounts of nitrate (NO3™) and
phosphate. This is because of natural microbial degradation processes as well as conventional waste utilization methods,
mineralization of organic matter into CO,, nitrate (NO3™) and phosphate, the compounds of which cause the bloom of
water reservoirs. Mass algae blooms cause the water surface to be covered with sludge, filter clogging in sewage
treatment plants and unpleasant odors resulting from anaerobic decomposition of dying algae. Increased levels of nitrate
(NO3") are also harmful to higher organisms (humans, animals) because it leads to the formation of carcinogenic
nitrosamines. Therefore, at the moment there is a need to reduce the content of nitrate (NO3™) in various environments, by
intensifying the biological denitrification processes 9721,

2.4.1. Biochemistry of Nitrate Reduction

Denitrification is a biochemical process of reducing nitrate (NO3") to nitrous oxide and molecular nitrogen. This process is
able to carry out both anaerobic and relatively anaerobic bacteria, having the possibility of biosynthesis of appropriate
reducing enzymes, thanks to which they can use nitrate (NO3") as final electron acceptors 4],

Nitrate respiration occurs in relative anaerobes, including Micrococcus denitrificans, Pseudomonas stutzeri,
Pseudomonas aeruginosa, Achromobacter liquefaciens, Achromobacter fisheri, Escherichia coli, Aerobacter aerogenes
and many others.



Whereas, according to Maintinguer et al. 22, the ability to carry out denitrification includes numerous bacteria belonging to
the genera:

o Alcaligenes (A. eutrophus, A. faecalis),

o Arthrobacter (A. citreus, A. simolex, A. terregens),

e Bacillus (B. licheniformis, B. stearothermophilus),

e Chromobacterium (C. lividum, C. violaceum),

e Clostridium (C. aurantobutyricum, C. limosum, C. oroticum, C. rectum),
e Corynebacterium (C. mycetoides),

e Cytophaga (C. johansone),

e Dactylosporangium (D. aurantiacum),

e Eubacterium (E. nitritogenes),

o Hyphomicrobium (H. vulgare),

e Micromonospora (M. chalacea),

e Mycobacterium (M. intercellulare),

e Moraxella (M. kingie),

e Nocardia (N. otididis-caviarum),

e Paracoccus (P. denitrificans, P. halodenitrificans),

e Propionibacterium (P. acidi-propionici),

e Pseudomonas (P. aeruginosa, P. aureofaciens, P. fluorescens, P. stutzeri),
e Rhizobium (R. leguminosarum, R. japonicum),

e Rhodopseudomonas (R. capsulata, R. palustris, R. sheroides),
o Spirillum (S. lipoferum),

o Streptosporangium (S. pseudovulgare),

e Thiobacillus (T. denitrificans),

« Vibrio (V. succinogenes).

An interesting species is Thiobacillus denitrificans, which oxidizes thiosulphates, while reducing nitrate (NO3™) to nitrogen
gas 8. In this species, under aerobic conditions, the final electron acceptor is atmospheric oxygen.

It should be emphasized that many bacteria can use nitrate (NO3™) in two processes that run independently of each other:
« assimilatory reduction of nitrate (NO3™);

« dissimilatory reduction of nitrate (NO3™), also known as denitrification.

2.4.2. Assimilatory Reduction of Nitrate (NO3~)

As a result of the assimilatory reduction of nitrate (NO3™), nitrate (NO,™) and ammonia are formed, which microorganisms
can use for many syntheses, e.g., amino acids, amines, aminosugars and other compounds. The indirect metabolite
during the assimilatory reduction of nitrite (NO3") is hydroxylamine.

This process can be shown by reaction (Figure 9):
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Figure 9. Assimilatory reduction of nitrate.

The process of assimilatory reduction of nitrate (NO3") is catalyzed by three enzymes:

« AnaR—assimilatory nitrate reductase, which occurs in the cytoplasm and works under aerobic conditions, initiating a
chain of biochemical transformations of assimilated nitrate (NO3").

« AniR—assimilatory nitrite reductase, which catalyzes the reduction of nitrite (NO,7). The cofactor of this enzyme is a
reduced nicotinamide adenic dinucleotide (NADH + H*) as a hydrogen donor. The enzyme also interacts with
cytochrome c.

+ ANH,OHR—assimilatory hydroxylamine reductase, which catalyzes the reduction of hydroxylamine to ammonia in the
presence of manganese (IV).

The assimilatory reduction of nitrate (NO3™) therefore requires both energy inputs and a corresponding number of
cofactors and hydrogen protons. Therefore, this route must be coupled with the catabolic processes of carbohydrates. It is
therefore understandable that this process is much faster under aerobic conditions.

The ability to assimilate nitrate (NO3™) reduction is possessed by bacteria of the genus Bacillus, Aerobacter, Escherichia
and many others 2,

2.4.3. Dissimilatory Reduction of Nitrate (NO3")

During denitrification, as in the assimilatory process of nitrate (NO3™) reduction, intermediate products are formed. The
individual stages of denitrification can be represented through of a schematic reaction (Figure 10):
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Figure 10. Stages of denitrification.
The denitrification pathway is catalyzed by the following enzymes:

+ DnaR—denitrifying nitrate reductase, which is associated with the cytoplasmic membrane of the cell and initiates chain
biochemical transformations of nitrate (NO3™) during denitrification. This enzyme belongs to flavoproteids. In addition to
the flavin fragment (FAD), it contains molybdenum and iron. It is active in the presence of cofactors NADH + H* and
FMN and interacts with cytochromes b and c, which transfer electrons to nitrate (NO3™). The activity of denitrifying
nitrate reductase is inhibited by molecular oxygen.

The flow of hydrogen protons and electrons during the initial reduction of nitrate (NO3™) can be represented by a
schematic chain of reactions (Eigure 11).

ORGANIC MATTER cytochrome c
H* \H* \ ks
+e +e +e
NAD — flawin —* quinone —* cyt.b —* [Mo*Fe*’$7] —+ NO;

Figure 11. The flow of hydrogen protons and electrons during the initial reduction of nitrate (NO3").

Although the assimilatory nitrate reductase and denitrifying nitrate reductase differ, both structurally and functionally, they
can be produced simultaneously by certain denitrifying bacteria, e.g., Pseudomonas aeruginosa, Pseudomonas stutzeri,
Micrococcus denitrificans.



2. DniR—denitrifying nitrite reductase. This enzyme catalyzes the reduction of nitrite (NO,") to nitric oxide. The denitrifying

nitrite reductase consists of iron, FAD and a protein called azurine, containing copper. This enzyme interacts with

cytochromes c and d in the presence of the cofactor NADH + H*. The optimum activity of this reductase is at 30 °C and

pH=7.0.

3. DNOR—denitrifying nitrogenous oxide reductase. This enzyme catalyses the reduction of nitric oxide to nitrous oxide. It

contains FAD and works with cytochromes b and c in the presence of cofactor NADH + H*.

4. DN,OR—denitrifying nitrous oxide reductase. This enzyme catalyzes the reduction of nitrous oxide to atmospheric

nitrogen. Nitrous oxide is the penultimate stage of denitrification in many bacteria, but in some may be the final product of

this process. It interacts with cytochromes b and ¢ and probably contains copper. Denitrifying nitrous oxide reductase is

extremely sensitive and deactivates after just one hour at room temperature 8,

The probable hydrogen and electron transport pathway during the total denitrification process in Paracoccus denitrificans
(Eigure 12) can be summarized as follows (2.

NOg' — HOQ - NO — N20 — Nz

I

[ DNaR [ DNiR ] DNOR DN,OR

NADH+H* —» Fp =—+» [Fe§] — UQ10 =+ cytb = cytc

| |

cyt. O cyt.c
| |
0, 0,

Figure 12. The course of denitrification in Paracoccus denitrificans. Fp—flavoprotein; FeS—iron-sulfur center; UQ—
ubiquinone; DnaR—denitrifying nitrate reductase; DniR—denitrifying nitrite reductase; DNOR—denitrifying nitrogenous
oxide reductase; DN,OR—denitrifying nitrous oxide reductase.

Probable structure of the iron-sulfur center in Paracoccus denitrificans is shown in Figure 13.
S S
Fe
S S

Figure 13. Structure of the iron-sulfur center in Paracoccus denitrificans. CyS—cysteine.

CyS = s CyS

5. DNH,OHR—denitrifying hydroxylamine reductase catalyzes the reduction of hydroxylamine to ammonia. This enzyme
is activated by manganese, but under anaerobic conditions, in the presence of reduced forms of NADH + H*, pyocyanin
and methylene blue, as hydrogen donors, the demand for this metal is much lower.

The hydrogen flow during the reduction of hydroxylamine can be illustrated as follows (Eigure 14).

NADH +H* =————p DNH,OHR =————p NH,OH = NH,*

N

NAD



Figure 14. The hydrogen flow during the reduction of hydroxylamine.

During the reduction of nitrate (NO3™) in denitrifying bacteria there is an electron transfer system, similar to oxygen
breathing. However, in the case of aerobic respiration, the enzyme transferring electrons to the final acceptor (oxygen) is
cytochrome oxidase, while in nitrate respiration they are reductases. This difference affects the efficiency of oxidative
phosphorylation, e.g., in Pseudomonas stutzeri, in aerobic breathing, 3 moles of ATP per mole of oxygen are formed,
while in nitrate breathing only 2 moles of ATP per mole of nitrate (NO3").

Denitrification is common among soil microorganisms. Most of them are heterotrophs and facultative anaerobes. They
belong to different species, however, the largest group is Bacillus and Pseudomonas /9. This process is also carried out

by some microscopic fungi (Table 4).

Table 4. Examples of microorganisms performing denitrification 9.

Bacteria Fungi

Achromobacter fisheri
Agrobacterium tumefaciens
Alcaligenes eutrophus

Azospirillum brasilense Aspergillus nidulans
Bacillus licheniformis Fusarium oxysporum
Micrococcus denitryficans Penicillum sp.

Nitrosomonas eutropha
Pseudomonas aeruginosa
Thiobacillus denitryficans

Low soil pH promotes the development of fungi, including those that produce mycotoxins. These are mainly fungi of
Aspergillus sp., Penicillium sp. and Fusarium sp. Their metabolites adversely affect microorganisms. Some of the
mycotoxins are characterized by bactericidal and fungicidal activity. These are, for example, aflatoxins, rubratoxins,
dicoumarol. These toxins are harmful for atmospheric nitrogen-fixing microorganisms (89,

Denitrification is more intensive in the case of accumulation of nitrite (NO,™) and nitrate (NO3”) in the soil, oxygen
deficiency, high humidity. The type of vegetation also has an impact. This is a negative process from an agricultural point
of view. Total denitrification leads to nitrogen loss from the soil as a result of the volatilization of nitrogen gas and nitrogen
oxides. On the other hand, partial can lead to the formation of nitrite (NO,™) toxic to plants or ammonia, which can also
escape from the soil (22,

The research on denitrification that has been going on for more than 100 years has enabled us to expose many
biochemical changes occurring in microorganisms during this process. Studies conducted in recent years have explained
the chemistry of nitrate (NO3™) reduction, and also contributed to the understanding of the structure and function of
enzymes involved in the denitrification process. Despite this, denitrification is not yet fully understood, and the activity of
denitrification bacteria has not yet been fully elucidated.
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