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Abstract. Ureais one of the most popular fertilizers in the
world. In 2018, the global production capacity of urea reached the
level of 210 million metric tonnes. Due to the fact that the world
population is growing steadily, the demand for food is increas-
ing, and thus also the consumption of urea. The use of urea-based
fertilizers has negative consequences in the form of ammonia vol-
atilization. The solution to this problem may be the use of urecase
inhibitors. Currently, inhibitors of synthetic origin are available
on the market, while the use of inhibitors of natural origin is still
being under trial. The use of the most commonly used urease
inhibitor — NBPT together with urea causes a reduction in ammo-
nia emissions and has a beneficial effect on crop productivity. At
the same time, the search for inhibitors of natural origin is under-
way, which, apart from reducing ammonia volatilization into the
atmosphere, could have a positive effect on crop yields. In this
paper, recent advances in this field are reviewed.

K ey word s: soil urease, urea, urease inhibitors, ammonia
volatilization

INTRODUCTION

Urea fertilizer usage is growing constantly. Apart from
its wide-ranging application in agriculture, there are also
new opportunities for its use, for example, in animal feeds
and in manufacturing processes (Gilbert ef al., 2006). Urea
has a high N content (46%), the production costs are rela-
tively low and more importantly, it is easily available in the
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market. The application of urea is also undemanding. Urea
is a universal fertilizer for foliar fertilization and, above
all, for soil fertilization. It can be used in the cultivation
of most plants, pre-sowing and top dressing, as well as for
foliar application in an aqueous solution (as urea ammo-
nium nitrate, UAN) with a concentration adapted to the
requirements of the species being fed and the plant’s devel-
opment phase (Chen et al., 1994; Guardia et al., 2018).

The nitrogen from urea is absorbed by plant roots and
leaves. The ammonium formed after hydrolysis has a favour-
able effect on the harmonious growth and development of
plants, supports phosphorus uptake and reduces excessive
potassium uptake. This form of nitrogen supports favour-
able root growth and the proper development of plants from
the post-emergence period increases their resistance and,
above all, contributes to a high yield with a good biological
value (Claussen and Lenz, 1995). Unfortunately, its ten-
dency to volatize, inter alia, during and after application,
and contaminate the environment makes it less efficient
(Chunmei et al., 2020; Drury et al., 2017; Mulyani et al.,
2001; Papangkorn ef al., 2008). According to Wesolowska
et al. (2021), the volatilization losses amount to a level of
11.5% in arable land and even 23% on grassland.

Urea is typically applied to the soil in the form of gran-
ules. In contact with the soil water, it dissolves within a short
time. The dissolution rate of the granules depends on two
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main factors: the content of the soil water and temperature.
The hydrolysis reaction of urea is catalysed by soil urease
enzyme (Kissel and Cabrera, 2005).

Nitrogen is an element essential for life and occurs in
the soil in many forms. Moreover, it undergoes many trans-
formations, all of them contribute to the nitrogen cycle. The
primary source of nitrogen in the biosphere is the atmos-
phere. The first stage of the whole biogeochemical cycle
is the transformation of the gaseous form of nitrogen into
chemical compounds, which can be processed further by
living organisms. The role of microorganisms in the course
of various ongoing natural processes is essential. Bacteria
of the genera Rhizobium, Bradyrhizobium, Sinorhizobium,
Mesorhizobium are examples of symbiotic nitrogen
assimilators. Nitrogen can be assimilated by non-symbi-
otic microorganisms living freely in soils, both anaerobic
and aerobic genera such as Azotobacter, Azospirillium,
Clostridium, Arthrobacter, Pseudomonas, Aerobacter,
Flavobacterium, Azomonas, Bacillus, Beijerinckia and
cyanobacteria (especially Anabaena and Nostoc). Among
the diazotrophes, some have been successfully used in
biofertilizers to deliver N to crops (Chittora et al., 2020;
Veresoglou and Menexes, 2010). The second source of
nitrogen in soil are mineral fertilizers, which are also partly
derived from the atmospheric N pool (i.e. ammonia produc-
tion in the Haber-Bosch process). Moreover, nitrogen can
also be made available for plant and microorganism growth
from organic N sources, after their mineralization process.
Examples of such organic materials are: animal manures,
organic wastes as well as crop residues. Crop residues dif-
fer in their N content and legumes are far more rich in N
compared to non-leguminous plants (Kalembasa et al.,
2020).

Some forms of N are pollutants, therefore transforma-
tions which occur in the soil can affect human health and the
state of the environment (Robertson and Groffman, 2015).
There are certain factors which may have a two-fold influ-
ence on the occurrence of nitrogen transformations. Some
of them are the results of human activity, for example, the
type and composition of fertilizers used or the cultivation
method used, while other factors depend entirely on the
environment. NH; which occurs in the soil is prone to vola-
tilization to the atmosphere. There are several reasons for
that phenomenon. The most significant impact on the quan-
tity of NH; gaseous losses are produced by the following
factors: soil pH, temperature and the concentration of the
NH," cation in the soil, water content and soil texture (Fenn
and Hossner, 1985; Follet, 2008). Also, as mentioned previ-
ously, the cultivation method has an impact on the level of
ammonia losses. Using mulch on no-tillage or pasture sys-
tems can cause larger losses, especially when the manure
is applied to the surface of the soil (de Campos Bernardi
et al., 2014). At present, the subject of ammonia losses is
receiving a significant amount of attention due to certain
requirements, which are set by the European Parliament.
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All of these activities are connected to the fact that ammo-
nia may be harmful if its concentration is too high. It can
have an adverse effect on the following categories of life:
agriculture, human health and ecosystems. The current
requirements for fertilizer producers and farmers enforce
activities leading to a reduction in ammonia volatilization.
The main reasons for these changes are related to a desire
to protect the natural environment.

FACTORS AFFECTING AMMONIA VOLATILIZATION

Zhenghu and Honglang (2000) have described sev-
eral factors affecting ammonia volatilization. The results
showed that the following are very important factors: soil
pH, CaCO; and total salt content, but the most important
factor was soil pH. They selected 22 samples representing
very different pH values (the values fluctuated between 4.32
and 9.12), the experiment utilizing these samples lasted for
10 days. They noted that the higher the pH was, the greater
the degree of ammonia volatilization. The same insight
concerning the correlation between pH and ammonia vola-
tilization was arrived at by Shan et al. (2015) after 3 years
of research. Gil et al. (2008) explained the relationship
between these values — the higher pH directly influences
the equilibrium between NH," and NHs.

The amount of released ammonia increases in propor-
tion to the temperature (He, 1999). Clay et al. (1990) stated
that in a field experiment, the amount of volatilized ammo-
nia achieved its highest values two days after the urea was
applied. The ammonia volatilization rate corresponded
with the daily maximum soil temperature.

The cation exchange capacity (CEC) is the value refer-
ring to all of the cations that can be held, absorbed or
exchanged in the soil. This value refers to the total amount
of negatively charged particles existing in the surface of the
soil. CEC influences the structural stability of the soil, the
nutrient availability, pH and the way it reacts to fertilizers.
The increase in CEC has an influence on the increase in the
availability of basic cations which are necessary for a de-
sirable amount of plant growth (Reeza et al., 2009). One
example of a soil with a cation exchange capacity that has
a high value is soil with a high amount of clay or organic
matter (Sidi et al., 2015; Zhao et al., 2020). Zhenghu and
Honglang (2000) observed a significant correlation between
soil CEC and ammonia volatilization. The increase in the
values of CEC in different kinds of soil results in the inhibi-
tion of ammonia volatilization (Sommer ef al., 2004). This
is due to the fact that the NH," ion concentration decreases
over time, so there is less of a chance for it to volatilize,
moreover the increase in pH buffering capacity also con-
tributes to this (Ferguson et al., 1984). The CEC factor is
one of the most important factors in regulating the level of
ammonia volatilization (Pelster et al., 2018).
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The method of application of fertilizer plays an unde-
niably large role in ammonia emissions. There are two
methods of application of granulated fertilizers. The first
one, which is the most common, is spreading the fertilizer
on the soil surface. The second one is apply a dose of the
fertilizer under the soil surface. Utilizing this method results
in lower ammonia emissions (Klimezyk et al., 2021).

Two types of cultivation system were compared by
Marchesan et al. (2013) — no-tillage and conventional dur-
ing the application of urea coated with urease inhibitor.
A reduction in NH; volatilization was observed in both
methods used, however, more substantial reductions in NH;
losses were achieved with conventional cultivation. In no-
till cultivation, there are many plant residues, their presence
makes the fertilizer and inhibitor less effective.

In recent times, more and more publications have
become available which are dedicated to biochar and its
role in the process of ammonia volatilization from soils.
Biochar is a porous material rich in carbon, which is pro-
duced by biomass pyrolysis. Many studies have presented
the positive influence of the application of biochar into the
soil. The benefits of such practices include an increase in
crop yield and enhanced pesticide degradation (Das ef al.,
2020; Ding et al., 2017; Peiris et al., 2019). The research
conducted proves that biochar has an accelerating effect
on NHj; volatilization in saline soils. This is due to the
fact that the NHy/NH," adsorption capacity of biochar is
reduced by salt ions occurring in saline soils (Zhu et al.,
2020). However, in the case of paddy soils, the application
of biochar reduces the amount of ammonia released. This
fact was proven in a field experiment carried out during
one rice growing season. Scientists have compared the
level of ammonia volatilization in two cases: using either
straw or biochar. The application of biochar resulted in
a lower cumulative ammonia volatilization level of about
20% (Sun et al., 2019). The results demonstrate that the
positive (reduction in ammonia volatilization) or undesir-
able (increase in ammonia volatilization) impact of biochar
depends on the type of the soil that it is applied to.

UREASE

Urease, urea amidohydrolase, is an enzyme from the
class of hydrolases which catalyses the decomposition of
urea into ammonia and carbon dioxide. This process is
accelerated by the presence of the enzyme. Urea hydrolysis
occurs in two steps. In the first one, urea is converted into
ammonium carbonate by hydrolysis. The second step is to
dissociate the ammonium carbonate, the products of which
are ammonium ions and carbon dioxide:

CO(NH,), + 2H,0 — (NH,),CO;, )]

(NH,),CO; + H' = 2NH," + OH + CO,.  (2)
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The ammonium ions formed as a result of this reaction
are a source of nitrogen for bacteria. They are subjected
to nitrification processes, as a result of which nitrites and
nitrates are obtained, which are an excellent source of nitro-
gen for plants. Urease plays a key role in the nitrogen cycle
in nature. Without its participation, urea could accumulate
in the environment, which would disturb nitrogen circula-
tion in nature.

Urease was the first enzyme to be obtained in a crystal-
line form. This was accomplished in 1926 by the American
chemist James Sumner, who isolated urease from Canavalia
ensiformis, in which it is especially abundant. He received
the Nobel Prize for this achievement.

In order to understand why some substances have an
inhibitory effect on urease, it is necessary to know its struc-
ture. A unique factor which differentiates it from other
hydrolytic enzymes is the fact that urease is dependent on
nickel ions. The first structure of urease to be presented was
three-dimensional (Jabri et al., 1995). It consists of four
structural domains, one of which is a bi-nickel centre. Other
components of the active site are: carbamylated lysine, four
histidine and aspartate residues. Moreover, one of the nick-
el ions is coordinated by three ligands, while the second
one is coordinated by five ligands. In 1975 it was found that
the presence of nickel ions is necessary for urease catalytic
activity (Kappaun et al., 2018). Carbon dioxide is required
for the activation of urease apoenzyme. The urea ligated to
the Ni-1 in order to complete its tetrahedral coordination,
and a hydroxide ligand of Ni-2 attacks the carbonyl carbon
(Jabri et al., 1995).

The sources of urease are plants, algae, bacteria, fungi
and soil (Kafarski and Talma, 2018). Since it was isolated
for the first time from Canavalia ensiformis (Fabaceae), it
has been used as a model in the development of new ure-
ase inhibitors, which can be used in both agriculture and
medicine.

Urease inhibitors may be categorized according to
their mode of action. The first group is represented by
compounds that bind directly to the nickel ions, which are
present in the active centre of the urease enzyme. Examples
of these compounds are NBPT, NPPT, 2-NPT, PPD and
hydroxyurea. The representatives of the second group are
hydroquinone and allicin, which binds to the active centre
of the enzyme, which in turn leads to the formation of sta-
ble inhibitor complexes, which cause the loss of catalytic
activity. In this case, a bond is formed between the inhibi-
tor and a “flap” cysteine residue, which is located close to
the dinickel active centre. Another example of the urease
inhibiting mechanism is the binding of thiol compounds to
the active site of the enzyme, which in turn leads to the
formation of mixed disulphides. Newly created compounds
contain cysteine residues, which play a very important
role in the inhibition process. KMnO, is an example of
a potent oxidizer, which may be capable of reacting with
the -SH group (which forms a part of the mobile “flap”
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cysteine residue). The oxidation of the -SH group affects
the inhibition of enzyme activity. There is another group
of potential urease inhibitors, the activity of which is based
on their influence on the active centre of the enzyme. These
are metal ions, for example Ag", which modify the mobile
“flap” cysteine. The final group is represented by metal ion
chelators, which inhibit the formation of the dinickel centre
(Modolo et al., 2018; Svane et al., 2020).

SYNTHETIC UREASE INIHIBITORS

Urease inhibitors can slow down the transformation of
amide to ammonium hydroxide and ammonia or complete-
ly inhibit this process. The complete inhibition of urease
activity has been described in examples of inknut extract
and accacia extract by Fernando and Roberts (1976). The
ingredients of these extracts responsible for the effective-
ness of inhibition where polyphenols.

The gradual inhibition of the hydrolysis of urea con-
tained in soil reduces the amount of ammonia released into
the atmosphere (i.e. reduces ammonia losses). Due to this,
the urea itself becomes more effective, the same effect is
obtained in other nitrogen-based fertilizers containing urea.
The other advantage of using urease inhibitors is that the
level of pollutants released into the environment is lower
(Kiss, 2002; Li et al., 2017).

The release of ammonia makes the use of fertilizers less
effective. In order to increase the activity of the fertiliz-
ers used in agriculture, producers strive to broaden their
knowledge concerning the use of appropriate inhibitors.
Various urease inhibitors are available on the EU market
(examples of synthetic and natural inhibitors are present-
ed in Fig. 1), however, according to many authors, NBPT
(N- (n-butyl) thiophosphoric triamide) is the most effective
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example among the various inhibitors at slowing down the
microbial decomposition of urea (Cantarella et al., 2018;
Silva et al., 2017). NBPT is the only urease inhibitor which
is significant at the present time due to its availability on
the market and its practical value to agriculture. The NBPT
inhibitor is an additive to fertilizer urea, which temporar-
ily slows down its enzymatic transformation by inhibiting
urease activity. The use of urea with the addition of NBPT
causes a smaller pH increase than when the urea is used
alone, without the addition of inhibitor (Fu, 2020). It may
be added to the urea melt before granulation, applied to
granule surfaces in a continuous or batch process, and
also added to the UAN (urea ammonium nitrate) solution.
NBPT is a non-toxic and odourless compound. The way it
reacts with urease is through binding with two nickel ions
and oxygen originating from the carbamate bridge. This
activity reduces the risk that urea will reach the nickel ions
(Klimcezyk et al., 2021).

According to various studies, the reduction in gaseous
ammonia emissions under the influence of even a small
addition of NBPT is at the level of about 60% (Cantarella et
al., 2018). Studies reported by Wang et al. (2020) showed
that using NBPT can reduce NH; volatilization by 50%.
The effectiveness of reducing ammonia emissions with an
inhibitor depends on several factors, including the type of
soil and cultivation system, and also the climate conditions
(Klimczyk et al., 2021). In an experiment with five differ-
ent inhibitors (two urease inhibitors and three nitrification
inhibitors), the use of NBPT together with urea postponed
the NH; emission peak from 3 to 4 days. Moreover, the
value obtained was still lower than the value which was
reached in the case of the use of urea alone (Wang et al.,
2020). According to Watson et al. (1994) the percentage

Urease inhibitors

/

\

Synthetic Natural
NBPT, lici
N-(n-butyl)thiophosphoric triamide acien
NPPT, ]
N-(propyl)thiophosphoric triamide flavonoids
2-NPT, fvoh
N-(2-Nitrophenyl)phosphoric triamide polyphenols
HQ, hydroquinone quercetin and its glycosides
ATS, ammonium thiosulfate humic acids

Fig. 1. Examples of synthetic and natural inhibitors.
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inhibition of NH; loss by NBPT is highly dependent on
the soil type. The most significant efficiency of that inhibi-
tor was observed in soils with both a high pH and a low
organic matter content. An experiment was conducted
in which the influence of soil moisture was tested. In an
incubation experiment, NBPT and PPDA (phenyl phospho-
rodiamidate) were applied with urea under three different
soil moisture conditions. After analysing the results, the
scientists concluded that the most promising water-filled
pore space size (WFPS) was 60%. The level of inhibition
of urease enzyme activity obtained under these conditions
was 75%. The tests conducted with 40% WEFPS found it to
be irrelevant, while with 80% WFPS NBPT had no effect
(Sanz-Cobena et al., 2013).

Another example of a substance that exhibits urease
inhibiting properties is N-(propyl) thiophosphoric triamide
(NPPT). It has been proven that the use of this substance
reduces the risk of nitrogen losses in the form of ammo-
nia emissions after the application of fertilizers containing
urea, and therefore increases the efficiency of nitrogen
application. When applied together with urea the result was
an approximately 50% lower amount of emitted ammo-
nia when compared to urea alone (Modolo et al., 2018).
However, the ability of NPPT to inhibit urease enzyme
activity is still lower than in the case of NBPT.

There are reports of another substance that exhibits
urease inhibitory properties. The main advantage of N-(2-
Nitrophenyl) phosphoric triamide (2-NPT) seems to be its
stability. It is more stable than NBPT, which may degrade at
high temperatures. The use of 2-NPT causes a remarkable
decrease in NH; emissions. After 19 days of the incubation
of the samples which consisted of urea alone and the urease
inhibitor combined with urea, a reduction in NHj; losses at
the level of 89% was observed in the case of samples of
urea combined with 2-NPT (Ni et al., 2018).

Another compound with urease inhibitory properties
is hydroquinone (HQ). The advantage of this inhibitor
is its cost effectiveness. During the 6-year field study on
N,O emissions urea was applied in combination with HQ
and DCD (dicyandiamide, a nitrification inhibitor). The
results of N,O emission studies showed that there was a de-
crease in emissions by approximately 26.4% through HQ
+ DCD application (Dong et al., 2018). A similar study
described by Wang et al. (2015) revealed a 16% decrease
in emissions, as compared to urea treatment. During the
experiment reported by Dong et al. (2018) a number of fac-
tors were studied (N application rate, soil organic matter
content, soil moisture, temperature, the freeze-thaw cycle).
Therefore, there was no significant impact from using a mix-
ture of inhibitors together with urea on the content of dif-
ferent forms of nitrogen (NH,"-N, NO;-N) occurring in the
soil. Also, there was no significant impact on grain yield.
However, a significant difference in maize biomass was
observed. An upward trend has been observed.
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Ammonium thiosulfate (ATS) in a mixture with
urea-ammonium nitrate (UAN) results in the inhibition of
urease at different levels varying from 18 to 48% (Sullivan
and Havlin, 1992). The factors that have an effect on the
efficiency of that inhibitor are such soil properties as: pH,
the content of clay, organic C and carbonate content. The
temperature factor was also important. In a study reported
by Sullivan and Havlin (1992), two temperatures (20 and
30°C) were compared. It was noted that a higher tempera-
ture promoted a greater degree of urease inhibition. The
other factors positively affecting the inhibition of urea
hydrolysis were a low content of clay and organic carbon in
the soil samples and a low soil moisture content.

NATURAL UREASE INHIBITORS

Allicin is an organic sulphur compound, which is ob-
tained from garlic. The enzyme alliinase coverts alliin into
allicin when fresh garlic is chopped or crushed. Allicin is
responsible for the unique aroma of fresh garlic. It exhib-
its bactericidal properties against numerous bacteria, both
gram-negative and gram-positive, and has antifungal and
antiviral properties (Ankri and Mirelman, 1999). Due to its
chemical structure, it reacts chemically with thiol groups
belonging to various enzymes. Because of this, it was
suspected that it might become a good urease inhibitor.
An experiment carried out by Mathialagan et al. (2017)
has presented the negative effect of garlic extract on the
activity of urease derived from Jack Bean seeds. The aim
of the experiment was to investigate the effect of allicin on
the process of urease degradation from urea. Allicin solu-
tions in 3 concentrations: 5, 10 and 15% weight of allicin
to weight of urea, and a solution of the synthetic inhibitor
NBPT were used. The use of a 5% allicin solution produced
the optimal urease inhibition result (among the allicin solu-
tions used). However, in comparing the efficiency of a 5%
allicin solution with NBPT, the obtained result was almost
75% lower.

In another experiment reported by Shabana et al. (2010),
the positive effect of using a methanol-based onion extract
on the inhibition of urease (obtained from Jack Bean seeds)
activity has been described. Quercetin and its glycosides
were isolated from onion and guava and their impact on
the urease enzyme was observed. Researchers managed to
achieve the inhibition of urease activity at a level of 53%
for quercetin and 48% for avicularin.

Another example of a group of substances that have ure-
ase inhibitory properties are flavonoids. Awllia et al. (2016)
have tested a group of commercially available flavonoids.
The results of their research studies are very promising.
Most of the substances that they tested proved to be effec-
tive inhibitors. Flavonoids are a group of chemicals that
contain -OH groups in their molecular structure. Most like-
ly, it is the presence of a hydroxyl group in the molecules
of the tested substances that produces their ability to inhibit
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urease. Scientists who have studied the chemical structure
of the urease enzyme suspect that the —OH groups interact
with nickel ions present in the active centre of the urease
enzyme, causing it to be deactivated. The effectiveness of
given flavonoids as inhibitors is demonstrated by the num-
ber of OH groups and their location in the molecule.

Research work concerning the search for new urease
inhibitors is constantly being carried out. Given that fruit
skins are production waste in many fruit processing com-
panies, this would be a very good way of using the waste
generated during the production process as a source of ure-
ase inhibitor. The urease inhibitory effect achieved by the
researchers was reversible, and its effect depends on the
concentration of polyphenols in the apple peel used. The
higher the concentration of polyphenols in the fruit peel, the
more effective the inhibition of urease activity was (Pastene
et al., 2009). A confirmation of this information was also
obtained by Fernando and Roberts (1976), who extracted
polyphenols which occur naturally in black tea, Accacia
decurrens bark, or Terminalia chebula seed coating.

Another example of a substance that can be used as
a urease inhibitor and the use of which will have a positive
effect on both soil and plants is humic acid. Humic acids are
organic compounds, basically they are the organic fraction
of soil, peat and coal. Their structure is characterized by
plenty of acidic functional groups, whose presence cause
a high exchange capacity and inhibits the activity of urease
(Liu et al., 2019; Zhang et al., 2019). The use of humic
acid facilitates the uptake of nutrients, simultaneous plant
growth, the acidification of fertilizer microsites, and finally,
it lowers ammonia volatilization. A huge advantage of the
use of humic acid is the fact that it can be produced at a low
cost from the residues resulting from coal mining.

Currently, numerous studies are being conducted to
search for the effective urease inhibitors. At present, the
vast majority of research efforts are devoted to conducting
research into synthetic urease inhibitors. However, the sec-
tor dedicated to inhibitors of natural origin is booming, it is
undeniable that this research is very important not only for
the agricultural sector, but also for the medical one.

EFFECTS OF FERTILIZERS WITH UREASE INHIBITORS
ON CROPS

Several publications describe the effect of urea-based
fertilizers with urease inhibitors on cultivated plants.
Some examples of such studies (including crop and soil N
responses) are presented in Table 1. Despite the fact that
N-(n-butyl) thiophosphoric triamide is characterized by
a reduction in ammonia volatilization by delaying the
hydrolysis of urea (Lasisi ef al., 2019; Martins et al., 2017),
it also makes nitrogen more readily available to plants. The
use of this inhibitor caused a significant increase in crop N
uptake (by 33%). This factor makes it possible to obtain
higher yields (Hube et al., 2017). The meta-analysis of the
studies (published between 1990 and 2014) performed by

D. MATCZUK and A. SICZEK

Silva et al. (2017) indicated that NBPT-treated urea leads
to an increase in major crop (including barley, ryegrass,
white clover, wheat, rice, cotton, sugarcane, corn) yields
by 5.3% in comparison with urea. What is more, this trend
was noted for all of the analysed classes of soil pH (in H,O)
(from the very acidic to alkaline), SOC contents (from <1
to >2%), and N rate (from <80 to >160 kg ha' N).

In the experiments described by Dawar et al. (2012)
two aspects of the application of urea with NBPT were
investigated. The first one was the impact of NBPT on
herbage yield, and the second was the method of fertilizer
application. In particular, fine particle application (FPA)
and application in the form of granules with the equiva-
lent values. The study was performed in glasshouses, one
cultivated plant was ryegrass. It was clearly stated that the
use of an inhibitor together with a fertilizer brought about
a significantly improved herbage yield when compared with
other treatments. Moreover, the use of FPA also produced
superior results. Nitrogen-response efficiency increased,
and the herbage growth was improved. A deficiency of the
use of NBPT inhibitor is the fact that it may cause leaf-tip
scorch. However, it is reassuring that those effects may be
short-lived and reversible (Trenkel, 2010).

Dewi et al. (2018) have conducted field experiments in
the area which have been characterized by a very low fertil-
ity rate and content of organic matter in the soil. The impact
of the application of urea coated with a mixture of NBPT
and NPPT on maize was analysed. By observing the pho-
tosynthetic and transpiration rates as well as the fresh and
dry weight of crops, it was concluded that using the correct
dose of urea in conjunction with an inhibitor, allows for the
attainment of improved yields. It is worth noting that the
use of a lower dose of fertilizer (278 kg ha™) with inhibitors
produced better effects than when a dose of 348 kg ha was
used. Additionally, the plants treated with urea coated with
inhibitors showed a higher chlorophyll content and transpi-
ration rate. These factors influenced the ability of the plant
to photosynthesize. In turn, Martins ez al. (2017) noted in
a field trial the enhanced urea-""N recovery by maize (in
grain and straw) and an increased grain yield (by 10%)
when the plants were treated with urea and thiophosphoric
triamide (NBPT).

In fact, urease inhibitors delay the process of urea
hydrolysis and give plants the opportunity to absorb urea for
a longer period of time. Plant can absorb urea through both
their roots and leaves. Therefore, the use of urease inhibi-
tors results in different advantages. It reduces N losses in
the form of ammonia volatilization, and increases bioavail-
ability at the same time (Dawar et al., 2011; Li et al., 2015;
Marchesan et al., 2013; Zaman et al., 2009). In addition,
a field lysimeter experiment showed increased herbage dry
matter production (by 38%) and a higher amount of "N
recovery in the shoots for NBPT treatment as compared
to treatments without a urease inhibitor (Dawar et al.,
2011). Pasture parameters were also improved through the
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Table 1. Selected studies on crop and N responses after application of urea-based fertilizers with urease inhibitors

Crop type Crop response Soil nitrogen response References
NBPT
Rice grain yield response dependent on season  slower and reduced losses by Marchesan et al.,
(Oryza sativa) and intervals of water intake in ammonia volatilization (magnitude of 2013
conventional system and higher or not the effectiveness of inhibitors was
changed in no-till system, increase or associated with soil, season, climate

decrease or not changed the concentration conditions, and cultivation system),
of total N in plants dependent on season  slowed and delayed conversion of N
and water intake, no difference in to NHj; in no-till system (from 34-96
chlorophyll content to 216 h), reduced volatilization
losses for no-till (from 28 to 18%)
and conventional tillage (from 11 to

7%)
Barley increased stand density at N levels, not determined Grant and Bailey,
(Hordeum vulgare L.) increased final yield in 4 of 5 site-years, 1999
increased the amount of N that can be
safely placed with the seed (without
seedling damage risk), no changes in dry
matter yield at heading
Rice (variety Apo and improved plant growth and seed reduced ammonia volatilization Qietal, 2012
Hanyou3 (hybrid with germination (from 9.32 to 16.22% for
tolerance to drought)) Apo and from 17.76 to 36.81% for
Hanyou3)
Cotton improved N uptake (17%) and N use not determined Kawakami et al.,
(Gossypium hirsutum efficiency (41%), positive effect on leaf 2012
L) chlorophyll content, plant growth and
fiber quality
Winter wheat var. no changes in grain and straw yields exchangeable NH," not significantly ~ Fu ez al., 2020
Siskin affected at 2 days after urea
application
Wheat increased yield (7-11%) in 2 of 3 years reduced N loss where seasonal Wallace et al., 2020
(Triticum aestivum L.) conditions were conducive to
volatilisation or denitrification later
in the season
Maize enhanced urea-"N recovery by maize (in NBPT delayed urea hydrolysis and Martins et al., 2017
(Zea mays L.) grain and straw, and in total amount of N reduced the NH; volatilization by

from fertilizer in plant by 46%), increased 35%
maize grain yield by 10%

Oat (4vena sativa L. increased crop yield (by 27%) and crop N no significant effect of NBPT on Hube et al., 2017

cv. Nehuén) uptake (by 33%), greater N use efficiency average soil mineral N concentration,
and total N,O and CH, emissions

NBPT (Agrotain)

Pastures ryegrass increased herbage dry matter production ~ N,O emissions were reduced by Dawar et al., 2011
(Lolium perenne L.) by 38%, higher "N recovery in the shoots 7-12%, NH; emissions by 65-69%
with white clover and NO;, leaching losses by 36-55%

(Trifolium repens L.)
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Table 1. Continuation
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Crop type Crop response Soil nitrogen response References
NBPT (Agrotain)
Wheat no changes in plant heights, number of not determined Espindula et al.,

(Triticum aestivum L.)

Pasture: ryegrass
(Lolium perenne L.)
(80-85%) and white
clover (Trifolium repens
L.) 15-20%

Ryegrass
(Lolium perenne L.)

Maize (Zea mays L.)

Winter wheat

Maize (Zea mays L.)

Not applied

ears per square meter, 1000 grain
weights, and harvest indexes, higher
number of grains per ear, mass per
hectoliter, and plant shoot dry mass,
higher total shoot N accumulation
(17.24%), higher grain yield and N grain
content, higher apparent N recovery
(42.26%) and N use efficiency (47.90%)

increased pasture dry matter (by 6, 9 and
6%) and N uptake (by the 12, 20 and 8%)
depending on sampling time

increase in: dry matter (14-35%), the
N-response efficiency (31-96%) and the
total increase in N uptake (34-65%)
relative to other forms of fertilizers

2013

reduced NH; emissions (by 29, 93 Zaman et al., 2009
and 31%, depending on term),

increase (9.5%) or decrease N,O

emission (by 16, 1.5 %) depending

on term

delayed urea hydrolysis and thus Dawar et al., 2012

released NH," at a slower rate

NBPT with NPPT

improvement in: leaf chlorophyll content
(4.26-12.77%), photosynthetic rate (184-
201%), transpiration rate (4.75-6.29%),
plant growth, total N content in leaves
(40%) roots, shoots and seeds, seed
weight per ha, 100-seed weight, N
absorption efficiency in relation to
treatment without fertilizer

no changes in nitrate reductase Dewi et al., 2018

activity

NBPT with NPPT (Limus)

increase in apparent N recovery
efficiency (from 10 to 16% in relation to
equal amounts of urea-N) and increase in
N recovery up to 65% under a further
20% N-reduced urea amended with
inhibitors, no effects on grain yields at
three studied locations

reduced cumulative NH; losses Lietal., 2015
(11-25% for plain urea compared to

0-6% from urea with inhibitor),

increased fertilizer N retention more

strongly when soil and

environmental conditions promoted

extensive NHj; losses

Humic acid

enhanced aboveground dry biomass (by
11.50-21.33%), higher grain yields (by
5.58-18.67%), higher uptake of fertilizer
N (by 11.49-29.46%) depending on
humic acid fraction

N loss decreased by 12.37-30.05%,
no significant difference in the
amount of total residual fertilizer N
in soil columns (0-90 cm),
decreased the amount residual
fertilizer N in the 30-50 c¢m soil
layer

Zhang et al., 2019

Triple superphosphate, humic acid, fulvic acid

not applicable

Shamsuddin et al.,
2009

reduced ammonia loss by 12.9-
100% depending on inhibitor type
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use of a urease inhibitor (NBPT) in other studies through
increased dry matter and N uptake relative to other forms
of fertilizers (Dawar ef al., 2012; Zaman et al., 2009). The
extension of the time of urea decomposition in the soil causes
a milder change in soil pH around the seeds. This, in turn,
also promotes improved seed germination and root growth
(Cantarella et al., 2018).

Marchesan et al. (2013) noted that the cultivation sys-
tem used as well as the seasonal intervals of water intake
have an impact on the effectiveness of NBPT as an inhibi-
tor to rice grain yield. After comparing the no-tillage and
conventional method they stated that in aerobic conditions
NBPT is transformed into its oxygen analogue compound
which leads to the delay and reduction in ammonia volatili-
zation. The application of NBPT also has a positive impact
on the root growth of rice seedlings (Qi et al., 2012).

The positive impact on the performance of wheat was
noted when using NBPT in topdressing. By using this
inhibitor with urea, improved plant parameters (number of
grains, plant shoot dry mass, total shoot N accumulation,
grain yield and N grain content) were obtained (Espindula
et al., 2013). In other experiments with wheat, an increase
in apparent N recovery and an increase in N recovery or
increased yield in some seasons were observed (Li et al.,
2015; Wallace et al., 2020). However, no changes in the
grain and straw yields of wheat were noted by Fu et al.
(2020). In 3 years of conducting experiments using NBPT,
Grant and Bailey (1999) observed an increase in the grain
yield of barley. Moreover, it was noted that the use of
NBPT lowers the risk of seedling damage. This in turn
favours the more efficient use of nitrogen applied in the
fertilizer. Moreover, oat yield and N uptake increased (by
27 and 33%, respectively) when NBPT was applied (Hube
etal.,2017).

The reduced N rate with urea + NBPT lead to improved
cotton (Gossypium hirsutum L.) parameters by increasing
N uptake and N use efficiency, as well as having a posi-
tive effect on the leaf chlorophyll content, plant growth and
fibre quality (Kawakami et al., 2012).

The use of humic acids as urease inhibitors brings about
many benefits related to the growth and properties of cul-
tivated plants. Zhang et al. (2019) describe effects such as:
an increase in the dry biomass of plants, higher grain yields,
higher N uptake. The use of humic acid enhanced the dry
biomass of the plants by up to 21% and caused higher
yields of up to 18%. Observation made by Shamsuddin et
al. (2009) showed that the use of urea mixed with humic
acids caused a reduction in ammonia losses and in effect
a reduction in environmental pollution. The improve-
ment in some soil properties was presented in a long-term
experiment. The application of humic acid contributed to
an improvement in cultivation efficiency in terms of bet-
ter physicochemical properties, thereby increasing the
diversity of soil-living microorganisms and the growth in
enzymatic activities (Liu et al., 2019).
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EFFECTS OF UREASE INHIBITORS ON SOIL
MICROORGANISMS

There have been several reports in recent times concern-
ing the impact of urease inhibitors on soil microorganisms,
however, as yet, their effects are not well understood.
According to the results presented by Fu et al. (2020), the
use of NBPT together with urea did not have a significant
effect on the abundance of bacteria, archaea and fungi as
well as on the abundance of bacterial amoA gene copies
(estimated using qPCR). However, the abundance of bac-
terial amoA transcripts decreased after NBPT addition on
day 8 after application. The abundance of N-cycling genes
(bacterial ureC, bacterial amoA, Nitrospira nxr, archaeal
amoA, Nitrobacter nxr) was at a similar level for the control
and NBPT treatments. In another study, the AOB (ammonia
oxidizing bacteria) amoA gene copy numbers significantly
decreased (by 74%) after the application of DCD (dicy-
andiamide) with HQ (hydroquinone), as compared to the
control treatment, and the opposite reaction was noted with
regard to the abundance of the AOA (ammonia oxidiz-
ing archaea) amoA gene (Dong et al., 2018). The relative
abundances of ammonia-oxidizing bacteria (AOB) and
complete ammonia oxidizers (comammox Nitrospira), but
not ammonia-oxidizing archaea (AOA) were significantly
influenced by the application of NBPT, this suggests that
NBPT inhibits the growth of AOB and comammox organ-
isms in the soil (Luchibia et al., 2020).

SUMMARY

The substances with urease inhibiting properties present-
ed in this review are the future of agricultural development.
The inhibitors used to date, such as NBPT and NPPT are
very effective, but as yet we do not have sufficient knowl-
edge about the long-term impact on the environment of the
use of these substances. According to the current observ-
able trends in agriculture, substances of a natural origin
that would also exhibit these properties are being sought.
The use of plant extracts or plant residues seems to be
amuch-desired solution these days. There are many publica-
tions in which the effectiveness of natural urease inhibitors
in the field of medicine has been proven. The number of
publications concerning natural urease inhibitors that are
used in agriculture is constantly growing. However, scien-
tists still have many obstacles to overcome, for example:
the isolation of natural inhibitors from plant material and
the production of those inhibitors on a large scale, which
will definitely be far more complicated than is the case with
the currently known and used inhibitors.
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