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Abstract

The purpose of this study was to verify the correlation between the activity of urease and the content of nickel in soil of temperate
climate in relation to the land management. Moreover, the metal speciation was taken into account in order to search for the
above-mentioned correlation. Arable lands, forested lands, and wastelands were analyzed. The basic soil parameters were
determined such as pH, clay fraction content, and organic matter content. The speciation of nickel was studied by using BCR
(Bureau Communitaire de Reference) sequential extraction procedure and flame atomic absorption spectrometry, while the
urease activity was determined spectrophotometrically. The pseudo-total content of Ni in every sample was below 30 mg kg '
of dry soil. The dominant form of nickel in the soil samples was the residual form. Although the urease activity varied slightly
between the samples, the differences turned out to be statistically insignificant. However, the highly positive correlations between
the urease activity, organic matter content, and the pseudo-total content of Ni were found and discussed. Moreover, the positive
correlations between the urease activity and two geochemical forms of nickel, namely, active and residual form, were confirmed.
The results of performed experiments prove that the method of land management does not significantly affect either the topsoil
urease activity or the nickel distribution in the case of the extensive agriculture and forestry. However, the existence of at least two
forms of the active soil urease was proposed. The first one—contained in the soil solution or loosely adsorbed on the soil
particulates and the second one—strongly adsorbed onto the clay minerals. Also the complex role of the organic matter in
protecting urease from external factors was presented. Finally, it was postulated that the nickel content in soil may be the indicator
of the soil urease activity.
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1 Introduction et al. 2014; Li et al. 2014). Despite the fact that urease mole-

cules may differ in their structures, which is determined by the

Urease, urea amidohydrolase with EC number 3.5.1.5, was the
first enzyme ever to be extracted and crystallized, and its dis-
covery was a landmark in enzymology. This compound is also
known as the first protein to be identified as a nickel-
containing enzyme (Sumner 1926; Dixon et al. 1975; Boer
et al. 2014).

Urease is found in a variety of plants, algae, fungi, inver-
tebrates, and bacteria (Konieczna et al. 2013; El-Hefnawy
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source of the enzyme, all of them hydrolyze urea in the same
manner because the active unit in each urease enzyme is sim-
ilar, namely, two nickel ions appear in the active site, and both
of them are involved in the hydrolysis process. These nickel
ions are bridged by a carboxylated lysine and a hydroxyl
group. Nil is also coordinated by two histidine residues and
a water molecule, while Ni2 is coordinated by two histidines,
an aspartic acid residue and a water molecule (Carter et al.
2009; Carlsson and Nordlander 2010; Mathialagan et al.
2017).

Urease is also a soil enzyme, and its activity can be used as
the indicator of the soil quality. Urease in the soil hydrolyzes
the urea, and it acts as either an intracellular or extracellular
enzyme. The intracellular activity is due to the presence of
ureases in the living microorganisms. The extracellular
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activity refers to the enzyme molecules adsorbed on the soil
organic and inorganic colloids or free enzymes in the soil
solution. The extracellular enzymes are stated to be more sta-
ble than the intracellular ones; however, the mechanism of
stabilization is still unclear. As mentioned above, the activity
of the soil enzymes may be useful in the evaluation of the soil
quality and in the verification of its contamination and degra-
dation (Avellaneda-Torres et al. 2013; Zhang et al. 2016). The
activity of the soil urease is important in terrestrial or even
global nitrogen cycle, and it is well correlated with the level
ofnitrogen in the soil (Mocek-Ptociniak 2010; Qin et al. 2010;
Freitas et al. 2018; Noor Affendi et al. 2020).

Nickel in natural soils occurs in trace concentration, but it
turns out to be important for soil balance. Nickel deficiency
causes disruption of basic physiological functions of plants
growing in the soil, while excess of the metal is toxic to plants.
Some authors studied the effect of Ni fertilization on restoring
balance in soil (de Macedo et al. 2016; Freitas et al. 2019).
Soil nickel supplementation has also been found to increase
urease and dehydrogenase activity in the rhizosphere and to
positively affect photosynthesis of soybean (Freitas et al.
2018). In the light of the foregoing facts, it is interesting to
verify the correlation between the activity of urease being the
nickel-dependent enzyme and the content of nickel adsorbed
onto the soil particles. The investigations on the effect of
metals on the soil enzyme activity usually concentrate on the
total metal content which in case of Ni in soils varies widely
(from 5 up to 500 mg kg '), depending on soil pH, soil con-
tamination, and the type of plants grown (Rodak et al. 2015;
Macedo et al. 2020). However, as it is well known, nickel, like
most of heavy metals, occurs in different forms in soil
(Vodyanitskii 2014). These geochemical forms determine
metal solubility which is directly connected with its
bioavailability.

In the environmental studies, the metal speciation provides
the information about the nature and state of the trace metals
as well as their bioavailability. Therefore the problem of the
correlation between the urease activity and the nickel concen-
tration in soil should be extended to involve also Ni specia-
tion. Thus, the more precise question to ask should be whether
it is possible to correlate the urease activity with the concen-
tration of any of the nickel’s form present in soil.

2 Materials and Methods

2.1 Soil Sample Collection and their Preparation for
Nickel Determination

In our experiments, the podzol type of soil was analyzed. The
samples were collected from arable lands (A), forested lands
(F), and wastelands (W) to the depth of 0.3 m below the land
surface (topsoil). None of the studied areas was subjected to

intensive agrotechnical procedures. In every sampling area,
one collected up to 15 subsamples from the square of approx-
imately 20 x 20 m size and mixed them up to give a bulk
sample, weighing up to 1 kg. The bulk soil samples, intended
for nickel analysis, were air-dried, crushed, and sieved
through a sieve with a mesh size of 2 mm. Subsequently, every
primary sample was divided into four equal parts. Three quar-
ters of each sample were discarded, and the remaining quarter,
marked as a laboratory sample, was used for the analysis.

In order to determine the pseudo-total content of nickel in
soils, approximately 1.5 g of each sample, weighed to the
nearest 0.0001 g, was digested with the mixture of the con-
centrated nitric acid and 8.8 M solution of hydrogen peroxide
in a microwave oven. The high-performance digestion unit
(MAGNUM II from Ertec, Wroclaw, Poland), with a compart-
ment for a single PTFE digestion vessel designed for pressures
up to 50 bar, served as the closed-pressurized microwave
system.

Speciation analysis of nickel in soil was conducted using the
modified Bureau Communitaire de Reference (BCR) method
(Rauret et al. 2000). Four forms of nickel have been extracted.
The first one was the exchangeable one, water and light acids
soluble part of nickel (e.g., carbonates) (FM1); the second one
was the form bound to iron and manganese oxides/hydroxides
(FM2); the third one was the form bound to organic matter
(FM3); and the fourth form, the residual part of metal, bound
in clay lattice structure forms (FM4). For the extraction of par-
ticular metal forms, the following chemicals were used: to ex-
tract the FM1 form, the acetic acid was applied (at the concen-
tration 0.11 M); for the FM2 form extraction, the hydroxyl-
amine hydrochloride solution was used (at the concentration
0.5 M), whereas to extract the FM3 form, the mixture of
8.8 M hydrogen peroxide and ammonium acetate mixture
was applied (at the concentration 1 M, pH = 2). In the procedure
of extraction of nickel from the FM4 form, the mixture of
concentrated HNO; and 8.8 M hydrogen peroxide was applied
in the high-performance digestion unit instead of aqua regia, as
originally described by Rauert. For each sample, two indepen-
dent replicates were performed; in the same way, the blanks
were measured for each set of analyses.

The solutions obtained from the digestion and from all the
steps of BCR extraction were analyzed to determine the con-
tent of nickel with the flame atomic absorption spectrometry,
using the Perkin Elmer apparatus AAnalyst 300. For each
sample, three independent measurements were performed;
the average value of nickel concentration and the relative stan-
dard deviation were calculated. In order to validate the method
for the accuracy and precision, a certified reference material
(CRM044-50G TRACE METALS-SILT LOAM 1) was ana-
lyzed in an analogous manner. The recovery was 93%. The
detection limit was determined as 3-fold standard deviation of
repeated measurements of a blank solution and equaled for
nickel 2.5 pg dm>.
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2.2 Soil Samples Preparation and Determination of
the Urease Activity

The surface samples (0-30 cm) of the soil, described ear-
lier in this work, were crushed and sieved through a sieve
with a mesh size of 2 mm right after drying in room
temperature. Then, all the soil samples were put into poly-
ethylene bags and stored at the temperature of 4-6 °C for
3 weeks.

The soil urease activity was determined spectrophotomet-
rically by determination of the concentration of ammonia by
using a modified Berthelot’s method (Weatherburn 1967;
Kandeler and Gerber 1988). The procedure was as follows:
10 g of soil, 13 cm® of 200 mM phosphate buffer (pH = 7.0),
2.0 em® of 100 mM EDTA solution, and 5.0 cm® of 0.72 M
urea solution were put into Erlenmeyer flasks. The flasks were
stoppered and incubated at 37 °C for 24 h. Then, 30 cm® of
1 M KCl in 0.01 M HCI solution was added to each flask to
stop the enzymatic reaction. All mixtures were shaken for
30 min and filtered afterward. A 1.0 cm® of the filtrate was
taken and placed in a 25.0 cm® volumetric flask. Subsequently
4.0 cm’ of 0.1% sodium dichloroisocyanurate (NaDCC) solu-
tion and 10.0 cm® of the so-called reaction mixture (the com-
position of 0.12% sodium nitroprusside solution in 17% sodi-
um salicylate solution, 0.3 M NaOH solution, and deionized
water mixed 1:1:1 (volume ratio)) were added. The flask was
made up to the mark. The absorbance of the solution was
measured after 30 min at 690 nm. All absorbance measure-
ments were performed using the UV-Vis spectrophotometer
Marcel Media (1 cm quartz cuvette) with deionized water in
the reference cuvette.

The standard solution was prepared as follows: 3.8207 g
NH,Cl was dissolved in water in the 1 dm® volumetric flask.
The solution concentration was equal to 1000 pg N4 cm >,
The calibration curve was obtained for the diluted standard
solutions: 0.25; 0.50; 0.75; 1.00; 1.25; and 1.50 pug Nypas
cm °. Urease activity was expressed in p1g Ny, formed in
1 g of soil for 24 h, pug Nnpas gfl (24h) .

2.3 Determination of the Other Soil Physicochemical
Properties

The foregoing experiments were preceded by the determina-
tion of basic soil samples parameters, successfully applied in
our previous studies (Miskowiec et al. 2014, 2015):

—  The pH was measured in 1.0 M potassium chloride solu-
tion, pursuant to the ISO norm no. 10390:2005, using the
Elmetron CP-401 pH meter device.

— The content of clay fraction was determined by
Bouyoucos areometric method with Casagrande and
Proszynski modification (Ryzak et al. 2009).
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—  The organic matter content was estimated using the 8.8 M
hydrogen peroxide pursuant to the regulation of the US
Environmental Protection Agency (EPA) (Schumacher
2002).

3 Results and Discussion

The basic information on the soil parameters, as well as on the
urease activity and the nickel concentration in the collected
samples depending on the land management, are depicted in
Tables 1 and 2. As shown in Table 1, all the investigated soils
were slightly acidic, with the lowest values of pH for the
forested lands. All the soil types were relatively poor in organ-
ic matter. However, this parameter was the highest for the
forest soil. The amount of the clay fraction was low, about
2% in every sample. This information allows for the classifi-
cation of all the soils as being “light.” Soils of this type (acidic,
poor in both organic matter and clay fraction) are in general
susceptible for the external factors disrupting homeostasis in-
cluding chemical contamination (Miskowiec et al. 2015).

In Table 2, the results of the urease activity as pg Ny gf1
(24 h) " for the analyzed soils are presented. As it can be seen,
the values collected for the analyzed soils do not differ dras-
tically. Such results are typical for the soils of the temperate
climate (Kang et al. 2009). However, some trends can be
observed, namely, the average activity of urease for the forest
lands is slightly higher than in the other soils. It can be con-
cluded that the higher the level of the organic matter the stron-
ger the activity of urease in the soil. This is regardless of pH
value which is much below the optimum of urease activity
reported to be 6.5-7.0 (Qin and Cabral 2002). The above-
mentioned observations are generally in accordance with the
results obtained by other authors (Zhao et al. 2012; Sepken
Kaptanoglu Berber et al. 2014; Loeppmann et al. 2016). The
high values of the standard deviation in comparison with both
the mean and median of the results caused reasonable doubt as
to the existence of any significant correlation between urease
activity and the method of the land management. Thus, the
potential correlation has been checked with the statistical
Kruskal-Wallis test. The calculated test statistic H for urease
activities of all three groups of land management equalled
0.97, whereas the critical chi-square value for such a set of
parameters and an alpha level of 0.05 is 5.991. Thus, the
calculation presented allowed us to accept the null hypothesis
that there are no statistical differences in urease activity be-
tween the questioned three groups of land management.

In the next step of our investigations, the nickel content
in the soil samples was determined. The pseudo-total
nickel content was calculated in two different manners,
namely:
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Table 1 The basic parameters of

the soils studied depending on the pH (KCI) Organic matter content (%) Clay fraction content (%)

land management: pH, organic

matter content, and clay fraction W A F W A F W A F

content Mean 4.85 4.55 3.77 1.99 2.52 3.65 22 2.1 2.1
Median 4.55 430 3.75 1.60 2.10 3.88 2.0 2.1 2.0
Minimum 3.70 3.80 330 1.38 1.46 1.09 1.5 1.7 1.6
Maximum 7.20 6.10 430 3.82 5.37 5.44 3.1 23 2.6
Standard deviation 1.27 0.85 0.36 0.93 1.46 1.58 0.7 0.2 0.4

W wastelands, A arable lands, F forested lands

—  Directly from the nickel concentration in the solution ob-
tained after mineralization of the soil sample with con-
centrated nitric acid and 8.8 M hydrogen peroxide

— Indirectly, as the sum of the four forms of Ni obtained
from the BCR sequential extraction

In all samples, the directly calculated pseudo-total nickel
content varied between 92 and 103% of Ni content calculated
indirectly. These differences can be considered as insignifi-
cant. Moreover, the results obtained from indirect calculations
provide the information which can be reasonably related to the
further results. Therefore, only the pseudo-total nickel content,
calculated as the sum of particular nickel forms in the soil, is
shown in Table 2.

The first visible conclusion is that the Ni content depends
only slightly on the type of soil management. As was shown in
the Fig. 1, the dominant form of nickel in the wastelands is the
FM3—bound to organic matter. In the remaining soil types,
the FM4, the residual part of metal, presents the highest Ni
concentration among the forms analyzed, followed by FM3
and FM2—bound to iron and manganese oxides/hydroxides.
The concentration of Ni in soluble and exchangeable form
(FM1) is the smallest in all cases. The results above described
follow the typical order of total Ni concentration per form
obtained among others by F.G. Macedo, et al., that is, bound
to carbonate < exchangeable < bound to oxides < organic mat-
ter < residual (Macedo et al. 2020). Analyzing the results in

Table 2, it can be noticed that the total nickel content is the
highest in the forested lands, whereas the lowest one is in the
wastelands. In general, the increased nickel content in forested
lands, especially in the FM4 form, is clearly noticeable.
Furthermore, the concentration of Ni in wastelands (W) is less
varied than in the other samples (the lowest value of standard
deviation). This may be caused by the lack of a strong anthro-
pogenic impact resulting in a more stable soil condition,
which also poses less threat for surface water contamination
(Miskowiec 2018). However, it is worth mentioning that
Macedo et al. suggested that some “organic” Ni may be
contained in microorganisms living in organic matter fraction,
which may interfere with the correct assessment of its content
(Macedo et al. 2020). To sum up, the variation of the content
of this metal in soil is mainly due to the nickel in the residual
form. This can be found for all types of the studied soil. In
most cases, such a predominant form of nickel bonding is in
general typical for this metal in non-contaminated and poorly
fertilized soils (Kuziemska et al. 2014). The sum of the total
non-residual Ni form (FM1-FM3) concentration ranges be-
tween 3.6 and 7.4 mg kg ' of soil which is on the background
level. Considering the results related to these three forms, the
correlations between the level of nickel and the method of the
soil management are rather poorly observable, which was
confirmed with the statistical Kruskal-Wallis test. It is also
important to notice that, even while taking the pseudo-total
nickel content into account, none of the samples exceeded the

Table 2 Urease activity and nickel content in the studied soils, depending on the land management

Urease activity (ug N g~ Pseudo-total content of ~ Content of different forms of Ni (mg kg )

soil 24 h)™) Ni (mg kg ")
FM1 FM2 FM3 FM4

W A F WA F W A F W A F W A F W A F
Mean 3193 3652 4164 809 11.07 14.16 1.01 093 0.96 151 1.82 1.56 3.73 2.52 3.00 1.85 5.80 8.64
Median 2815 2999 4270 7.88 778 1546 1.11 095 099 1.52 172 1.63 427 2.10 330 1.69 2.56 1023
Minimum 1738 1974 2072 665 538 646  0.05 0.06 0.52 0.87 134 0.79 1.79 149 148 0.05 0.07 0.87
Maximum 604.0 8285 6629 991 2593 2070 1.53 1.75 130 2.11 2.57 241 504 3.90 4.16 5.12 19.85 14.61
Standard deviation 91.0  168.6 1547 122 7.80 578  0.52 0.55 030 0.50 046 0.63 141 1.06 125 1.82 7.76 6.05

W wastelands, A arable lands, F forested lands. FMI-FM4, four different forms of metal binding in soils, explained in detail in the text
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Fig. 1 The mean relative content 100%

of nickel in the soils studied, with

the division in four metal forms 90%

gained with the BCR extraction
method. FM1, water and light
acids soluble part of nickel; FM2,
the form bound to iron and
manganese oxides/hydroxides;

80%

70%

60%

FM3, the form bound to organic

matter; FM4, the residual part of
metal, bound in clay lattice struc-
ture forms

50%

40%

30%

20%

Relative Ni concentration in each form [%]

10%

0%

limit of 30 mg kg~ of dry mass. The latter value is considered
the upper limit of non-contaminated land (Kabata-Pendias
et al. 1995) (however, according to other studies, the value
50 mg kg ' is the threshold concentration in European soils
(Toth et al. 2016)) . In 80% of samples, the content of nickel
was lower than 10 mg kg ™' of dry mass of soil, which is
coherent with the results reported in literature (Kabata-
Pendias 2010). Summarizing, one can state that the differ-
ences in the nickel content in particular soil types originated
mainly from the concentration of nickel in the residual form.
Figure 2 presents the 3-D chart of the soil urease activity, the
nickel content, and the amount of organic matter dependencies.

Fig. 2 3-D chart depicting the
dependences between urease

activity, organic matter content, n
and nickel content in the soils g 800
studied (red balls). Circles, c
triangles, and squares are the a ]
projections of the chart on ) 700
individual 2D planes, showing the (mD
relationships between particular ® 6007
two parameters. The Pearson 9.-
correlation coefficients are as z )
follows: urease activity-nickel é" 500
content (circles) 0.86; urease —
activity-organic matter content 5 400
(triangles) 0.75; and nickel Z
content-organic matter content Q@ 2001
(squares) 0.83 B 3

<

i 2001

%

10 —
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Wastelands Arable lands Forested lands

HFM1 HFM2

MFM3 W FM4

The comparison of those three parameters gives relatively high
positive correlations, namely, the urease activity was found to
increase with the level of organic matter and with the content
of nickel in the sample. The calculated Pearson correlation coef-
ficients turned out to be above 0.70 in all three cases (urease
activity, nickel content 0.86; urease activity, organic matter con-
tent 0.75; nickel content, organic matter content 0.83).

The similar calculations were made in relation to the four
forms of nickel to get knowledge whether any of the metal
forms is particularly correlated with the urease activity. The
obtained results of the correlation between the concentration
of nickel in particular forms (FM1-FM4) and the urease
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activity differed fundamentally depending on the nickel form.
Correlation coefficients between urease activity and the FM2
and the FM3 forms equalled 0.01 and — 0.35 respectively. On
the other hand, a significant correlation (Pearson coefficient
higher than 0.50) was found between the urease activity and
the exchangeable (0.57) or residual (0.86) form of Ni. The
latter two correlations were graphically presented in Fig. 3a
and b. Two seemingly contradictory facts are worth highlight-
ing. The first is the lack of a strong correlation between the
urease activity and the content of nickel bound to organic
matter (FM3). At the same time, there is a strong correlation
between the urease activity and organic matter content as well

as the pseudo-total nickel concentration (Fig. 2). These facts
clearly reveal the role of organic components in this sys-
tem—Iess as the absorbing medium and more as the “protec-
tors” of the labile enzyme. Such a complex role of organic
matter as the stabilizer of urease by the association of this
enzyme with the soil colloids was suggested by a few authors
(Nannipieri et al. 1996). The other emphasized both the com-
plex role of the microorganisms in this system (Macedo et al.
2020) and their potential role in bioprecipitation (Jalilvand
et al. 2020). However, our studies let us draw even further
and stronger conclusions about the key role of organic com-
ponents in extracellular urease protection.

Fig. 3 Correlations between 900 1 A
content of the two forms of nickel r=0.57
o -
and urease activity. a FM1, water 800 +
and light acids soluble form of
nickel. b FM4, the residual part of 700 +
metal, bound in clay lattice =
structure forms. The Pearson E %
correlation coefficients equal 0.57 & 600 T
and 0.86, respectively o
Z 500 +
:10 +
£ 400
2 T 3
g + ¢ 4
9 300 4+
3 o
S 200 + ¢
* e e e
100 +
0 + —_—t
0 0.5 1 15 2
Ni content in FM1 form (mg kg 1)
900 T B
r=0.86 e
800 +
- 700 f
=
=
(&)
< 600+ %
bo
z
1)
2 500 +
g —4—
% 400
S 4
—p—
)]
3 -+ } ¢ ——
S 3004
.
200
gl
100 = t $ r T T r $ T r T T {
0 5 10 15 20

Ni content in FM4 form (mg kg 1)
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The fact that the urease activity was highly correlated with
the concentration of nickel in its most available form (Fig. 3a),
is not surprising and can be expected if based on the results of
the data in literature (Marschner 1995; Vahed et al. 2011;
Oliveira et al. 2013; Zhang et al. 2014). However, the second
strongly positive correlation found in our experiments, be-
tween the urease activity and the nickel content in the so-
called residual form (Fig. 3b), was unexpected. This is be-
cause the metals in this form are tightly bound to the mineral
structures in the soil and cannot be released under natural
conditions; thus, they are considered as biologically unavail-
able (Ideriah et al. 2013). This fact may be a confirmation of
the strong and stable linkage of this enzyme with clay minerals
resistant to the external factors.

4 Conclusions

In this study, we postulate the existence of at least two forms
of'soil urease in terms of the affinity of this enzyme to the clay
minerals. On one hand, urease is dissolved in the soil solution
or loosely connected with the solid components, like mineral
colloidal particles. On the other hand, our studies seems to
confirm that some part of the soil urease may be strongly
adsorbed on the clay minerals in a stable and functioning
form. Moreover, the organic matter stabilizes this system
and acts against the decay of this labile enzyme. The question
on how exactly the organic matter protects urease from the
destruction should be the subject for future studies. These
issues have become even more important in the light of the
recent research, concerning new methods of removing heavy
metals from soil using bioprecipitation by ureolytic soil bac-
teria. Moreover, owing to existence of such correlations, the
nickel content in unpolluted lands may thus be kind of an
indicator of the urease activity and indirectly of the quality
of the soil, regardless of the method of land management.
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