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Abstract: The availability and affordability of fertilizers are the main risks currently faced by the
fertilizer market. Therefore, there is a need to look for other sources of nutrient supply for plants,
while taking care of soil properties. The application of fertilizers with the addition of functionalized
materials could help in the efficient use of nutrients. The aim of the study was to assess the impact of
the application of mixtures with the addition of zeolite—vermiculite composites (NaX-Ver) on the
culturable microorganisms and selected soil properties. A two-year pot experiment was conducted
on soil with elevated contents of cadmium, zinc, and lead. The test treatments included soil mixed
with NPK and additives in two doses of NaX-Ver combined with leonardite (Leo) or lignite (L).
The test plant used in the experiment was maize. The soil material was analyzed for the number
of bacteria, mold fungi, actinomycetes, and ammonifiers. Furthermore, soil pH, EC, N total, and
SOC contents, as well as soil respiration activity, were tested. The applied fertilizer mixtures had
a great effect on changes in the N total and SOC contents. The N total increase was 45.5% in NaX-
Ver3%L3% and 51% in NaX-Ver9%Leo6%, and the largest SOC increase (24.3%) was recorded in the
NaX-Ver3%Leo3% treatment. The highest respiration activity was determined in NaX—Ver3%Leo3%
and NaX-Ver9%Leo6%: 2.12 pg C-CO; g~ DM h™! and 2.14 ug C-CO, g~! DM h™!, respectively.
A significant correlation between pH values and the number of culturable microorganisms was
found. The number of soil microorganisms depended on the type of fertilization used. The best
stimulation of the number of culturable soil microorganisms was found in treatments with the
addition of 3% of L or Leo in combination with NaX-Ver. The percentage increases in the number
of the analyzed culturable microorganisms after the application of leonardite-based fertilization in
combination with the zeolite-vermiculite composite were, on average: bacteria, 1096%; mold fungi,
1529%; actinomycetes, 1477%; ammonifiers, 910%.

Keywords: culturable microorganisms; basal respiration; fertilization; maize; soil contamination;

zeolite

1. Introduction

Due to their great diversity, microorganisms perform a number of functions in agroe-
cosystems. The most important of these functions, leading to an increase in the fertility
and productive value of soils are: decomposition and mineralization of organic matter,
release of nutrients from hard-to-reach sources, circulation of elements in the environment,
formation of structures and humus in the soil, and support of plant growth and plant
protection, as well as detoxification and bioremediation of the soil environment [1]. That
great diversity of microorganisms, which synthesize numerous enzymes and have specific
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genes, causes bacteria and fungi to be involved in virtually all stages of nutrient cycling in
the soil environment. The abundance of soil microorganisms contributes to the formation of
soil humus, as bacteria and fungi, through the production of specific metabolites, biomass,
and enzymes, which participate in the synthesis and formation of humic compound pre-
cursors [2]. With this diversity of soil microorganisms and their activities, various types of
soil aggregates are formed, in which bacterial cells and fungal hyphae act as binders, and
polysaccharides synthesized by microorganisms ensure stability and give the appropriate
structure to the soil. Benefits of improved soil structure directly related to the maintenance
of biodiversity, especially in an agricultural setting, include: reduced risk of water and
wind erosion, improved plant germination due to easier plant access to nutrients, reduced
soil sealing, and increased infiltration, retention, and water availability resulting from
improved soil porosity [1]. The soil environment biodiversity also affects plant growth and
yield. During seed germination and plant growth, rhizosphere microorganisms (present in
the root zone) multiply at an increased rate, thus, enabling faster development of the plant
by providing nutrients. In addition, these microorganisms synthesize phytohormones, i.e.,
auxins, gibberellins, and cytokinins, which affect plant development and reduce ethylene
levels, which have an adverse effect on plant rooting [2—4]. Soil microorganisms play a
key role in the growth and development of plants [5]. Microorganisms can break down
and mineralize organic matter, allowing the elements to circulate. Microorganisms are
involved in the weathering of minerals by decomposing them through the production of
organic and inorganic acids. With this ability, they take an active part in the creation of
humic compounds, which determine soil fertility [2]. Numerous ammonifiers and fungi are
involved in the ammonification process, i.e., changes of nitrogen with the participation of
microorganisms. Ammonifiers include aerobic and anaerobic organisms that prefer a very
wide pH range and are adapted to different temperatures and humidity. Factors that can
affect the mineralization of organic nitrogen compounds in the soil are: soil physicochemi-
cal properties, moisture, pH, weather conditions, season, and nitrogen fertilization. The
ammonification process is more intense when the soil is acidic, thus, increasing the amount
of NH** [6]. The number of soil culturable microorganisms results from many factors. The
type of soil, its pH, organic matter content, and structure are also important. Abiotic factors,
such as humidity and temperature, directly affect the rate of microbial proliferation and
indirectly determine plant growth and the quantity and quality of chemical compounds se-
creted by the roots into the soil. Man, through the agrotechnical methods used and the type
of fertilization or pesticides applied, also significantly affects the culturable microorganisms
in cultivated soils [7]. The soil pH value is the basic and necessary factor that significantly
affects the behavior of metals in the soil and determines the toxicity of soil and plants both
directly and indirectly [8]. The basic fact is that it modifies environmental conditions that
are crucial for the growth and reproduction of microorganisms. pH influences the chemical
activity of protons, which fundamentally determine the course of the redox reaction but also
participate in the dissolution and precipitation of minerals and many other biogeochemical
reactions. All this translates into changes in the salinity and composition of aqueous solu-
tions as well as the availability of nutrients and trace elements [9]. The pH value also has
a very significant influence on the activity of extracellular enzymes and the reactivity of
natural organic matter. Therefore, pH is considered to be an indicator of the environmental
conditions that shape the composition and activity of soil microorganisms [10]. According
to a study by Shi et al. [11], optimal conditions favoring bacterial and fungal diversity
in acidic and alkaline soils occur at pH values of ~5.5 and ~8.3, respectively. Changes in
the pH value in soils affect the intensity of heavy metal mobilization. In strongly acidic
soils, the mobility of metallic elements is much higher than in neutral and alkaline soils.
The mobility of metals in soils with a low pH decreases in the following order: Cd > Ni
> Zn > Mn > Cu > Pb. However, it should be remembered that the influence of pH on
the mobility of metallic elements in the soil is very variable depending on the content and
type of organic matter [12]. Zeolites, in general, have a high cation exchange capacity, and
they attract positive-charged ions; therefore, zeolites are widely used for cationic pollutant
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sequestration, such as the sequestration of heavy metals [13]. Contamination of the soil
environment with various substances, organic compounds, or heavy metals fundamentally
changes the diversity of soil microorganisms, activating those resistant to stress factors
(selection pressure). In arable soil, microorganisms may, in particular, promote nutrient
cycling, maintain soil fertility, and improve crop health [14]. Soil bacteria are sensitive
to contaminants such as heavy metals and organic pollutants. The composition of soil
microbial communities has a direct or indirect impact on ecosystem-level processes; there-
fore, it is important to identify the largest possible number of the soil microorganisms that
dominate them [15]. There are two sources of heavy metals in soils; their content may
be due to their natural presence in the soil or may result from anthropogenic activities.
However, not just the presence but the amount is of particular importance here, as too high
a content of heavy metals can have a negative impact on both plants and soil microorgan-
isms [16,17]. Heavy metals in soil with an increased content have a negative effect on soil
microorganisms (their functionality and abundance). The inhibitory effect of heavy metals
on microorganisms directly translates into decline in soil fertility. However, there are also
publications stating that microorganisms can adapt to elevated concentrations of heavy
metals in the soil [18]. This is due to the fact that microorganisms develop resistance even to
toxic concentrations of heavy metals [19]. Heavy metals in the soil affect the inactivation of
enzymes that catalyze the biochemical reactions of microorganisms, damage microbial cells
by perforation of membranes, or permanently bind substances and nutrients, making them
inaccessible to microorganisms. In addition, metals affect the growth, morphology, and
metabolism of microorganisms through functional disorders, damage the genetic material,
and contribute to the denaturation of proteins and the integrity of cell membranes [20].
The use of nitrogen fertilizers can lead to the loss of nitrogen unused by plants by
leaching nitrogen into water courses or by allowing ammonia to escape into the atmosphere.
Due to the fact that a surplus of nitrogen fertilizers can lead to environmental pollution, it
is very important that the applied nitrogen doses are properly balanced depending on the
needs, which allows minimization of the losses of N [21]. Moreover, Thompson et al. [22]
indicated the use of fertilizers as an important source of nitrogen oxide emissions to the
atmosphere. This means that agricultural practices and fertilizer application can have an
indirect effect on climate change. This indicates a great need to retain nitrogen in the soil in
order to reduce its negative impact on the environment. In view of the issue of restoring
the use value of degraded land and soils with elevated heavy metal content, solutions are
constantly being sought to stabilize and remove soil contaminants. One such solution is
the application of mineral-organic mixtures containing zeolite composites and lignite or
leonardite. It is believed that the addition of these materials, on the one hand, increases the
efficiency of applied fertilizers by slowing down the release of nutrients while reducing their
loss through leaching and, on the other hand, supports the process of absorbing inorganic
contaminants. According to Mondal et al. [23], the use of zeolite-enriched mineral fertilizer
significantly reduces the leaching of nutrients from the soil, allowing the plant to use
them throughout the growing season. The ability of zeolites to retain, store, and slowly
release nutrients slows down their mineralization and is an important feature from an
agricultural point of view [17]. Due to their molecular sieve structure and high cation
exchange capacity (CEC), zeolites enable the exchange of ions with the environment, which
generally decreases soil EC [24]. In their study, Lahori et al. [25] showed that the use of
zeolites reduced the mobility of lead, cadmium, zinc, and copper. Their results revealed a
reduced translocation of heavy metals in shoots and roots both in cabbage and maize crops.
Glab et al. [26] also recommend the use of zeolites for soil remediation purposes. Their
results showed that the application of zeolite to soil contaminated with cadmium, zinc, and
lead increased the yield and improved the root morphological parameters of cultivated
grass. As stated by Miihlbachova and Simon [27], depending on the soil type, zeolites can
have an ambiguous effect on microbial populations, especially in contaminated soils. As
a result, the authors emphasized the need for further research to better understand how
zeolites influence the microbial properties of different soil types. Basal respiration (BR)
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provides information about the current state of microbial activity in the soil and indicates
the ability of the microbial community to mineralize soil organic matter. This parameter
depends on the physiological state of the microorganisms as well as on the conditions in
the soil environment [28,29]. Basal respiration activity in soil reflects the availability of
carbon to soil microorganisms [30]. As reported by Eisentraeger et al. [31], the respiratory
activation quotient can be used as an indicator of bioremediation efficiency, as it reflects the
amount of biodegradable carbon source in the soil. QR values between 0.1 and 0.3 indicate
a slow remediation rate. On the other hand, higher BR values, pointing to greater basal
respiration activity, are considered a favorable indicator of microbial activity.

The aim of the present study was to evaluate the effects of mineral-organic mixtures
containing various additions of lignite or leonardite and zeolite—~vermiculite composite
on changes in the culturable microorganisms of soil with elevated cadmium, zinc, and
lead contents.

2. Material and Methods
2.1. Soil Material Properties

The pot experiment was conducted on soil with a granulometric composition of
slightly loamy sand [32] in the growing hall of the University of Agriculture in Krakow in

the years 2020-2021. The soil had an acidic pH and elevated concentrations of cadmium,
lead, and zinc (Table 1).

Table 1. Selected soil properties before setting up the pot experiment.

Determinant Value Determinant Value
Fraction 2-0.5 mm 85% N total 0.40 g-kg~! DM
Fraction 0.05-0.002 mm 12% C total 5.74 g-'kg~! DM
Fraction < 0.002 3% S total 0.118 g~kg*1 DM
pH H,O 5.24 Pb total 188 + 15 mg-kg~! DM
pHKCl 5.03 Cd total 1.15 £+ 0.08 mg~l<g*1 DM
EC 273 uS-cm ™! Zn total 267 + 18 mg-kg~! DM
Cr total 5.32 £+ 0.73 mg-kg~! DM
Cu total 5.14 + 1.33 mg-kg~! DM
Ni total 2.22 4+ 0.18 mg-kg~! DM

2.2. Design and Conduct of the Pot Experiment

The experiment included 6 treatments (Table 2) carried out in 4 replications.

Table 2. The objects amendments description.

Zeolite—Vermiculite

Symbol Mineral Salt Composite Lignite Leonardite
C . - - -

MEF NPK - - -
NaX-Ver3%L3% NPK 3% 3% -
NaX-Ver9%L6% NPK 9% 6% -

NaX-Ver3%Leo3% NPK 3% - 3%
NaX-Ver9%Leo6% NPK 9% - 6%

The reference was the control treatment without fertilization and with mineral fertil-
ization (chemically pure salts, N-NH4NOj3; P-Ca(H,POy),- HyO; K-KCl). The experiment
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was set up in PVC pots holding 9 kg of air-dry soil mass. The vases used for the experiment
were 25 cm high and 22 cm in diameter. The doses of nutrients introduced into the treatment
soils were: nitrogen 0.20 g-kg~! DM soil, phosphorus 0.10 g-kg~! DM soil, and potas-
sium 0.25 g-kg~! DM soil, respectively. The nutrients, together with the mineral-organic
mixture, were properly mixed with the soil before setting up the experiment. During the
growing season, in the presence of nitrogen deficiency symptoms, additional doses of this
nutrient in the form of NH4NOj3 solution were applied (top dressing). The supplemental
nitrogen dose was 0.02 g N-kg~! DM soil for the maize. After applying mineral salts and
mineral-organic mixtures and mixing them with the soil, maize grains of the Kosynier
variety were sown. Soil moisture during plant growth was maintained at 40% to 60% of the
maximum water capacity of soil (depending on the plant development stage). After the
plants were harvested, soil samples were taken from each pot for chemical and biological
analyses. Soil for biological analyses was 1 mm sieved and stored at 4 °C. Soil for physical
and chemical analyses was air-dried, 1 mm sieved, and stored at room temperature.

2.3. Chemical Analyses in Soil Material

The following parameters were determined in the soil: pH KCl and pH H,O potentio-
metrically, electrical conductivity (EC) conductometrically, total nitrogen content by a CNS
analyzer (Vario MAX Cube, Elementar Analysensysteme GmbH, Langenselbold, Germany).
Soil organic carbon content was determined by the Turin’s oxidation and titration method.
The total trace element content of the soil was determined by the ICP-OES method on a
Perkin Elmer Optima 7300DV apparatus [33].

2.4. Microbiological Analyses of Soil

In order to evaluate the effect of mineral-organic mixtures on the number of selected
soil microorganisms, 10 g of each soil sample was analyzed by Koch’s serial dilution method
using a range of microbial media. The following microorganisms were determined: total
bacteria, mold fungi, actinomycetes, ammonifiers. The number of individual groups of
microorganisms was determined using the method described previously [34]. Abundance
analysis and identification of microorganisms were performed with the use of microbiolog-
ical media and macroscopic and microscopic observations. The following microorganisms
were determined: total bacteria (Trypticasein Soy Lab Agar, BTL, Warszawa, Poland, grown
at 37 °C for 24 h), mold fungi (Malt Extract Agar, BTL, Warszawa, Poland, grown at 28 °C
for 5 days), actinomycetes (Actinomycete Isolation Lab Agar, Biocorp, Warszawa, Poland,
grown at 28 °C for 7 days), ammonifiers (medium according to Rougieux, Lanfroicourt,
France, grown at 28 °C for 7 days) [34]. The number of colony-forming units (CFU) of mi-
croorganisms was determined by the dilution culture method, and the result was converted
into 1 g DM of soil.

2.5. Respiration Activity

Soil respiration activity was determined according to the methodology published by
the International Organization for Standardization 16072 [35]. For determination of basal
respiration (BR), field-moist soil subsamples of 25 g, together with beakers with NaOH,
were placed in hermetic jars and incubated at 20 & 2 °C for 24 h. The released CO, was
absorbed in 0.05 M solution of NaOH and precipitated as barium carbonate by adding
0.5 M solution of Bacly. Non-consumed sodium hydroxide was titrated with 0.1 M HCl in
the presence of phenolphthalein as an indicator and then the amount of CO, was calculated
according to ISO 14240-1 [36]. The next step was to add glucose to the soil samples and place
additional NaOH beakers in jars for another 6 h to assess substrate-induced respiration
activity (SIR). Respiratory activation quotient (QR) was calculated by dividing the BR rate
by the SIR rate according to ISO 17155 [37].
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2.6. Statistical Analyses

Differences between each treatment and control as well as between individual treat-
ments were evaluated using one-way analysis of variance (ANOVA, Duncan’s test, p < 0.05).
Variation within treatments was determined by calculating standard deviation values
(£SD). Correlation coefficient values were calculated using Spearman’s non-parametric
test for chemical and biological properties. All statistical analyses were performed using
Statistica PL 13 software (StatSoft Inc., Tulsa, OK, USA).

3. Results
3.1. Changes in Soil Physicochemical Properties

The determined pH H;,O (Table 3) in soil with fertilizer additions after both the first
and the second years of the study was lower than the values determined in the control
treatment, by 10.9% in the first year and 12.6% in the second year on average. A similar
trend was found for pH measured in KCI (Table 3).

Table 3. Value of pH and EC in soil after the 1st year and 2nd year of the experiment.

pH H,O pH KCl1 EC (uS-cm—1)

Treatment 1st year 2nd year 1st year 2nd year 1st year 2nd year
C 591¢+0.10 597 ¢ +0.12 524d +0.05 534d +£0.08 269b £+ 23.3 341¢c£9.18
MF 5.28 ab + 0.06 534b +0.16 481bc£0.09 4.79ab+0.15 351 c£7.59 763 h £ 20.8
NaX-Ver3%L3% 522ab+0.12 5.17ab+£0.13 4.90 bc £ 0.06 4.65a+0.05 400d + 2.05 710 g +£15.1
NaX-Ver6%L6% 530ab +0.07 525ab +£0.18 4.89 ¢ +0.06 474a4+0.16 231a+5.88 641 f +49.1
NaX-Ver3%Leo3%  5.31b+0.16 524 ab £ 0.13 4.84 ¢ +0.07 4.67a=+0.12 434d £4.92 699 g +52.9
NaX-Ver6%Leo6%  5.23 ab & 0.05 5.09a=£0.14 489c+0.12 46la=+0.17 559 e £ 6.94 11121 + 33.0

Means marked with the same letters do not differ significantly according to Duncan’s test at p < 0.05 =+ SD; factors:
treatment, year; n = 4.

The values of soil pH HyO determined after the second year of the study were not
significantly different from those obtained after the first year. On the other hand, values
measured in KCl indicated a reduction in pH (by 5.0% on average) in treatments with the
addition of fertilizer composites. These results agree with the findings of Doni et al. [24]
and contradict the findings of Moeen et al. [38].

The obtained values of electrical conductivity (EC) (Table 3) increased after the second
year of the study in all treatments amended with fertilizers compared to the values obtained
after the first year. After the first year of testing, EC values ranged from 231 to 559 uS cm™1.
On the other hand, the values obtained after the second year of the study were in the
range between 341 and 1112 uS cm 1. The highest increase in EC (increase of 177.5%) was
determined in the soil of the NaX-Ver9%L6% treatment and in the soil with the addition
of NaX-Ver9%Leo6% (increase of 98.9%). However, in our study, the results obtained for
EC showed that the addition of all fertilizer composites increased electrical conductivity,
and the most significant increase was caused by the addition of mixtures containing a 9%
addition of NaX-Ver composite and a 6% addition of lignite or leonardite.

The soil organic carbon (SOC) content after the first year of the study ranged from
5.18 g kg~ ! DM in the soil with NaX-Ver3%L3% to 6.27 g kg~! DM in the soil of the NaX~
Ver9%Leo6% treatment (Figure 1). After the second year of the experiment, an increase in
SOC content was observed in all treatments. The largest increases, i.e., of 24.3% and 19.7%,
were recorded in the NaX-Ver3%Leo3% treatment and in the MF treatment, respectively.
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Figure 1. Organic carbon content and nitrogen content in soil after the 1st and 2nd year of the
experiment; means marked with the same letters do not differ significantly according to Duncan’s
test at p < 0.05; factors: treatment, year; n = 4.

The total nitrogen (N total) content in the soil after the first and the second year
of the study is shown in Figure 1. Comparing the obtained results of total nitrogen
content after the first year and after the second year of the experiment with the addition of
mixtures containing zeolite composites, an increase in N total content was determined in all
treatments; however, the greatest parameter increase was found in NaX-Ver3%L3% (45.5%)
and in NaX-Ver9%Leo6% (51%). Based on the results of total nitrogen content after the
second year of the study, it was concluded that the application of mineral-organic mixtures
containing zeolite composites increased the N total content compared to the reference
treatments (C and MF).

3.2. Abundance of Culturable Microorganisms in Soil

After the second year of the experiment, the number of bacteria in all samples in-
creased relative to the first year. This trend was particularly evident in soils with mixtures
containing lignite (L3%, L6%) and leonardite (Leo3%, Leo6%) combined with a zeolite—
vermiculite composite (NaX—Ver) where the difference in the number of bacteria between
the first and second year was significant. The results of the number of bacteria in the soil
after the first year ranged from 96,500 CFU-g~! DM in the control to 1,213,333 CFU-g~!
DM in the soil with the addition of NaX-Ver3%Leo3%. However, the results obtained
after the second year of research ranged from 328,000 CFU-g~! DM in the control object
to 3,722,167 CFU- g_1 DM in the soil with the addition of NaX-Ver3%Leo3%. Based on
the analysis of the averages from the two years of the experiment, this fertilization variant
with the addition of 3% leonardite combined with 3% zeolite-vermiculite composite was
considered the most effective (Figure 2). The effectiveness of applied fertilizer mixtures on
the number of soil microorganisms may vary depending on the type of soil to which the
mixtures are applied and the plant grown in the given soil.
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Figure 2. Average number (CFU g_1 DM) of bacteria after 1st and 2nd year of the experiment in soil
samples; means marked with the same letters do not differ significantly according to Duncan’s test at
p < 0.05; factors: treatment, year; n = 4.

Similarly, in the case of mold fungi (Figure 3), the NaX-Ver3%Leo3% variant created
the most favorable conditions for the growth of this group of microorganisms. Their
average number from the two years was 852,500 (CFU-g~! DM). In the case of the analysis
of the number of mold fungi in the soil, a decrease was observed in the control object (from
108,000 CFU-g~! DM after the first year to 44,000 CFU-g~! DM after the second year) and
in the MF object (from 117,000 CFU-g~! DM after the first year to 73,000 CFU-g~! DM
after the second year). In soils with an addition of fertilizer mixtures, the number of mold
fungi increased after the second year. The largest increase in the number of mold fungi
after the second year was observed in the soil with the addition of NaX-Ver3%Leo3% and
NaX-Ver9%Leo6%. The increasing number of total bacteria and mold fungi in fertilized
soil indicates favorable soil conditions for these microorganisms, the presence of nutrients,
and an optimal pH for them [39]. Bacteria grow best at a pH between 6.5 and 7.5, and fungi
at a pH between 4.5 and 8.3; therefore, the pH of the studied soils was considered fully
favorable for mold fungi and close to optimal for bacteria [40].
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Figure 3. Average number (CFU g~! DM) of mold fungi after 1st and 2nd year of the experiment in
soil samples; means marked with the same letters do not differ significantly according to Duncan’s
test at p < 0.05; factors: treatment, year; n = 4.

Actinomycetes were the microorganisms whose growth was the most affected by
NPK fertilization (MF) compared to the control (C). The number of actinomycetes in-
creased from 203 CFU-g~! DM after the first year to 1100 CFU-g~! DM after the second
year in soil without fertilization (C). After applying only mineral fertilization (MF), the
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number of actinomycetes in the soil decreased from 4000 CFU-g~! DM after the first
year to 2350 CFU-g~! DM after the second year. The greatest increase in the number of
actinomycetes was observed in the soil with the addition of NaX—Ver3%Leo3% (from
3800 CFU-g~! DM after the first year to 6500 CFU-g~! DM after the second year. Analysis
of the average abundances from the two years showed the greatest increase in actinomycete
counts (5700 CFU-g_1 DM) in soil with a mixture of 6% leonardite addition combined with
a zeolite-vermiculite composite (NaX-Ver9%Leo6%) (Figure 4).

8000

7000 ! h

_I_
6000 g 8
E -+ -
~ 5000
oo
2
s] 4000
3000
2000
1000
0
NaX-Ver3%L3% NaX-Ver9%L6% NaX-Ver3%Leo3% NaX-Ver9%Leo6%
H Actinomycetes 1st year Actinomycetes 2nd year

Figure 4. Average number (CFU g~ ! DM) of actinomycetes after 1st and 2nd year of the experiment
in soil samples; means marked with the same letters do not differ significantly according to Duncan’s
test at p < 0.05; factors: treatment, year; n = 4.

In our research, the smallest number of ammonifying bacteria, after both the first
and the second year of research, was determined in the control soil. After the first year of
research, the greatest number of ammonifiers was determined for soil with the addition
of NaX-Ver9%Leo6%, while, after the second year of research, the highest number of
ammonifiers was found in soil with the addition of NaX-Ver3%Leo3%. Interestingly, a
decrease in the number of ammonifiers was observed in the second year of the experiment
(with addition of NaX-Ver3%L3%); nevertheless, they still remained at several times higher
levels than in soil without fertilization (C). Analysis of the average abundances from the
two years of the pot experiment showed that ammonifiers reached the highest abundance
in the NaX-Ver3%Leo3% soil (Figure 5). There was no proportional increase in the number
of culturable microorganisms with a doubling of the percentage of lignite or leonardite
in the mixture for the analyzed microbial groups. These relationships were much more
complex, as discussed in detail above.

3.3. Changes in Soil Respiration Activity

The results of basal respiration (Figure 6a) obtained after the first year of the study
ranged from 1.58 ug C-CO, g~! DM h~! to 2.99. The highest C-CO, content was deter-
mined in the control treatment, while the lowest respiration activity was found for soil
from the NaX-Ver9%Leo6% treatment. The respiration activity determined after the second
year changed. The lowest respiration activity was determined in MF, 1.32 pug C-CO, g~!
DM h—1 while the highest was determined in NaX-Ver3%Leo3% and NaX-Ver9%Leo6%:
2.12 ug C-CO, g~ ! DM h~—! and 2.14 ug C-CO, g~ ! DM h™!, respectively. An increase in
BR values after the second year was observed in the treatments amended with mineral—-
organic mixtures containing the NaX—Ver composite in combination with leonardite, which
may indicate the positive effect of these materials on microbial growth and activity.
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not differ significantly according to Duncan’s test at p < 0.05; factors: treatment, year; n = 4.
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The highest substrate-induced respiration activity, SIR (Figure 6b), in the analyzed
samples after the first year of the study was determined in the control treatment, while
the values obtained in the treatments amended with mineral-organic mixtures were sig-
nificantly lower. In contrast, respiration activity determined after the second year of the
experiment showed a different trend, as the highest SIR activity was found in the treat-
ment with NaX-Ver9%Leo6%. The respiratory activation quotient (QR) values obtained
after the first year ranged from 0.207 in the control treatment to 0.310 in the treatment
with NaX-Ver3%Leo3%. On the other hand, QR values obtained after the second year
ranged from 0.192 to 0.445, with the highest value determined in the treatment with the
NaX-Ver3%Leo3% addition (Figure 6c).

Statistical analysis using Spearman’s non-parametric test to evaluate the relationship
between the number of microorganisms and basic parameters such as pH, EC, SOC content,
and total nitrogen content in the soil showed varying correlations between the analyzed
data (Figure 7).

Bacteria

Soil Organic
Carbon

0.249
X

A

Mould Fungi

~/

\/251
\ /

Actinomycetes

|

0.308 Ammonifiers _0.152

Figure 7. Spearman’s correlation coefficients between the selected soil chemical and abundances of
culturable microbes (1 = 4); p < 0.05; significant values are marked in red.

The study revealed that the total number of bacteria in the soil was significantly
positively correlated with the content of SOC, N total, and EC, but negatively correlated
with the obtained pH values. The same correlation was observed between the analyzed
parameters and the number of actinomycetes. In the case of the number of fungi, a similar
trend was observed with respect to pH, EC, and N total, while no significant relationship
was found between the number of fungi and SOC. The number of ammonifiers was
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significantly positively correlated with the obtained EC values and significantly negatively
correlated with pH values, while the relationship between the contents of SOC and N total
and the number of ammonifiers was not statistically significant.

4. Discussion
4.1. Mineral-Organic Mixture Application Affects Soil Physicochemical Properties

Soil pH is a very important parameter that determines the number of different groups
of microorganisms in the soil. Results obtained by Zheng et al. [41] indicated that the
application of zeolites increased soil pH by 0.59 compared to control soil. Our own results
revealed that the combination of mineral fertilization with a synthetic zeolite-vermiculite
composite and organic materials in the form of lignite or leonardite reduced soil pH
compared to the treatment without fertilization. Moeen et al. [38] showed an increase in
soil pH from 3% to 5% depending on the incubation time and zeolite dose. In contrast,
Doni et al. [24] demonstrated that the soil application of zeolite in grapevine cultivation
did not significantly change soil pH values. In a study by Badora [42], zeolites applied in a
higher dose (600 mg kg ~! soil) increased the pH of soil contaminated with lead compounds
the most. A study presented by Ravali et al. [43] showed a substantial increase in soil
electrical conductivity after zeolite application. Significantly higher pH and EC values were
recorded when zeolite was applied in doses of 7.5 tha~! and 5 t ha~!. The high exchange
capacity of zeolites affects electrical conductivity because zeolites can introduce cations to
the water being used to measure EC. Similar results were obtained by Ramesh et al. [44]
and Li et al. [45], who observed an increase in EC with the application of zeolite.

Ravali et al. [43] showed no significant effect on the organic carbon content in red soil
after the application of a mixture of zeolite and nitrogen fertilizer. On the other hand, a
study by Zaidun et al. [46] investigated the effect of soil application of zeolite (clinoptilolite)
and a combination of zeolite and biochar on soil organic carbon (SOC) content. The cited
authors showed that the addition of 2.5 t ha=! of zeolite increased the SOC content by
2.28%, while the combination of zeolite and biochar (2.5 tha~! + 20 t ha—!) increased the
SOC content by 3.98%. The study of Yousefian et al. [47] showed different results, as the
authors found no significant effect of zeolite application in different doses on total nitrogen
content in semiarid soils. In a study by Doni et al. [24], there was no clear effect on the
contents of total organic carbon and total nitrogen in the soil six months after applying
zeolite. Santoso et al. [48] studied the effect of zeolite and manure application on pH values
and total nitrogen and organic carbon contents in sandy soil. The values of pH, N total,
and SOC increased with increasing doses of manure and zeolite. The soil analysis results
showed that the addition of zeolite in a dose of 4 t ha! increased soil pH by 0.66 84 days
after its application. The study conducted by the cited authors also showed a 0.15% and
1.13% increase in N total and SOC contents, respectively.

4.2. Mineral-Organic Mixture Application Impact on Microorganism Abundance

Soil fertilization is an important factor that influences the culturable microorganisms
in soil [49]. Analyzing changes in soil microorganisms after the application of different
fertilizers is one of the necessary measures that can help the assessment of the direct impact
of fertilizers on the soil environment [50]. A study by Qin et al. [51] showed that the
addition of nitrogen changed the organic carbon content in the soil, which proves that the
nitrogen content indirectly affects soil physicochemical properties and bacterial community
structure. According to Tian et al. [52], the addition of external organic matter to the soil
changes the abundance, species composition, and activity of soil microorganisms. Soil
microorganisms, such as bacteria, mold fungi, actinomycetes, and ammonifiers, have a
significant impact on soil fertility, because they are able to convert elements into plant-
accessible forms and can also take part in the decomposition of toxic substances [49].
Based on many years of research, it has been shown that low doses of mineral fertilizers
have a positive effect on the productivity of plants as well as on the agrochemical and
microbiological properties of the soil. Importantly, mineral fertilizers intensively affect
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the development of microorganisms involved in the transformation of nitrogen in the soil;
they promote the multiplication of bacteria and fungi carrying out numerous biochemical
processes in the soil [53]. Due to the above, they indirectly influence the mineralization of
crop residues. However, the excessive use of mineral fertilizers to increase fertility leads
to complete soil degradation and disturbance of biological connections, leading to loss of
homeostasis. The presence of mineral-organic additives in the soil is a factor influencing the
population of microorganisms. Properly balanced fertilization not only contributes to the
increase in plant yield, but also affects soil microorganisms, which additionally stimulate
plant growth [54]. Unfortunately, there is a risk associated with too much fertilizer addition
to the soil. Incorrectly selected and excessive addition of mineral-organic materials to the
soil has a negative effect on microorganisms, as the species diversity of microorganisms
decreases. Such a phenomenon leads to the multiplication of pathogenic and crop-infecting
microorganisms. That is why it is so important to conduct research aimed at determining the
effect of fertilization on soil microorganisms because the greater diversity of microorganism
communities has a decisive impact on the quality of the soil [55].

4.3. Changes in Respiration Activity in Soil

The respiration activity in soil is determined by the overall diversity of microorganisms,
including unculturable microbes. Hence, despite the fact that the abundance of culturable
microorganisms was estimated here, the respiration activity in soil is an indirect function
of complete microbial diversity present in the soil, and its changes may be attributed to
variation in microbial populations. As stated by Ramsey et al. [56], soil contamination
with trace elements has a negative effect on the respiration activity of soil microorganisms.
Adding substrate in the form of glucose to soil samples generally significantly increases
respiration rates, and this is associated with access to readily biodegradable carbon for
microorganisms [29,57]. In a study by Bikkinia et al. [58], the application of mechanically
activated zeolite and nanostructured zeolite increased the respiration activity of the soil, and
the obtained results ranged from 27.3 to 57.9 mg CO, 100 g~ ! 24 h~! of soil depending on
the mixture used. Increasing the QR value may indicate an available source of carbon in the
soil for microorganisms; on the other hand, QR may be an indicator of non-biodegradable
pollutants, e.g., heavy metals [57]. If the basal respiration is high in contaminated soil, this
may indicate that the contaminants may provide a suitable substrate for the growth of
certain groups of microorganisms in soil. However, more detailed studies are needed to
verify the exact effect of soil contaminants on respiration activity [31].

4.4. Correlation between Physicochemical Properties and Culturable Microorganisms’ Population

The literature data show that the soil organic carbon content is related to the soil
physicochemical properties, as well as to the abundance and diversity of microorgan-
isms [51]. As demonstrated by Xiao et al. [59], the addition of exogenous matter affects
the abundance and diversity of bacteria and fungi. Moreover, the soil pH determines the
variety of fungi; the authors showed that an increase in pH leads to a decrease in the variety
of fungi. This correlation is consistent with the results obtained in this study. An interesting
approach to the presence of soil microorganisms in polluted/post-industrial areas was
presented in the study of Feketeova et al. [60]. The quoted authors concluded that, in
soils contaminated with heavy metals, microorganisms can utilize available nutrients very
efficiently without unnecessary energy losses and without difficulties related to survival.
Undoubtedly, contaminated ecosystems are capable of self-settlement over time, even in
polluted areas.

5. Conclusions

In this work, very low abundance of culturable ammonifying bacteria, after both the
first and the second year of research, was observed in the control soil. This indicates the
stimulating effect of the applied mixtures on selected groups of soil microorganisms. At
the same time, it is clear that fertilization based on mineral and organic additions in the
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form of lignite and leonardite combined with zeolite—vermiculite composite is much more
effective in increasing the number of microorganisms than NPK supplementation alone.
The stimulation of soil microbes to grow and develop was similar for both organic additives
to the mixtures, i.e., lignite and leonardite stimulated soil microbes to grow and develop at
similarly high levels, while leonardite was marginally better in this respect. A double dose
of organic materials (6% instead of 3%) did not increase the number of microorganisms in
the soil; therefore, the lower addition (3%) was considered fully sufficient from a microbio-
logical point of view. The applied fertilizer mixtures had a positive effect on increasing the
organic carbon and total nitrogen contents in the analyzed soils. The correlation analysis
confirmed that the number of soil culturable microorganisms significantly depends on basic
soil properties, such as pH, EC, and SOC and N total contents, as confirmed by correlation
analysis. The obtained QR results allowed us to conclude that remediation of contaminated
soil was most effective in soil with NaX-Ver3%Leo3%. The demonstrated cumulative effect
of mineral-organic mixtures on the development and abundance of soil microorganisms is
desirable from an agricultural point of view. In general, respiration activity results obtained
after the second year differed from those obtained after the first year, indicating the need to
monitor and analyze the long-term effects of the applied fertilizer mixtures on respiration
activity in fertilized soils.
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