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Abstract. Soil is the largest reservoir of biodiversity, with distinct physical, chemical, and biological properties.
Microorganisms play essential roles in soil formation and fertility. This study aimed to analyse the microbiomes
of three selected soil groups (Chernozem, Solonchak, and Vertisol) in an important agricultural region of Vo-
jvodina (Serbia) by 16S rRNA gene metabarcoding and explore their association with soil properties, including
soil pH, texture, organic matter, nutrient status, cation exchange capacity, and selected macro- and micronutri-
ents. Soil samples from a total of 26 field plots (in 5 replicates) were analysed using Illumina MiSeq paired-end
sequencing and processed through the QIIME2 pipeline. The obtained results indicate that the analysed soils gen-
erally exhibit physicochemical properties typical for the respective soil groups. Alpha diversity indices revealed
the highest microbiome diversity in Chernozem, consistent with its favourable physicochemical characteristics.
Based on beta diversity, clear separation of soil groups according to their properties was determined. Proteobac-
teria, Acidobacteriota, and Actinobacteriota dominate the microbial community composition at the phylum level.
Redundancy analysis revealed that soil properties account for 53.8 % of the variation in community composition,
with pH value, iron availability, and CaCO3 content having the strongest influence, pH being particularly signif-
icant. The functional potential of microbial communities showed dominance of functions related to metabolism,
with significant representation of functions belonging to the following groups: genetic information processing,
environmental information processing, and cellular processes. The analysis of genes involved in nitrogen cycling
using Kruskal–Wallis test showed no statistically significant differences in their abundances across different soil
groups (p value> 0.05). This study provides the first detailed analysis of soil microbial communities across
Serbia and highlights factors shaping them. These findings underscore the importance of microbial diversity for
ecosystem functioning and offer a framework for soil health monitoring, while providing insights relevant for
sustainable agriculture.

1 Introduction

In the light of growing human population and declining re-
sources, soil has increasingly been amended with various
chemicals and fertilizers to increase food production. While
these practices initially lead to higher yields, they result in
soil fertility decline on a long-term basis. To combat the
loss of fertile soil, it is crucial to reduce the application

of chemical substances, opt for organic rather than mineral
fertilizers, and practice frequent cover crop rotations (Kl-
jajić et al., 2012). As a non-renewable resource, soil faces
threats from contamination, erosion, floods, landslides, salin-
ization, soil sealing, compaction, and biodiversity loss (Com-
mission of the European communities, 2006).

Investigating soil health enables the monitoring of degra-
dation processes including erosion, contamination, and the
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loss of organic matter, supporting the achievement of the
Sustainable Development Goals (SDGs), particularly food
security (SDG 2), climate action (SDG 13), and biodiver-
sity conservation (SDG 15) (UN DESA, 2024). Initiatives
like the European Soil Deal and the EU’s LUCAS frame-
work highlight the importance of understanding soil health
and implementing effective conservation strategies (Orgiazzi
et al., 2018; European Commission, 2022). However, Serbian
soils remain outside the routine scope of the LUCAS frame-
work despite their diverse agricultural landscapes, including
fertile Chernozems, saline soils, and Vertisols, which provide
an excellent opportunity to investigate soil responses to envi-
ronmental conditions.

In Serbia, soil degradation is further aggravated by soil
acidification, drought (Vidojević et al., 2022) and the loss of
organic matter (Vasin et al., 2021). Additional pressures, in-
cluding steep relief, fragile geology, variable climate, and hu-
man activities such as vegetation removal and unsustainable
land use, further increase the risk of erosion (Malušević et al.,
2025). Autonomous Province of Vojvodina, located in north-
ern Serbia, is critical region for agricultural production, with
91 % of its land being suitable for agriculture (Statistical Of-
fice of the Republic of Serbia, 2023), and soil groups that are
classified among the most fertile in the world (Montanarella
et al., 2021). By applying a methodology compatible with
the LUCAS framework (Orgiazzi et al., 2018), the present
study provides baseline information on Serbian soil micro-
biomes that supports future soil monitoring, sustainable land
management and soil preservation actions.

Soil physicochemical properties provide valuable informa-
tion on soil fertility (Milić et al., 2011), however, they of-
ten respond only after substantial environmental disturbances
and are therefore less sensitive indicators of early soil degra-
dation (Filip, 2002). Biological indicators, including micro-
bial biomass, extracellular enzyme activities, and environ-
mental DNA (eDNA), respond more rapidly to environmen-
tal changes and provide a dynamic assessment of soil bio-
diversity and ecosystem functioning (Holden and Treseder,
2013; Pertile et al., 2020; Fanin et al., 2022). Consequently,
these indicators are increasingly used to detect changes in
soil quality and to evaluate soil health in support of sustain-
able agriculture and environmental health (Stone et al., 2015;
Bhaduri et al., 2022; Bonilla-Bedoya et al., 2023).

The soil microbiome, a dynamic and complex microbial
community, interacts with its environment in ways that are
essential for soil health, including nutrient cycling, microbi-
ological degradation, symbiotic relationships, and responses
to habitat changes (Fierer, 2017; Sergaki et al., 2018; Baner-
jee and van der Heijden, 2023). Understanding the struc-
ture and function of the soil microbiome is crucial to un-
ravel ecosystem processes and functions, which leads to the
promotion of more sustainable soil management practices.
Soil health is believed to be closely linked to the health of
animals, plants, and ecosystems; a concept known as “One
Health” (Banerjee and van der Heijden, 2023). Linking soil

health to the health of plants, animals, and ecosystems high-
lights the central role of microbial communities, which con-
nect these components and drive the fitness, productivity,
and resilience of ecosystems - emphasizing the importance
of maintaining diverse and functional soil microbiomes for
sustainable land management. Within this concept, soil is
considered as a reservoir of pathogens, beneficial microor-
ganisms, and microbial diversity, influencing the health of
all interconnected components. There is no single typical
soil microbiome, as the relative abundance of bacterial and
archaeal taxa depends on various anthropogenic and envi-
ronmental factors. Land-use perturbation has been identi-
fied as one of the main anthropogenic factors affecting mi-
crobial community composition (Tsiafouli et al., 2015). Ad-
ditionally, shifts in climate and soil properties, such as‘pH
(Fierer and Jackson, 2006), nitrogen availability (Frey et al.,
2004), and texture (Girvan et al., 2003) have been iden-
tified as key factors leading to changes in bacterial com-
munities. Plant community characteristics are also believed
to explain a portion of the variation in soil microbial di-
versity (Delgado-Baquerizo et al., 2018). Importantly, the
soil microbiome also shows marked variability across soil
groups: Chernozem is dominated by Actinobacteriota, Verru-
comicrobiota, and Proteobacteria (Semenov et al., 2018; Bo-
yarshin et al., 2023), Solonchak soils harbour distinct halo-
tolerant communities dominated by Actinobacteriota, with
elevated Firmicutes (Pershina et al., 2018; Xu et al., 2021),
while Vertisol is enriched in Proteobacteria, Acidobacteriota,
and Bacteroidota (Knelman et al., 2015; Song et al., 2018).
Such contrasts in microbial composition across soil groups
highlight the importance of considering both edaphic con-
text and land-use management when assessing soil microbial
communities.

Despite the critical role of soil microbial communities in
soil fertility and ecosystem functioning, comprehensive stud-
ies on soil microbiomes in Serbia are lacking. Prior work has
mostly focused on soil physicochemical properties or micro-
bial activity, without linking microbial community compo-
sition to functional potential (Marinković et al., 2012, 2016;
Milić et al., 2019; Zeremski et al., 2021). Our study addresses
this gap by providing the first detailed survey of soil micro-
bial communities across key soil groups in Vojvodina, using
16S rRNA gene metabarcoding to assess microbial diversity
and its relationship with soil properties.

The objective of this study was to analyse the composition
and diversity of soil microbial communities in a predomi-
nantly agricultural region of Vojvodina, focusing on three
soil groups: Chernozem, Solonchak, and Vertisol. These soil
groups differ in their physicochemical properties, fertility,
and land-use suitability, making them ideal for examining
how microbial communities respond to contrasting soil en-
vironments. Studying their microbiomes provides insights
into how microbial diversity and function are linked to key
soil properties. This study aimed to investigate the relation-
ships between soil properties and the abundance of domi-
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nant bacterial taxa, as well as to assess the functional po-
tential of soil microbial communities, particularly genes in-
volved in the nitrogen cycle. We hypothesized that contrast-
ing soil properties among Chernozem, Solonchak, and Verti-
sol would drive distinct microbial community structures and
nitrogen-cycling gene abundances, reflecting the ecological
adaptations of microbial taxa to specific soil environments.
By conducting the first comprehensive soil microbiome sur-
vey in the Republic of Serbia based on 16S rRNA sequenc-
ing, this research seeks to align Serbia with global trends in
soil microbiome analysis, contributing to European soil di-
versity monitoring programs and enhancing the understand-
ing of microbial diversity and functions in key soil groups.
This survey also provides baseline insights into microbial in-
dicators of soil health, which could support sustainable land
management, early detection of soil degradation, and data-
driven agricultural and environmental policy development in
Serbia.

2 Materials and methods

2.1 Study area and soil sampling

The study was conducted in northern Serbia, on the territory
of the Autonomous Province of Vojvodina. The largest part
of Vojvodina is a plain at an altitude of 70–130 m. Its re-
lief features alluvial plains, loess terraces, loess plains, sand-
stones and low mountains – Fruška gora and Vršačke planine
(Marković et al., 2012).

Northern Serbia is characterized by a continental climate.
Summers are generally hot and often dry, while winters are
relatively short (2–3 months) and moderately cold, with av-
erage January temperatures around −1 °C. The average an-
nual temperature is about 11 °C. The prevailing wind is the
Košava, a southeasterly wind that can occasionally be strong
and gusty. Annual precipitation ranges between 540 and
720 mm, often insufficient for cultivated crops, with the high-
est amounts typically occurring in late spring and early sum-
mer, when water demand is greatest (Malinović-Milićević et
al., 2018).

The most represented soil groups according to the interna-
tional soil classification (IUSS Working Group WRB, 2022)
are Chernozem, Vertisol, Gleysol, Phaeozem, Fluvisol, and
saline soils (Solonetz and Solonchaks).

2.1.1 Site selection

The investigation focused on Chernozem and Vertisol soil
groups due to their widespread presence in the region, and
additionally on Solonchak soils due to their specific char-
acteristics as a result of higher salt concentration. Soil type
identification was conducted in two steps. Initially, Vojvod-
ina’s pedological map at the scale of 1 : 50000 was consulted
(Neugebauer et al., 1971). The second step involved field and
laboratory observations for each location, followed by the de-

termination of the soil group according to the WRB classifi-
cation (IUSS Working Group WRB, 2022). Three locations
were selected for sampling for each soil type. Control plots
were selected for their similar characteristics and proximity
to agricultural plots of the same soil group. These control
plots, minimally affected by human activities over longer pe-
riods, included forests, meadows, and pastures.

2.1.2 Sampling design

At each of the three locations within each soil group, three
field plots were selected, comprising of two agricultural plots
differing in crop type and one uncultivated control plot. Con-
sequently, a total of 27 field plots (9 per soil group) were
initially included in the study. Following sequence quality
control, one Chernozem field plot was excluded because of
an insufficient number of sequencing reads, resulting in a fi-
nal dataset of 26 field plots (8 Chernozem, 9 Solonchak, and
9 Vertisol). Five composite soil samples were collected from
each field plot as biological replicates. Detailed information
on the sampling plots, including coordinates, land use, and
crop type, is provided in Table S1 in the Supplement (adapted
from Kuzmanović et al., 2024). The sampling design was in-
tended to capture the natural variability within the investi-
gated soil groups rather than to compare agricultural manage-
ment systems. Due to the contrasting agricultural suitability
of the investigated soil groups, particularly Solonchak, it was
not possible to identify plots with comparable management
practices across all soil groups. Therefore, agricultural man-
agement was not evaluated as an independent factor in the
statistical analyses.

2.1.3 Soil sampling and handling

Soil sampling following the circular reference sample
method (Bogdanović et al., 2014) is explained in detail in
Kuzmanović et al. (2024) including a specific protocol for
sampling of the environmental DNA (eDNA). Briefly, at each
sampling location, five composite samples were collected as
replicates. Each composite was formed by pooling 20–25 in-
dividual soil samples taken from a depth of 30 cm using
a sterilized agrochemical probe. Sampling equipment was
thoroughly cleaned and sterilized to minimize contamina-
tion, samples were transported at 4 °C, and processed within
24 h. For subsequent microbial analyses, separate subsam-
ples of fresh soil were retained at −80 °C for DNA extrac-
tion, whereas the subsamples for physical and chemical prop-
erties analyses were kept at 4 °C until further processing.

2.2 Soil physical and chemical properties analyses

Soil samples were air-dried at room temperature (∼ 20–
25 °C) to an air-dry state (moisture content of approx-
imately 3 %–5 %) and subsequently sieved to < 2 mm
(ISO 11464:2006, 2006). The moisture correction fac-
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tor (MCF) was determined by oven-drying 5 g of soil at
105 °C to constant weight (van Reeuwijk, 2002), and was
subsequently used to express results on an absolutely dry
soil mass. Particle size distribution was determined in the
< 2 mm fraction by the pipette method (van Reeuwijk,
2002). The size fractions were defined as clay (< 2 µm), silt
(2–20 µm), fine sand (20–200 µm) and coarse sand (200–
2000 µm). Soil samples were then classified into textural
classes based on their mechanical composition (IUSS Work-
ing Group WRB, 2022). The pH value in 1 : 5 (vol-
ume fraction) soil suspension with water (active acidity)
and 1 mol L−1 KCl (exchangeable acidity) was determined
by potentiometric method (ISO 10390:2021, 2001). Total
CaCO3 content was determined by the volumetric method
(ISO 10693:1995, 1995). Organic matter content was mea-
sured using the Tyurin method (Shamrikova et al., 2022).
Total carbon (TC), total organic carbon (TOC) and to-
tal nitrogen (N) were determined by elementary analy-
sis (CHNSO VarioEL III) after dry combustion in accor-
dance with the ISO 10694:1995 (1995) and AOAC Offi-
cial Method 972.43:2006 (2006), respectively. Readily avail-
able phosphorus (AL-P) was determined by extraction with
ammonium lactate (Egner et al., 1960) and detected spec-
trophotometrically at a wavelength of 830 nm (UV/VIS spec-
trophotometer) using the phospho-molybdate-blue-method
(Murphy and Riley, 1962). Readily available potassium AL-
K) in the soil was determined by extraction of ammo-
nium lactate (Egner et al., 1960) using a flame photometer.
The content of plant-available micronutrients (Fe, Mn, Zn,
and Cu) was determined after soil extraction with a buffered
diethylenetriaminepentaacetic acid (DTPA) solution, follow-
ing ISO 14870:2001 (1995). Plant-available boron (B) was
extracted using the hot water extraction procedure described
by Ubavić and Bogdanović (2008). Briefly, 20 g of air-dried
soil (< 2 mm) was extracted with 40 mL of deionized wa-
ter (soil : water ratio 1 : 2). The suspension was heated un-
der reflux to gentle boiling (approximately 100 °C) for 5 min,
cooled, and filtered. The concentration of B in the extract
was determined by ICP-OES (Vista Pro – Axial, Varian) ac-
cording to US EPA Method 200.7:2001 (2001). The con-
centration of micronutrients (Fe, Mn, Zn, Cu, and B) was
determined by Inductively Coupled Plasma-Optical Emis-
sion Spectroscopy (ICP-OES) (Vista Pro – Axial, Varian) in
accordance with US EPA method 200.7:2001 (2001). ICP-
OES operation conditions were: RF power 1.10 kW; plasma
and auxiliary gas flow rate 15.0 and 1.50 L min−1, respec-
tively; nebulizer flow 1.20 L min−1; number of replicates 3.
The determination of cation exchange capacity (CEC) was
carried out by soil extraction in an ammonium acetate so-
lution (van Reeuwijk, 2002). All soil physical and chemi-
cal analyses were conducted at the Laboratory for Soil and
Agroecology, Institute of Field and Vegetable Crops, accred-
ited under ISO/IEC 17025:2017 (2017). Quality assurance
and quality control (QA/QC) were ensured using Laboratory
Control Samples (LCS) for all analyses. The LCS were ver-

ified with certified reference materials and through partici-
pation in inter-laboratory proficiency testing using standard-
ized methods. For subsequent microbial analyses, separate
subsamples of fresh soil were retained at −80 °C for DNA
extraction.

2.3 DNA extraction and sequencing

A single extraction of environmental DNA was performed
per soil sample from 250 mg of material using a DNeasy
PowerSoil Pro kit (Qiagen, Germany) following the manu-
facturer’s instructions with several modifications. After the
addition of the C1 solution, a 10 min incubation step at
70 °C (Dry Block Heater 2, IKA, Germany) was included
to improve cell disruption and DNA recovery from recal-
citrant soil matrices characteristic of Chernozem, Solon-
chak, and Vertisol soils. For sample homogenization in so-
lution C1 after incubation, BeadBug Microtube Homoge-
nizer (Benchmark Scientific, USA) was used. Homogeniza-
tion involved three steps: mixing at 3200 rpm for 20 s, paus-
ing for 20 s, and mixing again at 3200 rpm for 20 s. The
quality and yield of the extracted DNA were assessed us-
ing a NanoDrop 1000 spectrophotometer (NanoDrop Tech-
nologies, USA) and a QFX fluorometer (DeNovix, USA).
DNA samples were stored at −80 °C. DNA sequencing
was performed on the Illumina MiSeq platform (Illumina,
USA) using paired-end 2×300 bp sequencing. Primers used
for the hypervariable V4 region of the 16S rRNA gene
were 515-F (Parada) (5′-TGYCAGCMGCCGCGGTAA-3′)
and 806-R (Apprill) (5′-GGACTACNVGGGTWTCTAAT-
3′) (Thompson et al., 2017). Sequences were deposited in the
NCBI database under the accession number PRJNA1116093
(http://www.ncbi.nlm.nih.gov/bioproject/1116093, last ac-
cess: 12 March 2026).

2.4 Quantitative real-time PCR

The abundances of nitrogen cycling genes, including nifH
(nitrogen fixation), nrfA (dissimilatory nitrate reduction to
ammonium), archaeal and bacterial amoA (nitrification), and
nirK/nirS (denitrification), were determined using quanti-
tative real-time PCR (qPCR) on a Mastercycler ep Gradi-
ent S (Eppendorf, Germany). Each 10 µL reaction consisted
of 5 µL Luna Universal qPCR Master Mix (New England Bi-
olabs, USA), 0.5 µL forward and reverse primer mix (10 µM),
1 µL of DNA template diluted 1 : 1000, and 3.5 µL DNase-,
RNase-, Protease-Free H2O. qPCR reactions were performed
in duplicate for each sample, and a no-template control con-
taining all reaction components except DNA was included
in each run to monitor potential contamination. Primers for
this study were designed in PCR Primer-BLAST Tool (Ye
et al., 2012), and their sequences, along with the annealing
temperatures, are detailed in Table 1. Standard curves for
each target gene were generated using ten-fold serial dilu-
tions of synthetic ultramers (4 nmol) as qPCR standards. The
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A. Kuzmanović et al.: Microbiome structure, function, and drivers across different soil groups 1141

Table 1. Quantitative real-time PCR primer sequences (Tm – melting temperature).

Gene Forward and reverse primers (5′→ 3′) Product length Tm GC %

nirK
f: ACGGACTCAAGGACCACAAG

129 nucleotides
59.61 55.00

r: AGGCTTCACCAGCACTTTCG 60.89 55.00

nirS
f: ACCGATGTCACCAAGATTCCG

64 nucleotides
60.41 52.38

r: AGCGTACGCACTACCTTCCA 61.25 55.00

nrfA
f: TGCCATACCCAGGACAAAGC

109 nucleotides
60.32 55.00

r: CGAAGTGAGCGTGAACCAG 58.85 57.89

nifH
f: GTCCACCACTTCGCAGAACA

78 nucleotides
60.53 55.00

r: TTCGGATCGCACCCTACAATC 60.20 52.38

bacterial amoA
f: TGCTGGATTTCACCCTGTACC

120 nucleotides
60.00 52.38

r: GCAGATGAGTCGGACCAAAGA 60.07 52.38

archaeal amoA
f: TGCTCACTGTAGGTGCGTG

167 nucleotides
60.01 57.89

r: TGCTGATGGTAGCCAAACTGG 60.61 52.38

calculated PCR efficiencies ranged from 95 % to 110 %. The
qPCR amplification protocol involved an initial denaturation
step at 95 °C for 10 min, followed by 45 cycles of amplifi-
cation with the following parameters: denaturation at 95 °C
for 10 s, annealing at the gene-specific temperature for 30 s,
and elongation at 72 °C for 30 s. A final extension step at
72 °C for 10 min was included to ensure complete amplifica-
tion. Melting curve analysis was performed to verify ampli-
con specificity and to exclude the presence of primer-dimers.

2.5 Bioinformatic and statistical data analysis

Sequence reads of 16S rRNA gene were analysed using the
Quantitative Insights Into Microbial Ecology 2 pipeline (QI-
IME2 version 2022.2) (Bolyen et al., 2019; Estaki et al.,
2020). Prior to downstream analyses, sequence data were
quality filtered to remove low-quality reads. Chloroplast and
mitochondrial sequences were removed, and the remaining
sequences were rarefied to 15,000 reads per sample to stan-
dardize sequencing depth across samples. Primers were re-
moved from the sequences using the cutadapt algorithm
(Martin, 2011). The DADA2 algorithm was employed for de-
noising (Callahan et al., 2016). Only forward reads were used
for sequence analysis, with the DADA2 trunc-len parame-
ter set at 220, due to the lower quality of the reverse reads
which began to decline after approximately 180 bp and dete-
riorated markedly beyond 200 bp, with substantially greater
variability than observed for the forward reads. This qual-
ity profile was considered insufficient for reliable DADA2
denoising and paired-end merging. Taxonomic classification
of 16S rRNA reads was performed using a classifier specific
for the primer pair 515-F (Parada)/806-R (Apprill), trained
on SILVA 138 database (Quast et al., 2013; Bokulich et al.,
2018). The classifier uses a probabilistic naive Bayes algo-
rithm to assign taxonomy to each sequence based on k-mer
composition. Visualization of bacterial community structure

and diversity analyses were conducted in R version 4.2.2
(R Core Team, 2022). Data from the QIIME2 analysis were
imported in R using the phyloseq package version 1.34.0
(McMurdie and Holmes, 2013). Taxa abundances at dif-
ferent taxonomic levels were visualized using the ggplot2
version 3.4.0 (Wickham, 2016) and ampvis2 version 2.5.7
(Andersen et al., 2018) packages. Alpha diversity was visu-
alized with the phyloseq package’s plot_richness function,
and statistically significant differences in diversity indices
were calculated using the Pairwise Wilcox test. Beta di-
versity was assessed through Principal Coordinates Analy-
sis (PCoA) based on Bray-Curtis and Jaccard indices. The
proportion of variance explained by PCoA axes was calcu-
lated to assess the adequacy of the representation. Group
differences were evaluated statistically using PERMANOVA
(Adonis function, permutation number 999). To include the
taxonomy information, Weighted UniFrac analysis was also
conducted, followed by PERMANOVA. The microeco pack-
age version 0.6.5 in R (Liu et al., 2021) was used to visualize
statistically significant differences in the abundances of the
dominant taxa across different soil groups and to determine
correlations between taxa and soil properties. This package
was also used for Redundancy Analysis (RDA) to identify
the factors with the highest influence on microbial commu-
nity composition. Constrained analysis of principal coordi-
nates (CAP) was performed using the capscale function in
vegan version 2.6.4 (Oksanen et al., 2022) to assess the in-
fluence of individual soil properties and all measured soil
factors on bacterial community composition, with statistical
significance tested using PERMANOVA (999 permutations).
Functional prediction was conducted using the FAPROTAX
database (Louca et al., 2016) and the Tax4Fun package ver-
sion 0.3.1 (Aßhauer et al., 2015). Linear Discriminant Anal-
ysis (LDA) with the LEfSe method (LDA Effective Size)
was performed to identify the most significant functions dif-
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ferentially abundant in the analysed soil types. Gene copy
numbers obtained from qPCR analysis were visualized us-
ing ggplot2. To test for statistically significant differences in
soil properties and gene copy numbers between different soil
groups, the Kruskal-Wallis test with post-hoc Dunn test was
conducted in R. For statistical analyses involving multiple
comparisons, appropriate corrections were applied to control
for false positives. Specifically, pairwise comparisons using
Dunn’s test were adjusted with the Bonferroni method. These
steps ensure that reported differences are robust and reduce
the likelihood of type I errors.

3 Results

3.1 Soil physicochemical properties

The analysis of soil properties highlighted the differences
between Chernozem, Solonchak, and Vertisol (Table 2). A
part of the results (pH in KCl and H2O, CaCO3, organic
matter, total N, organic C, P2O5, and K2O) was previously
published in Kuzmanović et al. (2024). Obtained results are
in agreement with the expected values for each soil group.
Chernozem showed intermediate pH values (6.78 in KCl and
7.64 in H2O), Solonchak the highest (7.95 and 8.98), and
Vertisol the lowest (5.30 and 6.39). CaCO3 content was sig-
nificantly higher in Solonchak (20.16 %) than in Chernozem
(3.49 %) and Vertisol (0.32 %). Organic C, total N, and P2O5
did not differ significantly among the soils. K2O differed sig-
nificantly between Solonchak (17.44 mg per 100 g) and Ver-
tisol (35.06 mg per 100 g), with Chernozem (20.72 mg per
100 g) not significantly different from either.

Statistically significant differences were found between
Chernozem and Solonchak in the content of Ca (3774.97 and
6561.64 ppm), Mg (349.11 and 742.72 ppm), Na (25.73 and
1285.34 ppm), Zn (2.19 and 0.69 mg kg−1), and B (0.68 and
1.61 mg kg−1). Chernozem and Vertisol differed significantly
in cation exchange capacity (19.28 and 33.57 cmolc kg−1)
and in Mg (349.11 and 900.73 ppm), Cu (2.78 and
21.53 mg kg−1), and Fe content (20.84 and 157.83 mg kg−1).
Statistically significant differences between Solonchak
and Vertisol were observed in several properties, in-
cluding K (145.77 and 312.09 ppm), Cu (1.56 and
21.53 mg kg−1), Fe (18.76 and 157.83 mg kg−1),
Mn (9.49 and 18.48 mg kg−1), Zn (0.69 and 3.42 mg kg−1),
and B content (1.61 and 0.71 mg kg−1). Additionally, the
analysis of soil physical properties revealed statistically
significant differences in fine sand (24.42 % in Vertisol
vs. 51.32 % in Chernozem and 47.17 % in Solonchak) and
clay content (44.12 % in Vertisol vs. 21.15 % in Chernozem
and 26.92 % in Solonchak).

The observed differences in soil pH and nutrient con-
tent among Chernozem, Solonchak, and Vertisol have poten-
tial agronomic implications. For example, the high pH and
CaCO3 in Solonchak may limit nutrient availability, Cher-
nozem’s balanced pH and nutrient levels support favourable

Figure 1. Alpha diversity indices (Observed, Shannon, Simpson)
across different soil groups in Vojvodina. Data represent 5 replicate
samples from each of 8 field plots on Chernozem and 9 on Solon-
chak and Vertisol. Statistically significant differences between soil
groups are indicated by stars: ∗ p ≤ 0.05, ∗∗ p ≤ 0.01, ∗∗∗ p ≤
0.001, ∗∗∗∗ p ≤ 0.0001, ns – not significant. Overall differences
were tested with Kruskal–Wallis (Observed p = 0.00028, Shannon
p = 0.00039, Simpson p = 0.021).

microbial activity and crop growth, and Vertisol’s elevated
P2O5 and K2O, combined with its high clay content, indi-
cate high nutrient retention and potential fertility, although
the dense texture and lower pH may limit aeration and re-
quire management such as liming or tillage adjustments.

3.2 Alpha and beta diversity of microbial communities

The alpha diversity of the bacterial community, expressed by
Shannon and Simpson indices, showed heterogeneity among
different soil groups, with Solonchak samples displaying
overall lower variability compared to Chernozem and Verti-
sol (Fig. 1). Observed diversity varied significantly among all
tested soil groups, showing the highest values in Chernozem,
and the lowest in Solonchak. These differences suggest that
Chernozem harbours a more diverse and potentially more
stable microbial community, which may enhance ecosystem
resilience and nutrient cycling, whereas lower richness in
Solonchak could indicate a more vulnerable or specialized
microbial ecosystem.

PCoA analysis of bacterial beta diversity, based on Bray–
Curtis and Jaccard distances, revealed distinct differences
between the microbial communities of various soil groups
(Fig. 2). Chernozem and Vertisol were separated along the
PCoA1 axis, which accounted for 23.3 % of the variation be-
tween samples, while the PCoA2 axis, explaining 10.1 % of
the variation, separated Solonchak from Chernozem and Ver-
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Table 2. Means and standard deviations of soil physicochemical properties for Chernozem, Solonchak, and Vertisol. Statistically significant
differences were assessed using Kruskal–Wallis test followed by post hoc Dunn’s test; different letters indicate significant differences.

Soil property Soil group

Chernozem Solonchak Vertisol

Chemical properties

pH in KCl∗ 6.78± 0.80a 7.95± 0.53b 5.30± 0.37a
pH in H2O∗ 7.64± 0.76ab 8.98± 0.74b 6.39± 0.37a
CaCO∗3 3.49± 5.58ab 20.16± 4.40b 0.32± 0.20a
Organic matter∗ 2.44± 0.49a 2.76± 0.75a 2.89± 0.81a
Total N∗ 0.18± 0.03a 0.20± 0.04a 0.21± 0.04a
Organic C∗ 1.66± 0.43a 2.44± 0.48a 2.57± 0.85a
P2O∗5 28.40± 27.26a 15.10± 4.02a 25.48± 26.94a
K2O∗ 20.72± 9.12ab 17.44± 3.27b 35.06± 16.12a
CEC (cmolc kg−1) 19.28± 6.32a 28.43± 4.23ab 33.57± 14.48b
Ca (ppm) 3774.97± 1980.93a 6561.64± 1701.76b 4725.18± 2886.01ab
K (ppm) 187.03± 94.94ab 145.77± 33.87a 312.09± 129.42b
Mg (ppm) 349.11± 112.86a 742.72± 438.99b 900.73± 514.73b
Na (ppm) 25.73± 7.34a 1285.34± 2014.01b 77.29± 52.01ab
Cu (mg kg−1) 2.78± 1.22a 1.56± 0.57a 21.53± 22.65b
Fe (mg kg−1) 20.84± 24.20a 18.76± 12.64a 157.83± 78.15b
Mn (mg kg−1) 20.03± 19.38ab 9.49± 2.53a 18.48± 10.85b
Zn (mg kg−1) 2.19± 1.58a 0.69± 0.19b 3.42± 1.23a
B (mg kg−1) 0.68± 0.21a 1.61± 0.73b 0.71± 0.29a

Physical properties

Coarse sand (%) 3.64± 5.48a 1.23± 0.47a 5.49± 8.11a
Fine sand (%) 51.32± 11.13a 47.17± 4.72a 24.42± 9.21b
Silt (%) 23.99± 7.30a 24.94± 3.18a 26.72± 5.30a
Clay (%) 21.15± 8.40a 26.92± 3.35a 44.12± 10.43b

∗ The data for pH (in H2O and KCl), CaCO3, organic matter, total nitrogen, organic carbon, available
phosphorus (P2O5), and available potassium (K2O) were previously published in Kuzmanović et al. (2024). The results
are included here to provide a complete overview of the soil physicochemical properties analysed in this study, while all
remaining data are presented here for the first time. Values sharing a common lowercase letter (e.g., “a” and “ab”, or “b”
and “ab”) are not significantly different (p > 0.05), while values with entirely different letters (e.g., “a” and “b”) indicate
a statistically significant difference (p < 0.05).

tisol, based on Bray–Curtis. Based on Jaccard index, PCoA1
and PCoA2 axes explained 14.5 % and 6.4 % of the variation,
respectively. PCoA analysis indicated significant differences
between soil groups, as confirmed by PERMANOVA statis-
tical test (Bray–Curtis: R2

= 0.26, ∗∗∗ p = 0.001; Jaccard:
R2
= 0.17, ∗∗∗ p = 0.001). Weighted UniFrac analysis also

confirmed that microbial community composition was signif-
icantly structured by soil group (PERMANOVA, R2

= 0.17,
∗∗∗ p = 0.001), with PCoA1 axis accounting for 50.3 %, and
PCoA2 9.2 % of the variation between samples.

3.3 Bacterial community composition

The most dominant phyla across the analysed field plots were
Proteobacteria, Acidobacteriota, Actinobacteriota, and Ver-
rucomicrobiota, with similar abundances in field plots within
the same soil group (Fig. 3A). In several Chernozem plots,
phyla Bacteroidota and Crenarchaeota were also abundant.
A higher abundance of Chloroflexi and Firmicutes was ob-

served in Solonchak. Chernozem and Vertisol showed more
similarity in phyla abundance, whereas Solonchak exhibited
a different phyla distribution pattern (Fig. 3B and C). Specif-
ically, Proteobacteria, Acidobacteriota, and Verrucomicro-
biota were less abundant, while phylum Actinobacteriota was
more abundant in Solonchak. Statistically significant differ-
ences in abundance were observed in 8 out of 10 most abun-
dant phyla (Fig. 4A). Acidobacteriota, Verrucomicrobiota,
Chloroflexi, Bacteroidota, Gemmatimonadota, and Crenar-
chaeota showed significant differences in abundance across
all soil groups. Proteobacteria was significantly less abun-
dant, while Actinobacteriota was significantly more abun-
dant in Solonchak compared to Chernozem and Vertisol.
These phylum-level differences may be driven by soil prop-
erties; for instance, the higher salinity and CaCO3 content
measured in Solonchak could favour Actinobacteriota and
Chloroflexi, while more neutral pH and balanced nutrients in
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Figure 2. Beta diversity of soil bacterial communities in different soil groups in Vojvodina was assessed by Principal Coordinates Analy-
sis (PCoA) using three distance metrics: (A) Bray–Curtis, (B) Jaccard, and (C) weighted UniFrac. Each point represents a single sample,
with 5 replicate samples from each of 8 field plots on Chernozem and 9 on Solonchak and Vertisol. Bray–Curtis PCoA1 and PCoA2 axes
explained 23.3 % and 10.1 % of the variation, respectively, while Jaccard PCoA1 and PCoA2 axes explained 14.5 % and 6.4 %. Weighted
UniFrac PCoA1 and PCoA2 axes explained 50.3 % and 9.2 % of the variation. PCoA revealed distinct clustering of microbial communities
according to soil group, confirmed by PERMANOVA (Bray–Curtis:R2

= 0.26, ∗∗∗ p = 0.001; Jaccard:R2
= 0.17, ∗∗∗ p = 0.001; weighted

UniFrac: R2
= 0.17, ∗∗∗ p = 0.001).

Chernozem and Vertisol support higher abundances of Pro-
teobacteria, Acidobacteriota, and Verrucomicrobiota.

The most dominant bacterial families in Chernozem and
Solonchak were Vicinamibacteraceae and an unidentified
family belonging to phylum Acidobacteriota, order Vici-
namibacterales (Fig. 5). Unidentified taxa are a common
challenge in soil microbiome studies due to the large pro-
portion of uncultivated and unclassified soil bacteria. This
taxonomic gap reflects the limitations of current 16S rRNA
databases and highlights the presence of unexplored micro-
bial diversity in soils. In Vertisol, in addition to the above-
mentioned unidentified family, Chthoniobacteraceae was the
most abundant. Besides mentioned, family Nitrososphaer-
aceae showed higher abundance in Solonchak, and Gemma-
timonadaceae in Vertisol. Statistically significant differences
were observed in the abundance of all 10 most dominant fam-
ilies across different soil groups (Fig. 4B). The abundances of
Chthoniobacteraceae, Bacillaceae, SC-I-84, Nitrososphaer-
aceae, Gemmatimonadaceae, Nitrosomonadaceae, and Xan-
thobacteraceae differed significantly among the soil groups.
Vicinamibacteraceae was significantly more abundant in

Chernozem, whereas family 67-14 was more abundant in
Solonchak. The abundance of family bacteriap_25 was sig-
nificantly lower in Vertisol compared to Chernozem and
Solonchak.

3.4 The relationship between soil properties and
microbiome

Soil physical and chemical properties were found to have
a statistically significant influence on the 15 most abundant
phyla in the soil (Fig. 6A). Various bacterial phyla showed
the strongest correlations with soil pH and CaCO3 con-
tent. The heatmap revealed interesting correlation patterns.
Namely, phyla positively correlated with pH value were also
positively correlated with CaCO3 content, cation exchange
capacity, exchangeable Ca, and B content. Phyla positively
correlated with sand content tended to be negatively cor-
related with clay content. Additionally, available micronu-
trients (Cu, Fe, Mn, and Zn) were all either positively or
negatively correlated with the same taxa. Similar correla-
tion patterns were observed at the taxonomic level of family
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Figure 3. Relative abundance of bacterial phyla on field plot (A) and soil group (B, C) levels. Low-abundance phyla (< 2 %) are grouped as
“Abundance< 2 %” and “Others”. Colours corresponding to individual phyla are indicated in legends. Relative abundances are expressed as
percentages. Sample sizes: 8 field plots on Chernozem and 9 on Solonchak and Vertisol, 5 samples per plot.

(Fig. 6B). The phyla identified as most abundant across all
three soil types – Actinobacteriota, Acidobacteriota, and Pro-
teobacteria, showed strong statistically significant correla-
tions with the soil properties identified as the most influential
for microbial community composition, namely pH, CaCO3
content, and, to a moderate extent, sand and clay fractions.
In the case of Actinobacteriota, correlations with pH and
CaCO3 were positive, while the correlation with coarse sand
was negative. By contrast, Acidobacteriota and Proteobacte-
ria exhibited negative correlations with pH, CaCO3, and clay
content, and positive correlations with sand content.

Redundancy analysis confirmed the strong influence of
soil properties on the microbial community (Fig. 7). The first
two axes accounted for 53.8 % of the total variation in com-
munity composition at the level of detected ASV (Amplicon
Sequence Variants). Based on arrow lengths and statistical
analysis, pH, CaCO3, and Fe content were identified as prop-
erties having the strongest positive statistically significant in-
fluence on microbial community.

A Mantel test based on Pearson’s correlation coefficient
indicated that all soil properties, except P2O5, coarse sand
and silt content, significantly impacted bacterial community
composition (Table 3). The lack of significant correlations
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Figure 4. Statistically significant differences in the abundance of
10 most dominant phyla (A) and families (B) in different soil groups
(Chernozem, Solonchak, Vertisol). Differences were assessed us-
ing the Kruskal-Wallis test followed by post hoc Dunn’s test. Soil
groups not sharing the same letter differ significantly (p ≤ 0.05) in
the abundance of certain taxa.

for P2O5, coarse sand, and silt may be due to their rela-
tively low variability across the studied sites (significant dif-
ferences between soil groups were not detected) or weaker
direct effects on microbial habitats compared to other chem-
ical properties such as pH and CaCO3.

Constrained analysis of principal coordinates (CAP) indi-
cated that soil properties significantly influenced bacterial
community composition (Table 4). Among individual fac-
tors, pH (in H2O and KCl) was the strongest driver, ex-
plaining ∼ 16 %–17 % of the variation, followed by CaCO3
(∼ 13 %), Fe content (∼ 16 %), and clay content (∼ 15 %)
(all p < 0.001). The full CAP model including all measured
soil properties explained 59.7 % of the variation in bacterial
community composition (F = 6.49, p = 0.001), demonstrat-

ing that combined soil characteristics collectively shape mi-
crobial community structure.

3.5 Functional potential of soil microbial communities

The putative role of bacterial community was determined us-
ing FAPROTAX database. The most abundant KO (KEGG
Orthology) categories were metabolism, environmental in-
formation processing, genetic information processing, cellu-
lar processes, human diseases, and organismal systems, with
metabolism being dominant across all three analysed lev-
els (Fig. 8A). At level 2, it was found that 75 % of the de-
tected functions across all soil types belonged to 10 gene
groups (Fig. 8B). Of these, 6 were related to metabolism
(carbohydrate metabolism, amino acid metabolism, energy
metabolism, metabolism of cofactors and vitamins, nu-
cleotide metabolism, and xenobiotics biodegradation and
metabolism), 2 to environmental information processing
(membrane transport and signal transduction), and 2 to ge-
netic information processing (replication and repair and
translation). At level 3, 27 categories had an abundance
above 1 % (Fig. 8C). On this level, 17 categories were re-
lated to metabolism, 4 to genetic information processing, 3 to
environmental information processing, and 3 to cellular pro-
cesses.

LDA analysis identified 273 KEGG metabolic pathways,
with 248 showing significant differences among different soil
types. The number of the most significant detected pathways
with the LDA score above 2 was 93. Out of those 93 path-
ways, 36 were in Chernozem, 31 in Solonchak, and 26 in
Vertisol. The most pathways that were differentially abun-
dant across the different soil types belonged to metabolism
group (Fig. 9).

3.6 Quantification of genes encoding key enzymes
involved in nitrogen cycling

No statistically significant differences in nitrogen cycling
gene copy numbers across different soil groups were de-
tected (Table 5). However, at the field plot level, distinct
patterns in gene abundances were observed (Fig. 10). Based
on the quantification of archaeal and bacterial amoA gene
copies, ammonia-oxidizing bacteria (AOB) exhibited consis-
tently higher abundances compared to ammonia-oxidizing
archaea (AOA) across all field plots. In the case of nitrite
reductase genes, we observed a difference between nirK and
nirS gene abundances, with nirS being prevalent in the ma-
jority of field plots. Among the genes associated with nitrate-
reducing enzymes (nirK, nirS, and nrfA), we observed that
nrfA consistently showed the lowest copy numbers in all
field plots. These plot-level variations may reflect localized
micro-environmental conditions, such as soil moisture, nu-
trient availability, or potential differences in management
practices, which could influence the distribution of nitrogen-
cycling microorganisms. Understanding the distribution of
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Figure 5. Relative abundance of 15 prevalent bacterial families in field plots of different soil groups (C1–C9: Chernozem, S1–S9: Solon-
chak, V1–V9: Vertisol). The colour gradient indicates relative abundance values, ranging from dark blue (0 %) to dark red (highest relative
abundance observed). Rows correspond to bacterial families and columns to individual field plots. Differences in colour intensity illustrate
variation in community composition among soil groups.

nitrogen-cycling microorganisms is critical, as they medi-
ate essential soil processes that regulate nitrogen availability
for plants and influence the production of nitrogenous gases,
with implications for both soil fertility and ecosystem func-
tioning.

4 Discussion

4.1 Alpha and beta diversity of soil microbial
communities

The current study aimed to assess the variations in micro-
bial communities across Chernozem, Solonchak, and Verti-
sol soil groups. These differences are evident based on al-
pha diversity indices, with Chernozem exhibiting the highest
diversity, while Solonchak shows the lowest. The observed
diversity in previous studies in Chernozem was found to be
between 501.5 and 1519.8 (Zverev et al., 2020), while the
Shannon index varied from 5 to 7.5 (Semenov et al., 2018;
Zverev et al., 2020), which is consistent with our results.
In Vertisol, the Shannon index typically ranges from 6.25
to 6.6, while the observed diversity is reported to be be-
tween 1250 and 1700 (Steinberger et al., 2024). The Shannon
index is known to decrease as soil salinity increases (Rath et

al., 2019), with typical values around 6 or 7 (Shi et al., 2019).
Consequently, saline soils generally exhibit the lowest Shan-
non index (Xu et al., 2021), a finding consistent with our re-
sults. The reduced diversity under stress conditions, typical
of saline soils, is often associated with diminished functional
redundancy, leading to lower resilience and potential shifts
in key soil processes such as nutrient cycling and decomposi-
tion. Conversely, the richer microbial communities in Cher-
nozem may provide a broader functional capacity, thereby
supporting ecosystem stability under environmental fluctu-
ations (Griffiths and Philippot, 2013; Delgado-Baquerizo et
al., 2016).

The analysis of beta diversity conducted through PCoA
based on Bray-Curtis and Jaccard indices, as well as
Weighted UniFrac, revealed clear distinctions between sam-
ples, with grouping occurring according to soil group. These
spatial patterns suggest that variations in microbial com-
munity structure correspond to environmental gradients and
combinations of soil properties within each soil group. Other
research has also demonstrated that soil group significantly
influences bacterial communities in soil, resulting in similar
microbial communities in soils with similar properties (Xue
et al., 2024). Sample distribution and separation pattern on
PCoA plot has also been attributed to a single soil property,
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Figure 6. Correlation between dominant bacterial phyla (A) or families (B) and analysed soil physicochemical properties. Pearson’s correla-
tion coefficients are represented by a colour scale (blue – negative correlation, white – no correlation, red – positive correlation). Statistically
significant correlations are marked with ∗ (p ≤ 0.05), ∗∗ (p ≤ 0.01), and ∗∗∗ (p ≤ 0.001).

such as pH. For instance, soil samples with low pH are signif-
icantly different from those with higher pH (Xia et al., 2020).
This trend was observed in our study as well, where plot C3,
characterized by atypically low pH for Chernozem, clustered
with slightly acidic Vertisol field plots. Furthermore, RDA

and CAP analyses conducted on our data confirmed that pH,
CaCO3, Fe content, fine sand, and clay content are the pri-
mary drivers of microbial composition, supporting the ob-
served clustering patterns by soil group and highlighting the
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Figure 7. The influence of soil physicochemical properties on microbial community composition in different soil groups at the level of
detected ASV based on redundancy analysis. Each point represents a soil sample, colour-coded by soil group. Arrows indicate soil physic-
ochemical variables significantly associated with microbial community composition, with arrow length proportional to the strength of the
correlation. The percentages on the axes represent the proportion of variance in community composition explained by the corresponding
canonical axis.

combined influence of soil chemical and physical properties
on microbial beta diversity.

4.2 Soil bacterial community composition

Phyla Actinobacteriota (up to 55.5 %), Proteobacteria (up
to 35 %), and Verrucomicrobiota (up to 55 %) have previ-
ously been identified as dominant in Chernozem (Semenov
et al., 2018). In our study, Actinobacteriota and Proteobac-
teria were identified as the most prevalent phyla, with the
addition of Acidobacteriota, while Verrucomicrobiota was
observed to be less abundant, comprising less than 10 %
in most field plots. The dominance of Proteobacteria and
Acidobacteriota in Chernozem likely reflects the neutral
pH and high nutrient availability in this soil type, which
favour metabolically versatile taxa capable of rapidly uti-
lizing available carbon and nitrogen sources (Rousk et al.,
2010.; Fierer et al., 2012; Delgado-Baquerizo et al., 2018).
Consistent with previous findings (Boyarshin et al., 2023),
bacterial communities in Chernozem appear similar across
agricultural and non-agricultural plots in Vojvodina. Saline
soils, on the other hand, are typically dominated by Acti-
nobacteriota (Pershina et al., 2018), while Acidobacteriota
and Nitrospirota are less abundant, and Firmicutes are more
abundant compared to non-saline soils (Xu et al., 2021),

which is consistent with our results. This pattern can be ex-
plained by the high salinity and osmotic stress in Solon-
chak, which select for halotolerant and stress-adapted taxa,
such as Actinobacteriota and certain Firmicutes, that possess
genes providing osmoprotection, drought tolerance, and nu-
trient acquisition under low-fertility conditions (Rath et al.,
2019; Pershina et al., 2018; Zhang et al., 2023). In Verti-
sol, the dominant phyla include Proteobacteria, Acidobacte-
riota, Bacteroidota, and Verrucomicrobiota (Knelman et al.,
2015), with Proteobacteria being the most prevalent, com-
prising approximately 20 % (Song et al., 2018). Vertisol un-
der vineyard cultivation demonstrate increased abundances
of Bacteroidota, Planctomycetota, and Proteobacteria, com-
pared to other land use types (Steinberger et al., 2024).
These trends were observed in our samples as well, par-
ticularly in field plot V7 under vineyard and correspond-
ing field plot under conventional agriculture and uncultured
soil (V8 and V9). The prevalence of these taxa in Verti-
sol can be linked to its clayey texture, which affects wa-
ter retention, oxygen diffusion, and microhabitat heterogene-
ity, favouring taxa adapted to variable moisture and nutri-
ent conditions. Differences in phyla abundance between soil
groups may reflect variations in the distribution of lower
taxonomic categories that are adapted to specific environ-
mental conditions (Naylor et al., 2022). Bacteria belonging
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Table 3. Results of the Mantel test based on Pearson’s correlation coefficient for the effect of physicochemical properties on the community
composition at the ASV level for all three soil groups together and individually (r – correlation coefficient; ns – not statistically significant).
Statistically significant correlations are marked with ∗ (p ≤ 0.05), ∗∗ (p ≤ 0.01), and ∗∗∗ (p ≤ 0.001).

Soil property All 3 soil groups Chernozem Solonchak Vertisol

r p value r p value r p value r p value

pH in KCl 0.749 0.001∗∗∗ −0.597 0.004∗∗ −0.750 0.002∗∗ 0.349 0.001∗∗∗

pH in H2O 0.746 0.001∗∗∗ −0.617 0.004∗∗ −0.863 0.002∗∗ 0.258 0.001∗∗∗

Fe 0.430 0.001∗∗∗ −0.542 0.004∗∗ −0.711 0.002∗∗ 0.196 0.013∗∗

CaCO3 0.425 0.001∗∗∗ 0.152 0.114ns −0.243 0.016∗∗ 0.216 0.001∗∗∗

Na 0.388 0.001∗∗∗ −0.129 0.092ns −0.803 0.002∗∗ 0.331 0.001∗∗∗

Fine sand 0.332 0.001∗∗∗ −0.193 0.011∗∗ −0.226 0.003∗∗ 0.475 0.001∗∗∗

Clay 0.328 0.001∗∗∗ −0.191 0.011∗∗ −0.323 0.002∗∗ 0.404 0.001∗∗∗

Ca 0.211 0.001∗∗∗ −0.212 0.011∗∗ −0.695 0.002∗∗ 0.547 0.001∗∗∗

B 0.194 0.001∗∗∗ −0.052 0.698ns −0.226 0.011∗∗ 0.334 0.001∗∗∗

CEC 0.172 0.001∗∗∗ −0.283 0.004∗∗ −0.282 0.003∗∗ 0.587 0.001∗∗∗

Mn 0.164 0.001∗∗∗ −0.508 0.004∗∗ −0.375 0.002∗∗ 0.270 0.001∗∗∗

Cu 0.163 0.001∗∗∗ −0.056 0.277ns −0.590 0.002∗∗ 0.290 0.001∗∗∗

Total N 0.162 0.001∗∗∗ −0.208 0.033∗∗ −0.502 0.002∗∗ 0.461 0.001∗∗∗

Organic matter 0.161 0.001∗∗∗ −0.237 0.011∗∗ −0.519 0.002∗∗ 0.470 0.001∗∗∗

K 0.136 0.001∗∗∗ −0.097 0.199ns −0.057 0.792ns 0.135 0.013∗∗

Mg 0.129 0.001∗∗∗ −0.217 0.014∗∗ −0.109 0.150ns 0.571 0.001∗∗∗

K2O 0.120 0.002∗∗ −0.197 0.020∗∗ −0.092 0.900ns 0.193 0.005∗∗

Organic C 0.117 0.001∗∗∗ −0.361 0.004∗∗ −0.296 0.003∗∗ 0.479 0.001∗∗∗

Zn 0.083 0.031∗∗ −0.186 0.060ns −0.072 0.882ns 0.237 0.013∗∗

Coarse sand 0.060 0.074ns −0.113 0.884ns −0.229 0.036∗∗ 0.340 0.001∗∗∗

P2O5 0.035 0.174ns −0.123 0.170ns −0.063 0.792ns 0.303 0.002∗∗

Silt 0.034 0.139ns −0.156 0.027∗∗ −0.072 0.904ns 0.525 0.001∗∗∗

to families Sphingomonadaceae, Xanthobacteraceae, Gem-
matimonadaceae, Chitinophagaceae, and Rubrobacteriaceae
are commonly found in Chernozem (Boyarshin et al., 2023).
Meta-analysis of saline soils have revealed increased rel-
ative abundance of distinct families within phyla such
as Proteobacteria (Xanthomonadaceae, Halomonadaceae,
Nitrospiraceae, and Sphingomonadaceae), Acidobacteriota
(Holophagaceae), Actinobacteriota (Micrococcaceae, Propi-
onobacteraceae, Streptomycetaceae, Rubrobacteriaceae, and
Solirubrobacteraceae), Bacteroidetes (Sphingobacteriaceae,
and Flavobacteriaceae), Chloroflexi (Anaerolineaceae and
Caldilineaceae), and Firmicutes (Bacillaceae and Clostridi-
aceae) (Ma and Gong, 2013). In our study, the most abun-
dant families in Solonchak were an uncultured family be-
longing to Acidobacteriota, Vicinamibacteraceae, and Ni-
trososphaeraceae. In addition, Halomonadaceae, Micrococ-
caceae, Propionobacteraceae, Streptomycetaceae, Rubrobac-
teriaceae, Bacillaceae, Clostridiaceae, and Caldilineaceae
were more abundant in Solonchak compared to Chernozem
and Vertisol. The prevalence of these families in Solonchak
may be linked to salinity tolerance, osmotic stress adapta-
tion, and nutrient acquisition strategies, which enable them
to thrive under high-salt or low-nutrient conditions (Rath
et al., 2019). Our results show partial similarity with re-
sults of stated meta-analysis; however, the three most abun-

dant families in our research were not reported as preva-
lent in previous study. This discrepancy may be attributed
to methodological differences, including DNA extraction
method, primer choice and sequencing platform (Fouhy et
al., 2016), regional environmental variations such as climate
and land use (Drenovsky et al., 2010), as well as differences
in sampling strategy, including depth and location (Hao et
al., 2021). Vertisol is characterized by higher abundances
of Chthoniobacteraceae, Nitrososphaeraceae, Gemmatimon-
adaceae, Bacillaceae, Nocardioidaceae, Bradyrhizobiaceae,
Syntrophobacteraceae, Pseudomonadaceae, and Micrococ-
caceae (Rincon-Florez et al., 2020). Vicinamibacteraceae in
our study was significantly more abundant in Chernozem
compared to Solonchak and Vertisol, likely reflecting its
preference for neutral pH soils and nutrient-rich conditions
that support its metabolic activities in organic matter decom-
position and nitrogen cycling (Huber and Overmann, 2018).
The composition of bacterial communities across different
taxonomic levels in this research largely corroborates previ-
ous studies. However, we identified variations in the pres-
ence and abundance of certain taxa, which may result from
the complex interactions of climatic, biotic, and edaphic fac-
tors that influence the structure of soil microbial communi-
ties (Waldrop et al., 2017; Labouyrie et al., 2023; Xue et
al., 2024). Variations in soil physical and chemical proper-
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Figure 8. Functional prediction of bacterial communities in different soil groups on level 1 (A), level 2 (B), and level 3 (C).

ties could explain some portion of the biogeographic patterns
observed in soil community composition, as well (Yu et al.,
2022). Overall, the observed dominance of Proteobacteria
and Acidobacteriota in Chernozem and Vertisol, and Acti-
nobacteriota in Solonchak, can be attributed to the interplay
of soil pH, salinity, nutrient availability, and texture, which
favour taxa with specific metabolic capabilities and stress tol-
erances.

This study provides novel insights into the distribution of
bacterial families across Chernozem, Solonchak, and Verti-
sol soils in our region, highlighting the previously unreported
high abundance of Vicinamibacteraceae, a relatively recently
described bacterial family (Huber and Overmann, 2018) that
is integral to soil health due to its roles in organic matter
decomposition, nitrogen cycling, and adaptability to vary-
ing environmental conditions, in Chernozem. Additionally,
the distinct community composition observed under different
management practices (e.g. vineyards and conventional agri-
culture in Vertisol) further emphasizes how soil type and land
use interact to shape microbial communities through changes
in soil chemistry, moisture, and nutrient distribution. These
findings demonstrate that specific soil properties and agricul-

tural practices strongly influence microbial community struc-
ture, offering new understanding of the environmental factors
that drive microbial diversity and potential ecosystem func-
tions in these soils.

4.3 The relationship between soil properties and
microbiome

Regarding soil properties, our findings suggest that pH has
the most significant influence on bacterial community com-
position, which is consistent with previous findings (Bartram
et al., 2014; Zhang et al., 2017). This effect can be explained
by the fact that pH regulates nutrient solubility, metal avail-
ability, and enzyme activity, thereby directly shaping micro-
bial metabolism and competitiveness (Lauber et al., 2009;
Rousk et al., 2010) Some phyla, such as Proteobacteria, ex-
hibit varying correlations with pH across different studies,
displaying either positive or negative relationships (Ko et
al., 2017; Yan et al., 2019). These discrepancies may reflect
the differing abundances of lower taxonomic groups within
the phylum, which have distinct physiological pH optimum
(Shen et al., 2013; Yun et al., 2016). Moreover, the com-
plex interactions between soil properties, as well as differ-
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Figure 9. Differentially abundant bacterial functions (level 3) in different soil groups – Chernozem, Solonchak, and Vertisol.

ent crops, agricultural practices, and field rotation, can in-
crease heterogeneity, modulating the influence of individ-
ual factors like pH on various taxa (Karimi et al., 2018).
In saline soils, pH value along with soil salinity represents
the most influential factor shaping microbial communities
(Rath et al., 2019). In our Solonchak soils, elevated CaCO3
and salinity likely reduce phosphorus availability and im-
pose osmotic stress, creating conditions that favour stress-
tolerant bacterial groups. Soil texture is another factor with a
significant influence on bacterial communities. Sandy soils,
characterized by lower aggregate stability and higher oxy-
gen concentration, differ from clayey soils, which are sus-
ceptible to aggregate compaction and bonding, creating a
less favourable environment for microorganisms (Shah et al.,
2017). This was evident in our Vertisol soils, where high clay
content likely limited aeration and diffusion, favouring mi-
crobial groups adapted to lower oxygen availability, while
Chernozem soils with higher sand content supported more
aerated and nutrient-cycling communities. Accordingly, we
observed that phyla in our study demonstrated positive cor-

relation with sand, and negative with clay, or vice versa. In
European soils, pH, CaCO3, and the carbon-to-nitrogen ratio
have been identified as key factors affecting bacterial diver-
sity (Labouyrie et al., 2023). In our study, nearly all of the
dominant phyla showed significant positive or negative cor-
relations with pH and CaCO3. Other soil properties, such as
phosphorus, iron, manganese, nitrogen, copper, and organic
matter, have also been recognized as critical factors influenc-
ing several prevalent taxa (Liu et al., 2013; Song et al., 2018).
Additionally, interactive effects among soil properties and
management practices, such as crop rotations, fertilization,
and tillage regimes, can further influence microbial commu-
nity composition by altering nutrient availability, soil struc-
ture, and microhabitat conditions (Zhang et al., 2017; Zong et
al., 2024). These interactions may modulate how individual
factors, like pH, CaCO3, and texture, shape the abundance
and distribution of specific taxa, contributing to the hetero-
geneity observed across field plots. The relationship between
bacterial families and soil properties exhibits considerable
variation across studies (Wang et al., 2019; Xia et al., 2020;
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Figure 10. The number of copies of microbial functional genes involved in the nitrogen cycle in different soil groups. Panels (A1)–(F1) show
gene abundances across field plots for: (A1) nifH, (B1) bacterial amoA, (C1) archaeal amoA, (D1) nirK, (E1) nirS, and (F1) nrfA; – control
plots. Panels (A2)–(F2) show the same genes, with bars representing mean values and whiskers indicating the range (min–max) of samples
within each soil group. Statistical significance was tested using the Kruskal–Wallis test followed by post hoc Dunn’s test; differences among
soil groups were indicated with different letters (no significant differences were observed).
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Table 4. Constrained analysis of principal coordinates (CAP) test-
ing the effect of individual soil properties and all properties com-
bined on bacterial community composition. R2 indicates the pro-
portion of variation in microbial communities explained by each
soil property. F is the CAP test statistic, calculated as the ratio of
mean squares of the model to mean squares of the residuals, reflect-
ing the strength of the effect per degree of freedom. Pr(> F ) is the
permutation-based p-value (999 permutations), indicating whether
the observed effect is statistically significant. Values of p ≤ 0.05
were considered significant.

Soil property F R2 Pr(> F )

pH in KCl 24.30 0.178 0.001∗∗∗

pH in H2O 22.04 0.164 0.001∗∗∗

CaCO3 17.29 0.134 0.001∗∗∗

Organic matter 4.06 0.035 0.001∗∗∗

Total N 4.01 0.034 0.002∗∗

P2O5 2.51 0.022 0.007∗∗

K2O 7.84 0.065 0.001∗∗∗

Organic C 4.81 0.041 0.001∗∗∗

CEC 6.04 0.051 0.001∗∗∗

Ca 11.16 0.091 0.001∗∗∗

K 8.33 0.069 0.001∗∗∗

Mg 4.90 0.042 0.001∗∗∗

Na 10.39 0.085 0.001∗∗∗

Cu 9.46 0.078 0.001∗∗∗

Fe 21.40 0.161 0.001∗∗∗

Mn 9.60 0.079 0.001∗∗∗

Zn 3.39 0.029 0.001∗∗∗

B 9.32 0.077 0.001∗∗∗

Coarse sand 4.42 0.038 0.001∗∗∗

Fine sand 16.81 0.130 0.001∗∗∗

Silt 4.13 0.035 0.001∗∗∗

Clay 14.99 0.118 0.001∗∗∗

All properties combined 6.49 0.597 0.001∗∗∗

Yang et al., 2022), likely due to differences in other soil char-
acteristics and the abundance of lower taxonomic ranks. Re-
dundancy analysis identified organic matter, pH, nitrogen,
potassium, and phosphorus as significant drivers of micro-
bial populations (Niu et al., 2021). Unlike previous studies,
however, phosphorus was not found to be a significant fac-
tor in our research, while CaCO3 and iron were observed to
have important roles. This suggests that in our study area,
where phosphorus levels might be stabilized by fertilizer use,
other factors, such as CaCO3 and iron availability emerge as
stronger drivers of community structure. Phosphorus did not
exhibit a significant effect on microbial community compo-
sition in our study likely because fertilizer application across
sites has led to relatively uniform levels of available P2O5, re-
ducing variability and masking its influence. Consistent with
previous findings (Tian et al., 2017), we observed a nega-
tive correlation between pH and total nitrogen, potassium,
phosphorus, and organic carbon. Among physical soil prop-
erties, clay content is known to significantly affect microbial

communities (Xu et al., 2020). This was also observed in our
research, where the clay content exhibited the strongest cor-
relation with microbial communities in Vertisol, soil group
characterized by clayey texture. These results support the
idea that the microstructural environment created by clay-
rich soils imposes constraints on microbial colonization and
activity, explaining the distinct community profiles in Verti-
sol. Samples in our study were clearly separated on RDA plot
according to soil group. Given that soil properties that conse-
quently determine soil group significantly influence bacterial
populations (Yeoh et al., 2017), we conclude that differences
in microbial communities observed in our study can largely
be attributed to variations in soil groups. In addition, it is
important to note that soil temperature was not measured in
this study and therefore was not included as an explanatory
variable. Soil temperature significantly influences microbial
community composition and activity. Elevated temperatures
can reduce microbial diversity and alter the abundance of
major soil microbial phyla, such as Firmicutes, Acidobac-
teriota, and Proteobacteria (Zhao et al., 2024). Additionally,
warming can increase microbial activity, potentially leading
to higher soil carbon losses and exacerbating climate change
(Metze et al., 2024). Considering that Vojvodina frequently
experiences summer temperatures exceeding 35 °C, future
studies incorporating soil temperature measurements would
provide valuable mechanistic insights into seasonal shifts in
microbial diversity and function.

The integration of microbial community data with detailed
soil property analyses provides a comprehensive understand-
ing of the factors shaping soil biodiversity and ecosystem
function. By linking taxonomic composition and edaphic
variables such as pH, CaCO3 content, texture, and nutri-
ent availability, this approach allows for the identification
of soil management strategies that support beneficial micro-
bial communities. These insights can guide targeted inter-
ventions, such as crop rotation planning, salinity mitigation,
or organic amendment application, to enhance soil fertility,
maintain microbial diversity, and improve resilience against
environmental stressors. Ultimately, incorporating microbial
indicators into land management and soil restoration prac-
tices can foster sustainable agricultural productivity while
preserving soil ecosystem health.

4.4 Functional potential of soil microbial communities

We evaluated the functional potential of microbial commu-
nities by analysing enriched metabolic pathways. Chen et
al. (2020) identified the same functional groups to those ob-
served in our study – metabolism, environmental information
processing, genetic information processing, and cellular pro-
cesses – with a combined abundance exceeding 90 %. How-
ever, their study reported a higher abundance of the genetic
information processing group compared to environmental
information processing, which contrasts with our findings.
Previous research has also confirmed the dominance of
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Table 5. Means and standard deviations of selected nitrogen cycling gene copy numbers for Chernozem, Solonchak, and Vertisol. Statistically
significant differences were assessed using Kruskal–Wallis test followed by post hoc Dunn’s test. Values sharing the lowercase letter “a” are
not significantly different (p > 0.05); because no significant differences were observed across any groups, all values are designated with “a”.

Gene Soil group

Chernozem Solonchak Vertisol

nifH (×104 copies per g dry soil) 10.33± 7.17a 8.45± 2.10a 9.49± 6.06a
AOB amoA (×108 copies per g dry soil) 6.70± 3.79a 6.62± 3.32a 7.92± 1.12a
AOA amoA (×105 copies per g dry soil) 2.06± 1.32a 2.50± 0.51a 2.41± 0.44a
nirK (×107 copies per g dry soil) 10.17± 5.41a 13.92± 3.49a 16.43± 10.51a
nirS (×107 copies per g dry soil) 12.63± 4.76a 17.33± 6.53a 16.44± 9.75a
nrfA (×104 copies per g dry soil) 6.86± 5.93a 9.79± 4.60a 8.47± 3.13a

metabolic functional group across the soil types analysed in
our study (Steinberger et al., 2024; Tang et al., 2022). Further
analysis of differentially abundant metabolic pathways in
Chernozem, Solonchak, and Vertisol revealed that metabolic
pathways were dominant in all soil types. We observed that
ABC transporters were more abundant in Solonchak. Sul-
phur transport system, a subgroup of ABC transporters, plays
a significant role in bacterial adaptation to salinity stress.
These transporters modulate molecular transport into cells
and regulate osmotic pressure in microbial cells inhabiting
saline soils (Wang et al., 2023). The functional composition
of microbial communities reflects interaction, regulation and
adaptability of soil microbiome, which are critical for soil
and plant health. Microbiome is a key driver of numerous
important plant functions and a regulator of soil nutrient cy-
cling. Therefore, enhancing the genomic and metabolic ca-
pacities of microbiomes may improve plant resistance to bi-
ological stress and increase nutrient uptake (Cordovez et al.,
2019). Essential functional genes contribute to amino acid
absorption (Rahman et al., 2014), nitrogen fixation, and the
transport of metabolites and ions across cell membrane (Wu
et al., 2016b), supporting bacterial survival and reproduction,
nutrient cycling, and plant growth and development. The
higher abundance of specific metabolic pathways in different
soil types may be attributed to variations in microbial com-
munity composition. For example, Acidobacteriota is known
for its high metabolic and genetic diversity (Lee et al., 2008),
so its increased or decreased abundance in certain soils could
result in the differential abundance of corresponding func-
tional groups. Functions related to plant growth and dis-
ease suppression, such as sulphur metabolism, lipopolysac-
charide synthesis, and siderophore production, are crucial
for soil health (Lemanceau et al., 1992; Zaccardelli et al.,
2013). Lipopolysaccharide synthesis, which promotes sys-
tematic resistance to plant pathogens (van Loon et al., 1998),
was enriched in Chernozem in our study and is likely linked
to the higher abundance of plant disease-suppressing bacte-
ria such as Bacillus, Burkholderia, Pseudomonas, Serratia,
Streptomyces, and Stenotrophomonas (Dube et al., 2019).
Thus, selective enrichment of beneficial bacterial taxa and

functions could significantly enhance soil and plant health,
thereby improving agricultural productivity and increasing
crop yields.

4.5 Nitrogen cycling genes in soil

Additionally, this study aimed to investigate genes involved
in nitrogen cycling, particularly focusing on nitrogenase gene
abundance and nitrifying and denitrifying communities. Our
results showed that nitrogenase coding gene copy numbers,
specifically the nifH gene, were lower compared to those re-
ported in previous studies (Wang et al., 2017). It is observed
that the abundance of nifH gene is higher in soils without fer-
tilizer application (Chen et al., 2021). Given the extensive use
of fertilizers in Vojvodina, the lower abundance of the nifH
gene observed in our study is consistent with the expected
impact of fertilizer application on nitrogen-fixing microbial
communities. With regard to the nitrifier community, certain
studies have often reported that AOA were more abundant
relative to AOB (Zhang et al., 2013; Sun et al., 2015; Wang
et al., 2017; Zhu et al., 2018). In contrast, our findings are
in agreement with other studies that have demonstrated the
opposite trend – a higher abundance of AOB (Banning et al.,
2015; Ke et al., 2015; Zhao et al., 2015; Wu et al., 2016a; Xue
et al., 2016). This discrepancy may be explained by higher
oxygen availability at the soil surface, leading to increased
bacterial amoA gene count (Ke et al., 2015). Additionally,
AOB population is much more prominently increased (326 %
increase) in response to the application of nitrogen fertiliz-
ers compared to AOA (27 % increase) (Carey et al., 2016).
In addition to fertilizer application, other environmental and
methodological factors may contribute to the observed lower
nifH gene abundance and the contrasting dominance of AOB
over AOA. Soil moisture, depth, pH, and organic matter have
been shown to strongly influence nifH abundance (Wang et
al., 2017). For ammonia oxidizers, shifts in pH and oxygen
availability are critical drivers of the relative balance between
AOA and AOB populations (Prosser and Nicol, 2012; Xue et
al., 2016). In addition, primer bias and methodological vari-
ation may also explain divergent results across studies, espe-
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cially in the detection of AOA vs. AOB amoA genes (Dech-
esne et al., 2016). Together, these factors, along with inten-
sive fertilization in the Vojvodina region, provide a broader
ecological and technical context for interpreting our results.
Our study also found that the abundance of nirS gene was
consistently higher than that of nirK across most of the anal-
ysed field plots (Wang et al., 2017). Previous research indi-
cated that the addition of organic fertilizer could lead to in-
crease in nir gene copy numbers (Dong et al., 2015; Tao et al.,
2018). However, we observed the increase only in nirS gene
abundance in field plot under organic agriculture. Contrary
to this, nirK gene abundance was lower under organic agri-
culture compared to conventional and control plots, which is
consistent with the findings of Wang et al. (2020), who re-
ported similar trends following the addition of biochar. Fur-
thermore, the observed discrepancies in the abundance of
nrfA gene between our study and literature (Tatti et al., 2014)
could be attributed to competition for nitrates between den-
itrifiers and bacteria involved in dissimilatory nitrite reduc-
tion to ammonia (DNRA). The addition of nitrate fertiliz-
ers usually reduces nrfA:nir ratio, suggesting that denitrify-
ing community becomes more competitive under these con-
ditions (Putz et al., 2018). Given that the abundance of nir
genes was significantly higher than that of nrfA in our study,
we can conclude that denitrifiers have a competitive advan-
tage in fertilized soils of Vojvodina. The observed dominance
of denitrifiers in fertilized soils suggests important functional
consequences for nitrogen cycling. Higher denitrifier abun-
dance may accelerate nitrogen loss through denitrification,
potentially reducing nitrogen availability for crops. At the
same time, this process can increase emissions of N2O, a
potent greenhouse gas, highlighting an environmental trade-
off. These results highlight the need to consider microbial
dynamics in soil and fertilization management to optimize
nutrient use and reduce environmental impacts.

Our study revealed distinct patterns in nitrogen cycling
gene abundances across different soil types, which corre-
spond to variations in microbial community composition.
In Chernozem and Vertisol soils, the higher observed abun-
dance of Proteobacteria can be associated with increased
nifH gene copy numbers, suggesting that these soils sup-
port a more active nitrogen-fixing community. This obser-
vation aligns with findings by Sepp et al. (2023), who re-
ported a positive correlation between Proteobacteria abun-
dance and nifH gene presence across various soil types. Sim-
ilarly, the elevated presence of Proteobacteria in these soils
corresponded with higher amoA gene copy numbers, indi-
cating a more active ammonia-oxidizing bacterial commu-
nity. This is consistent with research by Adair et al. (2013).
In contrast, Solonchak soils exhibited a higher abundance of
Crenarchaeota, which was linked to increased archaeal amoA
gene copy numbers (Leininger et al., 2006). Proteobacteria
were particularly abundant in Chernozem and Vertisol soils,
whereas Actinobacteriota dominated in Solonchak. Given
that nirK and nirS gene abundances were similar across all

three soil types, these results suggest that denitrification may
be mediated by different members of these two phyla de-
pending on the soil group. This is in agreement with Pessi
et al. (2022), who identified these phyla as dominant in deni-
trifying communities across various ecosystems. These con-
nections between microbial community composition and ni-
trogen cycling gene abundances underscore the influence of
soil type and microbial diversity on nitrogen cycling pro-
cesses. Understanding these relationships is crucial for de-
veloping sustainable agricultural practices that optimize ni-
trogen use and minimize environmental impacts.

While this study provided valuable insights into micro-
bial diversity, future research should investigate fungal com-
munity composition and its relationship with soil proper-
ties to achieve a more comprehensive understanding of soil
health. In addition, studies employing a balanced sampling
design with comparable agricultural management systems
across different soil groups are needed to distinguish the
effects of soil type from those of agricultural management
on soil microbial communities. Prioritizing the exploration
of microbial activity through advanced methods, such as
metatranscriptomics, will further deepen our knowledge. Ad-
ditionally, expanding the analysis to encompass a broader
range of soil groups, thereby including greater pedodiversity,
will contribute to the achievements in examining the overall
ecosystem services of soil as a vital resource.

5 Conclusion

Our work presented the first detailed systematic study of
soil bacterial diversity using the metabarcoding approach
in Serbia, covering the three key soil groups in an impor-
tant agricultural region (Chernozem, Solonchak, and Verti-
sol). Obtained in-depth look at the bacterial community pro-
files revealed important connections with soil physicochem-
ical properties across the investigated soil groups. The study
highlighted the differences in alpha diversity across analysed
soil groups, with Chernozem having the most diverse (Shan-
non index mean= 6.20) and Solonchak the least diverse bac-
terial community (Shannon index mean= 6.01). Both beta
diversity and RDA analysis indicated clear statistically sig-
nificant separation of samples based on soil group and soil
properties. These findings support our hypothesis that con-
trasting soil properties among Chernozem, Solonchak, and
Vertisol drive distinct microbial community structures, re-
flecting the ecological adaptations of taxa to specific edaphic
conditions. We demonstrated that each soil group possesses a
distinct bacterial community, with the dominance of selected
taxa based on optimal soil properties for each taxon. Addi-
tionally, the strong influence of soil properties on microbial
communities was observed, with pH value, iron availability,
and CaCO3 content having the highest statistically significant
impact (p value≤ 0.05).
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The present study marks a first step towards soil monitor-
ing with the use of modern methods harmonized with Euro-
pean monitoring programs in Serbia. Our findings provide an
essential baseline for continual monitoring and preservation
of soil health, enabling at the same time the enhancement of
agricultural production. This baseline can guide practical soil
management practices, such as targeted pH adjustments, nu-
trient management, or organic amendments, to support bene-
ficial microbial communities and improve crop productivity.
Moreover, it can inform agricultural policy and monitoring
programs by identifying priority areas for soil conservation,
supporting sustainable land-use planning, and integrating mi-
crobial diversity metrics into soil health assessments.

In future research, it would be valuable to explore fungal
community dynamics, the functional activity of microbes and
fungi, and their role in ecosystem services; future investiga-
tions employing advanced methods, such as metatranscrip-
tomics, will further elucidate these processes while expand-
ing the analysis across diverse soil groups to enhance our
understanding of soil ecosystem services as a vital resource.

Code and data availability. DNA sequences generated for this
study were deposited in the NCBI – Sequence Read Archive (SRA),
under the accession number PRJNA1116093 (http://www.ncbi.nlm.
nih.gov/bioproject/1116093, last access: 12 March 2026).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/soil-12-1137-2026-supplement.

Author contributions. RD, SM, MD, DT: conceptualization.
SM, AK: data collection. SM, DT, AK: investigation. SM, DT, RD,
MD, AK: methodology. MD: project administration, funding acqui-
sition, resources. RD, JV, JN, DT, SM, MD, AK: data analysis and
interpretation. RD, SM, MD, DT: supervision. RD, SM, DT, MD,
JV, JN: validation, writing – review and editing. AK: visualization,
writing – original draft. All authors contributed to the article and
approved the submitted version.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Financial support. The authors acknowledge financial support of
the Provincial Secretariat for Higher Education and Scientific Re-

search of Autonomous Province of Vojvodina (Project title: Envi-
ronmental DNA – biomarker of soil quality in Vojvodina; grant
no. 003042578 2024 09418 003 000 000 001/2) and the Ministry
of Science, Technological Development and Innovation of the Re-
public of Serbia (grants nos. 451-03-33/2026-03/200125 and 451-
03-34/2026-03/200125).

Review statement. This paper was edited by Ember Morrissey
and reviewed by two anonymous referees.

References

Adair, K., Blazewicz, S. J., Hungate, B. A., Hart, S. C., Dijk-
stra, P., and Schwartz, E.: A positive relationship between the
abundance of ammonia oxidizing archaea and natural abun-
dance δ15N of ecosystems, Soil Biol. Biochem., 65, 313–315,
https://doi.org/10.1016/j.soilbio.2013.05.024, 2013.

Andersen, K. S., Kirkegaard, R. H., Karst, S. M., and Albertsen,
M.: ampvis2: An R package to analyse and visualise 16S rRNA
amplicon data, BioRxiv, 10–11, https://doi.org/10.1101/299537,
2018.

AOAC Official Method 972.43:2006: Microchemical Determina-
tion of Carbon, Hydrogen, and Nitrogen, Automated Method, in
Official Methods of Analysis of AOAC International, 18th edi-
tion, Revision 1, Chapter 12, AOAC International, Gaithersburg,
MD, 5–6, https://doi.org/10.1093/9780197610145.003.1948,
2006.

Aßhauer, K. P., Wemheuer, B., Daniel, R., and Meinicke,
P.: Tax4Fun: Predicting functional profiles from metage-
nomic 16S rRNA data, Bioinformatics, 31, 2882–2884,
https://doi.org/10.1093/bioinformatics/btv287, 2015.

Banerjee, S. and van der Heijden, M. G. A.: Soil micro-
biomes and one health, Nat. Rev. Microbiol., 21, 6–20,
https://doi.org/10.1038/s41579-022-00779-w, 2023.

Banning, N. C., Maccarone, L. D., Fisk, L. M., and Murphy, D.
V.: Ammonia-oxidising bacteria not archaea dominate nitrifica-
tion activity in semi-arid agricultural soil, Sci. Rep., 5, 11146,
https://doi.org/10.1038/srep11146, 2015.

Bartram, A. K., Jiang, X., Lynch, M. D. J., Masella, A. P., Nicol,
G. W., Dushoff, J., and Neufeld, J. D.: Exploring links between
pH and bacterial community composition in soils from the Craib-
stone Experimental Farm, FEMS Microbiol. Ecol., 87, 403–415,
https://doi.org/10.1111/1574-6941.12231, 2014.

Bhaduri, D., Sihi, D., Bhowmik, A., Verma, B. C., Munda, S., and
Dari, B.: A review on effective soil health bio-indicators for
ecosystem restoration and sustainability, Front. Microbiol., 13,
938481, https://doi.org/10.3389/fmicb.2022.938481, 2022.
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1158 A. Kuzmanović et al.: Microbiome structure, function, and drivers across different soil groups

with QIIME 2’s q2-feature-classifier plugin, Microbiome, 6, 90,
https://doi.org/10.1186/s40168-018-0470-z, 2018.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet,
C. C., Al-Ghalith, G. A., Alexander, H., Alm, E. J., Arumugam,
M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K., Brejnrod,
A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-
Rodríguez, A. M., Chase, J., Cope, E. K., Da Silva, R., Diener,
C., Dorrestein, P. C., Douglas, G. M., Durall, D. M., Duvallet, C.,
Edwardson, C. F., Ernst, M., Estaki, M., Fouquier, J., Gauglitz,
J. M., Gibbons, S. M., Gibson, D. L., Gonzalez, A., Gorlick, K.,
Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C.,
Huttley, G. A., Janssen, S., Jarmusch, A. K., Jiang, L., Kaehler,
B. D., Kang, K. B., Keefe, C. R., Keim, P., Kelley, S. T., Knights,
D., Koester, I., Kosciolek, T., Kreps, J., Langille, M. G. I., Lee,
J., Ley, R., Liu, Y. X., Loftfield, E., Lozupone, C., Maher, M.,
Marotz, C., Martin, B. D., McDonald, D., McIver, L. J., Melnik,
A. V., Metcalf, J. L., Morgan, S. C., Morton, J. T., Naimey, A. T.,
Navas-Molina, J. A., Nothias, L. F., Orchanian, S. B., Pearson, T.,
Peoples, S. L., Petras, D., Preuss, M. L., Pruesse, E., Rasmussen,
L. B., Rivers, A., Robeson, M. S., Rosenthal, P., Segata, N., Shaf-
fer, M., Shiffer, A., Sinha, R., Song, S. J., Spear, J. R., Swaf-
ford, A. D., Thompson, L. R., Torres, P. J., Trinh, P., Tripathi,
A., Turnbaugh, P. J., Ul-Hasan, S. van der Hooft, J. J. J., Vargas,
F., Vázquez-Baeza, Y., Vogtmann, E., von Hippel, M., Walters,
W., Wan, Y., Wang, M., Warren, J., Weber, K. C., Williamson, C.
H. D., Willis, A. D., Xu, Z. Z., Zaneveld, J. R., Zhang, Y., Zhu,
Q., Knight, R., and Caporaso, J. G.: Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2,
Nat. Biotechnol., 37, 852–857, https://doi.org/10.1038/s41587-
019-0209-9, 2019.

Bonilla-Bedoya, S., Valencia, K., Herrera, M. Á., López-
Ulloa, M., Donoso, D. A., and Macedo Pezzopane, J. E.:
Mapping 50 years of contribution to the development of
soil quality biological indicators, Ecol. Indic., 148, 110091,
https://doi.org/10.1016/j.ecolind.2023.110091, 2023.

Boyarshin, K. S., Adamova, V. V., Wentao, Z., Obuhova, O. Y.,
Kolkova, M. V., Nesterenko, V. A., Bespalova, O. S., Kluyeva,
V. V., Degtyareva, K. A., Kurkina, Y. N., Makanina, O. A., and
Batlutskaya, I. V.: The effect of long-term agricultural use on the
bacterial microbiota of chernozems of the forest-steppe zone, Di-
versity, 15, 191, https://doi.org/10.3390/d15020191, 2023.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson,
A. J. A., and Holmes, S. P.: DADA2: High-resolution sample
inference from Illumina amplicon data, Nat. Meth., 13, 581–583,
https://doi.org/10.1038/nmeth.3869, 2016.

Carey, C. J., Dove, N. C., Beman, J. M., Hart, S. C., and
Aronson, E. L.: Meta-analysis reveals ammonia-oxidizing
bacteria respond more strongly to nitrogen addition than
ammonia-oxidizing archaea, Soil Biol. Biochem., 99, 158–166,
https://doi.org/10.1016/j.soilbio.2016.05.014, 2016.

Chen, H., Zheng, C., Qiao, Y., Du, S., Li, W., Zhang, X., Zhao, Z.,
Cao, C., and Zhang, W.: Long-term organic and inorganic fertil-
ization alters the diazotrophic abundance, community structure,
and co-occurrence patterns in a vertisol, Sci. Total Environ., 766,
142441, https://doi.org/10.1016/j.scitotenv.2020.142441, 2021.

Chen, M., Liu, H., Yu, S., Wang, M., Pan, L., Chen, N.,
Wang, T., Chi, X., and Du, B.: Long-term continuously
monocropped peanut significantly changed the abundance

and composition of soil bacterial communities, Peer J., 8,
https://doi.org/10.7717/peerj.9024, 2020.

Commision of the European communities: Communication from
the Commision to the Council, the European Parliament, the
European Economic and Social Committee and the Commit-
tee of the Regions, https://op.europa.eu/en/publication-detail/
-/publication/3588cc15-b18f-45ea-8e5b-303f0465ffc8 (last ac-
cess: 19 January 2026), 2006.

Cordovez, V., Dini-Andreote, F., Carrión, V. J., and Raaijmakers,
J. M.: Ecology and evolution of plant microbiomes, Annu. Rev.
Microbiol., 73, 69–88, https://doi.org/10.1146/annurev-micro-
090817-062524, 2019.

Dechesne, A., Musovic, S., Palomo, A., Diwan, V., and Smets, B. F.:
Underestimation of ammonia-oxidizing bacteria abundance by
amplification bias in amoA-targeted qPCR, Microb. Biotechnol.,
9, 519–524, https://doi.org/10.1111/1751-7915.12366, 2016.

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries,
T. C., Gaitan, J. J., Encinar, D., Berdugo, M., Campbell, C.
D., and Singh, B. K.: Microbial diversity drives multifunc-
tionality in terrestrial ecosystems, Nat. Commun., 7, 10541,
https://doi.org/10.1038/ncomms10541, 2016.

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-
González, A., Eldridge, D. J., Bardgett, R. D., Maestre, F.
T., Singh, B. K., and Fierer, N.: A global atlas of the
dominant bacteria found in soil, Science, 359, 320–325,
https://doi.org/10.1126/science.aap9516, 2018.

Dong, Z., Zhu, B., Hua, K., and Jiang, Y.: Linkage of N2O emis-
sions to the abundance of soil ammonia oxidizers and denitrifiers
in purple soil under long-term fertilization, Soil Sci. Plant Nutr.,
61, 799–807, https://doi.org/10.1080/00380768.2015.1049930,
2015.

Drenovsky, R. E., Steenwerth, K. L., Jackson, L. E., and Scow, K.
M.: Land use and climatic factors structure regional patterns in
soil microbial communities, Global Ecol. Biogeogr., 19, 27–39,
https://doi.org/10.1111/j.1466-8238.2009.00486.x, 2010.

Dube, J. P., Valverde, A., Steyn, J. M., Cowan, D. A., and
van der Waals, J. E.: Differences in bacterial diversity, com-
position and function due to long-term agriculture in soils
in the Eastern Free State of South Africa, Diversity, 11, 61,
https://doi.org/10.3390/d11040061, 2019.

Egner, H., Riehm, H., and Domingo, W. R.: Untersuchungen über
die chemische Bodenanalyse als Grundlage für die Beurteilung
des Nahrstoffzustandes der Boden, II: Chemische Extractions-
metoden zu Phosphorund Kaliumbestimmung, Kungliga Lant-
brukshügskolans Annaler, 26, 199–215, 1960.

EN ISO/IEC 17025:2017: General requirements for the competence
of testing and calibration laboratories, International Organiza-
tion for Standardization, Geneva, Switzerland, https://www.iso.
org/standard/66912.html (last access: 11 December 2024), 2017.

Estaki, M., Jiang, L., Bokulich, N. A., McDonald, D., González,
A., Kosciolek, T., Martino, C., Zhu, Q., Birmingham, A.,
Vázquez-Baeza, Y., Dillon, M. R., Bolyen, E., Caporaso, J. G.,
and Knight, R.: QIIME 2 enables comprehensive end-to-end
analysis of diverse microbiome data and comparative studies
with publicly available data, Curr. Protoc. Bioinform., 70, 100,
https://doi.org/10.1002/cpbi.100, 2020.

European Commission: Directorate-General for Research and Inno-
vation: EU mission, soil deal for Europe, Publications Office of
the European Union, https://doi.org/10.2777/706627, 2022.

SOIL, 12, 1137–1163, 2026 https://doi.org/10.5194/soil-12-1137-2026

https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.ecolind.2023.110091
https://doi.org/10.3390/d15020191
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.soilbio.2016.05.014
https://doi.org/10.1016/j.scitotenv.2020.142441
https://doi.org/10.7717/peerj.9024
https://op.europa.eu/en/publication-detail/-/publication/3588cc15-b18f-45ea-8e5b-303f0465ffc8
https://op.europa.eu/en/publication-detail/-/publication/3588cc15-b18f-45ea-8e5b-303f0465ffc8
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.1111/1751-7915.12366
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1080/00380768.2015.1049930
https://doi.org/10.1111/j.1466-8238.2009.00486.x
https://doi.org/10.3390/d11040061
https://www.iso.org/standard/66912.html
https://www.iso.org/standard/66912.html
https://doi.org/10.1002/cpbi.100
https://doi.org/10.2777/706627
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Soil microbial activity under conventional and organic produc-
tion of bean and maize, Matica Srpska J. Nat. Sci., 130, 35–43,
https://doi.org/10.2298/ZMSPN1630035M, 2016.
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A. Kuzmanović et al.: Microbiome structure, function, and drivers across different soil groups 1163

Xue, P., Minasny, B., Wadoux, C., Román, M., Alex, D., An-
drew, M., and Patrice, B.: Drivers and human impacts on topsoil
bacterial and fungal community biogeography across Australia,
Global Change Biol., 30, https://doi.org/10.1111/gcb.17216,
2024.

Yan, H., Yang, F., Gao, J., Peng, Z., and Chen, W.: Subsoil micro-
bial community responses to air exposure and legume growth
depend on soil properties across different depths, Sci. Rep., 9,
https://doi.org/10.1038/s41598-019-55089-8, 2019.

Yang, C., Tang, W., Sun, Junqi, Guo, H., Sun, S., Miao, F.,
Yang, G., Zhao, Y., Wang, Z., and Sun, J.: Weeds in the al-
falfa field decrease rhizosphere microbial diversity and associ-
ation networks in the North China Plain, Front. Microbiol., 13,
https://doi.org/10.3389/fmicb.2022.840774, 2022.

Ye, J., Coulouris, G., Zaretskaya, I., Cutcutache, I., Rozen, S., and
Madden, T. L.: Primer-BLAST: a tool to design target-specific
primers for polymerase chain reaction, BMC Bioinform., 18,
134, https://doi.org/10.1186/1471-2105-13-134, 2012.

Yeoh, Y. K., Dennis, P. G., Paungfoo-Lonhienne, C., Weber, L.,
Brackin, R., Ragan, M. A., Schmidt, S., and Hugenholtz, P.: Evo-
lutionary conservation of a core root microbiome across plant
phyla along a tropical soil chronosequence, Nat. Commun., 8,
https://doi.org/10.1038/s41467-017-00262-8, 2017.

Yu, K., Van Den Hoogen, J., Wang, Z., Averill, C., Routh, D., Smith,
G. R., Drenovsky, R. E., Scow, K. M., Mo, F., Waldrop, M. P.,
Yang, Y., Tang, W., De Vries, F. T., Bardgett, R. D., Manning,
P., Bastida, F., Baer, S. G., Bach, E. M., Garcia, C., Wang, Q.,
Ma, L., Chen, B., He, X., Teurlincx, S., Heijboer, A., Bradley,
J. A., and Crowther, T. W.: The biogeography of relative abun-
dance of soil fungi versus bacteria in surface topsoil, Earth Syst.
Sci. Data, 14, 4339–4350, https://doi.org/10.5194/essd-14-4339-
2022, 2022.

Yun, Y., Wang, H., Man, B., Xiang, X., Zhou, J., Qiu, X., Duan,
Y., and Engel, A. S.: The relationship between pH and bac-
terial communities in a single karst ecosystem and its im-
plication for soil acidification, Front. Microbiol., 7, 23–32,
https://doi.org/10.3389/fmicb.2016.01955, 2016.

Zaccardelli, M., De Nicola, F., Villecco, D., and Scotti, R.: The de-
velopment and suppressive activity of soil microbial communi-
ties under compost amendment, J. Soil Sci. Plant Nutr., 13, 730–
742, https://doi.org/10.4067/S0718-95162013005000058, 2013.
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