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Abstract

Salinization and sodification are serious and worldwide growing threats to healthy soil functions. Although plants developed
a plethora of traits to cope with high salinity, soil bacteria are also essential players of the adaptation process. However,
there is still lack of knowledge on how other biotic and abiotic factors, such as land use or different soil properties, affect the
bacterial community structure of these soils. Therefore, besides soil chemical and physical investigations, bacterial com-
munities of differently managed salt-affected soils were analysed through 16S rRNA gene Illumina amplicon sequencing
and compared. Results have shown that land use and soil texture were the main drivers in shaping the bacterial community
structure of the Hungarian salt-affected soils. It was observed that at undisturbed pasture and meadow sites, soil texture and
the ratio of vegetation cover were the determinative factors shaping the bacterial community structures, mainly at the level
of phylum Acidobacteriota. Sandy soil texture promoted the high abundance of members of the class Blastocatellia, while
at the slightly disturbed meadow soil showing high clay content was dominated by members of the class Acidobacteriia. The
OTUs belonging to the class Ktedonobacteria, which were reported mostly in geothermal sediments, reached a relatively
high abundance in the meadow soil.
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Introduction some humid to sub-humid climatic areas as well, particularly

in the coastal regions where the inward movement of sea

According to our current knowledge, salt-affected soils
cover around 20% of agricultural lands globally (Wang et al.
2020), which is a threat to agriculture. These lands mostly
occur in arid and semi-arid regions but can be also found in
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water through estuaries and rivers and through groundwa-
ter causes large-scale salinization (Abrol et al. 1988). High
soil salinity is a major limiting factor of crop yield in these
areas, since many crop species are very sensitive to soil
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salinity (e.g. glycophytes). Plants growing in salt-affected
soils have to cope with multiple stress factors, including
ionic and drought stress (Zhu 2002). The low water potential
caused by high salt deposition in soil makes nutrient uptake
increasingly different for plants. Besides, high concentration
of sodium ions is toxic to plant cells, causing reduced photo-
synthesis, increased production of reactive oxygen species,
growth inhibition or even plant death (Tuteja 2007).
Although plants have developed several traits to adapt to
high soil salinity (e.g. the net exclusion of toxic ions from
the shoot, or compartmentalization of toxic ions into specific
tissues), rhizosphere microorganisms are also key players of
the adaptation process by alleviating the abiotic stress effects
(Khan et al. 2021; Negrdo et al. 2017). Bacterial endophytes,
which contain 1-aminocyclopropane-1-carboxylate (ACC)
deaminase, were shown to possess several beneficial effects
on plants affected by high salinity (e.g. higher fresh and dry
biomass, higher chlorophyll contents and a greater number
of flowers) (Ali et al. 2014). Similarly, rhizobacteria produc-
ing osmolytes, siderophores and antioxidant enzymes may
also contribute to improved salt tolerance of plants (Negrao
et al. 2017). Nevertheless, salinity is a dominant factor in
shaping the soil microbial community structure (Lozupone
and Knight 2007) and can negatively affect soil microbial
activity (Borsodi et al. 2021). It was also suggested that high
salinity can lower bacterial richness and increasing salin-
ity—sodicity decreases the overall complexity of the bacterial
network in soils (Guan et al. 2021). In general, it is observ-
able that members of the phylum Pseudomonadota are usu-
ally the most dominant microbial community members in
sodic soils (Borsodi et al. 2021; Wang et al. 2020; Zhang
et al. 2015). Besides, members of the phyla Bacteroidota,
Acidobacteriota, Gemmatimonadota and Bacillota are also
often abundant in these environments (Borsodi et al. 2021;
Guan et al. 2021; Wang et al. 2020). Further, a taxonomic
analysis revealed that arbuscular mycorrhizal fungi and cal-
cium treatment increased the abundance of Pseudomonadota
and Bacillota at the phylum level in saline alkali soil (Ci
et al. 2021). A major question regarding these microbial
communities is that which environmental parameter is the
dominant driving force that shapes the community structure.
A strong correlation between microbial community com-
position with edaphic factors was observed by Wang et al.
(2022a, b). Based on the microbial analyses of grassland
sodic soils (Songnen Plain, China), Wang et al. (2020) sug-
gested that electrical conductivity (EC) value of soil was the
most important driving force for bacterial composition, fol-
lowed by sodium ion content. Borsodi et al. (2021) investi-
gated sodic soils covered with different kinds of alkali steppe
vegetation (Danube-Tisza Interfluve, Hungary) and found
that microbial catabolic profiles in the investigated soil sam-
ples were primarily driven by EC and soil water content.
Besides, the only environmental variable which significantly
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influenced the bacterial community structure at taxonomic
level was soil CaCO;.

Although significant new knowledge was gained in the
past few years on microbial communities of salt-affected
soils worldwide, still little is known on how different land
usage affects bacterial assemblages in these environments.
However, such studies are needed to reveal the possible
negative effects of overgrazing or irrational utilization of
alkali—saline lands to avoid, for example, the loss of bacte-
rial diversity, which can severely affect ecosystem functions
(Singh et al. 2014; Wagg et al. 2019). In the light of all the
above, the aim of the present study was to investigate the
possible effects of different land use types and soil proper-
ties on the bacterial community structure of salt-affected
soils of Hungary.

Materials and methods

Site description, field sampling and sample
preparation

Soil samples were collected from Nadudvar (Hajdd-Bihar
County), Apaj (Pest County) and Szappanszék (Béacs-Kiskun
County) in Hungary, 2017. The climate of the sampling sites
was typical European continental/Pannonian with warm, dry
summers. Geographical characteristics of the sampling sites
are given in Table 1.

At each site one soil profile was described and classified
according to FAO (FAO 2006) and TUSS Working Group
WRB (WRB 2015) to characterize the pedological condi-
tions. The soil samples were collected with spade (surface
sterilized with 70% v/v ethanol) from the upper surface layer
(15 cm depth) during June 2017. For collection of soil sam-
ples, one plot of 100 m? was selected from each site. Ten soil
subsamples were randomly collected and combined to make
a well-mixed composite sample from each plot. Although
the plots were homogeneous in terms of soil type, composite
samples were used for the average characterization of the
entire plot. All the vegetation and litter from the soil surface
was removed before sampling. Collected soil samples (1 kg)
were placed in plastic bags. Samples for microbial analysis
were transported to the laboratory in a cooling box, sieved
through 2-mm sterile mesh to remove the plant residues and
stones and get a well-homogenized sample. Then, samples
were stored at — 80 °C in 50-ml plastic tubes until DNA iso-
lation. For chemical analysis, the sieved soils were air-dried
and stored at room temperature (22-24 °C).

Characteristics of the Nadudvar arable land

The site is characterized with two Soil Reference Groups.
One is Mollic Solonetz (Cutanic, Endoclayic, Hypernatric,
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Table 1 Locatioq and.climatic Characteristics Soil samples
data of the sampling sites
NSnA NChA NSaM AScP SGIP
GPS coordinates N 47.45886 N 47.46134 N 47.46841 N 47.10562 N 46.88636
E 21.19572 E 21.19409 E 21.17294 E 19.06067 E 19.42608
Avg. temperature 9.8-10.2 °C 9.8-10.2 °C 9.8-10.2 °C 10.3-10.5 °C 10.2-10.3 °C
Max. temperature 35°C 35°C 35°C 34 °C 35°C
Min. temperature —-17°C -17°C —-17°C —-17°C —-16°C
Avg. precipitation 510-550 mm 510-550 mm 510-550 mm 510-550 mm 530-570 mm

NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz Arable; NChA, Nadudvar Chernozem
Arable; AScP, Apaj Solonchak, Pasture; SGIP, Szappanszék Gleysol Pasture

Episiltic, Endoprotovertic, Bathiprotocalcic, Bathigleyic,
Bathisiltic) (NSnA) and the other is Endocalcic Cher-
nozem (Aric, Pachic, Endosodic, Pantosiltic) (NChA). The
cultivated arable sites (NSnA, NChA) were ploughed to a
depth of 30 cm, and 400 kg ha™' NPK (18:7:7) fertilizer
was applied to the maize crop. In case of NSnA, bare soil
surfaces could be observed among the maize rows.

Characteristics of the Nadudvar meadow

The soil is Katocalcic Katoprotosalic Solonetz (Epiclayic,
Endosiltic, Cutanic, Differentic, Humic) (NSnM). The non-
ploughed meadow site (NSnM) has not been cultivated for
more than 30 years, covered with Festuca pseudovina, Agro-
pyron repens, Convolvulus arvensis, Bolboschoenus mariti-
mus, Taraxacum officinale and Limonium gmelinii, and the
plant coverage was 100%.

Characteristics of the Apaj pasture land

The soil is Katofluvic Anocalcic Pantosodic Amphigleyic
Solonchak (Alcalic, Carbonatic, Endosiltic, Bathyloamic)
(AScP). The Apaj site (AScP) was grazed by sheep, and
this site received grazed animal droppings. The plant cover-
age is 90% with the following dominant species Alopecurus
pratensis, Tripolium pannonicum, Champhorosma annua,
Puccinellia limosa and Festuca pseudovina.

Characteristics of the Szappanszék pasture land

The soil is Katofluvic Endocalcic Reductigleyic Gleysol
(Alcalic, Katoarenic, Ochric, Pantosodic) (SGIP). The area
is a drying saline lake occasionally flooded representatively
during the early spring times, with continuous grassy veg-
etation (Agrostica stolonifera, Festuca pseudovina, Festuca
vaginata, Cynodon dactylon, Aster tripolium and Juncus
compressus) and extensive Hungarian grey ox grazing.
Soil pH and electrical conductivity (EC) were meas-
ured in soil-to-water suspension (1:2.5) (Buzis 1988).
Soil organic carbon (%) was determined by wet oxidation

(Walkley and Black 1934). Humic material (E4/E6) was
determined by the method of Page et al. (1982). Plant avail-
able AL-(ammonium lactate) P,O5, AL-K,O and plant avail-
able nutrients (avNa®, avCa®* and avMg®") were extracted
according to Egnér et al. (1960). Soil moisture content was
determined using the gravimetric method (Buzés 1993). Par-
ticle size distribution was determined by pipetting (Klind-
worth et al. 2013).

Environmental DNA extraction and 16S rRNA
gene-based amplicon sequencing

Illumina 16S rRNA gene amplicon sequencing was used
to precisely assess the bacterial community composi-
tion of the soil samples. For this, community DNA was
extracted from 0.5 g of the composite soil samples using
the NucleoSpin Soil Mini Kit (Macherey—Nagel), accord-
ing to the instructions of the manufacturer. NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA)
was used to measure the concentration of the isolated
DNA. Subsequently, for paired-end 16S rDNA ampli-
con sequencing, the variable V3 and V4 regions of the
16S rRNA gene were amplified using forward (5'-TCGT
CGGCAGCGTCAGATGTG TATAAGAGACAGCCTA
CGGGNGGCWGCAG-3') and reverse (5'-GTCT CGT
GGGCT CGGAGATGTGTATAAGAGAC AGGACT
ACHVGGGTATCTAATCC-3") primers with Illumina
adapter overhangs (Klindworth et al. 2013). PCR mix-
tures contained 12.5 ng of DNA, 0.2 pM of each primer
and 12.5 pL of 2X KAPA HiFi HotStart Ready Mix
(KAPA Biosystems, London, UK) supplemented with
MQ water up to 25 pL final volume. The temperature
profile was the following: initial denaturation for 5 min
at 95 °C, 25 cycles of amplification (30 s at 95 °C, 30 s at
55 °C, 30 s at 72 °C). The last step was a final extension
for 5 min at 72 °C. All amplifications were carried out
in a ProFlex PCR System (Life Technologies, Carlsbad,
USA). Amplicons were analysed by agarose gel electro-
phoresis. Paired-end fragment reads were generated on an
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[Ilumina MiSeq sequencer using MiSeq Reagent Kit v3
(600-cycle). Primary data analysis (base-calling) was car-
ried out with Bbcl2fastq” software (v2.17.1.14, Illumina).

Analysis of lllumina amplicon sequencing data

Reads were quality- and length-trimmed in CLC Genom-
ics Workbench Tool 9.5.1 using an error probability of
0.05 (Q13) and a minimum length of 50 nucleotides as
the threshold. Trimmed sequences were processed using
mothur v 1.41.1. (Schloss et al. 2009) as recommended
by the MiSeq SOP page (https://www.mothur.org/wiki/
MiSeq_SOP) (Kozich et al. 2013). Paired-end sequence
(contig) numbers ranged between 45,323 and 49,853.
Based on the sequence alignment as determined by the
SILVA 132 SSURef NR99 database (Quast et al. 2013),
sequences were then assigned. The detection of chime-
ras was performed with Mothur’s uchime command, and
the ‘split.abund’ command was also used to remove sin-
gleton reads (Edgar et al. 2011; Kunin et al. 2010). The
standard 97% similarity threshold was used to determine
operational taxonomic units (OTUs) as it was suggested
for prokaryotic species delineation (Tindall et al. 2010).
Raw sequence reads were deposited in NCBI SRA under
BioProject ID PRINA760983. The TOP20 OTUs, mostly
showing > 2% relative abundance at least in one of the
samples, were considered as major OTUs and were iden-
tified using the EzBioCloud 16S rDNA database (Yoon
et al. 2017).

Statistical analysis

For comparative analysis of soil chemical and physical prop-
erties, the analyses of variance (ANOVA) of the data from
different sites were computed using SPSS statistics vs 23.0.
The mean of parameters of different sites was separated
using Tukey HSD post hoc test at p <0.05 level. Correla-
tion between the TOP20 OTUs of soil samples (revealed by
Ilumina amplicon sequencing), environmental variables and
sampling areas was calculated with canonical correspond-
ence analysis (CCA) using PAST 4.05 software (Hammer
et al. 2001).

Results

Physicochemical properties and structural
characteristics of the investigated soils

Results of the soil characterization were partly published
by Gangwar et al. (2022) and summarized in Table 2;
furthermore, sand, silt and clay contents of the samples
were determined (F(4,10)=233.073 p <0.05 for sand;
F(4,10)=151.259 p<0.05 for silt and F(4,10)=107.447
p <0.05 for clay). Accordingly, the highest sand content
was measured in case of soil SGIP (86.67%), which in turn
contained the lowest levels of silt and clay. In the case of the
other soils, sand content varied between 8 and 22%, silt con-
tent varied between 41 and 58%, while clay content varied
between 29 and 38%.

Table 2 Descriptive statistics ANOVA (mean + standard deviation (SD)) of the soil chemical and physical properties (n=3)

Characteristics Soil samples
NSnA NChA NSaM AScP SGIP

OC (%) 3.48+0.12b 7.82+0.04d 3.56+£0.05b 5.81+0.19¢c 1.77+0.08a
E4/E6 4.17+0.06b 6.70+0.20d 4.80+0.00c 4.77+0.06¢ 3.90+0.00a
pH 6.97+0.06b 6.13+0.06a 8.47+0.06d 8.10+£0.00¢c 9.57+0.06e
EC (uS cm™) 136.37+£0.97b 48.10+1.91a 131.17+4.05b 262.20+20.42¢ 141.73+12.71b
P205 (mg kg™ 420.33£18.15¢ 650.00£6.24d 162.00+4.58b 48.77 +4.86a 42.90+4.25a
K20 (mg kg™ 377.67+20.82d 298.33+12.86¢ 187.67+9.87b 196.00+19.08b 83.43+£4.69a
Mg (mg kg™ 44.23 +10.66b 37.20+7.85ab 31.43£6.40ab 49.57+9.77b 19.53+3.80a
Ca (mg kg™ 1495.00+385.52bc 1859.33+515.51c¢ 834.67 +£260.34ab 738.33 +187.50ab 116.83 +33.25a
Na (mg kg™ 350.00+82.83a 227.00+41.58a 335.33+78.87a 692.00+141.45b 357.33+64.69a
Sand (%) 12.67 £2.08ab 11.00+2.00a 8.67+1.53a 22.33+1.15b 86.67+7.64¢
Silt (%) 58.33+4.16¢ 54.67+2.08¢ 52.67+4.04c 41.00+2.00b 6.67+1.53a
Clay (%) 29.00+2.65b 33.67+2.08bc 38.00£2.65¢ 37.33+2.08¢c 5.67+1.53a
Moisture (%) 26.93+2.90b 23.74+1.70ab 16.79+1.83a 22.27+4.46ab 18.01+3.78a

Means in a column followed by the same letter are not significantly different at 5% level; a—e small letters indicate significant differences of
means between sites according to the Tukey’s test (p <0.05). NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz Arable; NChA,
Nadudvar Chernozem Arable; AScP, Apaj Solonchak, Pasture; SGIP, Szappanszék Gleysol Pasture
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Bacterial community structure of the soil samples

Bacterial communities of the soil samples were dominated
by members of Pseudomonadota (former Proteobacteria)
(23-37%), followed by Acidobacteriota (former Acidobacte-
ria) (17-25%) and Actinobacteriota (former Actinobacteria)
(7-20%).

Members of Chloroflexota (former Chloroflexi) were
abundant in soils NSnM and SGIP (both 11%), while Gem-
matimonadota (former Gemmatimonadetes) in soils NChA
and NSnA (10% and 14%, respectively). Members of Ver-
rucomicrobiota (former Verrucomicrobia) were abundant
only in sample NSnM (12%), while bacteria belonging to
the phylum Bacillota former Firmicutes) were detected in
notable amount only in sample SGIP (9%).

Within the phylum Pseudomonadota, members of alpha-
and gammaproteobacteria were dominant in all of the sam-
ples (Fig. 1). However, in sample NSnA most of the alp-
haproteobacterial sequences (~ 19%) belonged to a single
OTU, which was most closely related to the Sphingomonas
parvus/limnosediminicola lineages (98% 16S rRNA gene
sequence homology). Not surprisingly, this sample had the
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Fig. 1 Relative abundance of major classes in the soil bacterial
communities revealed by Illumina paired-end 16S rDNA amplicon
sequencing shown together with hierarchical clustering of the com-
munities (based on calculation of the Bray—Curtis dissimilarity
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lowest diversity index. The same OTU was also abundant
in sample NChA, although at a much lower level (~6%). In
general, it was observable that genus Sphingomonas-related
OTUs were overrepresented and characteristic in these two
soil samples. The most abundant gammaproteobacterial
OTUs were detected mainly in sample AScP and were most
closely related to Collimonas arenae/Glaciimonas singula-
ris and Azoarcus olearius, respectively. In most of the soil
samples, the phylum Acidobacteriota was represented by
members of the class Blastocatellia, except sample NSnM,
where this group was practically missing. Moreover, in
samples SGIP and AScP the most abundant OTUs could
be linked to the genus Brevitalea (9.4 and 7.7%, respec-
tively). The closest relatives of these OTUs were B. aridi-
soli and B. deliciosa, although at a relatively low level of
16S rRNA gene similarity (~93-94.2%). These Brevitalea-
related OTUs were detectable in all of the soil samples at
minimum 4.9% abundance, except sample NSnM, in which
these OTUs were not detectable. In the case of this latter
sample, the most abundant Acidobacteriota-related OTU
(with 4.6% abundance) could be linked to an Acetobacte-
raceae bacterium (Acidobacterium ailaaui) within the class
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NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz Ara-
ble; NChA, Nadudvar Chernozem Arable; AScP, Apaj Solonchak,
Pasture; SGIP, Szappanszék Gleysol Pasture
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Acidobacteriia. The most abundant OTU in this sample
(4.8% abundance) was a Ktedonobacterales bacterium (dis-
tantly related to Dictyobacter aurantiacus) within the phy-
lum Chloroflexota. Most importantly, these two later OTUs
were characteristic only for sample NSnM and missing
from other samples. The outlying nature of sample NSnM
was clearly observable, since several other TOP20 OTUs
were also exclusively abundant in this sample. These OTUs
could be linked to an Actinoallomurus-related bacterium of
the phylum Actinobacteriota (OTU13, 4%), a Candidatus
Solibacter-related bacterium of the phylum Acidobacteriota
(OTU14, 3.9%), a Chtoniobacteraceae-related bacterium
of the phylum Verrucomicrobiota (OTU15, 3.2%), and to
Bradyrhizobium macuxiense of the phylum Pseudomonad-
ota (OTU11, 3%). Members of the class Bacilli within the
phylum Bacillota were abundant only in sample SGIP. Not
surprisingly, OTUS, which could be linked to Bacillus neal-
sonii (98.9% 16S rRNA gene homology), was characteristic
for this sample (3.6% abundance). Members of the phylum
Actinobacteriota were most abundant in samples NSnM and
AScP (~ 19% abundance in both samples), although different
lineages were detectable. While in sample NSnM members
of the genera Actinoallomurus and Gaiella, together with
a Solirubrobacterales bacterium were abundant, members

of the family lamiaceae were the most abundant Actino-
bacteriota-related bacteria in sample AScP. List of the 20
most abundant OTUs with their phylogenetical relationship
is presented in Table 3.

Regarding OTU-based diversity indices, it was observ-
able that in the case of the Shannon index only small dif-
ferences were detectable between the samples; thus, the
Shannon index values ranged between 4.77 (soil NSnA) and
5.23 (soil SGIP) (Table 4). On the other hand, the Inverse

Table4 OTU-based diversity indices of the soil bacterial communi-
ties

Soil samples  Diversity indices

Sobs Chao ACE Shannon Inverse Simpson
NSnM 3322 3373 3357 4.86 64.18
AScP 433.4 547.0 4963 5.05 80.96
NChA 433.0 549.1 5044 5.11 83.19
SGIP 475.0 5627 517.0 5.23 78.69
NSnA 404.4 481.5 440.1 4.77 23.97

NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz
Arable; NChA, Nadudvar Chernozem Arable; AScP, Apaj Solonchak
Pasture; SGIP, Szappanszék Gleysol Pasture

Table 3 The TOP20 now abundant operational taxonomic units (OTUs) detected in the investigated soils

No. OTU Relative abundance (%) The most closely related species Sequence
similarity
NSnM AScP NChA SGIP NSnA (%)
1 2.8 2.3 6.2 1.4 18.7 Sphingomonas parvus/limnosediminicola 98.0
2 ND 3.1 3.1 7.5 3.5 Brevitalea aridisolildeliciosa 93.7
3 ND 4.6 2.6 1.9 14 Brevitalea aridisoli 94.2
4 0.3 1.1 32 22 0.6 Sphingomonas aquatilis/melonis/humi 98.9
5 1.0 0.7 0.8 3.6 1.0 Bacillus nealsonii/oryzisoli/circulans 98.9
6 ND 33 1.0 0.9 0.5 Collimonas arenae/Glaciimonas singularis 92.3
7 ND 33 1.7 ND <0.1 Azoarcus olearius 91.0
8 4.8 ND ND ND ND Dictyobacter aurantiacus 86.4
9 4.6 ND ND ND ND Acidobacterium ailaaui 91.6
10 ND 1.1 0.8 2.5 0.3 Halochromatium sp. 89.0
11 3.0 0.3 0.2 0.6 0.4 Bradyrhizobium macuxiense 99.6
12 ND 0.6 1.5 <0.1 1.7 Sphingomonas daechungensis 99.5
13 4.0 ND ND ND ND Actinoallomurus purpureus/spadix/vinaceus 95.1
14 39 <0.1 ND <0.1 <0.1 Candidatus Solibacter sp. 98.6
15 32 ND <0.1 ND 0.5 Roseimicrobium gellanilyticum 88.8
16 <0.1 1.1 0.7 1.2 0.7 Stenotrophobacter terrae 97.3
17 ND 0.5 2.2 0.5 0.5 Vicinamibacter silvestris 93.1
18 ND 3.1 <0.1 ND ND Agquihabitans daechungensis 91.6
19 ND ND <0.1 ND 32 Nitrosospira lacus 90.3
20 ND 0.4 2.3 0.6 0.2 Methyloversatilis thermotolerans 90.3

Taxonomical identification was based on the EzBioCloud 16S rRNA gene database, taking into account valid names only. ND, not detected;
NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz Arable; NChA, Nadudvar Chernozem Arable; AScP, Apaj Solonchak, Pasture;

SGIP, Szappanszék Gleysol Pasture
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Simpson value, which is influenced by dominance/abun-
dance of OTUs, showed much larger variability. The lowest
Inverse Simpson value was recorded in case of soil NSnA
(23.97), followed by soil NSnM (64.18). The highest value
was recorded in case of soil sample NChA (83.19). Unlike to
a-diversity indices, which showed the lowest values in case
of soil NSnA, the species richness estimators (Sobs, Chao
and ACE) yielded the lowest value in case of soil NSnM,
followed by soil NSnA.

To reveal relationships between the soil bacterial com-
munities, an OTU-based UPGMA dendrogram was created
by applying the Bray—Curtis similarity index. On the den-
drogram it was clearly observable that bacterial community
composition of soil NSnM distinctly differed from that of
the other samples, which formed two subgroups according
to their land use type. Consequently, one subgroup contained
the pasture soils, and another one contained the arable soils
(Fig. 1).

To better understand this grouping of the bacterial com-
munities, Venn diagrams were generated revealing the dis-
tribution of OTUs among the samples (Fig. 2). The high-
est ratio of shared OTUs (20%) was observed between the
arable soil samples NSnA and NChA, followed by the two
pasture soils SGIP and AScP (19.2%). The lowest ratio of
shared OTUs (6%) could be observed between the meadow
soil NSnM and the pasture soil AScP.

Correlations between bacterial groups and soil
chemical properties

The canonical correspondence analysis based on the soil
abiotic parameters and the abundance values of the TOP20
OTUs (see OTU list in Table 3) showed a distinct separation
of soil NSnM from the others (Fig. 3).

Thus, the outlying nature of soil sample NSnM, which
was taken from a meadow, was evident again. The sharp

(a)

974 1362
soil NSnM
146 soil AScP
902 soil SGIP
soil NSnA

Fig.2 Venn diagrams showing the unique and shared OTUs among
a the most salt-affected soils, and b soils of the “Nadudvar” site.
NSnM, Nadudvar Solonetz Meadow; NSnA, Nadudvar Solonetz

separation of this soil sample was caused by the high abun-
dance of OTUs which could be identified as a Ktedono-
bacterales bacterium (Chloroflexota) (OTU 8), an Acido-
bacteraceae bacterium (Candidatus Solibacter sp., OTU
14), a genus Actinoallomurus-related bacterium (OTU
13), a “Spartobacteria”’-related bacterium (OTU 14) and a
Bradyrhizobium-related bacterium (OTU 11). Nevertheless,
none of the investigated environmental parameters explained
the outlying nature of soil sample NSnM. The other four soil
samples were grouped closer to each other. Still, the arable
soil NSnA had a slightly separate position on the CCA plot.
This separation was caused mainly by the high abundance
of Sphingomonas-related OTUs (OTU1 and OTU12) and a
positive correlation with the soil moisture content was also
observable. In case of pasture soil, SGIP OTU 2, OTU 5 and
OTU 10 reached their maximum abundance and showed a
significant positive correlation (p <0.05) with the high sand
content of this soil. In soil AScP, OTU 18, which was iden-
tified as an laimiaceae-related actinobacterium, showed a
positive correlation with the high Na* concentration.

Discussion

The main aim of the present study was to reveal the bacterial
community composition of Hungarian salt-affected soils and
to observe how land use affects the community structure.
Nevertheless, these two characteristics considerably affect
physicochemical parameters of soils, which eventually shape
the structure of their bacterial communities.

Results of the bacterial community analysis have shown
that besides land use and land cover, soil texture had a cru-
cial effect on the presence or lack of some bacterial classes
in the communities. The best example of this observation is
the different occurrence of classes Blastocatellia and Acido-
bacteriia in the investigated soils. Both classes belong to the

(b)

1425 48 1178
207 soil NSnM
206 550 soil NChA
soil NSnA
830

Arable; NChA, Nadudvar Chernozem Arable; AScP, Apaj Solonchak,
Pasture; SGIP, Szappanszék Gleysol Pasture
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Fig.3 Canonical correlation analysis (CCA) between the 20 now
most abundant bacterial OTUs of soil samples, environmental fac-
tors and sampling areas. NSnM, Nadudvar Solonetz Meadow; NSnA,

phylum Acidobacteriota, and it was observed that members
of the class Acidobacteriia were exclusively abundant in soil
NSnM and were marginal in the other samples. Contrarily,
members of the class Blastocatellia were marginal in soil
NSnM but were abundant in the other ones. Recently, the
distinct habitat preferences of Acidobacteriia and Blastoca-
tellia in tundra soil have been observed by Ivanova et al.
(2020). It was reported that these two classes of the phylum
Acidobacteriota have opposite habitat preferences, since
Blastocatellia were primarily abundant in unfixed sands,
while Acidobacteriia preferred more developed soils with
continuous plant cover. However, our results show that
higher sand content may be the main factor, which causes
the high abundance of Blastocatellia in the Acidobacteriota
community, rather than the extent of plant cover. Still, the
Blastocatellia-related Brevitalea genus (OTU2 and OTU3)
was most abundant in the case of soil SGIP, which was under
fully developed plant cover. Members of this genus were
isolated from a Namibian semi-arid savanna soil (Wiist et al.
2016). The sand content of soil SGIP was extremely high
compared to other soils investigated in this study, and most
probably this characteristic caused the high abundance of
Blastocatellia bacteria here. The soil AScP had the second
highest sand content and had slightly patchy vegetation
cover, while soils NSnA and NChA had markedly lower
sand content but were used as arable lands. Considering the
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Nadudvar Solonetz Arable; NChA, Nadudvar Chernozem Arable;
AScP, Apaj Solonchak, Pasture; SGIP, Szappanszék Gleysol Pasture

fact that soils under intensive agricultural management (e.g.
ploughing, tilling) could result in similar (weak) conditions
for microbes like high sand content, it may be concluded
that high sand content is the main factor, which determines
whether Blastocatellia or Acidobacteriia will be dominant
in the acidobacterial community. This observation is in
agreement with the finding of Xia et al. (2020), according
to which soil texture is one of the most important factors in
shaping soil bacterial communities. Moreover, in a study
by Mencel et al. (2022), a significant correlation was found
between biochemical parameters (enzymatic activity and
microbial abundance) and organic matter components. In
another study, it was observed that bacterial community
structure was affected by environmental factors such as soil
organic matter, soil moisture and EC (He et al. 2021). Simi-
lar to Blastocatellia, members of Subgroup 6 were marginal
in soil NSnM, but abundant in the other soil samples. How-
ever, it should be noted that the ratio of Blastocatellia was
higher at the pastures, while the abundance of the Subgroup
6 members (e.g. OTU17-Vicinamibacteria) showed opposite
preference, since in the soil of arable crops their abundance
was 2-3 times higher. This result can be (at least partly)
explained by the observations that these acidobacteria typi-
cally inhabit grassland soils and are positively correlated
with nutrient availability (Naether et al. 2012; Navarrete
et al. 2015). Thus, the abundance maximum of these bacteria
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in the arable soils can be explained by the high amount of
nutrients originated from fertilizers used at these plots. As
it was mentioned above, members of the class Acidobacte-
riia were exclusively abundant in soil NSnM, which was
an almost undisturbed meadow soil with high silt and clay
content.

The most abundant Pseudomonadota phylum-related
OTUs belonged to the genus Sphingomonas and were typi-
cally observed with high relative abundance values in the
arable soils NSnA and NChA. Although members of the
genus are known to have significant role in the degrada-
tion of organic contaminants (e.g. aromatic hydrocarbons)
in soils (Leys et al. 2004), a growing number of studies have
shown their plant growth promoting ability as well, espe-
cially in the case of maize (Chen et al. 2021; Wang et al.
2022a, b). Moreover, it was also observed that nitrate applied
as inorganic fertilizer can significantly decrease the bacte-
rial diversity in the rhizosphere of maize, while recruiting
bacteria such as members of the genus Sphingomonas and
its close relatives (e.g. Sphingobium and Novosphingobium)
(Zhang et al. 2021). In a recent study, Megyes et al. (2021)
also found that the sole application of inorganic fertilizers
(NPK) in case of a maize monoculture significantly affected
soil bacterial and archaeal community structures. Other
Pseudomonadota-related OTUs were much less abundant
in the samples and were typically present with >2% rela-
tive abundance only in one of the samples. A good example
of this phenomenon is the genus Bradyrhizobium, which
occurred in significant quantities only in soil NSnM. Here
these bacteria most probably played key role in nitrogen fixa-
tion either as plant root symbionts or as free living bacteria
(Ormeiio-Orrillo and Martinez-Romero 2019). The rela-
tively high abundance of these bacteria in soil NSnM can
be explained by the facts that this was an undisturbed soil
with continuous plant cover, which usually positively affect
the abundance of genus Bradyrhizobium in soils (Zhalnina
et al. 2013).

Members of the class Ktedonobacteria (phylum Chlor-
oflexota) were exclusively abundant in soil NSnM. These
bacteria are ubiquitous in terrestrial environments; still, our
knowledge of their habitat preference and ecological role
is limited (Yabe et al. 2017a; Zheng et al. 2019). Typically,
they show low abundances in common terrestrial environ-
ments (e.g. soil, sand and bark) and can be abundant in
extreme environments such as geothermal sediments (Yabe
et al. 2017a). However, OTUs belonging to class Ktedono-
bacteria reached a relative abundance of over 9% in soil
NSnM, which is comparable to that of was observed in
geothermal sediments by Yabe et al. (2017a). Recently, it
was suggested by Zheng et al. (2021) that members of the
Ktedonobacteria lineage have a high cellulolytic potential.
Based on a genome-wide analysis, it was found that many
of these bacteria harbour carbohydrate-active enzymes

(e.g. endo- and exocellulases), hinting at their role in cel-
lulose degradation (Zheng et al. 2021). Consequently, the
high abundance of these potentially cellulolytic bacteria in
soil NSnM can be explained, since this site was used as a
meadow with full and rich vegetation cover, and the decom-
posing plant material could fuel the ktedonobacterial com-
munity here. The dominant ktedonobacterial OTU (4.8%) of
soil NSnM was most closely related to Dictyobacter auran-
tiacus, although at considerably low level of 16S rRNA gene
similarity (86.4%). Members of the genus Dictyobacter have
been described only recently, and most of them are able to
degrade cellulose and xylan and do not grow at pH higher
than 9 (Wang et al. 2019; Yabe et al. 2017b).

Interestingly, members of the class Anaerolineae were
abundant in soil SGIP, while playing marginal role in the
microbial communities of the other soil samples. Unfortu-
nately, little is known about the role of these bacteria in
soils. Zhao et al. (2020a, b) investigated soil bacterial com-
munities along a salinity gradient in the Yellow River Delta
and found that members of the class Anaerolineae preferred
soils with low-salt content.

Members of the class Verrucomicrobiae were most abun-
dant in soil NSnM (12%) and the least abundant in soil SGIP
(1%). It is well known that Verrucomicrobiota are ubiquitous
in soil, and the highest relative abundances can usually be
observed in soils from humid grasslands and prairies (Berg-
mann et al. 2011). It was also observed by Bergmann et al.
(2011) that significantly lower abundancies can be observed
in soils of arid/semi-arid grasslands and agricultural lands.
Our results further confirm this observation.

The phylum Gemmatimonadota was primarily found in
arable soils NSnA and NChA (with relative abundances of
13.6 and 10.3%, respectively). This high abundance of Gem-
matimonadota bacteria is unusual, since globally they com-
prise ca. 2% of soil bacterial communities (DeBruyn et al.
2011). Although these bacteria are ubiquitous members of
soil microbial communities, still little is known about their
ecological role. DeBruyn et al. (2011) suggested that they
are adapted to low-moisture conditions but cannot tolerate
moisture fluctuations. Nevertheless, members of the Gem-
matimonadota are often reported among the most dominant
bacteria in the rhizosphere of maize (Qaisrani et al. 2019;
Wen et al. 2016). Moreover, Zhu et al. (2018) observed that
sustainable agricultural management practices (e.g. return-
ing all crop residues to the soil) further increased the rela-
tive abundance of the phylum Gemmatimonadota in the soil
microbial community of a maize cropping system. Based on
all these, it is well explained why Gemmatimonadota bac-
teria showed the highest relative abundances in soils NSnA
and NChA.

Similar to Gemmatimonadota, members of the class Phy-
cisphaerae (phylum Planctomycetota) showed the highest
relative abundances in soils NSnA and NChA. The first
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representatives of Phycisphaerae were described more than
a decade ago from marine alga (Fukunaga et al. 2009), and
their role in soil environment is still largely unknown. The
stable-isotope probing-based study of Wang et al. (2015)
suggested that these bacteria primarily act as heteropolysac-
charide degraders in soils. Thus, it can be speculated that
these bacteria benefited from decaying crop residues in soils
NSnA and NChA, causing their high relative abundance.

Members of the class Bacilli together with the whole phy-
lum of Bacillota were exclusively abundant in soil SGIP.
Members of the genus Bacillus are often the major isolates
in studies aiming to cultivate halophilic phosphate-solubi-
lizing bacteria from salt-affected soils (Jiang et al. 2018,
2020). The fact that halophilic Bacillus strains often show
alkaliphilic characteristics as well explains why Bacilli were
considerably abundant in soil SGIP, which showed the high-
est pH value among the investigated soils (Arora and Vanza
2018). In such an environment, these spore-forming bacteria
have a competitive advantage over other bacteria.

Conclusion for future biology

Based on the observed bacterial communities, it can be con-
cluded that land usage and soil texture were the key fac-
tors, which shaped bacterial community compositions of the
investigated soils. At those sites where the salt-affected soil
was not disturbed (pasture and meadow soils), soil texture
and the ratio of vegetation cover were the determinative fac-
tors, which shaped bacterial community structures, mainly
at the level of phylum Acidobacteriota. In salt-affected soils
with either high sand content or with patchy vegetation
cover, members of the classes Blastocatellia and Vicina-
mibacteria were the abundant acidobacteria, while in the
slightly disturbed meadow soil having higher clay content,
members of the class Acidobacteriia overwhelmingly domi-
nated the acidobacterial community. Besides, at arable lands,
the cultivated plant (maize at the Nadudvar site) and the
usage of fertilizers together were most probably responsible
for the observed low bacterial diversity and the high abun-
dance of some characteristic maize rhizosphere-associated
bacteria. Overall, results of the present study provided
further microbiological arguments against the irrational
agricultural use (e.g. as arable lands) of salt-affected soils.
Future microbiological studies on salt-affected soils should
focus on how we can increase the resistance and resilience
of the associated microbial communities in order to preserve
soil stability.
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