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Abstract: Nowadays, one of the most important challenges is to ensure sustainable agricultural
management of crops such as maize (Zea mays L.). Long-term crop production, however, may influence
the soil properties, the composition and activity of microbial communities. The aim of this study
was to compare the catabolic activity and taxonomic diversity of bacterial communities inhabiting
the soil of a non-fertilized maize monoculture and a natural grassland. Samples were taken from
the horizons A and C in the first part of the vegetation period. MicroResp™ technique was used to
explore the catabolic potential of microbial communities and next generation amplicon sequencing to
reveal the bacterial diversity. Based on the catabolic activity results, higher differences were revealed
among the soil horizons than the different land uses. The highest degree carbon source utilization
was detected in the soil horizon A of the natural grassland. The taxonomic composition of bacterial
communities was dominated by Proteobacteria. The relative abundance of other dominant phyla
(Acidobacteria, Bacteroidetes, Verrucomicrobia, Actinobacteria, Planctomycetes, Gemmatimonadetes,
Chloroflexi and Patescibacteria) varied according to both the land use and soil depth. Amplicon
sequences belonging to genera of r-strategist “copiotrophic” and K-strategist “oligotrophic” bacteria
were identified from the soils of both maize monoculture and grassland.

Keywords: maize monoculture; grassland; soil bacteria; MicroResp; 16S rRNA gene amplicon sequencing

1. Introduction

Maize (Zea mays L.) is one of the most important crops around the world, not only as human food
and animal feed but also as the raw material for bioethanol production. The intensive agricultural
practices (as large-scale maize cultivation), however, can degrade soil ecosystems and cause a long-term
decrease in soil fertility [1,2]. It is also known that factors related to agricultural management (fertilization,
crop rotation, etc.) can affect the biomass, diversity and enzyme activity of soil microbiota [3,4].

Agronomy 2020, 10, 341; doi:10.3390/agronomy10030341 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0002-7178-5883
https://orcid.org/0000-0001-6226-0607
https://orcid.org/0000-0002-8354-0656
https://orcid.org/0000-0001-5267-411X
https://orcid.org/0000-0001-5424-1983
http://dx.doi.org/10.3390/agronomy10030341
http://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/10/3/341?type=check_update&version=2


Agronomy 2020, 10, 341 2 of 15

Microorganisms have essential roles in soils by formation of soil structure, decomposition and
transformation of various organic compounds as well as elimination of toxic compounds. In addition,
rhizosphere microbes colonizing plant roots and surrounding soils can accumulate certain compounds,
facilitate the nutrient uptake of plants, accelerate plant growth by direct or indirect ways and promote
stress tolerance and defense processes against biotic and abiotic factors [5,6].

Previous studies revealed that diversity and relative abundance of bacterial taxa in the maize
rhizosphere and bulk soils showed considerable differences [7,8]. The biomass and the abundance of
microorganisms, together with the diversity and the enzyme activities of maize-associated microbial
communities can be influenced by the types of fertilization regimes [9–14], crop rotation [15,16] and
growth stages of the maize plants [17,18]. Previously, Fierer et al. [19] studied the effect of different soil
nitrogen concentrations on the phylogenetic diversity of bacteria in grassland and crop rotation soils
using 16S rRNA gene amplicon sequencing, functional diversity by shotgun metagenome sequencing
and catabolic activity profiles. Their results showed differences both in phylogenetic and functional
diversity and even in catabolic activity profiles along the nitrogen gradients; however, there were no
strong differences in bacterial community structures, but an increase in the proportion of copiotrophic
Proteobacteria and Bacteriodetes and a decrease in oligotrophic Acidobacteria was shown. From an
ecological point of view, r-strategist copiotrophic bacteria (adapted to nutrient rich environments)
were found to be dominant in the early-stage maize plants and in conservation agriculture while they
were replaced by K-strategist oligotrophic bacteria (present in nutrient poor environments) around
senescent roots and in agricultural soils farmed with conventional practices [11,20].

The results of previous research suggest that a positive correlation can be detected between
microbial diversity and soil ecological functions; moreover, a shift in microbial community structure
can lead to changes in ecological functions as well. Therefore, the knowledge on the function
and diversity of bacterial communities in agricultural soils is important for long-term sustainable
cultivation of crops such as maize. In Hungary, several long-term field experiments of maize have
been maintained, representing living field laboratories that are invaluable in research, education and
consultancy. The most important experiments include monocultures vs. crop rotations, comparative
fertilization experiments, organic and mineral fertilizer interaction experiments, NPK dose-experiments
and polyfactorial experiments [21]. However, exploration of soil microbiota from these long-term
experiments just recently started in detail [22–24]. The impact of long-term agricultural practices on the
structural and functional diversity of soil microbial communities is most pronounced in comparison
with natural habitats. In addition, little is known about to what depths of soils the effects can be
detected in agricultural crops versus natural ecosystems.

Therefore, the aim of this study was to get insight and compare the catabolic activity and
taxonomic composition of bacterial communities from the different soil horizons of a non-fertilized
maize monoculture and a nature conservation grassland.

2. Materials and Methods

2.1. Study Sites and Sampling

The studied maize monoculture experimental field situated near the town of Martonvásár
(47.331177 N; 18.789910 E) in Hungary has been under the same agricultural management for almost
60 years [21,24]. A nearby “Natura 2000” grassland (47.469602 N; 18.656065 E), which was a cattle
pasture until the 1990s, was used for comparison. Nowadays, the area is protected. It is dominated
by Festuca rupicola and Brachypodium pinnatum (more than 35% of the total plant coverage) and
characterized by a diverse dicotyledonous flora.

Samples were taken from the soil horizons A (0–10 cm) and C (40–60 cm) using a surface sterilized
Pürckhauer ground auger in spring 2017. At the time of sampling, maize plants were at the five-leaf
phenological growth stage. At both sampling sites (M, Maize and G, Grassland) and soil horizons
(A and C), triplicate samples (ca. 100 cm3) were randomly taken. On the spot, composite soil samples
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were formed from three individual subsamples of approximately the same volumes. The samples,
kept in a cooler at 4–8 ◦C, were transported to the laboratory within 3 h following the sampling.

Following the aseptic removal of non-decayed plant residues and thorough mixing, soil samples
were divided into three parts. One was used for physical and chemical characterization, the second was
sieved through a 2-mm mesh for MicroResp™measurements and the third was processed immediately
for DNA extraction.

2.2. Physical and Chemical Analysis of the Soil Samples

Samples for particle sizing were treated with 0.5 M sodium pyrophosphate (Na4P2O7) and
subjected to 15 min of ultrasonic agitation for disaggregation [25,26]. Particle size distributions were
measured using a Fritch Analysette 22 Microtech Plus laser diffraction particle sizer (Fritsch GmbH,
Idar-Oberstein, Germany) in the range of 0.2–2000 µm. Soil samples for all the other measurements
were dried at 45 ◦C in a drying oven until the air-dried state. The soil organic carbon (SOC) content
was measured using dry combustion at 900 ◦C [27] using a Shimadzu TOC-L with an SSM 5000A solid
sample combustion unit (Shimadzu Corp., Tokyo, Japan). The total bounded nitrogen (TN) content was
measured using dry combustion at 860 ◦C [27] using a Teledyne Tekmar A9000N chemiluminescent
analyzer (Teledyne Technologies Incorp., Thousand Oaks, California, USA) with a Rosemount type 183
boat sampling module (Rosemount Inc. Shakopee, Minnesota, USA). CaCO3 content was determined
by a Scheibler type calcimeter. Both pHs in distilled water and in KCl solution were determined at a
soil:solution ratio of 1:5 (weight:volume) according to the Wageningen procedure [28].

2.3. MicroResp™ Substrate induced Catabolic Activity Measurements

The MicroResp™ system (Macaulay Scientific Consulting Ltd., Aberdeen, UK) was designed
to quantify the microbial activity of soils [29]. The procedure was performed in accordance with
the instructions of the manufacturer. In total, 23 different substrates were tested in the deep-well
plates: L-(+)-arabinose (80 g/L), D-(+)-xylose (80 g/L), D-galactose (80 g/L), D-glucose (80 g/L),
D-(−)-fructose (80 g/L), L-(−)-rhamnose (80 g/L), mannose (80 g/L), trehalose (80 g/L), inositol (80 g/L),
myo- D-mannitol (80 g/L), D-(+)- D-sorbitol (80 g/L), DL-malate (40 g/L), succinate (40 g/L), citrate
monohydrate (40 g/L), K salt of gluconate (40 g/L), L- 3,4-dihydroxy-benzoate (12 g/L), L-alanine
(40 g/L), L-serine (20 g/L), L-asparagine-monohydrate (20 g/L), L-glutamine (20 g/L), glutamate (12 g/L),
L-lysine-monohydrochloride (40 g/L) and L-arginine (12 g/L) [30]. Distilled water served as a control
substrate. After 5 h of incubation on 25 ◦C, indicator color changes were photometrically detected in
an Anthos 2010 photometer (Biochrom Ltd., Cambridge, UK) at 570 nm [31].

2.4. Bacterial Diversity Analysis by Next-Generation DNA Sequencing

Community DNA was isolated from 0.5 g of soil sample using an MO BIO power soil DNA isolation
kit (MO BIO Laboratories Inc., Carlsbad, USA), according to the instructions of the manufacturer.

For PCR (polymerase chain reaction), B341F (B341F: CCT ACG GGA GGC AGC AG) and 805R
(805R: GGA CTA CHV GGG TWT CTA AT) primers were used [32] with appropriate adapter sequences
(CS1-TS-B341F and CS2-TS-805R). The PCR mixture contained 0.5 µL of 5x HF buffer (Thermo Fisher
Scientific), 5.0 µL of dNTP mixture (10 µM, Thermo Fisher Scientific), 12.25 µL of distilled water,
0.625 µL of each primer (0.66 µM), 0.25 µL of Phusion® HF polymerase (0.5 U, Thermo Fisher Scientific)
and 1.25 µL of metagenomic DNA. During the amplification, the following cycles were applied: 5 min
of initial denaturation at 98 ◦C, 25 cycles of denaturation at 95 ◦C for 40 s, annellation at 55 ◦C for 30 s
and elongation at 72 ◦C for 1 min; then, the reaction was finished with a final elongation step at 72 ◦C
for 10 min, and the products were cooled to 4 ◦C. The quality of PCR products was controlled using a
model 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
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Amplicon libraries were created by pooling equal quantities of amplicons from the triplicate soil
samples. Sequencing was performed on an Illumina MiSeq platform (Illumina Inc., San Diego, USA) at
the Genomics Core, Research Technology Support Facility (Michigan State University, Trowbridge,
USA) using a MiSeq Reagent Kit v2 (500 cycle).

Raw sequence reads were deposited in the NCBI SRA database and are accessible through the
BioProject ID PRJNA547528. Sequence reads were analyzed using mothur v1.38.1 [4] based on the MiSeq
SOP (http://www.mothur.org/wiki/MiSeq_SOP downloaded at 04/04/2018) [33] with the following
exceptions: “deltaq” was adjusted to 10 in the “make.contigs” command; UCHIME [34] was used
for chimera detection. Singleton reads were removed from the dataset according to Kunin et al. [35].
Taxonomic assignments were made using a minimum bootstrap confidence score of 80% calculated
after 1000 iterations and based on the ARB-SILVA SSU Ref NR 132 database [36]. This database
was also used for the generation of operational taxonomic units (OTUs) applying a 0.15 cutoff in
mothur’s “dist.seqs” command and using 97% 16S rRNA gene sequence similarity, corresponding to
the prokaryotic species-level threshold [37]. The determination of richness and diversity estimators
was also performed with mothur using a subsampled dataset (n = 29,117) for every sample.

2.5. Statistical Analysis of the Data

After a normality test, one-way analysis of variance (ANOVA) and Tukey’s honestly significant
difference (HSD) were carried out to test for any significant differences between the means of soil
parameters using the R 3.1.3 “stats” package (R Foundation for Statistical Computing, Vienna, Austria).
A p-value < 0.05 was considered significant. The catabolic potential data were standardized to the
means, and then principal component analysis (PCA), R 3.1.3 with the “rda” function from the R
package “vegan” [38] was applied. The UPGMA (unweighted pair group method with arithmetic
mean) cluster analysis and the Simper test of the sequencing data were performed with Past3 3.20 [39],
applying the Bray–Curtis similarity index. The scatter plot was created using Plotly (Plotly Technologies
Inc., Montréal, Canada; https://plot.ly).

3. Results

3.1. Physical and Chemical Properties of the Soil Samples

The parent material was quaternary loess, which determined most of the physical and chemical
properties of the studied soils. The texture was loam, which provided good porosity and high potential
infiltration capacity [40]. Limited leaching of the calcium carbonate resulted in slightly alkaline
conditions in the topsoil. The SOC content in the natural topsoil was 1.9% (m/m). This amount was
around 4.5% (m/m) of the soil organic matter (SOM) based on the application of the van Bemellen
conversion factor. The SOC content of the cultivated topsoil was less than 1% (m/m). The SOC and TN
contents were significantly higher in the topsoil of the natural grassland than the maize monoculture,
but the C:N ratios were similar probably due to the higher proportion of the fresh residuals and lack of
fertilization (Table 1).

http://www.mothur.org/wiki/MiSeq_SOP
https://plot.ly


Agronomy 2020, 10, 341 5 of 15

Table 1. Physical chemical properties of the studied topsoil and parent materials.

Maize Monoculture Natural Grassland
Horizon A C A C

Sample designations MA_17S MC_17S GA_17S GC_17S

clay (%, v/v) 1 24.9 ± 3.3 24.5 ± 0.7 20.7 ± 1.3 18.8 ± 0.3
silt (%, v/v) 1 45.6 ± 1.9 44.9 ± 0.9 56.3 ± 3.3 30.7 ± 3.1

sand (%, v/v) 1 29.4 ± 2.2 30.6 ± 1.5 22.9 ± 2.1 50.5 ± 3.4
pH(dw)

1 7.7 ± 0.2 ab 8.1 ± 0.1 a 7.4 ± 0.2 b 8.2 ± 0.1 a

pH(KCl)
1 7.3 ± 0.1 b 7.6 ± 0.0 a 7.1 ± 0.2 b 7.6 ± 0.0 a

CaCO3 (%, m/m) 1 2.9 ± 2.3 a 19.6 ± 1.6 a 9.1 ± 0.9 a 15.0 ± 1.4 a
SOC (g/kg) 1 8.3 ± 0.3 a 1.2 ± 0.2 a 26.1 ± 0.6 b 6.5 ± 0.9 a
TN (g/kg) 1 0.6 ± 0.1 a 0.1 ± 0.0 b 1.4 ± 0.3 c NM

C:N1 18.8 ± 4.0 ND 20.7 ± 1.3 ND
1 Values are presented as the mean ± SE. A = 0–10; C = 40–60 cm; clay = <5 µm fraction; silt = 5 µm–50 µm fraction;
sand = 50 µm–2000 µm; SOC = soil organic carbon; total bounded nitrogen = TN content; NM = not measured; ND = not
determined; groups that do not share a letter are significantly different at the 95% confidence interval (p < 0.05).

The soil of the natural grassland was located on a slope steppe. This profile contained two (A and
C) horizons. The depth of the A horizon was 35 cm. The soil type was a haplic chernozem (loamic)
according to IUSS Working Group WRB2014 [41]. The arable soil was situated on a gentle slope. The
profile also contained two (A and C) horizons. The depth of A horizon was 45 cm. The soil type could
be described as a eutric regosol (loamic). The difference between soil types of the grassland and the
arable land could be explained by the humus loss due to the long-term cultivation.

3.2. Substrate Induced Catabolic Activities of Soil Microbial Communities

The catabolic activities of microbial communities were higher in the soil horizons A than C in
both studied areas (Figure 1). All measured activity values in the soil horizons A were two–three
times higher in the maize monoculture (MA_17S) and up to five times higher in the natural grassland
(GA_17S) compared to the control (dH2O). In the soil horizons A, the microbial respiration of the maize
monoculture samples was always lower than that of the natural grassland samples, for all examined
substrates. For all substrates, microbial communities from both soil horizons C (MC_17S and GC_17S)
showed slightly higher activities (p ≤ 0.05 for all substrates and samples) than the control substrate.

On the PCA biplot (Figure 2), a clear separation of the samples can be observed. Samples from soil
horizons A and C separated from each other along PC1 (which explained more than 85% of the total
variability), while maize monoculture and natural grassland samples separated from each other along
PC2 (which described more than 10% of the total variability). The most preferred carbon sources of the
microbial communities were fructose, glucose, trehalose, malate and succinate in the soil horizons A
while it was dihydroxy-benzoate in the soil horizons C.
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Figure 1. The metabolic potential of the maize monoculture and grassland samples measured in the
MicroResp™ system with 23 substrates (µg CO2-C/g soil/hour). dH2O: distilled water; Ara: arabinose;
Xyl: xylose; Gal: galactose; Glc: glucose; Fru: fructose; Rha: rhamnose; Man: mannose; Tre: trehalose;
Ino: inositol; Mat: mannitol; Sor: sorbitol, Mal: malate; Suc: succinate; Cit: citrate; Gla: gluconate; Dhb:
dihydroxy-benzoate; Ala: alanine; Ser: serine; Asn: asparagine; Gln: glutamine; Glu: glutamate; Lys:
lysine; Arg: arginine. (For sample designations see Table 1.)
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Figure 2. The PCA biplot of the maize monoculture and grassland samples as objects and organic
carbon sources as variables based on the MicroResp™ data. (For substrate abbreviations see Figure 1;
for sample designations see Table 1.)

3.3. Metagenomic Diversity of Soil Bacterial Communities

From the studied maize monoculture and natural grassland soil samples, read numbers were
obtained between 29,117 and 56,488. The OTU numbers ranged from 2063 (MC_17S) to 2888 (GA_17S).
Sample MA_17S had the highest diversity values among the samples. Non-parametric indices
(e.g., ACE and Chao 1) and Shannon’s diversity were higher in the soil horizons A than in C; however,
the differences were not remarkable (Table 2).

Table 2. Changes in operational taxonomic unit (OTU) richness and diversity of the studied maize
monoculture and natural grassland samples.

Maize Monoculture Natural Grassland
Horizon A C A C

Sample sign MA_17S MC_17S GA_17S GC_17S
Good’s coverage (%) 100.0 98.7 98.0 97.8

Number of OTUs 2803 2063 2888 2469
Chao 1 2803 2224 3070 2828
ACE 2804 2304 3277 2989

Inverse Simpson’s (1/D) 360 172 184 198
Shannon’s diversity (H’) 6.9 6.2 6.6 6.4

Abbreviation: ACE, abundance-based coverage estimator.

Altogether 34 bacterial phyla and phylogenetic lineages were detected from the soil samples out of
which Proteobacteria, Acidobacteria, Bacteroidetes, Verrucomicrobia, Actinobacteria, Planctomycetes,
Gemmatimonadetes, Chloroflexi and Patescibacteria were present with a relative abundance higher
than 1% in at least one of the samples (Figure 3).
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The highest relative abundance could be observed for the phyla Proteobacteria (20.2–26.5%)
and Acidobacteria (14.7–21.4%) in almost all samples (Figure 3). The soil horizons C had the
highest proportion of Bacteroidetes (21.5%) and Verrucomicrobia (15.9%) in the natural grassland
(GC_17S) while Actinobacteria (14.1%), Gemmatimonadetes (7.7%) and Chloroflexi (4.0%) in the maize
monoculture (MC_17S). The phyla Planctomycetes (11.8%) and Patescibacteria (4.3%) showed the
highest proportions in the soil horizons A of natural grassland (GA_17S) and maize monoculture
(MA_17S), respectively. The relative abundance was higher than 1% for the phyla Nitrospirae (3.9%)
and Latescibacteria (1.9%) and candidate division GAL 15 (1.7%) only in the soil horizon C of maize
monoculture (MC_17S).

Based on the distribution of OTUs (operational taxonomic units), the soil horizons A were
more similar to each other than soil horizons C (Figure 3). Therefore, bacterial communities from the
soil horizons A of maize monoculture and natural grassland formed the closest cluster. Based on the
hierarchical clustering, the soil horizon C of maize monoculture (MC_17S) was the most different sample.

The taxonomic affiliation of the 16S rRNA amplicon sequences identified at the genus level and
exceeding 0.1% in at least one of the samples are presented in Figure 4. The scatter plot shows the
differences in the abundance of bacterial genera by the size of circles according to the land use and
soil horizons.

The OTUs that were present in all samples and representing the highest average values
were genera Gaiella (Gaiellales), Flavobacterium (Flavobacteriales), Chryseolinea (Cytophagales),
Terrimonas (Chitinophagales), Pirellula (Pirellulales), Sphingomonas (Sphingomonadales), Haliangium
(Myxococcales), Acidibacter and Lysobacter (Xanthomonadales), Chthoniobacter (Chthoniobacterales),
Opitutus (Opitutales) and Luteolibacter (Verrucomicrobiales). In the maize monoculture, sample
specific high abundance was characteristic for genera Pseudarthrobacter (Micrococcales), Ferruginibacter
and Flavisolibacter (Chitinophagales), Adhaeribacter (Cytophagales), Ohtaekwangia (Cytophagales),
Massilia (Betaproteobacteriales) and Arenimonas (Xanthomonadales) in the soil horizon A (MA_17S),
and Nitrospira (Nitrospirales) and Dongia (Dongiales) in the soil horizon C (MC_17S). In the
natural grassland soil horizon C (GC_17S), OTUs belonging to genera Paludibaculum (Solibacterales),
Ferruginibacter (Chitinophagales), Parafilimonas (Chitinophagales), Ohtaekwangia (Cytophagales) and
Pseudomonas (Pseudomonadales) were detected in the highest proportions.

However, it should be noted that most of the OTUs from both the maize monoculture and natural
grassland resulted in unclassified or uncultured closely related sequences (data not shown), which could
be identified only in higher (order or class) taxonomic levels. The Simper test (based on Bray–Curtis
similarity) showed that an OTU of an uncultured Burkholderiaceae (Betaproteobacteriales) and an OUT
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of a clone lineage 0319-7L14-7L14 (0319-7L14-7L14) contributed by 1.69% and 1.45% to the variance
among all samples, respectively, while some OTUs of the genera Flavobacterium (Flavobacteriales),
Acidibacter (Gammaproteobacteria incertae sedis), Luteolibacter (Verrucomicrobiales), clone lineage
RB41 (Pyrinomonadales), clone lineage MND1 (Betaproteobacteriales), unknown Rokubacteriales,
Chthoniobacter (Chthoniobacterales), Nitrospira (Nitrospirales), uncultured Chitinophagaceae genus
(Chitinophagales) and Candidatus Udaeobacter (Chthoniobacterales) contributed to the variance
over 0.5% each.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 15 
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4. Discussion

Maize cultivation in monoculture may have a significant impact on soil structure and microbial
communities in both the surface and deep horizons, which can be best detected and interpreted
by comparative studies with natural ecosystems. In the present study, therefore, community level
physiological profiling and next generation sequencing methods were applied to reveal and compare
the metabolic potential and bacterial community structure of soil horizons A and C in juvenile maize
plants of a long-term non-fertilized monoculture and a natural grassland.

Based on the results obtained by catabolic activity profiling of soil microorganisms, clear separations
could be observed according to both the soil horizon and the land use. The results of previous studies
confirmed that MicroResp™ is a suitable biological indicator method for comparing the metabolic
capacity of soil microbial communities with different land managements and soil properties [9,42,43].

Compared to the soil horizons C, the measured catabolic activities were several times higher in
the soil horizons A for both studied vegetation types (Figure 1), where the higher root density and
organic matter content can provide more available substrates for microbes than in soil horizon C.
Microbial activities of soil horizons A were extremely high in the case of monosaccharides (e.g., glucose,
fructose), disaccharides (e.g., trehalose) and carboxylic acids (e.g., malate, succinate), which is not
surprising, considering that these substrates are easily metabolized by microorganisms. Besides this,
after standardizing to the mean activity of each sample, these substrates were shown by PCA (Figure 2)
to be relatively better utilized by samples from the horizons A. One explanation to this may be that
many of these substrates were previously described as root exudates or as other plant originated
organic materials [44]. The separation of soil horizons C was mainly due to the high utilization of a
plant metabolite, namely the 3,4-dihydroxy-benzoate (a phenolic compound) as sole carbon source
(Figure 2) [45]. Previously, soil depth was also found to affect microbial activities in loam soils planted
with maize [46] and soils of different planted forests [47].

In the soil horizon A of the natural grassland, significantly higher total organic carbon content
and the highest microbial catabolic activities were measured compared to the other samples (Table 1).
It suggests that microorganisms present in the almost entirely vegetation covered topsoil horizon of
natural grassland could be highly activated by easily metabolizable organic carbon sources (e.g., simple
sugars, amino acids and organic acids) that are common among the exudates of different plants.
The research of Turrini et al. [48] also demonstrated that respiration rates of soils with permanent plant
coverage can be constantly higher than those of tilled soils. However, the fact that maize plants were
in the juvenile vegetative growth stage at the time of the study should not be overlooked. Li et al. [18]
found that activities of different soil microbial enzymes showed positive correlations with crop growth
stages of maize. In another study, developmental stage dependent bacterial metabolic potentials were
detected in the maize rhizosphere environment, based on Biolog® substrate utilization profiles [17].
The long-term monoculture in the studied maize field might also contribute to the presumably less
diverse composition of plant residues and root exudates. All these factors together could have resulted
in lower levels of metabolic potential in the maize monoculture. The finding that higher substrate
induced microbial respiratory activities were measured in the grassland soil is consistent with results
of previous studies [9,42,49].

Previous research indicated less diverse microbiota in agricultural than in grassland soils, mainly
due to the different plant species composition [20,50]. In the long-term unfertilized maize monoculture
and the natural grassland soil, however, similar taxonomic diversity was found at the phylum level
(Figure 3). Additionally, Buckley and Schmidt [51] revealed similar microbial community structures
among plots that shared a long-term history of agricultural management despite the differences in
plant community composition.

All studied samples were predominated by Proteobacteria, which was in accordance with
the findings of other studies [7,15,16,24,52–55]. In addition, the dominant presence of both the
so-called “copiotrophic” phyla (Actinobacteria, Bacteroidetes) and “oligotrophic” phyla (Acidobacteria,
Verrucomicrobia) was detected, as classified by Fierer et al. [56]. Previously, the r-strategist “copiotrophic”
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bacteria were described primarily from the rhizosphere of maize and K-strategist “oligotrophic” bacteria
from the bulk-soil samples [8,10,52,54]. A similar distribution of dominant bacterial phyla (such as
Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Planctomycetes, Gemmatimonadetes
and Chloroflexi) was also found in rhizosphere soils of Bt-maize [12], in milpa maize roots and bulk
soils [53] and in long-term no-tillage and conventional tillage maize soils [14] by next generation
amplicon sequencing.

The relative abundance of dominant phyla containing bacteria adapted to different organic carbon
concentrations showed relatively high variations according to land use and soil depth. For example,
the proportion of phylum Verrucomicrobia was several times higher in both the horizons A and C of
the grassland than in the maize monoculture (Figure 3). The pre-agricultural tallgrass prairie soils in
the USA were also dominated by phylotypes of Verrucomicrobia, and their abundance showed positive
correlation with genes of carbohydrate metabolism but negatively correlated with genes associated
with nitrogen metabolism [57].

Many bacterial genera identified in this study (Figure 4), e.g., Acidibacter, Arenimonas, Dongia,
Haliangium, Lysobacter, Massilia, Pseudomonas and Sphingomonas (Proteobacteria), Chryseolinea, Flavobacterium,
Ohtaekwangia and Terrimonas (Bacteroidetes), Gaiella, Pseudarthrobacter and Rubrobacter (Actinobacteria),
Nitrospira (Nitrospirae) and Opitutus (Verrucomicrobia), have also been revealed recently from maize
rhizosphere soils of various agricultural regimes and growth stages [8,14,16,52,55,58].

These bacteria can participate in the aerobic or anaerobic biodegradation of easily decomposable
“fresh” and highly resistant “old” organic matter as r-strategist (e.g., Flavobacterium) and K-strategist
(e.g., Opitutus), respectively. In addition, the bacteria of the maize monoculture and grassland soils
may play diverse roles in the nitrogen transformations and phosphorous mobilization, as well. Genus
Sphingomonas was abundant in all our samples (Figure 4) and predominated the rhizosphere soils
of Bt-maize [12]. Members of the genera Sphingomonas and Flavobacterium are known as endophytic
bacteria of maize [16,59,60], which are capable of effective nitrogen-fixation [60,61]. According to both
the land use and soil depth, the genus of nitrite-oxidizing Nitrospira showed the highest difference
among the relative abundance values (Figure 4). Shifts of Nitrospira-like nitrifiers were also observed by
Attard et al. [62] in response to different tillage practices. Other bacteria (e.g., Pseudomonas, Lysobacter,
Streptomyces spp.) can have positive effects on maize as plant growth-promoting rhizobacteria [63].

However, the fact that many abundant phylotypes could not be identified in the absence of
cultivated species is not to be overlooked. Therefore, the potential roles of these bacteria in the maize
monoculture and the grassland soils still remain hidden.

5. Conclusions

The results of this study revealed that both the catabolic activity potentials and bacterial community
structures differed according to the land use and soil depth. The microbial respiration was higher in
the topsoils than in the subsoils, in favor of the natural grassland compared to the maize monoculture,
indicating better adaptation of microorganisms in the undisturbed soils under diverse vegetation.
The type of vegetation and soil depth influenced the abundance of dominant taxa more than the
composition of bacterial communities both at phylum and genus levels. The identified taxa belonged
to both the r- and K-selected microbiota referring to diverse roles of bacteria in the studied soils.
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