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Abstract: The choice of appropriate agricultural practices has a significant impact on soil quality,
crop productivity, or soil microbial community. Ten representative soil samples were collected in
Wierzchucin Krélewski (Kujawsko-Pomorskie Province, NW Poland), an agricultural area belonging
to the Potulicka Foundation Group. The cropping systems included a maize monoculture grown
continuously for over 30 years and an intercropping mixture (Gorzow mixture) applied in 2020. The
study aimed to determine the effect of the intercropping system on the quality and biodiversity of
the studied soils and to identify bacterial indicators of sensitivity and resistance to long-term maize
monoculture. Therefore, in this study, the impact of the intercrop mixture application on the chemical
and biological soil properties and on the diversity of the bacterial community was evaluated by
amplifying the 165 rRNA gene sequences and indicators of sensitivity and resistance to long-term
maize monoculture were recommended. The results showed that intercropping had a positive effect
on soil features and increased the richness and diversity of soil bacteria at the taxonomic level of
genera compared to the maize monoculture. Massilia and Haliangium were proposed to be bacterial
indicators of sensitivity, while Sphingomonas was recommended to be an indicator of resistance to
long-term maize monoculture. Overall, our results evidenced that using an intercropping system
may be a sustainable agricultural practice in this area and in north-western Poland.

Keywords: intercropping mixture; maize monoculture; bacterial indicators of sensitivity; bacterial
indicators of resistance; agricultural practice; soil microbial community; 16S rRNA

1. Introduction

Maize is one of the most profitable and promising field crops. At present, the farmers’
growing interest in maize cultivation is related to its high productivity and versatility of
use. Maize is a valuable fodder crop used in the nutrition for a wide range of livestock;
additionally, this industrial crop is increasingly being applied in the food industry and
as an energy source [1]. In many countries, e.g., China [2,3], Japan [4], Germany [5], Eng-
land [6], and Poland [7], the traditional cropping system has been replaced by conventional
agricultural practices that have a significant impact on crop productivity, soil quality, or the
soil microbial community [8,9]. Nevertheless, many literature sources have reported that
these practices may cause a decrease in soil organic matter (SOM), loss of soil biodiversity,
and an increase in soil erosion and degradation [9-13]. SOM, which plays a leading role
in the physical, chemical, and biological properties of soils, is an important indicator of
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soil quality [11]. Soil microbes, which are responsible for, e.g., nutrient cycling and crop
productivity, are the living part of SOM [12]. The changes in their diversity caused by
agricultural practices are often substantially less pronounced in arable soils than in natural
ecosystems soils [13]. Noteworthy, soil microbial activity is an important indicator of soil
fertility, and is one of the key biological components of soil [14,15].

Monoculture, i.e., cultivation of the same crops in the same place each year, deprives
the soil of nutrients and limits its ability to support healthy plant growth over time [16].
Hence, farmers are forced to use chemical fertilizers, which in turn disrupt the natural
composition of the soil and lead to further nutrient depletion. Monoculture also causes
the spread of pests and diseases, which must be controlled using even greater amounts of
chemicals [17].

One alternative to improve the quality of monoculture soils is the use of intercrop
mixtures. Intercropping (IC) involves the cultivation of several (two or more) crops si-
multaneously in the same field [16-19]. IC is a sustainable practice applied in modern
agricultural production systems in Poland and worldwide [20,21]. There are different types
of intercropping: row, strip, relay, temporary, mixed, conservation, alley, trap, deterrent,
and push-pull; they are equally effective in improving soil quality [22]. Many advantages
of the intercropping system are known, but the greatest benefit is the achievement of a
relatively higher yield due to the more efficient use of available growth resources while
using a mixture of crops with a different rooting ability, canopy structure, height, and
nutrient requirements [23]. Literature sources also report that intercropping significantly
improves soil fertility through biological nitrogen fixation by legumes, soil conservation
through a denser crop distribution than in monoculture, and higher resistance to lodging in
crops susceptible to this phenomenon [24]. In addition, the use of an intercropping mixture
promotes the improvement of forage plants, reduction of pests and diseases, and promo-
tion of biodiversity [24]. Nevertheless, the intercropping system has disadvantages, e.g.,
competition for light, water, and nutrients, allelopathic effects, and practical problems that
may result from failure to adapt agricultural practices to the intercropping system [24,25].

Climate change has a major impact on crop quality and productivity [26]. Hot weather,
droughts, or excessive rainfall and consequent floods often lead to crop failure and reduc-
tion in yield [26]. Therefore, in order to draw reasonable conclusions, this study was based
on three terms of the growing season (spring, summer, autumn).

This paper aims to answer the question about intercrop mixtures, i.e., whether their
application really supports the biological properties of monoculture soils. We selected two
biological factors, dehydrogenase and respiration activities, to measure soil fertility and
monitored their response to the intercropping mixture application in a long-term maize
monoculture field. There are several studies on the use of intercropping mixtures; however,
only a few have attempted to investigate the effects of intercrops on soil physical and chem-
ical properties and the diversity and composition of the soil microbial community [27-30].
Therefore, this paper focuses on comparing the chemical and biological properties of the
studied soils (under the intercropping mixture and the maize monoculture) and, most
importantly, examining the variation in bacterial biodiversity during three terms of the
vegetation season, with emphasis on indicators of sensitivity and resistance to long-term
maize monoculture. Based on literature data, we hypothesized that intercropping (i) might
have distinct effects on the soil bacterial community structure and diversity, and (ii) should
improve soil biological quality compared to long-term monocultures.

2. Materials and Methods
2.1. Description of the Study Area and Soil Sampling Procedure

The study area was located in Wierzchucin Kroélewski village (Kujawsko-Pomorskie
Province, NW Poland) on a site belonging to the Potulicka Foundation Group (Figure 1).
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Figure 1. Location of the study area with a photograph of the two studied fields and separated rasters.

The agricultural area held by the Potulicka Foundation covers approx. 6130 ha of
farmland and, importantly, over 60% of the crop is maize grown for forage and grain.
More than 95% of the Potulicka Foundation agricultural area has been mapped using GPS
technology, which is extremely important due to the irregular shapes of the fields and the
variability (heterogeneity) of the fields in terms of their nutrient contents (Figure 1).

Two neighboring fields were selected for this study: K20, on which the Gorzow
mixture (intercropping mixture) was sown to improve soil quality after maize monoculture
in 2020, and K21, on which the long-term (more than 30 years) monoculture cultivation was
continued (Figure 1). Importantly, the Gorzow mixture was sown in the main burn in spring
to break the maize monoculture and improve soil properties. The mixture was harvested
as green matter for cattle feed (two swaths) and plowed in autumn as green manure.

Field K20 (53.296° N, 17.790° E), covering an area of 15 ha, is a long-term maize
monoculture, but in 2020 it was sown with the Gorzow mixture (composed of perennial
ryegrass, incarnate clover, and winter vetch) to improve the soil structure. In turn, field K21
(53.294° N, 17.788° E), covering an area of 24 ha, is a perennial maize monoculture, but it
has never been sown with the intercropping mixture. Importantly, fertilization was applied
in April 2020 (after soil sampling but before maize sowing) only in field K21, whereas
K20 was not fertilized in 2020). Potassium (K) fertilization was carried out at a dose of
100 kg ha~! of K salt with 60% K,O, whereas nitrogen (N) fertilization in the form of urea
46% N was applied at a rate ranging from 150 through 175 to 200 kg ha~!, depending on
the yield potential in each K21 raster.

From each field, five separate rasters (each about 3 ha) were selected, and soil sam-
ples were taken from the surface layer (0-20 cm) according to Polish Standard PN-ISO
10381-61998 three times a year: in spring (March 2020), summer (June 2020), and autumn
(November 2020). The soil samples were collected randomly from 20-30 sites of each raster.
Sampling was carried out in an automated manner using the IT system available on the
Potulicka Foundation farms, which allowed precise sampling from the same locations on
each date. In laboratory conditions, the soil materials were sieved through a 2-mm sieve
and stored in a refrigerator (4 °C) until chemical analysis, whereas DNA extraction and
determination of biological activities were performed immediately after the sampling.

2.2. Soil Chemical Features

The pH and redox potential (Eh) values were determined from a 2:1 soil suspension
prepared in distilled water using an automatic multifunctional potentiometer (Hach, Lange,
Glasch, Germany). To determine the total organic carbon (TOC) concentration, an automatic
carbon analyzer TOC-V gy SSM 5000A (Shimadzu, Kyoto, Japan) was used according to
the procedure described by Woliriska et al. [16]. The soil moisture was determined with the
gravimetric method (24 h, 105 °C). All measurements were taken in triplicate.
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2.3. Soil Biological Activities

Respiration activity (RA) analyses were performed on a gas chromatograph (GC,
Varian C-3800) equipped with a flame ionization detector (FID) and a thermal conductivity
detector (TCD). Briefly, 10 g of soil was weighed into sterile dark glass bottles (60 mL)
(in 3 independent replicates), and the bottles were sealed with a rubber stopper and an
aluminum cap. The samples were incubated at 20 °C for 7 days. Next, the chromatographic
analysis was performed [31]. The respiration rate was related to changes in the content of
released CO, (mg kg~! d.w. d~1).

Dehydrogenase activity (DA) was determined with the method developed by
Casida et al. [32], in which a suitable substrate (2.3.5-triphenyltertazolium chloride, TTC)
introduced into the soil is transformed by oxidoreductive enzymes (dehydrogenases) into
a product quantified easily with the colorimetric method. Shortly, a soil sample (6 g) was
mixed with 120 mg CaCOj3, 1 mL 1% (w/v) TTC, and 4 mL of distilled water and incubated
for 20 h at 30 £ 1 °C (Heraens Instruments). Enzymatic activity was quantified by reference
to a calibration curve constructed with data obtained by incubating TTC standards in the
conditions described above and was expressed in nug TPF g’1 min 2 [31].

2.4. Next Generation Sequencing and Bioinformatic Analysis

For DNA extraction (0.35 g soil), the commercial DNeasy Power Lyzer Power Soil
Kit (Qiagen, Hilden, Germany) was used, and the isolation was performed according to
the manufacturer’s Quick-Start Protocol (Qiagen Group, Germantown, MD, USA). Three
independent replicates of DNA isolation were performed for each of the soil rasters. Meta-
barcoding or 16S rRNA community profiling analysis was performed based on the hyper-
variable V3-V4 region of the 165 rRNA gene [33]. Primers (341f, 785r) were applied for both
the amplification of the selected region and the preparation of the library [33,34]. The PCR
reaction was carried out using Q5 Hot Start High-Fidelity 2X Master Mix (New England
Biolabs Inc., Ipswich, MA, USA) as described by Woliriska et al. [33,35]. After receiving
positive results of PCR, triplicate samples of soil DNA were pooled as recommended by
Kuzniar et al. [36].

Next Generation Sequencing (NGS) was performed by Genomed S.A. (Warsaw, Poland)
on a MiSeq sequencer (Illumina, San Diego, CA, USA) in paired-end (PE) technology,
2 x 300 nt, using an Illumina v2 kit (San Diego, CA, USA).

The preliminary analysis of the data obtained was carried out with MiSeq Reporter
(MSR) v2.6 software (Illumina, San Diego, CA, USA). A detailed description of the subse-
quent steps is included in our previous paper [33]. The sequences were clustered based on
a 97% similarity threshold [33].

Bioinformatic analyses were performed in R v4.1 using DADA2 v1.18 [37], and se-
quences were classified using the DECIPHER package v2.20 [37] based on the GreenGenes
v13_8 reference sequence database [38]. The results are presented as a percent of the rel-
ative abundance of identified sequences at the selected taxonomy levels (phyla, genera).
The identified sequences are available under accession number PRJNA725644 (GenBank
Database, NCBI: https:/ /www.ncbi.nlm.nih.gov/bioproject/PRINA725644 (accessed on
28 April 2021)).

3. Results
3.1. Soil Chemical Characteristics

The basic chemical properties (pH, Eh, TOC, moisture) of the investigated fields (K20-
intercropping mixture and K21-maize monoculture) varied over different seasons (spring,
summer, autumn), as shown in Table 1.

The acidity (pH) of soils where the intercrop mixture was applied (K20-144-K20-148)
ranged from 6.07 to 7.90 in spring, from 5.70 to 6.63 in summer, and from 5.99 to 6.94 in
autumn. A small difference in pH was observed in the soils under the long-term maize
monoculture (K21-149-K21-155), with values ranging from 5.82 to 7.93 in spring, 5.31 to 6.60
in summer, and 5.84 to 6.99 in autumn. The lower range of the pH values in the soils with
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the long-term maize monoculture indicates that they were slightly more acidic, with the
highest acidity in summer (pH = 5.31 for K21-149). All soils were well aerated. The highest
redox potential (Eh) level was noted in summer (534.57 mV for K20 and 568.03 mV for K21
soils), and its lowest value was recorded in autumn (417.73 mV for K20 and 426.17 mV for
K21 soils) in both studied fields. The content of TOC was higher in field K20, where the
intercrop mixture was applied (0.32% in spring, 0.37% in summer, and 0.47% in autumn).
The highest moisture values in the examined soils were recorded in autumn (13.35% for
K21-154 and 13.05% for K20-144), while the lowest value was noted in spring (4.59% for
K20-144 and 6.20% for K21-149).

Table 1. Basic chemical properties of the fields in different seasons: K20-intercropping mixture and
K21-maize monoculture (mean values of three replicates & standard deviation level).

No of Raster PHm20) Eh (mV) TOC (%) Moisture (%)
SPRING
K20-144 6.07 £ 0.04 509.23 £ 0.12 0.71 £0.01 4.59 +0.07
K20-145 6.07 + 0.03 526.50 + 0.85 0.82 + 0.04 5.89 +0.11
K20-146 7.90 + 0.03 493.60 + 0.08 0.61 +0.03 7.56 £+ 0.05
K20-147 6.21 £ 0.03 514.30 £ 0.16 1.16 + 0.04 9.53 + 0.08
K20-148 6.07 + 0.04 525.60 + 0.21 1.34 £ 0.03 8.92 + 0.06
K21-149 6.02 £ 0.01 514.70 + 0.04 0.52 +0.03 6.20 + 0.03
K21-151 6.40 £ 0.01 509.60 £+ 1.60 0.59 +0.03 7.36 £+ 0.06
K21-152 5.82 + 0.04 520.20 + 0.08 0.56 £ 0.01 8.51 +0.12
K21-154 6.83 £ 0.02 507.00 &+ 0.16 0.67 = 0.05 7.40 £ 0.06
K21-155 7.93 £+ 0.03 499.70 + 0.21 1.02 + 0.02 8.41 £ 0.05
SUMMER
K20-144 6.63 £ 0.05 534.40 4+ 0.20 0.85 + 0.02 10.26 £+ 0.03
K20-145 6.20 £ 0.05 534.33 £ 0.26 0.79 £ 0.02 7.70 £ 0.06
K20-146 5.95 4+ 0.01 533.86 + 0.25 0.77 £ 0.03 9.13 + 0.07
K20-147 6.29 £ 0.03 527.07 +0.20 0.77 £ 0.04 10.92 £+ 0.04
K20-148 5.70 £ 0.02 534.57 £ 0.05 1.14 +0.04 14.64 £ 0.08
K21-149 5.31 +0.02 561.53 + 0.70 0.71 +0.05 10.24 £ 0.03
K21-151 5.44 + 0.01 567.60 + 0.17 0.45 £+ 0.01 9.09 + 0.08
K21-152 5.46 £ 0.01 568.03 £+ 0.59 0.62 + 0.04 8.84 + 0.06
K21-154 6.08 + 0.02 542.67 £+ 0.37 0.77 +0.03 10.73 £ 0.09
K21-155 6.60 £ 0.04 537.73 + 0.95 0.70 £ 0.04 10.44 £ 0.05
AUTUMN

K20-144 6.17 +0.03 491.07 £+ 0.28 0.58 &+ 0.02 13.05 £ 0.06
K20-145 6.60 £ 0.01 417.73 + 3.02 0.52 +0.03 10.88 £ 0.08
K20-146 6.94 £ 0.01 424.83 +0.12 0.42 £ 0.01 12.23 £ 0.09
K20-147 6.61 +0.03 469.67 + 0.25 0.51 +0.05 12.01 £ 0.11
K20-148 599 £ 0.16 499.13 + 0.76 0.87 £ 0.01 16.32 £ 0.04
K21-149 5.99 + 0.02 496.53 + 0.33 0.23 +0.02 11.87 £+ 0.06
K21-151 5.84 +0.01 515.30 + 0.21 0.35 £+ 0.01 9.66 + 0.03
K21-152 6.33 £ 0.01 506.57 + 0.23 0.36 + 0.02 9.61 + 0.05
K21-154 6.55 + 0.02 484.07 £ 0.17 0.39 + 0.03 13.35 £ 0.02
K21-155 6.99 + 0.04 426.17 £ 0.12 0.40 = 0.03 11.88 £+ 0.03

3.2. Soil Biological Activities

The tested soils differed in their respiration activity (RA) and dehydrogenase activity
(DA), as shown in Figures 2 and 3, respectively.

The tested soil rasters were characterized by varying biological activities, even within
the same agricultural practice systems. The highest level of RA was recorded in raster
K20-145 in autumn (56.56 mg CO, kg~ d.w. d~1); for comparison, the highest respiration
in the monoculture soils was detected in raster K21-153 (43.98 mg CO, kg~ ' d.w. d71). In
general, the RA ranged from 13.64 to 56.56 mg CO, kg ! d.w. d ! for K20 and was in the
range of 14.42-43.98 mg CO, kg~ ! d.w. d~! for K21 (Figure 2).
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Figure 2. Respiration activity (RA) in the rasters of field K20 under the intercropping mixture and

field K21 under the maize monoculture in spring, summer, and autumn.
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Figure 3. Dehydrogenase activity (DA) in the rasters of field K20 under the intercropping mixture

and field K21 under the maize monoculture in spring, summer, and autumn.

It was also evidenced that the season of the year was an important determinant of
the recorded RA values. The parameter exhibited the maximal mean values in autumn
(33.73mg CO, kg_1 d.w. d~! for K20 and 28.16 mg CO, kg_1 d.w. d~! for K21) and minimal
values in spring (24.03 mg CO, kg~ d.w. d ! and 15.52 mg CO, kg~! d.w. d~! for K20 and
K21, respectively). This trend was noted both in the Gorzow mixture-sown soils and in those
with the long-term maize monoculture (Figure 2). Nevertheless, there were cases in which
RA reached the highest value in spring, and such results were recorded in raster K20-146
(20.8 mg CO, kg1 d.w. d 1) or K20-147 (36.59 mg CO, kg ! d.w. d 1) and even in summer
in K20-148 (28.97 mg CO, kg~! d.w. d~') and K21-155 (26.19 mg CO, kg~ ! d.w. d71).
Importantly, compared to field K20, the RA value in field K21 was approx. 1.2-fold, 1.5-fold,
and 1.55-fold lower in autumn, summer, and spring, respectively.

The application of the intercropping mixture contributed to an increase in DA (Figure 3).

The highest DA value was recorded during autumn in raster K20-145
(3.73 x 107° ug TPF g~ ! min~2). It was substantially higher than the maximum DA deter-
mined simultaneously for raster K21-149 (1.73 x 10~° ug TPF g~ ! min~2). As in the case of
RA, the mean values of DA indicated dependence of the parameter on the season (Figure 3).
In both fields, K20 and K21, the highest DA level was noted in autumn (2.36 x 10~ ug TPF
g1 min~? for K20 and 1.31 x 10~ ug TPF g~! min~2 for K21). It was lower in summer
(9.95 x 107° ug TPF g~ ! min~2 for K20 and 7.28 x 10~® ug TPF g~ ! min~2 for K21) and the
lowest in spring (5.1 x 107® ug TPF g~! min~2 for K20 and 4.17 x 10~® ug TPF g~ ! min—2
for K21). Only one studied soil raster (K21-152) displayed a different trend, although the
highest DA was still detected in the monoculture soil in autumn. As a result of applying the
Gorzow mixture in field K20, DA increased (Figure 3), indicating more favorable conditions
for microbial growth and activity in the soil environment than in field K21.
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3.3. Bacterial Biodiversity at the Phylum Level

The main phyla of bacteria in the studied rasters of field K20 under the intercropping
mixture and field K21 under the maize monoculture in the spring, summer, and autumn
seasons are shown in Figure 4.
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Figure 4. Bacterial phyla in the rasters of field K20 under the intercropping mixture and field K21

under the maize monoculture in spring, summer, and autumn.

Proteobacteria were the dominants (34.88-45.17% for K20 and 32.82-41.83% for K21 in
spring; 36.45-54.51% for K20 and 42.32-63.76% for K21 in summer; 25.97-49.69% for K20
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and 35.05-45.67% for K21 in autumn) in each of the studied rasters. However, their abun-
dance differed depending on the season and the mode of land cultivation (intercropping
mixture or long-term maize monoculture). The amount of Proteobacteria in spring was
relatively constant and comparable in both the K20 and K21 rasters, although a significant
increase in their abundance was observed in all the K21 rasters in summer, where the
long-term monoculture of maize was carried out, and especially in raster K21-149, where
the amount of Proteobacteria was 63.76% (approx. 1.9-fold higher than in spring).

Field K20 in summer was still rich in Proteobacteria; however, their presence de-
creased in two (K20-146 and K20-148) of the five rasters (by 7.35% and 1.01%, respectively).
Moreover, an increase in the Proteobacteria relative abundance was observed in autumn
compared to spring and summer, though rasters K20-147, K21-151, and K21-155 showed
relatively comparable Proteobacteria abundance in all seasons (spring, summer, and autumn).

Acidobacteriota appeared to be subdominant in summer (9.69-25.17% for rasters
K20-145 and K20-148, respectively; 10.74-21.59% for rasters K21-155 and K21-154, respec-
tively) and autumn (14.84-24.07% for K20-145 and K20-148, respectively; 9.94-18.17% for
K21-151 and K21-149, respectively). Interestingly, in spring, Actinobacteriota appeared to
be the subdominant phylum occurring in much higher abundance than Acidobacteriota,
especially in rasters K21-154 (31.89%) and K21-155 (30.10%). The analysis conducted in the
same season revealed that the mean abundance of Actinobacteriota (13.72%) in K20 slightly
exceeded that of Bacteroidota (13.54%), and Acidobacteriota (10.92%) ranked fourth in
abundance. In turn, the abundance of phyla in both fields in summer ranked as follows:
Proteobacteria > Acidobacteriota > Bacteroidota; however, Gemmatimonadota (5.69%)
ranked fourth place in K21, thus slightly surpassing Verrucomicrobiota (5.20%) and Acti-
nobacteriota (3.56%). In comparison, Verrucomicrobiota (6.88%) > Actinobacteriota (5.01%)
> Gemmatimonadota (4.90%) dominated in field K20, in addition to the first three types
common to both fields. The relative bacterial phylum biodiversity in autumn showed
similarity between the dominants and sub-dominants in both fields (K20 and K21), and
these were invariably Proteobacteria (37.91% and 42.50% for K20 and K21, respectively) and
Acidobacteriota (20.75% and 15.53%, respectively). The relative abundance of the phyla in
the studied soils decreased in the case of these two dominants compared to summer and au-
tumn for K20 and summer for K21. Besides the first two indicated phyla, Verrucomicrobiota
(11.83%) > Gemmatimonadota (7.06%) > Bacteroidota (6.77%) > Actinobacteriota (6.23%)
> Myxococcota (3.72%) > Planctomycetota (1.49%) > Nitrospirota (1.21%) dominated in K20,
while Bacteroidota (12.62%) > Gemmatimonadota (8.26%) > Verrucomicrobiota (7.67%)
> Actinobacteriota (6.17%) > Myxococcota (3.02%) > Nitrospirota (1.36%) were dominant
in K21. The relative abundance of Chloroflexi, Patescibacteria, Bdellovibrionota, and Fir-
micutes oscillated below 1% in each case. Sequences with an abundance of less than 0.1%
were included in the “other” group (Figure 4).

3.4. Bacterial Biodiversity at the Genus Level

At the genus taxonomic level, the bacterial structure was highly differentiated depend-
ing on the raster studied, the agricultural practice applied, and the season (Figure 5).

The NGS analysis showed that the following dominant bacterial genera in field K20
in spring: Gaiella (11.88% for K20-148 and 7.44% for K20-145); Rhodanobacter (8.22% for
K20-148), RB41 (7.03% for K20-144), Arenimonas (6.24% for K20-147, 6.01% for K20-146, and
5.65% for K20-144), Gemmatimonas (6.91% for K20-147 and approx. 4.0% in rasters K20-145,
K20-146, and K20-148), Mucilaginibacter (4.4% for K20-148 and 5.62% for K20-145), and
Bryobacter (0.78% for K20-146 and 5.68% for K20-148).

In comparison, the monoculture field K21 was dominated by the following genera
(Figure 5): Gaiella (3.75% for K21-152 and 8.60% for K21-155), Gemmatomonas (1.01% for
K21-155 and 6.86% for K21-152), RB41 (2.56% for K21-151 and 5.42% for K21-155), and
Bryobacter (0.60% for K21-155 and 5.99% for K21-149).
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Figure 5. Dominant bacterial genera in the rasters of field K20 under the intercropping mixture and
field K21 under the maize monoculture in spring, summer, and autumn.

In spring, the following genera of soil bacteria were present in field K20 as subdom-
inant microbiota (>2% of the identified sequences): Sphingomonas (2.74—4.62%), Massilia
(2.59-4.53%), Flavobacterium (0.32-3.89%), Ellin6067 (0.93-2.86%), Candidatus Udaeobacter
(0.32-2.83%), Candidatus Solibacter (0.28-4.68%), Pseudolabrys (0.22-3.66%), MND1 (0.66—4.37%),
Edaphobaculum (0.59-4.16%), and Nocardioides (0.46-2.13%). The same bacterial genera were
found as subdominants in field K21 in spring; they occurred in a similar percentage range,
suggesting that applying precision farming principles in long-term monocultures does not
degrade indigenous bacterial biodiversity (Figure 5).

In summer, in the field sown with the Gorzow mixture (K20), the NGS analyses re-
vealed the presence of 9 bacterial genera as dominants: Sphingomonas (6.35-12.99%), RB41
(0.43-10.55%), Arenimonas (2.56-7.54%), Gemmatimonas (1.97-6.36%), Massilia (0.55-5.54%),
Bryobacter (1.41-5.41%), Candidatus Solibacter (1.21-10.34%), Rhodanobacter (1.14-5.59), and
Candidatus Koribacter (1.23-5.58%). In comparison, field K21 was dominated by the follow-
ing 6 genera: Sphingomonas (8.41-18.09%), RB41 (1.81-13.90%), Arenimonas (0.88-8.17%),
Flavobacterium (0.65-5.06%), Gemmatimonas (3.12-5.93%), and Rhodanobacter (0.24-12.63%)
(Figure 5).

In autumn, field K20 was dominated by 9 bacterial genera: RB41, Sphingomonas,
Massilia, MND1, Gemmatimonas, Bryobacter, Candidatus Solibacter, Rhodanobacter, and Mu-
cilaginibacter, while 8 genera were identified as dominants in field K21: Sphingomonas,
RB41, Arenimonas, Rhodanobacter, Gemmatimonas, Candidatus Solibacter, Pseudolabrys, and
Mucilaginibacter. The subdominants in the bacterial structure in fields K20 and K21 in
autumn were represented by as many as 12 bacterial genera (Figure 5).
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3.5. Bacterial Indicators of Sensitivity and Resistance to Maize Monoculture

Our study allowed us to identify new bacterial indicators of the susceptibility to maize
monoculture in spring, summer, and autumn (Figure 6). During the early growing season
(spring), 14 bacterial genera showing sensitivity to the maize monoculture were detected,
and the relative abundance of these bacteria was in the range of 0.58-4.81% for field K20
and 0.53-3.72% (Lysobacter-Gemmatimonas) for field K21. Fields K20 and K21 had an
even higher abundance of bacteria showing sensitivity to the maize monoculture during
summer. At that time, 16 bacterial genera were recorded, whose abundance based on
Reyranella and Gemmatimonas was 1.02—4.44% for field K20 and 0.70-4.03% for field K21,
respectively. In the studied spectrum, the lowest biodiversity at the generic level was
observed in autumn. The presence of 11 bacterial genera was then observed, with the
highest abundance attributed to RB41 (6.59% and 4.51% for K20 and K21, respectively) and
the lowest abundance of Rhodanoplanes (1.09%) for field K20 and Chthoniobacter (0.53%)
for field K21. Our results indicate that the bacterial abundance was significantly higher in
field K20 with respect to field K21, where the long-term maize monoculture was used.
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Figure 6. Bacterial genera with sensitivity to the maize monoculture in spring, summer, or autumn.

The analysis of the results discussed above distinguished two types of bacteria detected
in each of the three studied growing seasons (spring, summer, autumn). These include
Massilia (3.40% for K20 and 2.90% for K21 soils in spring, analogously 1.95% and 1.60%
in summer, and 2.73% and 2.48% in autumn) and Haliangium (1.55% and 1.26% for K20
and K21 soils in spring, analogously 2.17% and 1.07% in summer, and 2.19% and 1.86% in
autumn, respectively).

Due to their repeatability in each season (a decrease in the abundance in the maize
monoculture soil in respect to the intercropping mixture field), these genera of bacteria can
be recommended as indicators of sensitivity to maize monoculture (Figure 7).
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Figure 7. Bacterial genera recommended as sensitive to maize monoculture in all studied seasons.

We also analyzed the diversity of bacterial genera in the context of genera characterized
by higher relative abundance in the field under the maize monoculture (K21) compared to
K20-the intercropping mixture (Figure 8).
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Figure 8. Bacterial genera with resistance to maize monoculture in spring, summer, or autumn.

Eleven genera of bacteria were characterized in the spring, with the following pre-
dominant genera: Gaiella (4.96% and 6.04% for K20 and K21), Sphingomonas (3.95% and
4.99%), and RB41 (3.09% and 4.33%). The highest abundance was observed in summer
when 10 bacterial genera were distinguished. The most representative bacterial genera in
this respect were Sphingomonas (9.27% and 13.45% for K20 and K21), RB41 (4.50% and 8.90%
for K20 and K21), and Arenimonas (3.95% and 4.03%). In autumn, 11 bacterial genera were
identified, with the dominance of Gemmatimonas (6.59%) in the K20 field and Sphingomonas
(8.11%) in the K21 field. Interestingly, the genus RB41, which was highly abundant in the
investigated soils in spring and summer, was not detected in autumn.
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The comparison of the results obtained during the three terms of the vegetation seasons
revealed that one genus of bacteria, i.e., Sphingomonas, was classified as resistant to the
maize monoculture, as it increased its abundance in field K21 versus K20 (Figure 9).

Sphingomonas - resistant to maize monoculture

B Spring  Summer N Autumn

L o
S N A S

&S N o

Relative abundance (%)

[ ]

Intercropping mixture Maize monoculture

Figure 9. Bacterial genus recommended as resistant to maize monoculture in all studied seasons.

The relative abundance of Sphingomonas was 3.95% and 4.99% in K20 and K21, respec-
tively, in spring, 9.27% and 13.45% in summer, and 5.71 and 8.11% in autumn. Therefore, it
was concluded that the genus Sphingomonas could indicate resistance to maize monoculture
(Figure 9).

3.6. Biodiversity Indices and Beta-Diversity

The abundance of common and different bacterial genera in the soil under the in-
tercropping mixture and maize monoculture is presented in the form of a Venn diagram
(Figure 10).

Intercropping mixture

Maize monculture

Figure 10. Venn diagram illustrating the numbers of common and different genera in soils under the
intercropping mixture and maize monoculture.

It was noted that 313 genera of bacteria were common to both investigated fields
(K20 and K21). In the field where the Gorzow mixture was applied (K20), 59 bacterial
genera were detected, which, in turn, were not confirmed in the monoculture field (K21).
In comparison, 67 genera that did not occur in field K20 were detected in K21. Overall, a
more abundant microbiome at the genus taxonomic level was present in the monoculture
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soils, suggesting that applying precision agriculture principles to long-term monocultures
does not degrade indigenous bacterial biodiversity.

The biodiversity indices obtained from the NGS analyses were illustrated using
Shannon-Weaver and Simpson metrics (Figure 11). The Shannon diversity index (H")
reached values above 4.00 in both fields (K20 and K21) in each season. In spring, it ranged
from 4.45 to 4.48 in the field where the Gorzow mixture was applied (K20) and in the
monoculture field (K21), respectively.
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Figure 11. Shannon-Weaver biodiversity index and Simpson dominance index values in the different
terms of the vegetation season in the fields under the intercropping mixture and maize monoculture.

In summer, H" decreased and ranged from 4.24 in field K20 and 4.11 in field K21.
Interestingly, the Shannon index in autumn reached a higher value (4.15) in field K21 than
in K20 (4.06) (Figure 10).

The changeability of the Simpson dominance index (D) is presented in Figure 11.
In soils where the intercrop mixture (K20) was applied, it remained relatively constant
in spring and summer (approx. 0.04) but was over 0.05 in autumn. In the long-term
monoculture field (K21), D reached the lowest value in spring (over 0.024), a higher level in
autumn (over 0.051), and the highest value in summer (over 0.063).
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4. Discussion

The use of the intercropping system can increase the yield potential [39] and improve
soil quality by reducing artificial chemical pollution [40], inhibiting soil diseases [41],
enhancing plant root function [42], increasing soil nutrient efficiency and spatial utiliza-
tion [43], and promoting the biofunctionality of soil microorganisms [44]. Many reports
show that agricultural practice and agrotechnical treatments have a great influence on
the modification of soil chemical parameters [40,45-47]. The finding that soil chemical
properties create specific niche conditions for microorganisms and thus indirectly affect
the biological activity and microbial diversity in the soil environment was reported by
Uzarowicz et al. [48] and Grzadziel et al. [49]. Our studies have shown that the application
of different cultivation systems induced differences, e.g., in the chemical parameters of
soils (pH, Eh, TOC, moisture), depending on the term of the growing season. It was also
confirmed that the indices of biological activity, such as enzymatic and respiratory activities,
differ depending on the soil properties and the season.

Soil pH is one of the most easily measurable parameters defining soil quality [47-49].
It is referred to as the “major soil variable” influencing myriads of biological, chemical, and
physical soil properties and processes involved in plant growth and biomass yield [50,51].
Importantly, adequate soil pH is essential for the proper enzymatic activity in soil [52,53]
and can indirectly regulate enzymes by influencing the microbiome producing these en-
zymes [54]. Our results showed a relationship between pH and the different seasons. It
turned out that, in spring, the soil pH value was the closest to neutral in both the inter-
cropping system (6.07-7.90 for field K20) and the long-term monoculture (5.82-7.93 for
field K21). The investigated soils had the lowest acidity in summer and a slightly higher
value in autumn in both fields K20 and K21. The Eh and pH of the environment largely
determine the types of metabolism occurring in the soil bacterial community and are
therefore important parameters of biological activity [55]. All the studied soils had an Eh
value above 400 mV, which indicates that they are well aerated [56]. There was a clear
increase in TOC, RA, and DA after applying the Gorzow mixture (K20), compared to the
results obtained in the field with the long-term maize monoculture (K21). The highest mean
values for RA (33.73 mg CO, kg ! d~! for K20 and 28.16 mg CO, kg ! d~! for K21), DA
(2.36 x 1075 ug TPF g~ ! min~2 for K20 and 1.31 x 10> pg TPF g~! min~2 for K21), and
TOC (an increase by 0.47% compared to field K21) were recorded in autumn. These results
suggest that the increase in the values of the above-mentioned parameters is reflected
in the improvement of the soil environment conditions promoting the development of
microorganisms and indicates a beneficial effect of the intercropping system on soil quality.

As evidenced by Bloniska [57], dehydrogenases are pH-dependent, and their activ-
ity tends to increase with soil pH, while Brzezifiska et al. [58] and Wlodarczyk [59] re-
ported that the best pH conditions for DA oscillated in the range from 6.6 to 7.2. How-
ever, our study shows a definite DA increase after applying the Gorzow mixture, com-
pared to the long-term maize monoculture. Moreover, in autumn, a higher DA value
(3.73 x 10~ ug TPF g~ ! min—?) was recorded in raster K20-145 at pH = 6.6 than in raster
K20-146 (DA = 1.82 x 10~° pg TPF g~ ! min~2), where pH = 6.95, which indicates that DA
does not always increase with increasing pH, as claimed by Bloriska [57]. A similar situa-
tion was observed in the case of raster K20-144, with DA = 2.25 x 107> ug TPF g~ ! min—2
and pH was 6.17, where a lower DA value was recorded in raster K20-147 despite the
higher pH equal to 6.61. Additionally, the lowest pH recorded (5.99) in raster K20-148
among all the K20 field rasters examined in autumn was not accompanied by the lowest
DA (DA =1.95 x 1072 ug TPF g~ ! min~—2), as in the case of raster K20-146 with pH = 6.94
(DA =1.82x107° ug TPF g’1 min~2). This is at odds with the thesis of the aforemen-
tioned researchers, showing that DA does not always increase with increasing pH and
that the highest DA values are not always reached at pH = 6.6-7.2, as demonstrated
in the present study. A comparison was also made with field K21 (long-term maize
monoculture), where significantly lower DA values were observed, although the trend
was similar to that in field K20 (intercropping system). Thus, in raster K21-149, a DA
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value of 1.73 x 10~ ug TPF g~ ! min~2 was recorded at pH = 5.99, while the DA value at
pH = 6.99 in raster K21-155 was 8.20 x 10— ug TPF g*1 min~2, i.e., the DA value was much
lower than in raster K21-149, which again contradicts the thesis presented by Btoriska [57],
Brzeziniska et al. [58], and Wtodarczyk [59].

The present work also provides a comprehensive insight into the bacterial biodiversity
structure at two taxonomic levels (phylum and genus). It was found that Proteobacteria and
Acidobacteriota were the dominant phyla in the soil microbiome in the soils sampled from
both fields K20 and K21. Nevertheless, the relative abundance of these bacteria varied with
the season and the cropping system, which is consistent with previous studies [60-62]. It
turned out that a marked increase in the Proteobacteria abundance was recorded in summer,
both in K20 and K21, although surprisingly, the highest abundance was also recorded in
the rasters of field K21, where the long-term maize monoculture was carried out. This may
indicate that these bacteria can adapt to less favorable environmental conditions, which
proves the validity of the study conducted by Woliriska et al. [63]. Acidobacteriota were
the subdominant bacterial phylum in terms of the relative abundance noted in summer
and autumn in fields K20 and K21. Interestingly, in spring, there was an increase in
Actinobacteriota abundance in the rasters of field K20 and an even greater increase in the
rasters of field K21, thus showing their subdominance at this time of year. It is known
that Acidobacteriota are commonly found in soils with acidic pH [64]; moreover, lower
pH levels support their higher abundance [65,66], which is related to the lowest pH values
obtained only in spring (Table 1). An ecologically important group of bacteria in soils are
representatives of the Bacteroidota phylum, which were also considerably abundant in
the studied rasters. There are studies confirming that Bacteroidota can be considered as
indicators of, e.g., fatigue of agricultural soils [67,68].

Our results show a definite increase in the richness of bacterial biodiversity at the
genus level in the rasters of the field treated with the intercropping system (K20) compared
to the field treated with the maize monoculture (K21) (Figure 5). A similar trend was
shown by Xiao et al. [69], who proved that intercropping with green garlic significantly
increased the population of bacteria and actinomycetes in cucumber/garlic intercrops [69].
Furthermore, it was proved that onion or garlic intercropping with cucumber promoted
both bacterial and fungal communities, and the effects persisted over subsequent grow-
ing seasons [70]. Overall, various studies confirm the positive effects of intercropping,
i.e., increased soil microbial diversity, for example, the intercropping system in wheat-
soybean [71], maize/wheat-fava bean [72], millet-mung bean [73], and maize-peanut [74].
It is argued that the level of soil bacterial diversity plays an important role in maintaining
the stability of the agricultural ecosystem, improving crop resistance, crop growth, yield
formation, and plant diversity. It also ensures the diversity of soil bacterial communities
and reduces the abundance of pathogenic microorganisms [75]. Similarly, in the present
study, one genus was selected as a pathogen, namely Bdellovibrio; however, it was present
in low numbers, and no negative effect of these bacteria on the studied soils was observed.

The NGS analysis allowed us to select indicators of sensitivity and resistance to
long-term maize monoculture, which is undoubtedly a novelty in the presented results.
Two types of bacteria: Massilia and Haliangium, were recognized and recommended as
indicators of sensitivity to maize monoculture, which was evidenced by the decrease in
their abundance in the soil with the maize monoculture (K21), compared with the field
with the intercrop mixture (K20) (Figure 7). One genus, Sphingomonas, was also identified
as resistant to maize monoculture, as evidenced by the increase in the abundance of this
bacterium in field K21 compared to field K20. Sphingomonas was abundant in our rasters,
especially in the samples of field K20, and dominated there especially in summer, autumn,
and spring, but it should be noted that it is one of the endophytic bacteria of maize [76].

5. Conclusions

Our results demonstrate that the application of the intercropping system has a benefi-
cial effect on the chemical properties and enzymatic activity. It contributes to improving
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soil quality and an increase in the richness and diversity of soil bacteria at the taxonomic
level of genera compared to maize monoculture, as shown by the results from the three
terms of the growing season. However, it should be noted that the level of biodiversity in
the field where the long-term maize monoculture was grown was also satisfactory.

We have shown that biodiversity and bacterial abundance were correlated with the
season and cropping system used, with a noticeable increase in the biodiversity and
abundance of the bacterial microbiome at the genus level in the rasters of field K20. Using
the NGS analysis, we were able to identify bacteria that act as indicators of sensitivity and
resistance to long-term maize monoculture. Thus, Massilia and Haliangium were selected
as indicators of sensitivity to maize monoculture, as evidenced by the decrease in their
abundance in the maize monoculture soil (K21) compared to the field with the intercropping
mixture (K20). We have proved that Sphingomonas is an indicator of resistance to maize
monoculture due to the increase in the abundance of this bacterium in field K21 compared
to field K20.

Considering the research hypotheses, we have proved that intercropping improves
soil biological quality compared to long-term monocultures. Nevertheless, further studies
are needed (i.e., lasting longer than one vegetation season) to elucidate its effect on soil
bacterial community structure and diversity.
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