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Introduction: The ecosystem services provided by soil microbial communities are
critical for the resilience of agroecosystems, ensuring environmental conservation
and food security. Long-term experiments comparing contrasting crop rotations are
valuable tools for monitoring microbial responses, but they rarely include all crop
phases within a single year. Therefore, the long-term agronomic impact may be
masked by the immediate effect of the crop evaluated. In this study, we compared
different crop rotations based on the Intensification Sequence Index (ISI), which
considers the soil occupation time, and analyzed the impact of cover crops and two
nitrogen fertilization strategies.

Material and methods: We used an experiment initiated in 2006 with the
following crop rotations: Soybean-Soybean, Maize-Wheat/Soybean, and
Maize-Soybean-Wheat/Soybean. Soil samples were taken after the harvest of
each summer crop phase (i.e., Soybean, Maize, Wheat/Soybean), and the soil
prokaryotic community was monitored using 16S rRNA gene sequencing.

Results and discussion: We observed that ISI and crop phase were the main
predictors of microbial community composition, explaining 14.7% and 13.0% of
the variation, respectively. Nitrogen fertilization had a minor effect (3.12%) and
was detected only after maize sampling; cover crops had no significant effect.
However, the presence of cover crops showed higher alpha diversity and an
increased abundance of Proteobacteria. Maize enriched the abundance of
certain taxa of Planctomycetes and Verrucomicrobia, while Soybean increased
the abundance of Bacteroidetes and Proteobacteria. Comparatively, Soybean
enriched Mucilaginibacter and Geobacter, while Wheat/Soybean enriched
Brevundimonas and Roseimicrobium.
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Conclusion: Our results demonstrate that crop phase is as important as the long-
term legacy of crop rotations in shaping the microbial community and that
specific taxa responses are highly dependent on the crop phase surveyed.
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1 Introduction

Soil is a highly complex biological system that provides essential
ecosystem services, such as habitat and support for life, regulation of
climate, nutrients, and water, as well as the production of food, fuel,
and fiber (Jonsson and Davidsdottir, 2016). The soil’s biological
compartment, particularly the microbiome (soil-borne
microorganisms), has received considerable attention in recent years
(Hermans et al., 2020). Soil microbial communities can improve soil
health by storing carbon (C), regulating nutrient cycling, and helping
to maintain or restore soil structure (Garnica et al., 2020; Kibblewhite
et al, 2008). The soil microbiome can be influenced by biotic and
abiotic factors, including soil management and plant identity
(Custodio et al., 2022; Chaparro et al., 2012; Hartman et al., 2018).
At the same time, soil-plant interactions moderated by soil microbes
may affect plant health, including plant growth, plant-pathogens
association, and nutrient-use efficiency (Finzi et al., 2014; van der
Heijden et al., 2008). Understanding the continuous soil-microbiome-
crop linkages is essential to creating sustainable agroecosystems.

Modern agriculture is under pressure to produce more food to
meet the future increase in global demand in a scenario of resource
scarcity and climate change (Tilman et al, 2001). Argentina is a
major global supplier of soybean, maize, and wheat (FAO, 2021).
Across the fertile Argentinean pampas, the predominance of
soybean (Glycine max L.) monoculture, widespread overuse of
pesticides, and conspicuous nutrient exports with grains
exceeding N inputs have challenged sustainability in the last
twenty years (Mazzilli et al., 2015). Previous reports have
demonstrated that unsustainable practices reduce biodiversity
with significant losses of endemic microbial species (Figuerola
et al,, 2012). Such impacts on the soil microbiome can potentially
lead to adverse consequences for ecosystem services, crop yields,
and overall soil health, thereby impacting global food security
(Dubey et al., 2019). Therefore, sustainable practices are necessary
to ensure the ecological resilience of agroecosystems (Miner et al.,
2020). These practices include the use of no-tillage for reducing soil
disturbance, crop rotations that alternate between legumes and
cereal crops, the inclusion of cover crops between cash crops, and
an optimal reposition of nutrients that are exported with grains
from the agroecosystems (Gaudin et al., 2015; Kleijn et al., 2019;
Lupwayi et al., 2018; McDaniel et al., 2014; Novelli et al., 2017).
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Simultaneously achieving high crop yields while preserving soil
health forms the basis of the sustainable intensification (SI)
paradigm (Pretty and Bharucha, 2014). This paradigm is
supported by ecological principles that advocate more intensive
and efficient use of environmental resources, including water, solar
radiation, and nutrients, with the ultimate aim of enhancing overall
land productivity (Robledo et al., 2024). Agricultural practices
within this framework are strategically designed to extend land
cover periods and shorten fallow phases. This is achieved through
measures such as increasing the frequency of cereals in crop
rotation through double cropping or using cover crops (Andrade
etal,, 2017; Caviglia and Andrade, 2010). The optimization of crop
nutrition is achieved by complementing the application of inorganic
fertilizers and additional nutrient sources such as leguminous crops
or organic manure (Correndo et al., 2021; Enrico et al., 2020; Miner
et al,, 2020). The main beneficial effects of SI are higher crop yields
(Andrade et al.,, 2017; Cano et al., 2023; Stefan et al., 2021),
increased C stocks in stable fractions (Rodriguez et al., 2020;
Romaniuk et al, 2018), and reduced greenhouse gas emissions
(Piccinetti et al., 2021). However, there is a critical balance between
the need to increase the frequency of cereals in crop sequences to
enhance SI benefits and a greater reliance on N fertilization, with
the deleterious environmental impact of N in cereal-
rich agroecosystems.

Sustainable intensification practices affect the soil microbiome
directly and indirectly, resulting in divergent ecological responses of
bacterial groups (Frene et al.,, 2022). For example, the increase of
living cover and crop diversity can generate a constant input of C
via rhizodeposition and favor certain copiotrofic groups, such as
Proteobacteria and Bacteroidetes, with an either negative or positive
impact on soil C storage and soil health indicators (Agomoh et al.,
2020; Frene et al.,, 2022; Li et al., 2014; Novelli et al., 2011).
Actinobacteria, a phylum characterized by several plant-growth-
promoting members, can be augmented in more diverse crop
rotations with a positive impact on crop productivity (Stefan
et al, 2021). Notably, crop species identity can be a major driver
of current soil microbial communities due to the chemical
composition of plant tissues, and root exudates, as well as crop-
specific requirements of agronomical practices (Fang et al., 2022;
Fox et al., 2020; Sasse et al., 2018). For example, cereal crops require
high inputs of N fertilization and produce large amounts of residues

frontiersin.org


https://doi.org/10.3389/fagro.2024.1446404
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Frene et al.

with high C:N ratios, while legumes can partially satisfy N
requirement through biological fixation and produce small
amounts of residue with low C:N ratios. Acidobacteria might
prevail after cereal cultivation, whereas Actinobacteria and
Proteobacteria may dominate after legumes (Chamberlain et al,
2020; Feng et al., 2017; Stefan et al., 2021). Also, cereal N
fertilization induces changes in soil pH and alters the abundance
of key bacterial and archaeal species involved in soil N-cycling,
particularly in no-tillage systems (Viso et al., 2024).

Understanding the interconnection between soil microbiome
and agronomical practices is imperative for establishing resilient,
productive, and sustainable agroecosystems (Wall et al., 2019). The
ratio between cereals and legumes will determine the net input of N
(Novelli et al., 2011) and both crop rotations (Frene et al., 2022;
Nivelle et al., 2016; Pinto et al., 2017), and extra N supplementation
(Viso et al., 2024; Zhang et al., 2021) have measurable impacts on
the soil microbiome. We then investigate the extent to which N
fertilization and the inclusion of cover crops modified prokaryotic
communities in crop sequences with different land occupations.
However, in crop rotation analysis, it is unclear whether the effects
on soil biota are a consequence of the net effect of long-term
rotation or the previous crop in a particular rotation (Fox et al,
20205 Ishaq et al., 2017). To avoid this confounding effect, the
evaluation of all phases of a rotation (i.e., all previous crops that are
part of this rotation are evaluated simultaneously) is reccommended
so that the response of a particular crop to a given rotation can be
compared each year. In this study, we compared the long-term (13
years) effect of sequences with different land occupations, including
all the cash crops on the crop rotation. We hypothesized that 1) the
crop phase sampling would have a stronger impact on the
prokaryotic diversity than the crop rotational history; 2) given a
particular crop sequence, the cereal N fertilization and the use of
winter cover crops would have a minor effect on the soil
microbiome in comparison with the long-term crop
rotational management.

2 Materials and methods
2.1 Study site and experimental design

The experiment was performed at INTA Oliveros Research
Station (32° 32’ S, 60° 51" W) Argentina, on a deep, well-drained,
carbonates-free Typic Argiudoll (USDA Soil Taxonomy) up to a
depth of 240 cm, with a silty loam texture in the surface horizon (clay
209 gkg ™!, silt 708 g kg, sand 83 gkg ') and predominant of illite in
the clay fraction, pH 6 (1/2.5 soil/water), C.E.C. 19.4 cmolc kg ™.
The climate is humid temperate with a mean annual temperature of
17.6°C and a mean annual rainfall of 1042 mm. Rainfall occurs
mainly in fall and spring, while the summer months usually present
deficits of varying intensity in the agro-climatic balance.

A long-term no-till experiment was established in 2006 to
evaluate crop sequences with different intensities of cereal and
soybean frequencies. The area has been under cultivation for the
last 50 years and under no-tillage from the last 8 years before the

Frontiers in Agronomy

10.3389/fagro.2024.1446404

beginning of the experiment. The experiment was arranged in a
randomized complete block design with three replicates, with each
experimental unit being 13 m wide x 50 m long. Treatments
consisted of a combination of crop sequences and N fertilization
levels in cereals. Each phase, with its respective intensification
practice (N fertilization or cover crop treatments), was cultivated
concomitantly every year. This distinctive approach sets this study
apart from others in the field.

Crop sequences were as follows: (i) soybean monoculture (S-S):
ii) Maize-Wheat/Soybean (M-W/S) and iii) Maize-Soybean-Wheat/
Soybean (M-S-W/S). In both (ii) and (iii) the inclusion of a winter
cover crop (CC) was tested: iv) winter cover crop/Maize-Wheat/
Soybean (CC/M-W/S) and v) - maize- winter cover crop/soybean—
wheat/soybean (M-CC/S-W/S) and winter cover crop/Maize-
Soybean-Wheat/Soybean (CC/M-S-T/S). Winter cover crops
consisted of hairy vetch (Vicia villosa) planted before maize and
killed at mid-bloom stage, with 3 L ha™ of glyphosate (48%
active principle).

Two N fertilizer rates were evaluated in the sequences that
included cereals (wheat or maize). These N fertilizer rates were
calculated by measuring soil N content at planting as N-NOj; at a
depth of 60 cm, which was subtracted from a threshold of available
N (N-NOj at 60 + fertilizer N) set for two-grain yield goals: a
threshold of 160 and 190 kg N ha™ for grain yields above and below
10000 kg ha! in maize (Salvagiotti et al., 2011; Correndo et al.,
2021) and a threshold of 92 and 135 kg N ha™ for grain yields above
and below 5000 kg ha™' in wheat (Salvagiotti et al, 2004; Ferrari
et al, 2010). The sequences that received the low and the high N
fertilizer rates in cereals are now identified as LNF and HNF,
respectively. Therefore, the experiment had in total 4 sequences
that included cereals combined with 2 N fertilizer
recommendations and a soybean monoculture as a control.

The general management was carried out as usual by
farmers in the region for pest and weed control. All phases of
each rotation were present every year. At sowing, soybean was
inoculated with Bradyrhizobium sp. and fertilized with 70 kg ha™" of
triple super phosphate. Maize and wheat were fertilized at sowing
with 80 kg ha™' of mono ammonium phosphate. Cover crops did
not receive fertilization.

The intensification sequence index (ISI), which expresses the
relative number of days of the year occupied by crops in a given
crop sequence, was calculated as the ratio between the number
of days with crops in each crop sequence and the length
of the sequence (Caviglia and Andrade, 2010) Taking into
account the real-time occupied by crops in each sequence, the
following ISIs were established: 0.39, 0.65, 0.55, 0.8, and 0.64 for S-S,
M-W/S, M-S-W/S, CC/M-W/S, and M-CC-S-W/S, respectively
(Figure 1; Table 1).

2.2 Soil sampling
In May 2019 (after the 2018-19 cropping season ended), soil

samples were taken at 0-5 cm depth and replicated three times in
each experimental unit. The soil samples were taken from the
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i)s-s
Soybean
monoculture
Low
ii) M-S-w/s
Maize-Soybean—
Wheat/Soybean
High
Low
iii) CC/M-W/S
Winter cover crop/Maize-
Wheat/Soybean
High
Low
iv) CC/M-S-W/S
Winter cover cropi
Soybean—
Wheat/Soybean
High
FIGURE 1

Crop sequence scheme. In the presence of cereals, two levels of nitrogen, low and high, were applied to the crop rotation (LNF and HNF,
respectively). The experiment started in 2006, and soil sampling was performed after three complete crop rotational cycles in 2019 after the harvest
of summer crops: Maize, Soybean, Wheat/Soybean. Since the longest crop sequence is three years in duration, the graphical scheme spans

three years.

TABLE 1 Description of the studied crop sequences of the long-term experiment.

Crop Sequence Description CC/M-S-W/S CC/M-W/S
Intensification sequence index (ISI) 0.39 0.55 0.64 0.80

Number of crops 1 3 4 4

Average crop species per year 1 13 1.6 2

Time to complete the crop sequence (years) 1 3 3 2

N fertilization levels 0 2 2 2

Sampled experimental units (n)* 3 18 18 12

Cash crop species: M (Maize, Zea mays L.); S (Soybean, Glycine max Merr.); W (Wheat, Triticum aestivum L.). Winter cover crop: CC (Vicia villosa Roth).
Dashes (-) indicate separation between annual crop phases. Slashes (/) indicate annual double crops and separate the crop species. (*) Nitrogen fertilization levels: indicate high and low N
fertilization managements in cereals (HNF and LNF, respectively). (+) Sampled experimental units: This represents the total number of surveyed field plots, calculated as the number of crop

species * Nitrogen fertilization levels * 3 replicates.

summer cash crop in each phase of the crop rotations, so after the
harvest, all the crops in each rotation were sampled. Therefore, the
cumulative effect of each rotation was determined for the summer
cash crops (maize, soybean, and soybean from the wheat/soybean
double-crop phase) (Figure 1). Hereafter, we use the terms ‘crop
phase” and ‘crop identity’ indistinctly to refer to the three summer
cash crops mentioned above. Subsamples were mixed and
homogenized in the field, air-dried, and sieved to pass a 2 mm
screen. A subset of soil samples was stored at field moisture at -20°C
until analysis for microbial measurements.
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2.3 DNA extraction and
sequencing analysis

DNA Extraction was performed using a Power soil kit (MO BIO
Laboratories, Inc. Carlsbad, CA) according to the manufacturer’s
instructions. The extracted DNA was sent to the European
Molecular Biology Laboratory (EMBL, Heidelberg, Germany) for
sequencing in 2019. The V4 region of the 16S rRNA gene, which
targets bacterial and archaeal taxa, was amplified using primers
515F (Parada et al., 2016) and 806R (Apprill et al., 2015) and the
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Mumina MiSeq platform. The raw reads are available at the ENA
under the project number PRJEB33480. They are also publicly
available at the MGnify website (https://www.ebi.ac.uk/
metagenomics/) MGYS00005093.

2.4 Bioinformatics analysis

Bioinformatics processing of reads was performed using QIIME 2
version 2022.2 (Bolyen et al,, 2019), Illumina adapters and primers
were removed with the ‘cutadapt’ function. Next, denoising
processing was performed using DADA2 in the QIIME 2 pipeline
(Callahan et al., 2016). Reads with more than 25 score quality and
fragments larger than 100 bp were retained and ASVs (amplicon
sequence variants) were generated. The taxonomic assignment of
each ASV was annotated using the q2-classify-sklearn module using
the SILVA database version 13 (Quast et al., 2013), trained for the V4
16S rRNA region, 515F-806R (Bokulich et al., 2018).

2.5 Statistical analysis

Data were analyzed and plotted in R using the stat, agricolae,
vegan, phyloseq, DESeq2, and ggplot2 packages (R Development Core
Team, 2022). Before microbial data analysis, each sample was rarefied
to the minimum number of reads to correct for sampling effort using a

10.3389/fagro.2024.1446404

subset of bacterial sequences. The Shannon diversity index was
estimated using rarefied ASV data. The Poisson regression was used
to model the relationship between ISI and Shannon index and the
relative abundance of dominant phyla. Distance matrices were created
at the ASV level using Bray-Curtis dissimilarity, and Principal
Coordinate Analysis (PCoA) ordinations were constructed for these
matrices. Treatment effects on B-diversity were determined using
permutational analysis of variance (PERMANOVA) with the
function adonis (Oksanen et al.,, 2015). Multiple comparisons using
PERMANOVA and Bonferroni P-adjustment were used to determine
differences in community composition between contrasts of interest.
To identify those taxa associated with a particular crop rotation, we
fitted a general linear model (GLM) based on the negative binomial
distribution using the DESeq function of the DESeq2 package in R
(Love et al,, 2014). DESeq?2 identified the taxa (ASVs) that responded
to each treatment and which taxa were enriched in each treatment. We
used phyloseq version 1.34.2 (McMurdie and Holmes, 2013) to
visualize the relative abundance of the taxa driving the
compositional differences between treatments. To assess the effect of
intensification (ISI) on bacterial phyla, we used a GLM based on the
Poisson distribution with the plot as a random effect. When the data
were overdispersed and the conditional variance was higher than the
conditional mean (i.e., phylum abundance) (Bliss, 1953; Ross and
Preece, 1985), we performed a negative binomial regression, with the
plot as a random effect for each phylum abundance, using the MASS
package (Venables and Ripley, 2012).
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TABLE 2 Alpha-diversity measured by Shanon index.

Condition Treatment Shannon
0.39 351b
0.55 355b
ISI
0.64 3.58 ab
0.8 3.67 a
Wheat/Soybean 3.64a
Crop Soybean 3.58 ab
Maize 3.55b
CC + 3.62a
Cover crops
CC - 3.54b
LNF 357 a
Fertilizer
HNF 3.60 a

IS, intensification sequence index; CC, cover crops (CC+, with cover crop; CC-, without cover
crops); HNF, high N fertilization; LNF, low N fertilization. Data were tested for significance by
two-way ANOVA followed by Fisher’s LSD test. Means followed by the same letter indicate no
significant differences between treatments at the p = 0.05 level.

3 Results

3.1 Whole community analysis in response
to crop identity, intensification, and
N fertilization

The PERMANOVA analysis showed that ISI (P = 0.001) and crop
identity (P = 0.001) were the strongest predictors of the composition of
prokaryotic communities, followed by N fertilization (P = 0.028), cover

10.3389/fagro.2024.1446404

crops were not statistically significant (Supplementary Table 1). There
was no significant interaction between the treatments (Supplementary
Table 1; Figure 2A). The ISI accounted for 14.7% of the prokaryotic
community variation, while the crop identity accounted for 13.0% of
the variation. There was no interaction between the ISI and the crop
phase. Finally, N fertilization and cover crops accounted for 3.12% and
2.33%, respectively (Supplementary Table 1; Figure 2A). Principal
coordinate analysis (PCoA) ordinations of Bray-Curtis dissimilarity for
soil prokaryotic community structure indicated that the crop phases
were distributed along PCoA axis 2, with both Soybean and Soybean
from the Wheat/Soybean double-crop situated on the positive values
and Maize located on the negative values of axis 2 (Figure 2B). Notably,
it is possible to observe the intensification effect on prokaryotic
community composition along PCoA axis 1, with less intensified
samples positioned on the negative values and more intensified
samples positioned on the positive values (Figure 2B). Non
significant association between PCoA axis 1 and ISI was found on
Maize, but significant relations were shown on Soybean and Wheat/
Soybean phases (Figures 2C-E). In contrast, there was no effect for the
cover crops (Supplementary Figure 1A) and N fertilization had a
strong effect on the Maize phase but not on the Soybean and Wheat/
Soybean phases (Supplementary Figure 1B; Supplementary Table 2).

3.2 Prokaryotic o-diversity in response to
crop intensification

The a-diversity for soil bacterial/archaeal community based on
the Shannon index showed differences for the crop phase (P < 0.05)
and cover crops (P < 0.01) (Table 2) but not for N fertilization (P >
0.05) (Table 2). The Wheat/Soybean double crops averaged 3.64

Crop B8 Soybean EJ Maize E3 Wheat/Soybean

3.8
3.8137 |,
36 B
3.5
3.7134
L]
LNF  HNF
[
2
€ 3.6
©
L
»
3.5
3.4+
Correlation ISI vs Shannon index 3.4
R'=0.226, P <0.001 . .
. i . 'CC» CC+
0.39 0.55 0.64 0.8

FIGURE 3

ISI

Microbial community alpha-diversity was measured by the Shannon index for each Intensification Sequence Index (ISI), N fertilization, and cover
crop. Error bars indicate standard error. The line represents the linear correlation between ISI and Shannon index. Data were tested for significance
by GLM ANOVA followed by Fisher's LSD test. The letters represent significant differences between treatments at the p = 0.05 level.
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and were significantly higher than Maize. When all rotations were
averaged, the inclusion of cover crops increased the a-diversity by
10% in the three crops (Figure 3, inset). Finally, Shannon diversity
increased with intensification (ISI) for Maize (P = 0.039) and
Wheat/Soybean (P = 0.005) (Figure 3). The linear regression
model between the ISI value and the o-diversity showed a
significant correlation (R* = 0.226, P < 0.001) (Figure 3). In
particular, we found that ISI value and the o-diversity were
significantly correlated in Soybean (R* = 0.30, P = 0.002) and the
Wheat/Soybean double crop (R* = 0.24, P = 0.002), but not in the
Maize crop (R* = 0.05, P = 0.162) (Figure 3).

3.3 Prokaryotic community structure and
response to crop intensification and
crop sequence

A total of 79 phyla were recovered from this soil. Acidobacteria
comprised the majority of the 16S reads recovered (35.75% =+
3.11%), followed by Verrucomicrobia (15.64% = 2.37%),
Planctomycetes (11.57% * 1.45%), Proteobacteria (10.79% =+
1.36%), and Chloroflexi (8.90% + 1.14%) (Figure 4). Together,
these five phyla accounted for more than 80% of the sequences.
Soybean significantly increased the abundance of Acidobacteria
(P = 0.037) and Armatimonadetes (P < 0.001), while the
sequences containing Soybean and the double-cropped Wheat/
Soybean increased the abundance of Bacteroidetes (P < 0.001). In
contrast, Maize significantly increased the abundance of
Planctomycetes (P = 0.002) and Verrucomicrobia (P < 0.001).
Finally, Proteobacteria showed an interaction effect between crop
phase and N fertilization, being more abundant in the double-
cropped Wheat/Soybean for both cases (P < 0.05). We noted an
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increase in Chloroflexi, Gemmatimonadetes, and Thraumarchaeota
in HNF, while Acidbacteria and Nitrospirae were more abundant in
LNF (P < 0.05). Finally, the cover crops significantly increased the
abundance of Proteobacteria (P < 0.05) (Figure 4).

We analyzed the impact of IRI on different phyla using the
Poisson regression model for each rotation and the different phases
of each rotation (Figure 5). Planctomycetes (R* = 0.37, P = 0.0145),
Proteobacteria (R* = 0.51, P = 0.00108), and Bacteroidetes (R* =
0.36, P =0.0170) showed a positive relationship with ISI (Figures 5).
The Wheat/Soybean double-crop exhibited a high number of
responding phylum to the crop intensification, showing a positive
correlation with Planctomycetes (R* = 0.27, P = 0.00168) and
Bacteroidetes (R2 = 0.29, P = 0.0296), while in Maize, the
abundance of Proteobacteria (R*> = 0.31, P = 0.00677) was
positively correlated with ISI. Finally, the abundance of
Acidobacteria, Verrucomicrobia, Armatimonadetes, Chloroflexi,
Gemmatimonadetes, and Thraumarchaeota correlated negatively,
but not significantly, with ISI, while the abundance of Nitrospirae
and Firmicutes correlated positively but not significant with ISL

3.4 Prokaryotic community structure and
response to the crop identity

We used DESeq2 differential abundance analysis (alpha =
0.001) to determine which taxa differed in presence and
abundance among the soils conditioned by the different plant
species included in the different crop rotations. DESeq2 analysis
suggested that Maize enriched the abundance of Gemmata,
Singulisphaera, and Pirellula (both Planctomycetes) and other
unclassified taxa belonging to Planctomycetes (dots below the 0
represent taxa enhanced in Maize) in comparison with Soybean and
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Wheat/Soybean double crop (Figures 6A, B). The other two taxa
enriched in Maize were Acidimicrobiaceae unclassified (phylum:
Actinobacteria) and Candidatus Udeobacter (phylum:
Verrucomicrobia). In contrast, Soybean enriched the abundance
of Flavobacterium and Chryseolinea (both Bacteroidetes) and other
Bacteroidetes unclassified (dots above 0 on the plot) (Figures 6A, B).
Other taxa increased in Soybean crops were Novosphingobium,
Sphingomonadaceae unclassified (phylum: Proteobacteria; class:
Alpha-proteobacteria), and Spartobacteria unclassified
(Verrucomicrobia) (Figures 6A, B). The comparison between the
Soybean and the Wheat/Soybean double crop showed few
differential taxa. Soybean enriched Muciliginibacter (phylum:
Bacteroidetes) and Geobacter (phylum: Proteobacteria, classes:
Delta-proteobacteria) (both above the 0 on the plot), while
Wheat/Soybean enriched Brevisfollis and Roseimicrobium
(phylum: Verrucomicrobia) (below 0 on the plot) (Figure 6C).

4 Discussion

We evaluated the prokaryotic community using high-
throughput sequencing of the 16S rRNA gene in soils grown with
three cash crops (Wheat, Soybean, and Maize) under contrasting

Frontiers in Agronomy

08

intensification management in a long-term experimental trial. In
this study, the immediate effect of the three commercial crops was
evaluated simultaneously in each rotation, thus allowing us to
evaluate the isolated impact of each phase in the rotation on the
microbial communities. Our results showed that both crop phase
and crop intensification, as measured by the Intensification
Sequence Index (ISI), had a similar impact on the structure of the
soil prokaryotic microbiome. Additionally, our results showed a
small but significant effect of N fertilization on the prokaryotic
community. Meanwhile, cover crops showed a non-significant effect
on the community structure but markedly increased o.-diversity.

4.1 Impact of crop identity on soil
bacterial community

Soil biodiversity is crucial to maintaining and enhancing the
ecological functions of the soil (Bender et al.,, 2016). Bacterial/
archaeal richness, measured by the Shannon index, showed
significant differences according to crop identity (Ishaq et al,
2017). Several authors showed that wheat increased diversity in
comparison with other crops such as cotton, rice, and faba beans
(Wei et al,, 2019; Granzow et al,, 2017). On the contrary,
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Ashworth et al. (2017) showed that the wheat-soybean sequence
had richness values similar to those found in either continuous
maize or continuous soybeans.

The prokaryotic community is a crucial component of the soil
ecosystem and can be used for evaluating soil and plant health
(Sharma et al., 2010). In this study, we found a clear and
significant difference in soil prokaryotic community composition
among Maize, Soybean, and Wheat/Soybean, as previously reported
by Li et al. (2017). This phenomenon may primarily be due to the
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differential response of microbes to the quantity and quality of root
exudates or rhizodeposition caused by the crops (Costa et al., 2006).
We found members of Planctomycetes (Gemmata, Singulisphaera,
and Pirellula), Actinobacteria (Acidimicrobiaceae), and
Verrucomicrobia (Candidatus Udeobacter) associated with maize.
Gemmata and Pirellula have been associated with N cycling,
especially denitrification (Han et al., 2019). However, Gemmata has
been related to wheat residue degradation (Zhou et al, 2018). In
contrast, both Soybean and Wheat/Soybean double-crop led to the
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active increase in Alpha-proteobacteria (Novosphingobium) and
Bacteroidetes (Flavobacterium and Chryseolinea), both of which are
considered copiotrophs (Fierer et al,, 2007; Inceoglu et al., 2011).
Soybean was mainly enriched in Bacteroidetes, which might be
consistent with soybean having more rhizodeposition than maize
(Qiaoetal., 2017; Mazzilli et al,, 2015). soybean rhizodeposits have a
lower C/N ratio than those of maize and are rapidly mineralized by
microbes, which is likely responsible for the greater shift in the
bacterial community (Miao et al., 2021). Bacteroidetes are
commonly associated with soils rich in N and highly available
nutrients (Liu et al., 2017). For example, the genera Flavobacterium
and Chryseobacterium have been associated with plant growth
promotion and disease protection (de Sousa Lopes et al., 2021).
The Wheat/Soybean double-crop was enriched on Brevifollis and
another Verrumicrobia taxa, where this phylum is extremely
sensitive to changes in chemical factors related to soil fertility in
native forests or grassland (Lupwayi et al., 20205 Stefan et al., 2021).

4.2 Impact of intensification index on soil
bacterial community

Agricultural practices under the sustainable intensification
paradigm are designed for soil conservation, enhancing crop
production and soil health (Bommarco et al,, 2013). Previous
studies have shown a positive effect of this agricultural
management on ecosystemic services, such as yield (Bowles et al.,
2020; Gaudin et al.,, 2015), organic carbon stocks (Tamburini et al.,
2020; Romaniuk et al., 2018; Beltran et al., 2016), pest management
(Emery et al, 2021), earthworms and mesofauna abundance
(Rodriguez et al, 2020) and nitrous oxide emissions (Piccinetti
etal, 2021). Global-scale studies have shown that soil microbiomes,
especially soil bacteria, are shaped by many factors (Fierer, 2017).
Additionally, Fan et al. (2020) observed significant, biologically
meaningful correlations between crop yield and the abundance of
specific root-associated microbial taxa and functional genes,
highlighting the importance of the prokaryotic community in
regulating soil functional potential and plant productivity.

Crop intensification implies an increase in the number of crops
per year, and thus, more active roots throughout the year and the
amount of C supplied to the soil. Here, the increase in the
intensification sequence index (ISI) showed a positive effect on
biodiversity, as measured by the Shannon index, in the three crops,
mainly Maize and Wheat/Soybeans double-crop. Venter et al.
(2017) carried out a meta-analysis that found that approximately
15.1% and 3.4% of microbial richness and diversity, respectively,
were increased in the rotational treatments compared to the
monocultures. Other studies have shown that management
intensification has a significant effect (Bender et al., 2016; Garland
et al, 2020) or an inconsistent effect on biodiversity (Stefan et al.,
2021). Increasing the number of legume crops every year improves
the supply of N due to the biological fixation of N and crop residues
(Lal, 2017). Furthermore, Romaniuk et al. (2018) and Beltran et al.
(2016) demonstrated that eight years after the adoption of adequate
intensification was sufficient to accumulate more labile C and
macronutrients in stable C deposits. Both C and N stocks may
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contribute to increasing soil bacterial diversity (Garland et al., 2021;
Zak et al., 2003).

In this study, we found that the relative abundance of several
bacterial and archaeal phyla was significantly changed by the ISIL
Overall, some copiotroph bacteria such as Proteobacteria,
Firmicutes, Planctomycetes, and Bacteroidetes were consistent with
the ecological theory that copiotrophic behavior (or r-strategies) is
well adapted to nutrient-rich conditions and positively responds to
intensification (Li et al., 2014). Firmicutes and Bacteroidetes can use
ammonium or nitrate as their sole N source (Ashworth et al., 2017;
Frene et al., 2022). On the contrary, Actinobacteria is a group that
has been found in greater proportion in grassland (Liao et al., 2023)
and it is negatively affected by soil disturbance (Gou et al., 2024).
The changes in the microbial community structure have been
associated with aboveground processes linked to crop diversity
and composition (Delgado-Baquerizo et al., 2018).

In contrast to copiotroph microorganisms, the relative
abundances of oligotrophic groups (e.g., Acidobacteria,
Chloroflexi, Gemmatimonadetes, and Armatimonadetes) did not
significantly respond to crop intensification. Acidobacteria is a
well-known group that thrives in acidic, nutrient-poor soils and
does not respond effectively to increased carbon input from
additional plant biomass (Fierer et al., 2007; Kalam et al., 2020).
Members of Chloroflexi have been identified as pathogenic bacteria
(DeBruyn et al,, 2011) that cannot respond to crop intensification
due to crop rotation’s positive influence on crop health (Custodio
et al, 2022). Finally, Gemmatimonadetes and Armatimonadetes
have been reported to respond negatively to soil C and P stocks
(Gou et al,, 2024) and, in the present study both phyla negatively
responded to crop intensification. These findings indicate that crop
intensification could cause a shift in the life-history strategy.

4.3 Effect of N supply on soil prokaryotic
community by fertilizer and cover crops

Our findings revealed a differential effect between N fertilization
and cover crops: although N fertilization considerably altered the
structure of the prokaryotic community, cover crops increased the
o-diversity index. The increment in microbial diversity associated
with cover crops has been associated with greater soil enzyme
activities and N and P availability, directly influencing soil C and N
cycles (Chavarria et al,, 2018; Kim et al., 2020; McClelland et al.,
2021). Kim et al. (2020) found that cover crops greatly increased the
biomass, activity, and variety of soil microbial communities.
However, the observed small effect of winter cover crops on soil
prokaryotic community composition in our study may be related to
the timing of sampling; our samples were collected after the
summer cash crop harvest. According to Liu et al. (2021), the
influence of cover crops on microbial community composition is
determined not only by the identity of the cash and cover crops but
also by the collection period. In contrast, N fertilization showed a
minor but considerable influence on the structure of the community
composition (Li et al., 2018). This effect was mainly observed in
maize treatments probably because soybean does not receive any N
fertilization (Castle et al., 2021). It has been documented that N
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fertilization alters the abundance of dominant bacterial phyla (Dai
et al,, 2018; Nguyen et al,, 2018; Viso et al., 2024). Our findings
revealed a pronounced decrease in Acidobacteria and Nitrospirae
abundance, both of which are known to use an oligotrophic growth
strategy that is less favorable in fertilized soils (Legrand et al., 2018;
Ramirez et al., 2016).

5 Conclusions

Our findings revealed that both intensification and crop phase
influenced the composition of the soil prokaryotic community
after thirteen years (2006-2019) of soil management
intensification. In addition, cover crops and N fertilizer may
have had a limited impact on soil bacterial/archaeal community
structure and diversity. The bacterial phylum associated with
copiotrophic life forms appeared to benefit from intensification,
but certain oligotrophic phylum did not. Although the
copiotrophic/oligotrophic hypothesis is simplistic, it provides a
basic framework for linking the response of soil prokaryotic
communities to crop rotations. There is a clear need for more
comprehensible and comparable data about the dynamics of soil
microbiomes in agroecosystems, as well as their integration in
general models with other physical, chemical, and biological
parameters, to better understand the impact of different and
alternative agricultural practices. Further studies will determine
if this information is linked to crop productivity and soil health
indexes, contributing to optimized agricultural management and
addressing the problems caused by unsuitable practices.
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