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Including pulse crops in cereal-based cropping systems has become a widely accepted
and useful agronomic practice to increase crop diversification and biologically fixed
nitrogen in agroecosystems. However, there is a lack of knowledge regarding how the
intensification of pulses in crop rotations influence soil microbial communities. In this
study, we used an amplicon sequencing approach to examine the bulk and rhizosphere
soil bacterial and fungal communities from the wheat (Triticum aestivum L.) phase (final
year of 4 years rotations) of a long-term pulse intensification field trial in the semi-arid
region of the Canadian Prairies. Our results revealed pulse frequency had a minimal
impact on microbial a-diversity, but caused a significant shift in the composition of the
fungal (rhizosphere and bulk soil) and bacterial (bulk soil) communities. This effect was
the most pronounced in the Ascomycete and Bacteroidete communities. Increasing
pulse frequency also promoted a higher proportion of fungal pathotrophs in the bulk sall,
particularly those putatively identified as plant pathogens. The network analysis revealed
that rotations with higher pulse frequency promoted increased competition within the
soil microbial networks in the rhizosphere and bulk soil. However, we also detected
more negative interactions among the dominant pathotrophic taxa with increased pulse
frequency, suggesting higher soil-borne disease potential. These findings highlight the
potential drawbacks and reduced sustainability of increasing pulse frequency in crop
rotations in semiarid environments.

Keywords: crop rotation, soil-borne disease, pulse frequency, fungal guilds, network analysis

INTRODUCTION

Among agronomic practices used in annual cropping systems, crop rotation is one of the most
common management tools used to enhance soil nutrient and water availability, control weeds
and pests, and improve the ecological and economic sustainability of cropping systems (Schonhart
et al,, 2011; Barbieri et al., 2017). Considering the unique capability of legumes to fix atmospheric
nitrogen via biological nitrogen fixation (BNF), legume-based rotations have demonstrated many
advantages for enhancing the sustainability of agriculture worldwide. As a result, the land base
planted to legume crops has gradually increased globally over the past 50 years (Foyer et al., 2016).
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This trend has been particularly evident in the Northern Great
Plains for pulse crops such as field pea (Pisum sativum L.),
lentil (Lens culinaris Medik.), and chickpea (Cicer arietinum L.),
which are common grain legume crops that have been used to
diversify cereal and oilseed cropping systems (Khakbazan et al.,
2020). The globally cultivated area for pea, lentil and chickpea is
around 8.1, 6.6, and 14.6 Mha, respectively, which provide about
0.74, 0.36, and 0.66 Tg of annual fixed nitrogen, respectively
(Jensen et al., 2020). Including pulses in crop rotations has been
documented to provide many economic and ecological benefits
including increased soil organic carbon (Liu k. et al., 2020) and
nitrogen availability (Jensen et al., 2020), reduced disease pressure
(Kirkegaard et al., 2008), increased yield of subsequent crops in
rotations (Reckling et al., 2020; Zhao et al., 2020) and overall
system productivity (Gan et al., 2015), and improved soil health
(Lal,2017). However, due to the application of synthetic fertilizers
and pesticides as well as economic drivers of crop selection,
diversification of many crop rotation designs in practice are
overly simplified, and improper rotation designs in modern
agriculture jeopardize the eco-functionality of agroecosystems
and endanger soil biodiversity (Barbieri et al., 2017). It is essential
to select the right type of pulse crops for the rotation design and
ecosystem, and incorporate them at an appropriate frequency to
achieve the potential ecological and economic benefits linked to
these crops. However, this type of information is still very limited,
particularly from long-term field studies.

In particular, our understanding of how pulse based mid- to
long-term rotations and high pulse frequency rotations influence
soil microbial community dynamics remains limited. Early
evidence from short term studies (<4 years) has shown that pulse
frequency in annual crop rotations is an important factor driving
shifts in the composition, diversity and functional guilds of soil
and root-associated microbial communities (Bainard et al., 2017;
Navarro-Borrell et al., 2017; Hamel et al., 2018; Niu et al., 2018).
There is evidence that plant species can have selective effects on
rhizosphere microbial communities. As a result, enriched pulse
frequency in annual crop rotations will likely lead to a gradual
enrichment of host specific effects in soil, which can further alter
soil microbial communities.

In this study, we used a long term (8 years) crop rotation
study in the semiarid region of the Canadian Prairies to explore
the impacts of pulse frequency on the diversity, composition
and interactions of soil microbial communities. We hypothesized
that increasing the pulse frequency in crop rotations will alter
the diversity, composition, and network interactions of soil
microbial communities.

MATERIALS AND METHODS

Site Description and Experimental

Design

A Jong-term field experiment was established in 2010 with a 4
years crop rotation design located at the Swift Current Research
and Development Centre was utilized for this study. The
experiment included low (one-pulse phase), medium (two-pulse
phases) and high (three-pulse phases) pulse frequency rotations

in the long-term rotation design. For this study we selected
the following treatments: (i) low pulse frequency rotations, Pea-
Wheat-Wheat-Wheat (PWWW) and Chickpea-Wheat-Wheat-
Wheat (CWWW); (ii) medium pulse frequency rotations, Pea-
Wheat-Pea-Wheat (PWPW) and Chickpea-Wheat-Chickpea-
Wheat (CWCW); and (iii) high pulse frequency rotations, Pea-
Pea-Pea-Wheat (PPPW), Chickpea-Chickpea-Chickpea-Wheat
(CCCW) and Pea-Lentil-Chickpea-Wheat (PLCW) rotations.
The first cycle of the rotations was completed in 2013 and
repeated again starting in 2014. Due to the development of
serious root diseases issues associated with growing chickpea
in the same plots for three continuous years during the first
cycle, mustard was grown during the second year of the
CCCW rotation during the second cycle (i.e., Chickpea-Mustard-
Chickpea-Wheat) to limit disease issues. Each treatment was
planted into a 4 x 12 m plot and replicated four times in a
randomized complete block design. This study was conducted
during the 2017 growing season, which was the fourth year of the
rotations during the second cycle and all rotations were seeded to
wheat (Triticum aestivum L.).

All plots received glyphosate spray at 0.45 kg/ha as a pre-
seeding burn-off treatment and Trifluralin 10G at 8.5 kg/ha prior
to seeding (except for wheat plots) to eliminate weed effects in
each year. At the beginning of each rotation cycle (2010 and 2014)
all wheat plots received a total of 80 Kg/ha actual N using 46-0-0
mineral fertilizer, and pulse crop plots received 22 kg/ha of actual
P using 11-51-0 mineral fertilizer. All pulse plots also received
inoculation prior to seeding with a granular rhizobium inoculant
(TeamTag®, 4 kg ha™!) annually. All plots were under no-till
management practices and were planted with a no-till plot seeder.

Sampling and Chemical Analysis

Soil sampling was conducted at the soft dough stage to assess
the soil microbial community and soil chemical properties. Four
soil cores (2.5 cm diameter) were randomly collected in each
plot to a depth of 15 cm, pooled together and homogenized in
a large Ziploc bag to form one composite soil sample per plot.
At the same time, four wheat plants were carefully excavated
from the same sampling locations as the bulk soil cores in each
plot. The loose soil was shaken from the roots and the remaining
soil adhering to the roots was carefully brushed off, pooled
together and homogenized as one rhizosphere soil sample per
plot. There were a total of 28 bulk soil and 28 rhizosphere soil
samples collected for this study. Sub-samples were immediately
taken from the composite bulk and rhizosphere soil samples
and flash frozen in a liquid nitrogen cryo-shipper for molecular
analyses. The remaining soil was stored in a cooler with ice for
transportation and then stored at 4°C for up to 48 h until further
processing. Soil samples were sieved through a 2 mm sieve,
and a subsample was used to determine soil moisture content
(gravimetric). The remaining soil was air-dried and ground for
chemical analyses.

For all soil samples, soil organic carbon and total carbon
were determined using the dry combustion method (after
acidification with HCl) using an Elementar vario MICRO cube
elemental analyzer (Schumacher, 2002). Soil nitrate nitrogen (N),
phosphate phosphorus (P) and potassium (K) were determined
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using sodium bicarbonate extractions followed by colorimetric
analysis using a Technicon Autoanalyzer (Harm et al., 1973;
Gentry and Willis, 1988). Soil sulfate sulfur (S) was determined
using calcium chloride extractions followed by colorimetric
analysis using a Technicon Autoanalyzer (Harm et al., 1973). Soil
pH and EC were measured in water saturation paste (Habekost
et al.,, 2008) and paste extracts (Miller and Curtin, 2006). Soil
moisture was measured using the gravimetric method.

DNA Extraction, Amplicon Sequencing,

and Bioinformatics

Genomic DNA was extracted from 0.25 g of soil in duplicate
for each bulk and rhizosphere soil sample using the DNeasy
PowerSoil kit (Qiagen) using the QIAcube automated nucleic
acid extraction system (Qiagen). DNA was quantified using a
Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham,
MA) and shipped on dry ice to the Genome Quebec Innovation
Center (Montreal, Canada) for amplicon library preparation and
Mlumina MiSeq sequencing. The bacterial 16S rRNA genes were
sequenced using primers 515-F and 806-R (Caporaso et al., 2012)
and fungal ITS1 region was sequenced using primers ITSIF and
58A2R (Martin and Rygiewicz, 2005). For a full description of the
amplicon library preparation and Illumina Miseq sequencing see
Delavaux et al. (2020). The raw amplicon sequencing datasets are
available in the NCBI Sequence Read Archive under BioProject
ID PRJNA694704, PRINA694839, PRINA694691, PRINA694475,
PRJNA717779, and PRJNA694448. Raw reads were processed
(assembled, trimmed, quality filtered, dereplicated, and clustered)
using the UPARSE pipeline of USEARCH v.9 (Edgar, 2013).
Sequences were clustered into operational taxonomic units
(OTU) based on 97% similarity. Taxonomic identity was assigned
with a confidence threshold of 80% using the RDP classifier
(Wang et al., 2007) and 16S rRNA training set (version 16) for
bacteria and ITS UNITE database for fungi (Koljalg et al., 2013).
FUNGuild was used to parse the fungal community datasets by
functional ecological guild (Nguyen et al., 2016). See Bainard et al.
(2020) for a full description of the bioinformatics.

Statistical Analysis

All statistical analyses were performed using R packages (version
3.5.1) vegan, breakaway, ecodist and ggplot2 (R Foundation
for Statistical Computing, Vienna, Austria). To determine the
effect of pulse frequency on a-diversity we estimated the total
OTU richness using the package breakaway (Willis and Bunge,
2015). One-way analysis of variance (ANOVA) was used to
test the effect of pulse frequency on the soil properties and
OTU richness. Post hoc comparisons of means were completed
using Tukey’s HSD procedure at a 5% level of probability.
Permutational multivariate analysis of variance (permanova) was
used to test the effect of pulse frequency on the wheat rhizosphere
and bulk soil microbial communities. Sequence read variability
was normalized among samples by randomly resampling to the
lowest number of reads for each dataset (i.e., bacteria = 19,682
reads/sample; fungi = 21,468/sample). To eliminate influences of
low abundance OTUs which are in many cases artifacts generated
through the sequencing process and better compare treatment

effects, unclassified OTUs and rare OTUs (OTUs shown in less
than 3 soil samples and OTUs with less than 10 reads in total)
were removed from downstream analysis. Network analysis was
constructed for soil microbial communities related to different
pulse frequencies based on their OTU relative abundances, and
was performed using the Molecular Ecological Network Analyses
(MENA) pipeline: http://ieg4.rccc.ou.edu/mena (Deng et al,
2012) and visualized by Cytoscape 3.6.1. Module-EigenGene
network analysis was applied to examine interactions of the
soil microbial community with environmental factors. The
connectivity of each node was determined based on its within-
module connectivity (Zi) and among-module connectivity (Pi),
and the node topologies were separated by Zi and Pi with
threshold of 2.5 and 0.62 (Guimera and Nunes Amaral, 2005;
Olesen et al., 2007). OTUs with low Zi and low Pi values were
considered as specialists (peripherals) which typically only had
links within their own modules. OTUs with low Zi and high
Pi values (connectors), or high Zi and low Pi values (module
hubs) were considered as generalists. This included either module
hubs (actively linked with other OTUs within their own module)
or connectors (linking with OTUs from other modules). OTUs
with high Zi and Pi values were considered as super generalists
(network hubs) which act as both connectors among several
modules and module hubs within their own modules.

RESULTS
Soil Properties and Wheat Growth

Pulse frequency in the rotations had a minimal impact on the
bulk and rhizosphere soil properties. Total C and organic C
in rhizosphere soil was significantly higher in rotations with
medium pulse frequency compared to rotations with low and
high pulse frequency, and soil moisture was highest in rotations
with low pulse frequency (Table 1). In the bulk soil, rotations
with a medium pulse frequency had a significantly higher
soil S and P content compared to the high pulse frequency
rotations. All other soil properties in the bulk and rhizosphere
soil were unaffected by pulse frequency. Pulse frequency also
impacted wheat growth. Tiller number and dry biomass of wheat
were significantly affected by pulse frequency, with rotations
with medium pulse frequency exhibiting the highest biomass
production. However, wheat yield, height or seeds per plant did
not significantly differ among the rotations with different pulse
frequencies (Supplementary Table 1).

Soil Microbial Diversity

Pulse frequency did not significantly affect the a-diversity
(estimated total richness) of the bacterial community in the
rhizosphere or bulk soil (Figures 1A,B). However, pulse
frequency did significantly affect the estimated total fungal
richness in the rhizosphere (highest under low pulse frequency),
but not in the bulk soil (Figures 1C,D). Among the fungal guilds,
pathotrophs were the only group that were significantly affected
by pulse frequency (Table 2). In the rhizosphere, rotations with
medium pulse frequency had the highest proportion of fungal
pathotrophs. In the bulk soil, rotations with medium and high
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Means (+standard error) for each sample type in the same column with different letters are significantly different (P < 0.05).

frequency had the highest proportion of fungal pathotrophs. Of
the fungal pathotrophs putatively assigned as plant pathogens
in the bulk soil, the rotations with medium and high pulse
frequency had nearly twice the proportion of reads compared to
the rotations with low pulse frequency.

The permanova indicated that pulse frequency had a
significant effect on the fungal community in both the
rhizosphere and bulk soil (Table 3). This appears to be primarily
linked to shifts in the taxa belonging to the Ascomycota
in bulk soil, and taxa belonging to the Ascomycota and
Mortierellomycota in rhizosphere soil. The principle coordinate
analyses (PCoA) revealed that the fungal community from
rotations with low pulse frequency were distinct and showed
some separation compared to those from medium and high pulse
frequency in both the rhizosphere and bulk soil (Supplementary
Figure 1). This trend is particularly evident for the Ascomycete
community in both the rhizosphere and bulk soil. Pulse
frequency did not have a significant effect on the bacterial
community in either the bulk or rhizosphere soil. However, pulse
frequency did significantly influence the rhizosphere Firmicutes
community, and bulk soil bacterial communities belonging to
the Actinobacteria, Armatimonadetes, Bacteroidetes, candidate
division WPS-1, Gemmatimonadetes, and Proteobacteria
(Table 3 and Supplementary Figure 2). The strongest effect was
observed on the Bacteroidetes community in the bulk soil, with
the PCoA showing a distinct separation between samples taken
from rotations with low pulse frequency and those from medium
and high pulse frequency (Supplementary Figure 2).

Soil Microbial Community Networks

The network analysis revealed that increasing the pulse frequency
in crop rotations modified the interactions of the soil microbial
community (Table 4). The top three dominant bacterial
phyla (Acidobacteria, Actinobacteria, and Proteobacteria)
influenced the structure and interconnectedness of the
soil microbial community. The majority of the nodes with
high degree in the network analysis in both rhizosphere
and bulk soil were linked to these three dominant phyla
(Acidobacteria > Actinobacteria > Proteobacteria), and
accounted for approximately 50% of the identified dominant
nodes (Figures 2, 3). In both rhizosphere and bulk soil, rotations
with high pulse frequency had microbial communities with
stronger interactions that included a smaller number of nodes,
higher number of edges, shorter average path distance, more
connectedness, higher betweenness centrality, less modules and
more dominant nodes (Table 4). These results suggest that high
levels of pulse frequency in crop rotations can enhance the soil
microbial community interactions.

Increasing pulse frequency also increased phylogenetic
diversity of dominant nodes in the rhizosphere (Figure 2 and
Supplementary Figure 3), especially taxa that belonged to
the Basidiomycota, Chloroflexi, Thaumarchaeota and candidate
division WPS-1. The number of nodes from Ascomycota,
Gemmatimonadetes, and Proteobacteria were increased while the
number of nodes from Acidobacteria and Actinobacteria were
decreased with increased pulse frequency. We also observed a
higher number of negative interactions between nodes under
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FIGURE 1 | Box plots of the total estimated richness for the bacterial community in the (A) wheat rhizosphere and (B) bulk soil, and fungal community in the (C)
wheat rhizosphere and (D) bulk soil as influenced by pulse frequency in the crop rotations.

TABLE 2 | ANOVA results of the effect of pulse crop frequency (low, medium, and high) on the proportion (percentage) of reads assigned to fungal guilds in the wheat
rhizosphere and bulk soil.

Sample type Pulse frequency Pathotrophs (%) Saprotrophs (%) Symbiotrophs (%) Undefined (%) Plant pathogens (%)
Rhizosphere Low 21.0+1.2° 522+26 0.7+0.2 11.3+1.6 148+ 0.8
Medium 26.5 +1.12 434 +2.2 11+£04 120+ 26 171 +£1.7
High 212 +2.1° 445+ 4.2 0.3+0.2 16.4+7.6 1756+ 1.7
P-value 0.035 0.269 0.128 0.722 0.248
Bulk soil Low 18.6 & 2.4P 482 + 4.2 1.3+08 20.0 + 4.4 11.9 4+ 1.6°
Medium 29.4 4+ 2.02 38.6+29 0.3+0.2 11.2+1.0 20.5 4+ 1.62
High 26.4 +£1.78 42.3+3.0 0.0+ 0.0 10.3+ 1.3 21.0+1.28
P-value 0.001 0.427 0.142 0.070 <0.001

Means (+ standard error) for each sample type in the same column with different letters are significantly different (P < 0.05).

high pulse frequency than under low pulse frequency, which may In the bulk soil, high pulse frequency led to an
be linked to higher competition between soil microorganisms for increased total phylogenetic diversity of dominant nodes
limited nutrients and environmental resources, or accumulation along with a shift in composition compared with low
of pulse specific pathogens. and medium pulse frequency rotations (Figure 3 and
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TABLE 3 | Permanova results of the effect of pulse crop frequency (low, medium,
and high) on the wheat rhizosphere and bulk soil fungal and bacterial
community composition.

Rhizosphere soil Bulk soil
F R? P F R? P
Fungi
Total 1.3  0.093 0.05 1.845 0.129 0.001
Ascomycota 1.485 0.106 0.014 2106 0.144 <0.001
Basidiomycota 0.918 0.068 0.627 1.074 0.079 0.33
Mortierellomycota 0.889 0.066 0.541 1.783 0.122 0.049
Bacteria
Total 1371 0.099 0.165 1.632 0.115 0.06
Acidobacteria 1533 0.109 0.146 1.393 0.1 0.159
Actinobacteria 1.296 0.093 0.208 1.89 0.131  0.031
Armatimonadetes 1217 0.089 0.234 1.831 0.128 0.031
Bacteroidetes 1236 009 0176 2502 0.167 <0.001
Candidate division WPS-1  1.127 0.083  0.318 1.6 0.113 0.042
Chloroflexi 0.898 0.067 0.527 1.316 0.095 0.186
Firmicutes 2382 0.16 0.037 0.359 0.028 0.904
Gemmatimonadetes 1.305 0.095 0.195 2.155 0.147 0.025
Nitrospirae 2252 0.153 0.068 1.955 0.135 0.054
Planctomycetes 1.004 0.074 0.397 1.486 0.106 0.06
Proteobacteria 1.482 0106 0.109 1.986 0.137 0.013
Thaumarchaeota 0.959 0.072 0454 1.022 0.076 0.417
Verrucomicrobia 1.106 0.081 0.314 1.269 0.092 0.226
Supplementary Figure 4). For example, dominant nodes

from Acidobacteria, Actinobacteria, and Gemmatimonadetes

were reduced and dominant nodes from Ascomycota,
Basidiomycota, = Mortierellomycota,  Planctomycetes  and
candidate division WPS-1 were increased in rotations

with high pulse frequency. The latter group accounted for
approximately half of the total dominant nodes and the majority
of the negative interactions with other nodes in the bulk soil
microbial community.

Soil Microbial Community Response to
Environmental Factors

Module-EigenGene  network  analysis  grouped  soil
microorganisms into different modules based on their
interactions with environmental factors (Supplementary

Figure 5). In both the rhizosphere and bulk soil, module
numbers decreased with an increase in pulse frequency,
indicating that rotations with higher frequency of pulses can

strength interactions within the microbial community. However,
the microbial community in bulk soil and rhizosphere soil
reacted to the pulse frequency differently.

In the rhizosphere, S, pH and EC had the strongest influence
on the soil microbial community (Supplementary Figures 5A-
C and Supplementary Table 1). This was particularly evident for
the bacterial community under low to medium pulse frequency
rotations. The modules that contained the keystone OTUs (black
framed modules, Supplementary Figures 5A-C) were more
sensitive to EC and pH under low to medium pulse frequency
rotations, but more sensitive to TC and TN under high pulse
frequency. This indicated that the influence of pulse crops on
microbial keystone taxa in the rhizosphere is co-dependent on
the pulse frequency and environmental factors.

In the bulk soil, S, N, and K had the strongest influence
on the soil microbial community in low pulse frequency
rotations (Supplementary Figure 5D), while N had the strongest
influence in medium pulse frequency rotations (Supplementary
Figure 5E). Under high pulse frequency rotations, EC had the
strongest effect (Supplementary Figure 5F), particularly for the
bacterial community (Supplementary Table 1). For the modules
that include most of the keystone taxa, they had a negative
response to S under low pulse frequency, and strong response
to N (either negative or positive, depending on the module)
under medium pulse frequency, and none of these environmental
factors significantly affected these modules under high pulse
frequency. These results suggest that in bulk soil, rotations with
a high frequency of pulse crops could develop a relatively stable
soil microbial community network that is not as responsive to
changing environmental conditions.

Impact of Pulse Frequency on Keystone

Taxa

To evaluate the topological role of identified nodes in the
network, we used within-module connectivity (Zi) and among-
module connectivity (Pi) values to separate each network into
four ecological modules (Figure 4). From the rhizosphere soil
(Figure 4A), we identified 22 module hubs and 4 connectors
in low pulse frequency, 20 module hubs and 17 connectors in
medium pulse frequency, 25 module hubs and 11 connectors in
high pulse frequency. From bulk soil (Figure 4B), we identified 23
module hubs and 2 connectors in low pulse frequency, 18 module
hubs and 8 connectors in medium pulse frequency, 14 module
hubs, 74 connectors, and 9 network hubs in high pulse frequency.

TABLE 4 | Network topological properties of the microbial community identified in the wheat rhizosphere and bulk soil samples in rotations with low, medium or high

pulse frequency.

Nodes Edges RZ?of power Average path Average clustering Connectedness Betweenness Module Nodes with
law distance coefficient centrality number degree > 10
Rhizosphere Low 1,010 1,491 0.889 7.490 0.104 0.537 0.103 26 31
Medium 816 2,187 0.879 4.746 0.105 0.572 0.060 19 115
High 787 2,983 0.950 4.355 0.060 0.814 0.110 8 146
Bulk soil Low 897 1,618 0.882 7.377 0.135 0.476 0.066 30 47
Medium 843 1,634 0.921 5.669 0.120 0.528 0.088 18 69
High 831 2,110 0.916 4.327 0.068 0.660 0.101 8 114
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FIGURE 2 | Network analysis of (A) low; (B) medium, and (C) high pulse frequency influenced microbial community and dominant microbial OTUs (larger dots in
network, OTUs with node degree larger than 10) in wheat rhizosphere soil. Blue lines between any connected two nodes indicates a positive relationship and red
lines indicate a negative relationship. The pie graph associated with each network shows the composition of the dominant microbial OTUs (nodes) in the community.

The higher number of connectors under high pulse frequency
indicated that soil microbial taxa were more active within their
own modules under low pulse frequency, but tended to build
up interactions with OTUs located at different modules under
high pulse frequency. These results suggest that higher levels of
pulse frequency in crop rotations can enhance the interactions
of soil microbial taxa in different subgroups which may carryout
different biological and ecological functions.

DISCUSSION

Despite the important role that crop rotations play in sustainable
agriculture (Drinkwater et al., 1998; Foyer et al., 2016), there is
still a lack of systematic analysis on how pulse crops influence
soil microbial community dynamics (Hamel et al., 2018). The
results from our study provide insight into how pulse frequency
in crop rotations impacts the soil microbial community, their
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negative relationship. The pie graph associated with each network shows the composition of the dominant microbial OTUs (nodes) in the community.
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diversity, interactions, potential eco-functions and relationship
with environmental factors.

Soil bacterial diversity did not significantly change in response
to increased pulse frequency in the crop rotations. Similar results
were observed during the first rotation cycle at the same field
trial and phase of the rotation (Hamel et al., 2018), but these
results were based on the bacterial community colonizing the
wheat roots rather than the rhizosphere or bulk soil. A recent

meta-analysis also found that although some rotations can
have either a negative or positive impact on soil microbial
diversity, the majority of studies observed no significant effect
of rotations on soil bacterial diversity, including those with or
without legume crops (Venter et al., 2016). Despite the lack
of changes in a-diversity, we did observe compositional shifts
of certain bacterial phyla in the bulk soil in response to pulse
frequency. We sampled during the final year and second cycle
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of the 4 years rotations (i.e., 8th year of the field trial) when all
plots were seeded to wheat so these shifts are likely a building
legacy effect, particularly for the Bacteriodetes, which exhibited
the strongest shift in response to pulse frequency. These shifts
may also be related to the increased nitrogen fixation potential
and higher residual soil nitrogen associated with higher pulse
frequency in the crop rotations (Niu et al., 2017; Clua et al., 2018;
Liu J. et al., 2020).

The fungal community was more sensitive to pulse frequency
than the bacterial community in our study, particularly the
Ascomycota, which appear to be a dominant node in the soil
microbial community network. We also found that putative
fungal plant pathogens, which primarily belonged to the
Ascomycota, significantly increased in rotations with higher
pulse frequencies. Different crops can accumulate and select
specific soil microbial taxa in the rhizosphere and bulk soil,
which can be linked to either beneficial microbes that form
symbiotic relationships with host plants and/or promote plant
growth, or pathogens that infect specific host plant species (Zak
et al., 2003). The network analysis also showed an increased
abundance of dominant (nodes) Ascomycota taxa (including
fungal pathotrophs and plant pathogens) that had more
competitive interactions with Acidobacteria, Actinobacteria,
Proteobacteria, and Planctomycetes in rotations with high pulse
frequency. Previous studies have reported that certain pathogens
can modify their host plant associated microbial community by
building up syntrophic interactions with certain bacteria phyla,
which can either directly help pathogen growth or inhibit certain
bacterial phyla that have antagonistic influences on pathogens
(Snelders et al., 2020; Wen et al, 2020). The competitive
interactions between Ascomycota and other soil microbial phyla
we identified in our study could be due to selective effects of
potential pathogens on the soil microbial community. Overall,
our results align with previous studies that showed that including
two or more phases of pulse crops in 4 years rotations increases
the proportion of fungal plant pathogens in soil, particularly
those that belong to the Ascomycota such as Fusarium sp. and
Alternaria sp. (Bainard et al., 2017). The shift in community
composition of the Ascomycetes and buildup of fungal plant
pathogens was the strongest in the bulk versus the rhizosphere
soil, which likely indicates a potential building legacy effect of
pulse frequency in this long term rotation experiment.

The network analysis revealed that pulse frequency altered
the stability of the soil microbial communities. We found a
higher ratio of identified edges to nodes and shorter average
path distance under high pulse frequency rotations than low
pulse frequency rotations in both the rhizosphere and bulk soil.
This indicated that including more pulse crops in rotations
could create favorable niches to select specific microbial taxa
that can build up more intensive interactions within the
community (Shi et al., 2016; Jiang et al, 2017). However, we
found more negative interactions, shorter average path distance,
lower average clustering coefficient and higher betweenness
centrality numbers in the rhizosphere and bulk soil microbial
communities under high pulse frequency rotations. This suggests
there are more competitive interactions within soil microbial
communities under rotations with high pulse frequency than

their corresponding networks under rotations with low pulse
frequency. This may lead to relatively unstable microbial
networks as these increased interactions could be more easily
interfered by other factors such as changes in environmental
conditions (He et al., 2017).

We also found that higher pulse frequency changed the
diversity and composition of keystone taxa of the soil microbial
communities. Keystone taxa are highly related to soil microbial
community structure and function, especially when these taxa
are connectors in the community (Herren and McMahon, 2018).
Based on previous studies, keystone taxa can alter the soil
microbial community by modifying biotic connectivity within
the community and changing the response of the microbial
community to abiotic factors and their symbiotic relationships
with host plants (Berry and Widder, 2014; Agler et al., 2016;
Banerjee et al.,, 2018; Herren and McMahon, 2018). This can
result in changes to the biological and ecological functions of
the soil microbial community (Wittwer et al., 2017; Toju et al.,
2018; Banerjee et al., 2019). In our study, we found that keystone
taxa that functioned as connectors within the rhizosphere and
bulk soil microbial communities increased under rotations with
high pulse frequency. This may be an indicator that pulse
frequency in crop rotations may be a contributing factor to
causing functional shifts in the soil microbial community. A high
proportion of keystone taxa altered by pulse frequency belonged
to Acidobacteria, Proteobacteria, and Actinobacteria, which have
been found to play critical biological and ecological functions
in various ecosystems, including agroecosystems (Banerjee et al.,
2016, 2018). Furthermore, some rare microbial taxa belonging
to Bacteroidetes, Cyanobacteria, and Armatimonadetes were
identified as keystone taxa (either module hubs or connectors),
especially under rotations with high pulse frequency. These rare
taxa have recently been reported as critical rare soil microbial
species that can be major drivers of ecosystem multifunctionality
in long-term agroecosystems (Chen et al., 2020). As a result,
changes to these keystone taxa that belong to these bacterial
phyla in our study due to high pulse frequency could reflect
potential biological and ecological function changes to the soil
microbial community.

In rhizosphere soil, we identified pH and EC as the primary
environmental factors that influenced the microbial community,
which has been commonly reported by other studies (Adviento-
Borbe et al., 2006; Geisseler and Scow, 2014; Ratzke et al., 2020).
In our study, the effect of pH and EC varied depending on pulse
frequency, as modules containing the keystone taxa were more
sensitive to pH and EC under low to medium pulse frequency.
However, increased pulse frequency did not significantly alter
the soil pH and EC in rhizosphere soils. This suggests that pulse
frequency may influence the abundance of microbial taxa that
are more responsive to pH and EC. Similarly, although bulk
soil potassium didn’t significantly change with increased pulse
frequency, potassium showed more negative interactions on the
soil microbial community under low pulse frequency, but more
positive interactions with microbes under higher pulse frequency.
Overall, the various modules reacted to environmental factors
differently, suggesting that microorganisms from these modules
may be involved in different ecological functions.
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Previous studies have reported that increased pulse phases in
crop rotations has been shown to improve levels of soil available
nitrogen (Niu et al,, 2017), but we found that soil nitrate had
stronger negative correlations with microbial modules in both
rhizosphere and bulk soil, especially under high pulse frequency.
Nitrogen is an essential nutrient for crop growth, but it is
usually one of the strongest limiting factors in most agricultural
systems worldwide (Stevens, 2019). However, the long-term
accumulation of nitrogen inputs has been demonstrated to have
inhibiting effects on soil microorganisms and to change the
nutrient competition status of plants and microbes, symbiotic
status of soil microbes on host plants, and alter C:N ratios,
changing the growth rate of fungi and bacteria as they require
different C:N ratios in soil (Zhang et al,, 2018), which could
explain some of the results observed in this study.

Interestingly, we found that soil sulfur showed a significant
relationship with many identified microbial modules in this
study. These relationships were generally more positive in
rhizosphere soil and more negative in bulk soil, with similar
results being shown in a study conducted on Luvisolic and
Chernozemic soils in Canada (Lupwayi et al, 2001). Soil
microorganisms play an important role in soil sulfur cycling.
More than 95% of sulfur in soil exists in organic forms such
as sulfate esters, sulphonates or amino acid sulfur which can
be used by plants only after interconversion into inorganic
sulfur by microorganisms (Kertesz and Mirleau, 2004), thus
mineralization and immobilization of soil sulfur is largely
dependent on the activities of soil microorganisms. Furthermore,
sulfur is an essential element for some basic amino acids
and enzymes to support the growth of microorganisms, and
soil microbial sulfur is tightly related to soil total organic
sulfur pools and soil carbon, nitrogen and phosphorus cycling
(Banerjee and Chapman, 1996; Biinemann and Condron, 2007;
Smolders et al., 2010). Sulfur is critical for legume crops to
form nodules and fix nitrogen, which has been documented for
decades (Anderson and Spencer, 1949; Reckling et al., 2020).
Considering sulfur deficiencies have been reported consistently
in modern agriculture (McNeill et al., 2005) and different crop
rotation designs can significantly affect soil sulfur (Mohammadi
et al., 2011), rotations with different legume:cereal ratios could
restructure soil microbial communities through host plant effects.
Therefore, these interactions between sulfur and identified
microbial modules identified in our study can be the result of
either direct nutrient effects or indirect host plant effects, which
requires further investigation.

Overall, we found that high pulse frequency in cropping
systems can alter the composition and increase network
interactions of soil microbial communities in both rhizosphere
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