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Abstract

Nitrogen fertilizer results in the release of nitrous oxide (N20), a concern because N>O is an
ozone-depleting substance and a greenhouse gas. Although the reduction of N>O to nitrogen gas
can control emissions, the factors impacting the enzymes involved have not been fully explored.
The current study investigated the abundance and diversity of genes involved in nitrogen cycling
(primarily denitrification) under four agricultural management practices (no tillage [NT],
conventional tillage [CT], reduced input, biologically based). The work involved examining soil
shotgun sequencing data for nine genes (napA, narG, nirK, nirS, norB, nosZ, nirA, nirB, nifH).
For each gene, relative abundance values, diversity and richness indices and taxonomic
classification were determined. Additionally, the genes associated with nitrogen metabolism
(defined by the KEGG hierarchy) were examined. The data generated were statistically
compared between the four management practices. The relative abundance of four genes (nifH,
nirK nirS and norB) were significantly lower in the NT treatment compared to one or more of the
other soils. The abundance values of napA, narG, nifH, nirA and nirB were not significantly
different between NT and CT. The relative abundance of nirS was significantly higher in the CT
treatment compared to the others. Diversity and richness values were higher for four of the nine
genes (napA, narG, nirA, nirB). Based on nirS/nirK ratios, CT represents the highest NoO
consumption potential in four soils. In conclusion, the microbial communities involved in
nitrogen metabolism were sensitive to different agricultural practices, which in turn, likely has

implications for N>O emissions.

Key Points

Four genes were less abundant in NT compared to one or more of the others soils (nifH, nirk

nirS, norB).
The most abundant sequences for many of the genes classified within the Proteobacteria.
Higher diversity and richness indices were observed for four genes (napA, narG, nirA, nirB).

Based on nirS/nirK ratios, CT represents the highest NoO consumption potential.
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Introduction

An understanding of the terrestrial nitrogen cycle is important both for optimizing agricultural
productivity as well as for minimizing environmental impacts, such as water pollution or global
warming. Nitrous oxide (N2O) is a predominant ozone-depleting substance and an important and
potent greenhouse gas with a global warming potential over 100 years of ~298 and 11.9 times
that of CO; and CHa, respectively (Domeignoz-Horta et al. 2018; Ravishankara et al. 2009). The
majority (almost 70%) of the total global N>O atmospheric loading can be accounted for by
terrestrial ecosystems, and at least 45% of this has been attributed to microbial cycling of
nitrogen in agricultural systems (Rudy et al. 2008; Syakila and Kroeze 2011). The increasing use
of nitrogen fertilizer in agricultural practice has accordingly increased N2O production
(Davidson, 2009). The nitrogen cycle involves two key microbial processes for the emission of
N20 from soils. During nitrification, bacteria produce N2O during the first step, when ammonia
is oxidized to nitrite via hydroxylamine (Prosser and Nicol 2012). Denitrification is another key
microbial process for the release of N>O, involving the respiratory reduction of nitrate (NO3") to
nitrite (NO7") and their subsequent reduction to gaseous forms (NO, N>O, N;). Although the
microbial reduction of N>O to nitrogen gas is vital for controlling emissions from terrestrial
ecosystems, the determinants for a soil to act as a source or a sink remain uncertain (Butterbach-
Bahl et al. 2013). Although the importance of nitrification is recognized for nitrous oxide
emissions, the current work focused primarily on the enzymes involved in denitrification to favor

content depth over breadth.

A number of enzymes are associated with denitrification, including those encoded by nitrate
reductases (napA/narG), nitrite reductases (nirk/nirS); nitric oxide reductase (norB) and nitrous
oxide reductase (nosZ) (Philippot et al. 2007). Many researchers have suggested that the
abundance and diversity of such genes can impact N>O emission rates. For instance, researchers
found corrections between the relative abundance of nosZ and the potential N2O production
(Domeignoz-Horta et al. 2016). In another study, low N>O emission rates were explained by
soils properties (up to 59%), whereas high rates were explained by the abundance and diversity
of the microbial communities (up to 68%) (Domeignoz-Horta et al. 2018). The same study found
that the diversity of nosZ was important to explain the variation in N>O emissions (Domeignoz-

Horta et al. 2018). Others found that nirK gene copy numbers correlated with potential
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denitrification, but nirS gene copy numbers did not (Attard et al. 2011). Further, researchers have

provided evidence of higher nirS/nirK ratios and higher N2O consumption (Jones et al. 2014).

Agricultural practices are also known to influence denitrification trends. Although the impact of
no tillage (NT) on N>O emissions has been widely investigated, the results have been varied.
Some studies reported minimal differences of N>O emissions between NT and conventional
tillage (CT) soil (Kaharabata et al. 2003; Lee et al. 2006; Melero et al. 2011). For example, the
potential denitrification rates and the ratios of N2O/N2 were similar in NT and CT after
harvesting in a rainfed crop rotation system in Spain (Melero et al. 2011). Others found that NT
stimulates denitrification (Baudoin et al. 2009; Calderon et al. 2001; Wang and Zou 2020). The
denitrification enzyme activity and denitrification gene abundances (nirK and nosZ) were
enhanced in NT in a soybean/rice crop system in Madagascar (Baudoin et al. 2009). Similar
results for the increase of denitrification gene abundance in NT was also observed under sub-
zero temperatures (Tatti et al. 2015). The general trend that NT favored the denitrification rates,
the abundance of denitrifying genes and N>O emission was demonstrated at a global scale (Wang

and Zou 2020).

Research has also addressed the differential consequences of tillage management on the
microbial community structure and diversity. CT has a positive influence on the bacterial
richness and diversity in clay soil in central Italy (Pastorelli et al. 2013). However, some studies
found opposite results. Minimal tillage enriched the microbial population and diversity relative
to CT in a recent global meta-analysis (Li et al. 2020). The bacteria diversity (represented by all
the alpha-diversity indices) was higher in the NT soils compared to CT soils in a winter wheat
cropping system in northern China (Dong et al. 2017). They also found that Actinobacteria,
Alphaproteobacteria, Gammaproteobacteria and Betaproteobacteria were more abundant at
class level in NT whereas CT had more sequences belong to Acidobacteria. In an experiment
conducted in the agricultural fields in Indiana (USA), more DNA sequences related to the
nitrogen metabolism were observed in the NT soils compared to CT soils, indicating the higher

potential of nitrogen cycling (Smith et al. 2016).

Although researchers have previously studied the impacts of various agricultural management
practices on denitrification and N,O emission, the information on the taxonomic distributions

and functional sequences related to nitrogen metabolism under different managements in the
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field-crop ecosystems is still limited, especially in the U.S Midwest. The objective of this
research was to investigate the impact of four agricultural management on the abundance and
diversity of microbial communities regulating nitrogen cycling (primarily denitrification). The
work focused on the agricultural sites at the Long Term Ecological Research (LTER) Site at
Kellogg Biological Station (KBS), in southwest Michigan, southwest of the campus of Michigan
State University (MSU). This LTER has field-crop ecosystems typical of the U.S. Midwest. The
work is unique because it examines the key functional genes for nitrogen cycling over four long-
term systems and detects a wider range of sequences through high throughput shotgun

sequencing.

Methods

Sample Collection, DNA Extraction and Shotgun Sequencing

The DNA examined in the current work was generated from a previous study by our group
(Thelusmond et al. 2019), involving an examination of the genes associated with xenobiotic
biodegradation. Our previous work did not investigate the genes involved in nitrogen cycling.
Briefly, four soils were collected from 5 sampling stations in 6 replicate plots for Treatments 1,
2, 3 and 4 within the Michigan State University Main Cropping System Experiment at Kellogg
Biological Station Long-Term Ecological Research (KBS LTER) (42°24'N, 85°23'W). The
agricultural management practices for each Treatment are illustrated in Table 1 and for

additional information see https://lter.kbs.msu.edu/research/site-description-and-maps/. The

physical and chemical characteristics of the soils were previously determined (A & L Great
Lakes Laboratories, Inc., Fort Wayne, IN) with all being classified as loam soils. DNA extraction
was completed using the DNA extraction kit (DNeasy PowerLyzer PowerSoil Kit, Mo Bio,
USA) according to the manual protocol. Shotgun sequencing was performed with the Illumina
HiSeq 4000 (2 x 150 bp) platform at the Research Technology Support Facility (RTSF) at
Michigan State University (MSU), as previously described (Thelusmond et al. 2019).

Processing, DIAMOND Alignment, Diversity Analysis and Enrichments in Each Soil
Low quality sequences and Illumina adapters were removed from the HiSeq fastq.gz files using

Trimmomatic with the Paired End Mode settings (Bolger et al. 2014) (Version 0.36). Protein
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sequences for each of the nine genes were collected from the FunGene website

(http://fungene.cme.msu.edu/) using a filter minimum HMM coverage of 70% (Cole et al. 2011;

Fish et al. 2013). Following this, the FunGene Pipeline Dereplicator tool was used to dereplicate
these sequences (Cole et al. 2011; Fish et al. 2013). Table S1 provides a summary of the

sequences obtained at each step.

The dereplicated sequences were then aligned against the trimmomatic files using DIAMOND
(double index alignment of next-generation sequencing data) (Version 2.0.1) (Buchfink et al.
2015). Only reads that exhibited an identity of > 60 % and an alignment length > 49 amino acids
to the reference sequences were retained. For each, relative abundance values were calculated
using the number of aligned reads divided by the total number of sequences for each sample. The
relative abundance values were then normalized by (divided by) the number of dereplicated
reference sequences for each gene. Diversity indices (Chao 1, Chao2, Inverse Simpson and
Shannon values) were determined (using the number of aligned reads for each gene) using
EstimateS (Version 8.2.0) (Colwell 2006). The accession numbers of sequences statistically
enriched in each soil (as described below) were determined. The R package Taxonomizr
(Sherrill-Mix 2009) was used with R (Version 3.5.1) (R_Core Team 2018) in RStudio (Version
0.9.24) (RStudio_Team 2020) to determine the taxonomic classification of each sequence. The

data were illustrated with bar charts in Excel (Version 2010).

Phylogenetic Trees

The 50 most abundant sequences for each gene, averaged across all samples, were determined in
Excel. The list of accession number for each were uploaded to COBALT: constraint-based
alignment tool for multiple protein sequences

(https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi) (Papadopoulos and Agarwala 2007). The

downloaded alignments (fasta plus gaps) from COBALT were then submitted for MAFFT
(multiple alignment using fast Fourier transform) alignment using an online server

(https://maftt.cbrc.jp/alignment/server/) (Katoh et al. 2019) (Version 7). Trees, also obtained

from the same website, by the Neighbor-Joining method were exported in Newick format. The

downloaded tree files were uploaded to the Interactive Tree of Life (https://itol.embl.de) (Letunic
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and Bork 2019) (Version 5.5.1). Sequences were colored depending on their classification and

relative abundance values were added using the Datasets function called simple bar chart.

MG-RAST Analysis

Shotgun sequences were also analyzed by MG-RAST (Meta Genome Rapid Annotation using
Subsystem Technology, Version 4.0.2) (Meyer et al. 2008). The processing pipeline includes
removing artificial replicate sequences by dereplication and removing low quality sequencing by
using SolexaQA (Cox et al. 2010). The taxonomic analysis included RefSeq (Pruitt et al. 2005)
database and the KEGG (Kanehisa 2002) database. The sequences are available publicly on the
MG-RAST and the summary of the MG-RAST data is presented in Table S2.

Statistical Analysis

RStudio was used to perform a number of statistical tests, as follows (Version 0.9.24)
(RStudio_Team 2020). One-way ANOVA or Kruskal-Wallis tests were performed using the
“aov” or “kruskal.test” functions as implemented in R package “car” (Fox et al. 2020) to
determine if there were statistically significant differences between 1) relative abundance of
functional genes obtained by DIAMOND and 2) richness and diversity values (Chao 1, Chao2,
Inverse Simpson and Shannon values). First, Levene’s test was carried out to assess the
homogeneity of variance of the data using the “leveneTest” function in the R package “car” (Fox
et al. 2020). The Shapiro-Wilk test was conducted to evaluate the normality of the data using the
“shapiro_test” function in the R package ‘rstatix’ (Kassambara 2020). When the p values from
both of the Levene’s and the Shapiro-Wilk tests were more than 0.05, the differences between
the means were determined by one-way ANOVA. When the p values from the one-way ANOVA
were less than 0.05, multiple pairwise comparison between the means were performed using
Tukey’s Honest Significant Difference test using the “TukeyHSD” function in the “stats” R
package. When the p values from the Shapiro-Wilk test were less than 0.05, the non-parametric
alternative to a one-way ANOVA, the test Kruskal-Wallis (function “kruskal.test” in the “stats”
package), was used. When p values were less than 0.05 for the Kruskal-Wallis text, Dunn’s test,
using the “dunnTest” function in the R package “FSA”, (Ogle et al. 2020)) was utilized to

determine differences between means. Spearman’s Rank Correlation test was carried out to
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explore the strength of correlation between the relative abundance of different genes using the

“cor.test” function (with method = “spearman”) in the R package “stats”.

Principle component analysis (PCA) was performed within Microsoft Excel using XLSTAT
(Addinsoft 2020) (Version 2020.3.1) to visualize the effect of the addition of pharmaceuticals on
the gene relative abundance in different managed soils. STAMP (Statistical Analysis of
Taxonomic and Functional Profiles, Version 2.1.3) (Parks et al. 2014) was used to statistically
analyze the MG-RAST data. Specifically, extended error bars were generated to illustrate
significant differences (Welch’s two-sided #-test, two group analysis option, p < 0.05) in the gene
relative abundance for the genes associated with nitrogen metabolism (as defined by the KEGG
hierarchy). The data (generated in MG-RAST, six metagenomes for each soil) were analyzed
using STAMP with the two group analysis option (each soil compared to the other three soils)
and Welch’s two sided t-test (p<0.05).

Analysis of Assembled Sequences

Shotgun sequences processed by Trimmomatic were assembled with Megahit (Li et al. 2016)
(Version 1.2.4) with the pair end plus single end option (minimum and maximum kmer size were
27 and 127 with a kmer size step of 10). TaxIds for the FunGene nifH database (as described
above, except no dereplication occurred) were obtained with the R package taxonomizr (Sherrill-
Mix 2009), RStudio (Team 2020) (Version 0.9.24) and R (Team 2018) (Version 3.5.1). The
analysis targeted nifH because no significant differences were found between soils in the analysis
described above (before assembly). Following the deletion of duplicate values, the taxids
obtained were used to analyze the assembled reads using the NCBI nucleotide database (nt) with
the taxids option in BLASTN (Altschul et al. 1990) (Version 2.10.0-Linux_x86 64). BLASTN
command lines also included the following options: identity > 60 %, evalue < 1x 10~. The txt
files generated from BLASTN were imported into Megan (Huson et al. 2016) (community
edition Version 6.19.7). In Megan, the option “Compare” was used to combine all twenty-four
data sets and then the combined dataset (at species level) was exported (using the STAMP export
option) for analysis in STAMP. Additionally, the assembled contigs were aligned against the
entire nt database using BLASTN without the taxids option (identity > 60 %, evalue < 1x 107).
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The output files were first imported and then in Megan, following this, the file was exported into

STAMP to compare the communities between soils.

Results
Abundance and Diversity of Functional Genes

The relative abundance of genes associated with nitrogen fixation, denitrification or dissimilatory
nitrate reduction in all four management systems are presented (Figure 1 A), with the lowest
abundance for nifH and highest for nirK. Two sets of genes were observed to have the
approximately same level of abundance in the soils: the nitrate reductase genes napA4 and narG;
and the nitrite reductase genes nir4 and nirB. The distribution of the relative abundance of nirK,
norB and nosZ were not as tightly grouped compared to the other genes, suggesting a greater

spread in abundance of these genes across the metagenomes.

Principle component analysis of the functional genes (Figure 1B) indicated the nitrite reductase
gene nirK was positively correlated with the nitrite reductase gene nirS, nitric oxide reductase
gene norB and nitrous oxide reductase gene nosZ. Further, the nitrate reductase gene napA4 was
positively correlated with the nitrite reductase gene nirA. In contrast, the nitrite reductase gene
nirB did not appear to correlate with any other gene. The addition of pharmaceuticals impacted

the functional genes in two treatments (conventional tillage and reduced input soils).

The average relative abundance of the twelve genes across the four management systems is
displayed in Figure 2. Four genes (nifH, nirK nirS and norB) were significantly lower in the NT
treatment compared to one or more of the other treatments. The average relative abundance of
nirS was significantly higher in the CT treatment compared to the other treatments. It was also
interesting to note that the average relative abundance of nosZ was approximately 50% lower in
the NT soil compared to the other soils, although the difference was not statistically confirmed.
The results of the statistical analysis tests (Levene’s test, Shapiro-Wilk, One-way ANOVA,
Tukey’s Honest Significant Difference, Kruskal-Wallis, Dunn’s test) on these data sets are
summarized (Tables S3-S5).
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Figure 3 illustrates correlations between gene relative abundance percentages across all samples
with all statistically significant positive correlations (Spearman’s rank test) being boxed in red.
The abundance napA significantly correlated with six genes (narG, nirA, nirB, nirK, norB,
nosZ), as did the abundance of narG (napA, nifH, nirA, nirB, nirK, norB). In contrast, nifH
correlated with two genes (narG and nirK). The abundance of both nir4 and nirB correlated with
napA, narG and to each other. Additionally, nirK, nirS, norB, nosZ all correlated positively to
each other. The p-values and Spearman’s correlation coefficients for the Spearman’s rank tests

are shown in Tables S6 & S7.

The values of richness estimators (Chao 1 and Chao 2) and diversity indexes (Shannon and
Inverse Simpson) determined by EstimateS are summarized (Figure 4). The results of the
statistical analysis (Levene’s test, Shapiro-Wilk, One-way ANOVA, Tukey’s Honest Significant
Difference, Kruskal-Wallis, Dunn’s test) on this data set are also summarized (Tables S8-S17).

Overall, higher Chao 1 and Chao2 values (~8000-9000) were found for four genes (napA, narG,
nirA, nirB), whereas lower values (~500-1500) were estimated for the five other genes (nifH,
nirK, nirS, norB, nosZ). For Chao 2 no significant differences were found between the four
treatments for all genes. The only significant difference for Chao 1 between treatments was for
nirS, nirK and nifH. Chaol values were higher in both the CT treatment and the biological based
treatment compared to the NT treatment for nirS. For nirK, Choa 1 was lower for the CT
treatment compared to the reduced input treatment. For nifH, the Choa 1 value in the reduced

input treatment was lower than the biological based treatment.

Overall, the average values for Shannon and Inverse Simpson were higher (~1000-2000 and
~7.2-8.1) for four genes (napA, narG, nirA, nirB) compared to the rest (~100-400 and ~5.4-6.4).
For the Inverse Simpson values, at least one significant difference between treatments was noted
for six genes (napA, nirA, nirB, nirK, nirS, norB), with the most notable number of differences
between treatments being for nirK, nirS and norB. For nirK and norB, Inverse Simpson values
were significantly higher in the NT treatment compared to the other treatments. For nir4 and
nirB, Inverse Simpson values were significantly higher in the reduced input treatment compared
to the CT and NT treatments. For the Shannon Index values, at least one significant difference
was found between at least two treatment for all genes except nifH and nirB. For napA, Shannon

Index (and Inverse Simpson) values were significantly higher in the reduced input treatment
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compared to the CT and NT treatments. For nosZ, Shannon values were significantly lower in
CT treatment compared to the other treatments. It was also interesting to note that the Shannon
values of nir4 were higher in the reduced input treatment than in the conventional and no tillage

treatments.

The abundance of the genes associated with the nitrogen metabolism (as defined in the KEGG
hierarchy) were investigated to determine if there were significant differences between
management systems. For this, each dataset was compared individually with the other three
datasets (Figure 5). Only one gene (norF; nitric-oxide reductase NorF protein) was more
abundant in the CT soil compared to the other three (Figure 5A). In contrast, six genes were
more abundant in the NT soil compared to the other three soils (nir4; ferredoxin-nitrite
reductase, cynT, can; carbonic anhydrase, nitronate monooxygenase, nitrate reductase (NADH),
nrfD; protein NrfD and Aao; hydroxylamine oxidase) (Figure 5B). Three genes (nirB; nitrite
reductase (NAD(P)H) large subunit, nosZ; nitrous-oxide reductase, and nirD; nitrite reductase
(NAD(P)H) small subunit (Figure 5C)) and one gene (nitronate monooxygenase) were dominant

in the reduced input soil and biological based soil, respectively (Figure 5D).
Phylotypes Associated with Nitrogen Metabolism

The phylotypes (at the class level) associated with the nitrogen metabolism genes have been
summarized (Figures 6 and 7). The CT soil was dominated by Betaproteobacteria for napA,
narG, nirA, nirB, nirK, nirS and norB and by Cytophagia for nosZ. Further, in many cases
(napA, narG, nirA, nirB, nirK, norB) Betaproteobacteria were more abundant in the CT soil
compared to the other three soils. For several genes (napA, narG, nirK, nosZ),
Alphaproteobacteria were more abundant in the NT soil compared to the other soils. While for
nirA and nirB, Alphaproteobacteria were more abundant in the biological based soil compared to
the other three soils. For the genes napA, narG, nirK and norB, Actinobacteria were more
abundant in the NT soil compared to the other three soils. For nird and nirB, Actinobacteria was
approximately at the same level in biological based soil compared to the NT soil while somewhat
lower in the conventional tillage and reduced input soils. Additional trends included the
dominance of the Gammaproteobacteria for two of the four soils for norB as well as the

dominance of unclassified sequences and Flavobacteriia across various soils for nosZ.
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As no significant differences were noted for nifH for the above analysis, differences were
investigated for this gene within the assembled contigs. Significant differences at the genera
level associated with nifH gene between the CT and the other three soils are shown (Figure S1).
The genus Frankia was significantly more abundant in the NT, reduced input and biological
based soils compared to the CT soils. Several genera were enriched for this gene in the CT soil
compared to the NT soil (e.g. Rubrivivax, Leptothrix, Cupriavidus). Also, two
(Paraburkholderia and Burkholderia) were more enriched in the CT compared to the reduced
input soils (Figure S1B). Four genera were more highly enriched in the comparison between the

CT and the biological based soil for this gene (Figure S1C).
Comparison of Microbial Communities

When the entire microbial community from the assembled contigs was compared between
treatments significant differences were found and are illustrated at the genus level (Figure S2).
No enriched genera were found in the NT soil compared to the CT soil. Four genera
(Nocardioides, Mycobacterium, Nakamurella and Microvirga) were enriched in both the reduced
input and biological based compared to the CT soil. The other more abundant genera identified
in the reduced input compared to the CT soil were Pseudonocardia and Archangium. The other
enriched genera identified in the biological based compared to the CT soil included Candidatus
Nitrosotalea, Nitrospira, Bradyrhizobium, Actinoplanes, Nonomuraea, Skermanella,

Sulfuritortus, Pigmentiphaga and Variibacter.
Phylogeny of Most Abundant Sequences

The phylogenetic relationships of the representative sequences (fifty most abundant sequences,
before contigs were assembled) for the genes related to nitrogen metabolism in the four soils are
shown (Figure 8). The three most abundant sequences for napA4 and narG were the same
sequences and classified as Betaproteobacteria and Alphaproteobacteria. Similarly, the three
most abundant sequences for nir4 and nirB were the same and belonged to Deltaproteobacteria,
Opitutae and the unclassified. The three most abundant sequences for norB belonged to
Alphaproteobacteria and were phylogenetically close to each other. For nirK and nirS, both the
majority of the fifty most abundant sequences and the three most abundant sequences belonged

to Betaproteobacteria. Moreover, the predominant representative sequences belonged to
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Betaproteobacteria for nirB, nirK and nirS and belonged to Alphaproteobacteria, and

Flavobacteriia for nifH and nosZ, respectively.

Discussion

The influence of different agricultural management practices on nitrogen metabolism is
important for understanding N>O emissions from agricultural soils. Here, the taxonomic and
functional profiles of the soil microbial communities associated with nitrogen metabolism,
primarily denitrification, were characterized in Mid-West agricultural soils under four different
management practices. From the nine nitrogen metabolism genes examined in the soil
metagenomes, the most abundant was nirK. Denitrifying microorganisms contain either a Cu-
nitrite reductase or a cytochrome cd; nitrite reductase, encoded by nirK and nirsS respectively
(Zumft 1997). In the current study, nirK was approximately 17.9 times more abundant than nirS
when all of the soil metagenomes were considered together. Further, consistent with other
researchers, nirK and nirS gene abundance were significantly correlated (Enwall et al. 2010).
Others have also reported higher levels of nirK compared to #irS in soil metagenomes, for
example, nirK was up to 3.8 times more abundant than nirS in 35 from 37 soils (Jones et al.
2014). Additionally, nirK was more abundant compared to nirS during agricultural waste
composting (Zhang et al. 2015a). In another study, nirK copy numbers were approximately two
orders of magnitude higher than nirsS, regardless of tillage treatment (Kim et al. 2021). These two
genes are considered to be mutually exclusive, representing two ecologically distinct denitrifying
communities (Enwall et al. 2010; Jones and Hallin 2010). To date, no microorganism has been
reported to contain both types of reductases. It has been suggested that higher nirS/nirK ratios
may indicate higher N2O consumption trends (Jones et al. 2014). Based on this, in the current
study, CT represents the highest N>O consumption potential in four soils examined. Specifically,
the average nirS/nirK ratios were 0.074, 0.045, 0.045 and 0.056 for CT, NT, reduced input and

biological based, respectively.
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Concerning other genes impacting N>O depletion and formation, here, nosZ was less abundant
compared to norB and (nirK+nirS). Others have also reported that nir gene abundance can
exceed that of nosZ by up to one order of magnitude (Garcia-Lledo et al. 2011; Hallin et al.
2009; Philippot et al. 2011). This may be explained by the absence of nosZ in nearly one-third of
genomes which contained nir and nor genes (Jones et al. 2008) and because nosZ has been found

on plasmids (Zumft 1997).

When considering the different management practices, the abundance of napA, narG, nifH, nir4
and nirB was not significantly different between NT and CT. The same trend was reported for
nifH and narG by others (Liu et al. 2016). In contrast, we found that nirK, nirS and norB were
statistically significantly lower in the NT compared to the CT treatment. Others have reported an
increase in the abundance of denitrifying genes in response to NT (Baudoin et al. 2009; Wang
and Zou 2020) or minimal tillage (Kaurin et al. 2018). However, in an experiment across arable
soils, the abundance of nirS- and nirK- denitrifiers were not significantly different between
agricultural practices (Domeignoz-Horta, Philippot et al. 2018). Similarly, in another study, the
abundance of nirK and nirS did not differ between NT and CT (Puerta et al. 2019). The authors
speculated that NT could have promoted denitrification in the form of higher activity but not the
abundance of denitrifying genes. NT was reported to greatly increase the RNA/DNA ratios for
nirS and nosZ denitrifiers (Tatti et al. 2015). They hypothesized that anoxic conditions (e.g.,
water content) contributed more to the nirS and nosZ transcription under NT compared to CT
(Tatti et al. 2015). NT tends to reduce the oxygen level below the surface (Pastorelli et al. 2013)
and increase the water-filled pore space because of greater soil moisture and bulk density (Wang
and Zou 2020). These two factors may contribute to the potential enhanced anaerobic
denitrification in NT soil. No correlation was found between denitrification enzyme activity and
the abundances of nirK- and nirS- denitrifiers (Yin et al. 2014). More information is needed to
determine the real impact of lower nirK, nirS and norB gene abundances in NT in the current

system.

The microbial community richness (Chaol and Chao2) and diversity (Shannon index and Inverse
of Simpson) indices were generally higher for the genes associated with nitrate reduction (napA
and narG) and dissimilatory nitrite reduction (nir4 and nirB) compared to the other genes. For

nirK, norB and nosZ for at least one and up to three richness and diversity indexes were
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significantly greater in NT soil compared to CT soil, indicating a potential higher species
richness and diversity in the current NT soil for these genes. In other research, higher alpha
diversity of soil bacterial community was found in NT treatment compared to tilled treatment
(Dong et al. 2017; Liu et al. 2020). Similarly, the richness and diversity of bacteria
(characterized by phospholipid fatty acids analysis) were greater in NT over CT soil (Zhang et al.
2015b). This may be due to crop residues under the soil surface in NT soils being utilized as food
sources (Zhang et al. 2015b). Another possible reason is that NT soil contains larger soil
aggregates which could provide more organic matter for the microorganisms, therefore
enhancing the bacterial diversity (Peixoto et al. 2006). It was demonstrated that denitrification
activity was greatly influenced by denitrifier diversity but not the abundance. Using a dilution
approach to manipulate the soil microbial community, researchers found that a decrease in the
potential denitrification activity could be a result of denitrifier diversity loss and not the lower
denitrifier biomass (Philippot et al. 2013). These trends could suggest that the NT examined in
the current study may have a higher denitrification potential due to higher norB and nosZ

diversity, although more research is needed to confirm this hypothesis.

It is interesting to note that Chao 1, Shannon and Inverse of Simpson were significantly higher in
CT soil compared to NT soils for nirS. Inversely, for nirK, Shannon and Inverse of Simpson
were significantly higher in NT soil over CT soil. A previous study reported that diversity
indices targeting nirS were more sensitive to environmental factors compared to nirK (e.g.,
ammonium content, total organic carbon and total N) (Li et al. 2017). It was also found that nirS-
denitrifiers rely more on the full anaerobic conditions than nirK-denitrifiers (Yuan et al. 2012).
The greater diversity of nirK in NT in the current study could indicate oxygen levels and other
environmental conditions in NT soil may be more favorable for nirK-denitrifiers than nirS-

denitrifiers.

Several trends were noted concerning the taxonomy of the microorganisms associated with the
functional genes studied. For example, the most abundant sequences classified within the
Proteobacteria (primarily Betaproteobacteria) for nirK and nirS. Further, NT illustrated equal or
more abundant levels of Betaproteobacteria (phylum Proteobacteria) compared to CT soil for a
number of the genes examined (nirK, nirsS, norB and nosZ). In other systems, Betaproteobacteria

often dominates microbial populations due to high growth rates under available carbon substrates
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(Jenkins et al. 2010). For nifH, Frankia (phylum Actinobacteria) was enriched in NT reduced
input and biologically based soils compared to the CT soil. Frankia is a typical nitrogen-fixed

organism both in free-living and symbiotic conditions (Sellstedt and Richau 2013).

Two phyla, Actinobacteria and Acidobacteria, were notably less enriched or absent in CT for
several genes (napA, narG, nirA, nirB and nirK) compared to the other three soils. Relating these
results to previous research, others have examined soil microbial communities under different
management systems. For example, one-time tillage increased the abundance of Actinobacteria
and Acidobacteria in an acidic Solonetz with a 19-year NT management in Australia (Liu et al.
2016). In another study, the abundance of Acidobacteria was higher in CT over NT, with the pH
of 7.4 and 7.5, respectively (Dong et al. 2017). Acidobacteria are acidophilic and could be
favored by slightly to moderately acidic growth conditions (Sait et al. 2006). Moreover,
Acidobacteria exhibit the functional ability of the degradation of plant-derived organic matter
(Naumoff and Dedysh 2012) and thus play an important role in the decomposition of organic
matter (Rampelotto et al. 2013).

For nosZ, the most abundant sequences belonged to the Bacteroidetes (with the dominant class
of Flavobacteria). Others have reported Bacteroidetes display copiotrophic characteristics and
are favored by increased nutrient availability (McHugh and Schwartz 2015). We found
Flavobacteria was absent in NT soil but dominated in CT soil for nosZ. Consistent with these
results, microbial community studies have reported more Bacteroidetes in CT compared to NT
soil (Yin et al. 2017). Bacteroidetes were also more dominant in one soil compared to the same
soil under non-disturbed grass systems (Acosta-Martinez et al. 2008). However, others have
reported that Bacteroidetes were more abundant under NT compared to CT in winter wheat
cropping system (Dong et al. 2017) and non-disturbed grass system in comparison with
agricultural rotation system (Zhang et al. 2014). Besides, NT increased the abundance of
Flavobacteria compared to the tilled treatment under semi-arid conditions (Liu et al. 2020).
Notably, the above studies did not examine the taxonomy of the microorganisms linked with

nosZ and so it is difficult to conclude if our results are typical of NT compared to CT soils.

Recommended future research to build on the current genomic analysis should include
correlations between gene and transcript counts and nitrous oxide emissions. As with all

molecular methods, the genomic analysis approach used in the current work has several notable
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limitations. One shortcoming involves the analysis of genomic DNA rather than messenger
RNA, which would indicate actual activity instead of potential activity. Future research
involving transcriptomics to confirm the results of the current study would be beneficial.
Additionally, the results obtained are dependent on the analysis thresholds for example, protein
sequences for each of the nine genes were collected from the FunGene using a filter minimum
HMM coverage of 70%. Increasing or decreasing this threshold would have impacted the
downstream analysis. Also, changes in the read alignment identity (set at > 60 %) and alignment
length (=49 amino acids) will also effect the results obtained. It is also important to note that the
current analysis did not involve nitrification enzymes, which are also highly relevant for an

understanding of nitrous oxide emissions.

In conclusion, the agricultural management practices investigated here impacted gene abundance
as well as the taxonomy of microorganisms associated with the nitrogen metabolism. From the
nine genes examined, nirK was the most abundant and nifH was the least abundant. The
nirS/nirK ratios were highest for the CT system, which may indicate a greater potential for N>O
consumption. Three genes (nirK, nirS and norB) were statistically significantly lower in the NT
compared to the CT treatment. The microbial community richness and diversity indices were
generally higher for the genes associated with nitrate reduction (napA4 and narG) and
dissimilatory nitrite reduction (nir4 and nirB) compared to the other genes. For nirK, norB and
nosZ a number of the richness and diversity indexes were significantly greater in NT soil
compared to CT soil, indicating a potentially a higher denitrification potential. A number of
trends were noted for the taxonomy of the functional genes across agricultural systems. The
genus Frankia was significantly more abundant in the NT, reduced input and biological based
soils compared to the CT soils. The CT soil was dominated by Betaproteobacteria for seven
genes and by Cytophagia for nosZ. Also, for six of these genes, Betaproteobacteria were more
abundant in the CT soil compared to the other three soils. Alphaproteobacteria were more
abundant in the NT soil compared to the other soils for several genes. While for nir4 and nirB,
Alphaproteobacteria were more abundant in the biological based soil compared to the other three
soils. For napA, narG, nirK and norB, Actinobacteria were more abundant in the NT soil
compared to the other three soils. Overall, these results suggest microbial communities involved
in nitrogen metabolism are sensitive to varying soil conditions, which in turn, likely has

important implications for N>O emissions.
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Table and Figure Legends
Table 1. Summary of the KBS agricultural management approaches for the four soils examined.

Figure 1. Box and whisker plot of relative abundance of genes (A) and Principle Component
Analysis of the genes across the four management practices (with or without pharmaceuticals
added) (B).

Figure 2. Average relative abundance values (%, as determined by DIAMOND) for each soil
(n=6) with standard deviations illustrated with the bars. Values that are statistically significantly
different (ANOVA or Kruskal-Wallis test, p<0.05) are shown with different letters. Letters are
missing for nosZ because the statistical assumptions were not met for either test (unequal
variance). Note, all y-axis have different scales.

Figure 3. Scatterplots comparing relative abundance values of all genes across all samples.
Correlations that were statistically significant (Spearman’s rank test, p<0.05) are boxed in red.

Figure 4. Average index diversity values and richness estimators for each soil (as determined by
EstimateS, n=6) with standard deviations. Values that are statistically significantly different
(ANOVA or Kruskal-Wallis test, p<0.05) are shown with different letters. In some cases, letters
are missing because the statistical assumptions were not met for either test. Note, the scale on the
y-axis differs between graphs.

Figure 5. Extended error bars illustrating the differences between each treatment compared to
the other three treatments for the genes associated with nitrogen metabolism (as defined by the
KEGG hierarchy). The data (generated in MG-RAST, six metagenomes for each soil) were
analyzed using STAMP with the two group analysis option (each soil compared to the other three
soils) and Welch’s two sided t-test (p<0.05).

Figure 6. Phylotypes enriched in each soil associated with the genes napA4, narG, nirA and nirB
at the level of class. All y-axis have the same scale.

Figure 7. Phylotypes enriched in each soil associated with the genes nirK, nirsS, norB and nosZ
at the level of class. Note, the y-axis scales on each are different. There was minimal enrichment
for any soil for nifH, therefore no graph was generated.

Page 23 of 24


https://doi.org/10.1016/j.still.2015.01.001

Figure 8. Neighbour-Joining phylogenetic trees of fifty most abundant sequences in each soil
associated with the genes napA, narG, nifH, nirA, nirB, nirK, nirS, norB and nosZ. Note, the bar
charts illustrate the relative abundance (%) of the sequences in each soil. The three most
abundant sequences are highlighted in yellow.
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The legends for the tables and figures are listed after the references in the manuscript
document (as requested by the journal)

Table 1.

Conventional This system is practiced by most farmers in this region. Tilled corn—soybean—
winter wheat (c—s—w) rotation; standard chemical inputs, chisel-plowed, no
COVer Ccrops, N0 manure or compost

No-till No-till c—s—w rotation; standard chemical inputs, permanent no-till, no cover
Crops, N0 manure or compost

Reduced Biologically based c—s—w rotation managed to reduce synthetic chemical

Input inputs; chisel-plowed, winter cover crop of red clover or annual rye, no
manure or compost

Biologically  Biologically based c—s—w rotation managed without synthetic chemical

Based inputs; chisel-plowed, mechanical weed control, winter cover crop of red

clover or annual rye, no manure or compost; USDA-certified organic
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Relative Abundance in Scils and Microbial Classifications
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Relative Abundance in Soils and Microbial Classifications
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Relative Abundance in Soils and Microbial Classifications
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gb ACKE0992 1 chlaraphylicie reductase iron profein subunit X Methyioceils silvestris 8L2
emb CODIE357 1 bacteriochiorsphyfiide reductase subunit 35 5 kDa chain Bradyrhizobium sp ORS 375
-gb ABQ38347 | bacteriochlarophyllide reductase subunit 35 5 kDa chain Bradyrhizobium sp BTA/ 1

=il

emh CCDY8529 1 bacterochiorophylide reductase subunit 35 5 kDa chain Bradyrhizobium sp STM 3809
-emb CCDY0169 1 bacteriochiorophyliide reductase subunit 35 5 kDa chain Bradyrhizobium sp ORS 285
thi BAL75131 1 chierin reductase subunit BohX Bradyrhizobium sp S23321

gb ABDBGESS 1 chiorophyilice radiuctass iron protein subunit X Rhodopseudomonas pallstis BisB18

—_y

gb ABE4097T 1 chiorophyliide reductase irom profeir subunit X Rhodopseudomonas palustrs BisB5

b CAE26964 1 bacteriochlorophylide reductase subunit BehX Rhodopsaudomonas palustris CGADDS
QDLI6426 1 chivrophylide a reditctase iron proteirs suburiit X ROAOPSSUGOMONES paisis

gb EAUH0222 1 chiorophyilide reductase itos proteit SUbL X Fulvimaning peiagh HTCC2506

b ADPB500 1 chiorophylide reductase iran protein subunit X Rhodomicrobium vannielii ATCC 17100

b ADLO2351 { chlorophyllide reductase iron protein suburit X Brevundimonas subvibrioides ATCC 15264
b EAQ27T80 1 bacteriochiorophylide recuctase subunit BehX Erythrobacter sp NAPT

g;fﬁ‘ﬁﬁn

b EFLBS0B1 1 light-independent protochlorophyllide reductase iror-sulfiir ATP-binding protein Ahrensia sp R2A130
dbj BAL75154 { profochlorophyllide reductase protein BohiL Bradyrhizabium sp 523321
b ABDBGETS 1 light-indepentient profochiotoplyiiide reductase ron-sulfur ATP-binding protein Rhodopseudomonas palustris BisB18
b ACIS9501 1 light-indepsndent protoshloraphylice reductase iror-sulfur ATP-binding protein Rhodospiriium centenurm SIA/
. b EGK70004 1 Light-independent profochlorophyllide reductase iron-sulfur ATP-binding protein Methyloversatils universalis FAMS
gb ABQ38324 1 protochlorophyliide reductase iron-sulfur ATP-binding proteit Behl Bradyrhizobivr sp BTAi1
emb CCDS0191 1 protochiorophylide reductase iron-sutfur ATP-binding protein Behl Bradyrhizobium sp ORS 285
emb CCD96365 1 protoshlorsphylide reductase iren-suifur ATP-binding protein BohL Bradyrhizobium sp ORS 375

T

b EAUL0240 1 Light-independent profochlorophyllice reductase iron-sulfur ATP-binding protein Fulvimaring pelagi HTCC2506
gb ACA18101 | light-independent protochlorophyliide reductase iron-sulfur ATP-binding protein Methylobacterium sp 4-46
g ACB23840 1 light-independent protochlorophyliide reductase iron-sulfur ATP-binding protein Methylobacterium raciiotolerans JCM 2831
gb EIZ85857 1 protochiarephyllide reductase iran-sulfur ATP-binding protein Methylobacterium sp GXF4
gb ACBE3450 { light-independent protochlorophyllide reductase ron-sulfur ATP-binding protein Methylorubrum populi BJ0OT
gb ACS42872 1 protochlorophylice reductase iror-suifur ATP-binding proteirn Schl. Methylorubrum extorquens AM1
gb EHP90534 1 Light-independent protochiarophyllide reductase iron-sulfur ATP-binding protein Methylorubrum extorquens DSM 13060
ab ABY33181 1 light-independent protochiorophyillide reductase iron-sulfur ATP-binding protein Metfiylorubrum extorquens PAT
emb CAX27470 1 protockiorophylide reducizse iror-sulfur ATP-binding protein Behl. Methylonubnum extorquens AM1
].gb ACKB6042 1 light-independent pratochlorophyliide reductase iror-sulfur ATP-binding protein Methylorubrum extorguens CiM4
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4) nird

Tree scale: 0.1 1

Relative in Soils and

|
|
|
|
®
®
@
®

Conventional tillage

No tillage

Reduced input

Biological based

Acidobacteriia (Acidobactena)
Actinobacteria (Actinobacteria)
Alphaproteobacteria {Proteabacteria)
Aquificae (Aquificae)

Betaproteobacteria (Proteobacteria)

Deinococei (Defnococcus-Thermus)

Deltaproteobaclena {Protecbacteria)

Nitrospira (Nitrospirae)

-
L

Opifutae (Verrucomicrobia)
Planctomycelia (Planctomyceles)
Rubrabacteria (Actinobacteria)
Tepidiformia (Chiorofiexi)
Thermoleophilia (Actinobacteria)

Unclassified {Cyanobacteria)

Unclassified

Venucomicrobiae (Verrucomicrobia)

Unclassified {Candidetus Tectomicrabia)

&mb SMH50700 1 sulfite reduciase ferredaxin Synechococcus sp 06T
gb ANVEB358 1 sulfite reductase Synechocaccus sp PCC 7117

gb GGS484, nechococcus sp PGG 11901
gb AMA10182 1 sulfite reduciase Syn
gb ANVOT542 1 sulfite reductase Synechococcus sp PCC 8807

gb ANVE4925 1 sulfte reductase Synechococtus sp PCC 7003

eooceus sp PCC 73109

gb ASCT2288 1 Sulfite redustase Halomicronema hongdechioris C2206
b EKD42816 1 hypothetical profein ACD 7308000760063 uncuttured bactenum
————— gh AWT59298 1 Sulfite reductase femedoxin Candidatus Moanabacter tarae
gb ETWO7457 1 sulfite reductase partial Candidatus Entotheonella factor

o P gb ACY17607 1 nitrite and sulphite reductase 4Fe-4S region Haliangium ochraceum DS 14365
—emb CBKA0164 1 putative Sutlile reductase contains Sird-like domain modutar protein Mitrospira dafluvii
— ob KXKD1957 1 pufative sulfife reductase cortains SirA-like domanm Nitrospira sp OLB3
emb SLA47E32 1 putalive Sulfite reduciase containg SirA-ike domain Modular protein Nitrospire faponica
gb OAI44518 1 hypothetical protein AY043 02075 Nitrospira sp SCGC AG-212-E16
|
T —gb ALASG7T2 1 putative Suifite reductase contains SirA-like domsin Nitrospire moscoviensis

Lamb CLIS33927 1 putative Sulite reductase ferredoxin Candidatus Nitrospira nitrasa
b QFGO4243 1 it reductase

3 gh AKU93468 1 Ferredoxin—sulfite reductase Labilithrix luteola
I gh ABS23610 1 Ferred: mitrite reduclase

sp Fwt08-5

gb AEB12602 1 Fi reductase DS 14884
= gb AKLT73096 1 sulfite reductase beta subunit hemoprotein Actinobactena bacterium IMCC 26258

gb APV50581 1 suffite reductase Betaproleobacleria basterium GR16-43

gh ABE49938 1 sulfite redustass NADPH beta subunit Meihylobacitius fAagelistus KT
ob EU10258 1 sulfife reductase beta subunit fremeprotein Methylophilaceae bactedum 11
gb OAWS2866 1 sulfife reductass Methylavorus sp MM2
gb ADQB473E { nitnite and sulphite reductase 4Fe-4S region Methylovorus sp MP5E3
1 g0 ACTSO762 1 nirte and suiphite reductase 4Fe-4S ragion Mefhyiovorus glucosetrophus SIP3-4

:an AXKB3153 1 Mir farnily protein Pseudolabrys taiwanensis
gb ART38598 1 G303 uncullured bacterium

[ ——————Gh ADCB3T43 1 reductase dependent

atbus DSIA 14484

sulfite reductass

| ————————— b AXKB4235 1 NADPH-depandent

emb S5

subunit
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(5) nirB

Relative Abundance In Sclls and Microblal Classificatiens
[ conventional titage

|| Notilage

|| Reduced input

[ Biclogical based

@ Acidobacteria (Acidopacterta)

@ Actinobacteria (Actinobacieria)

Botaproteobactena | Prateobacteria)
@ Dettaproteobacteria (Profecbacteria)

Nitrospira {Nitrospirae)

@ Opitvtoe (Verucomicrobia)
@ Thermolsophitia (Actinobacteria)

7 Unciassified (Candidatus Tectomicrobia)

@ Unclassilied (Cyanobacteria)
@ unciassitisd

gb QDCT0585 1

gb QDCY6343 1

gb QDCET510 1 nitrit it

rgb QOCs52585 1

reductase Candi i
Candi A
i imili:
Methyiop!

!

b ADBS53G36 1 nitiite and sulphite reductase 4Fe-4S region Conexibacter woesei DSM 14684
[ ab ACY17807 1 milrite and sulphifo reductase 4Fe-48 region Haliangium ochraceurm DS 14365
gb EKD42816 1 hypothetical protein ACD 73C

ob AWT58298 1 Sulfits Carnd A tarae
gb ETWS7487 1 suffite reduck partial C: Entotheonelia factor
——gh ASC72389 1 Sulfite Halomi rong is C2206
gb AFY40014 1 Sulfite reduciase ferredoxin Leptolyngbya sp PCC 7376
|:D 1 stiffite ws sp PCC 7003

obj BAWOSESE 1 putative sulfite reductase Synechococeus sp NIES-970
-gb AMAT0182 1 sulfife reductase Synechacoccus sp PCC 73108

gb ANVEE356 1 sulfile reductase Synechococcus sp PCC 7117

gb ANV81542 1 sulfite reductase Synechococcus sp PCC 8807

gb QCS546455 1 H I 5 sp PCC 11907
emb SMH50700 1 suffite reductase ferredoxin Synechococous sp OG1T

]
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(6) nirK

Relative Abundance In Solls and Mieroblal Classifications

|| Canvernonal tiage
] votiags

|| Retuced ingur

W sioonce oassd

@ Aiphoprolconactera (Proloobacterion
{1 Batsproteabactens |Pratacnactac]

i Conetiten:s Brocadia (Planefomycetes:
W Detaosieonacisis PoisbACE)
@ Gammaprtachactaris i Profeabectens)
@ Seemabacters (Vencomismtis]

@ souuchasta (Sprochagtes)

@ Unclassitie:

an PRINASTSETT BGI4T 20703 gb APZ21135 1 g 1137400343 nitrite recuctase copper

b OMVE1124 1 gnl WGS LWXX AQT94 26675 gi 1138253204 nifrite reductase copy

gh KOT19001 1 gnl WGS JPGF DIMAT 1763 gi 925276423 nifrite roductase copper-containing Buckholderia makiel
emb CPGE996T 1 o 899223453 ouler membrace nilnle reductase Burkholderia psewdoniale

b EIFE3962 1 induced outer b protein 1258a

gb OMTE1893 1 gnl WES LWWO AQTE! 27920 gi 1138043671 nitrite e pscldoman
b AFIER817 1 anasrobically induced otiter i protein f 10266
- gb AIT23703 1 nitrite reductsse copp ing Burktiolderia thail E254
b ADE2B551 1 eopg sining nitrite reductase
amb CADTEB54 1 probabie major ically induced outor a pratein Ralstonia G060
ermb CBJ41148 1 Copper-conlzining ailiile reductase NO-fonming anaerobically irduced culer memb prolein Rafstonia

|Q’D QAIGEIET 1 membrane pratein Ralstonfa solanaceanim

-ob EDY18063 1 nilrite reduclase copper-containing Chihoniobacter flavus ENind28

4L ub ABNEEETT 1 imuiliconper oxidase domain protein Burkhioldera pseudomailel 668

gnl LANL BGS9 3804 gb AJX46279 1 gi 772887719 medticopper oxidase fernily protein Burkholdeda matiel
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(7) nirS

Tree scule: 04—

Relative Abundance in Soils and Microbial

Conwertional filage

Ma tilage

Reduced input

Biological based

Acidlithiobacilia {Proteobacteris)

{ " Betaproteabacteria (Froteobacteriz)
Gommaprotsobactania {Pratacbacians)

@ Hydrogenophitatia (Prateobacten)
@ Unclassified

[emb CAI0G593 1 Cytochrome ed1 nitrite reductase precursor Aramatolewm aromaticuim EpNT

_I— gb AYH45152 1 pitrife feductase Azoarcus sp DN11

—— b ALTT7177 1 nitrite reductase Paucibacter sp KCTC 42545

gb KRHS8151 1 nilrite reduclase Curvibacier sp PAE-UM

-

g KRB41143 1 nitrife reductase Acidovorax sp Root7d
ab AVO49485 1 nitrite reductase Melaminivora sp SC2-8

imilatory nitete reductass NO-forming cyochiarme cai1 fype apoprotein Acidavorax sp J542

‘ [glz ABM42082 1 0

4‘

{— abj BAV32886 1 nifrite reductase Sulfuricaulis fimicola

= gh AZP14686 1 o-type cytochrome Unaibactenm panium

L gb AZG13299 1 nitrite redtctase Cupriavidus pauculus

—— gh ADET1367 1 Nitrite reductase NO-forming Sideroxydans lithotrophicus ES-T
—— emb CUAB2351 1 Cylochrome ¢ mono-and diheime varianis Guibenkiania indica

gh ACFOB171 1 putative cyfochrome cd1 nitrite reductase NS unculfured bacterium 2303

ﬂ;gtr OAJT1823 1 eytochrome C oxidase Chh3 Methylobacitis sp M43

{
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(8) norB

Tree scale: 0.1 ——

Relative Abundance in Solls and Microbial Classifications
| cConventional tilage

| Motilage

| Reduced input

[ Biclogical input

@ Acidobacteriia (Acidobacteria)

@ Aiphaproteobasteria (Froteabactena)

Betaproteobacteria (Proteobacteia)

@ Dettaproteobacteria (Proteobacteria)
. Gemmaproteobactena (Proteobacteria)

i Planctomycetia (Planctomycetes)
. Unclassified (Planctomycetes)
@ Unclassified

— gb QDT92642 1 Nitric oxide reductase subunil B Planciomycetes bacterium Pan161

T ab QDV52281 1 Nitric oxids subunit B b ium Enri?

—gh APZ91073 1 Nitric oxide reductase subunif B Fuerstia marisgermanicae

—gb QDUB2529 1 Nitrie oxide suburit B Py terium Plal1l
[gb QDT49102 1 Nikic oxida subunit 8 1y ium Pan258

gb QDU44771 1 Mitric oxide reductase subunit B Planctomycetes bactenum Mals2

{— gb QDV62542 1 Nitsic oxice reductase subunit B Crateriforma conspicua
—gh QEF97787 1 Nitric oxide subunit B i
gb EMI24316 1 nitric oxide subunit B transmembrane protein europaea SH298
<|gb EMB15770 1 niiric: oxide reductase subunit B transmembrane protein Rhodopirelula europasa 6C
Egb QDT32488 1 Nitric oxide reductase subunit B Planctomycetes bacterium Mal48
Gb QOV30306 1 Mitric oxide reductase subunit B Planctopirs ephydatias

_{QD QDV17254 1 Nitric oxide suburit 8 F bacterium Pan153
gb QDT71782 1 Nitric oxide subunit B Plan: tam 141
gb QEG35187 7 Nitric oxide reductase subunit B Bythopirellula goksayri
[gb QDU25836 1 Nitric oxide subunit B ¥ ETAA8

gb QDU29046 1 Nitric oxide reductase subunit B Planctomycetes bacterium ETA AB
gh AMV27643 1 Nitriz oxide reductase subunit B Gemmata sp SH-PL17

gh QDL36755 1 il large subunit sediminis
gb ATQ70800 1 nitric-oxide reduciase large suburit Methylosinus trichosporiunt OB83b
lgb EHHO8983 1 cbh3-ype cytochrome ¢ oxidase subunit { Agrobacterium tumefaciens CCNWGS0286
= gh EGP57068 1 cytochrome-c oxidase Fixl chain Agrobactenium tumefaciens F2
[ gb ADY64481 1 cytochrome-c oxidase fixi chain Agrobactenum sp H13-3
gb EHJ97447 1 chh3-type cyfochrome ¢ oxidase subunit | Agrobacterium tumefaciens 5A

ab QDAS8197 1 nitrie-oxide ratuctase large subunit Thermomanas sp 8§Y21
4@@ ANO52552 1 mitn'c oxide reductase large subunit Woeseia oceant

ab ADV26224 1 putative nit o F na. 111
gh AKC86351 1 nitric oxide large subunit :

gh KRG83703 1 nitric oxide reductase large subunit Stenotrophomonas acidarriniphila
gb AUZ5E621 1 itric oxide large subunit onas
gb ATB43141 1 nifric oxide reduciase farge subunit Cystobacter fuscus

|

gh QEH34254 1 Nifric oxide reductase subunit B Aquisphaera giovannoni
ab APW59926 1 Nitric: oxide réductase subunit B Paiudisphaera borealis
|—gb AUX21518 1 nitric oxide reductase Sorangium celiulosum

|f gb AGP34548 1 hypothelical protein SCE1572 08535 Sorangium cefiufosurn S00157-2
rgb KYF73765 1 nitric oxide reductase {arge subunit Sorangium cellulosum
~gb KYF77729 1 niiric oxide reductase large subunit Sorangium cefiviosum

gb ACGT4988 1 putative nitri ide reductase Ar spK
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(9) nosZ

Tree acale: 0.4
BE b
Rolativa Abundanca In Salls and Micrablal C gh ACTS1855 1 Mifrous-oxide reductase Dyadobacter fermentans DSM 18053 i G %ﬁ‘%
] comventional tilage \ \—emb SNVB0593 1 Mi i i Bt s : i
| Notillage : ! L
| Reduced it gb AHF15288 1 nitrous-oxide reductase Miabelia soli DSM 19437 ; gy s
[ Biological based T e ‘ e
& e b AWLO9GEO 1 Nitrous-oxid redhzotase Alopseudarcioolia aquatils 1 -
—— b QBNTH624 1 Sec-dependent nitrous-ox Flavobact ; -
@ Chitinophagia (Bacteridsies) aly ESU23366 1 nitrous-oxide reductase Flavabacterium enshiense DKEF : : : . ‘l :
@ Cyuopnagrs (sacteroutetes) -~ gb AEW86926 1 nitrous-oxide reductase Flavobacterium columnare ATCC 49512 ) | i
@ Fiavobacteiia (Bacteroidetes] - gb ANDB3353 1 nifrous oxioe redustase Flavobacterfm columnare ‘ ) "
£ Gemmatimoriadetes (Gemmatimonadetes) —— gh ESU27709 1 nitrous-oxide reduotase Flavobacterium saliperasum 13 ! ! L
@ tonavivectera (lgnavibactariae) 7_|_ : e
£ Spingabacteis (Baciarcidates) gh KGO84135 1 nitrous U:l’dﬁ reductase Flavobacterium cauense R2A-7 : ; ; ;..
b Ao o lgh EUF86141  nittous-oxide rediictase Flavobactertim 5p F52 : -
gh AOCIE669 1 Nit et precursor F i 5 .
@ Unclassified (Chiorabi) ————————— gh AZ/6BO9E 1 Sec-depend itrons-oxide reductase Cloacibactenium nommanen ‘ : : :
7 Unclassified —— b AZZ57973 1 Sec-dapendent ritrous-oxide reductase Riomerella anatipestifor ) ¢
- g AIHOT795 1 nitrous oxide reductass Apoprotein RIsmensia anatipestitar CH3 ; ; =
ob AQY22525 1 Nitrous-oxide reductase precursor Riemerella anabipestifer ‘ : - T::
gb QBOSE219 1 Nt de reductase C m sp NBC 122 ) ) -
§ ab KEY18552 1 nitrous oxido redustase Chrysoobactorium antastiourn : i o
gb QDPE4E17 1 Sec-dependent nitrous-oxide reduetase Chryseobacterium sp SNU WT5 ! | L
ob KMQ71079 1 nitrous oxide reductase Chivseobaclenum koreense COUG 40689 : i
ob QFGE2641 T Sec-depe nitrous-oxide reductase Chi s ) ! i
gb AYOS58315 1 nitraus oxide reductase Chryseobacterium sp 6424 ! ! "
gh QEC45802 1 Sec- t is-oxide reductase Pssudobact stan: : : ; :
_Lqig(, KYP14532 7 nifrous oxide reduc(ase Flavihumibacler sp CACIAM 22H7 : : : : ‘-
! Y P
L i QECESTT5 7 pendent de reductase f r Qit ans ; : : “
gh KXK45045 1 nitrous-oxide reductaso Bacteroidofos bacterivm QLBT0 : : 1‘ ’r
- g ANESOET1 1 nifrous oxide reductase Flavisolibacter tropicus ) ) YR
gb QEC55439 1 S nis e R ! iy it
———————gh KXK244B6 1 reductase oLB1z2 : | -
Gl AXE20750 1 Sec-dependent mitrous-uxide reductase Runclla sp HYNOOSS ! ) - '::‘r
I:QDAEMESEQ 1 Nity ide Runells slithyformis DSM 19564 ; ; b
gb QEM16807 1 Sec-de o . MuciTaginibacler gossypil ! o
b OQY78103 T nitrous oxide reductase Ignavibacteriates bacterinm UTCHBT 1 1 1 : ]
Gb KXBOS523 1 nitrous oxide reductase Chiorabi bacterium NICHL-2 : TR
652566 1 Nitious-oxid clase Sec-depandent & 4 kelamazoonesis } fom
] BAH3G427 1 puitative nitrous oxide reductase Gemmatimonas aurantiaca T-27 ! ) Ll
‘ gb AWJBE062 1 nit ide d i ! .
| | nan
{gb ELR70764 1 Mitrous-oxide reductase Fulvivirga imtechensis AK7 : : : :
3b QCK16327 1 nitrous oxide reductase Fet pacificus ! | =
b AFHAE50 1 Nitrous oxido protoin iosZ e afbum JOM 16511 ; i —
gb AFNT74343 1 Mitrous oxide reductase profein NosZ Melioribacter roseus P3M-2 : : )
b AWIBE345 1 ic i bacteri 1 : - "_“ —
ARAB377T 1 ritrous oxide redictase Rhodothermacese bacterium RA : : : ;
b ACO03623 1 pitrous-oxide reductase Persephonella marina EX-HT : : } :
gh ADO44574 1 Mitrous-oxide el s TK-6 A L =
i i i

Figure 8.
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Table S1. FunGene and DIAMOND sequence data summary.

On FunGene Minimum HMM Coverage 70% Dereplicated

napA 74937 40226 11395
narG 50753 49174 11395
noszZ 5304 3787 1266
norB 13238 7054 1778

nifH 19514 3474 1562
nirk 7988 3367 556

nirS 25330 3020 993

nir4 54085 51514 12955
nirB 90760 45767 12955
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Table S2 MG-RAST sequence data summary.

Soil type MG-RAST ID Post QC: bp Count Post QC: Sequences Count Post QC: Mean Sequence Length bp
Conventional tillage mgm4887245.3 1,049,991,462 bp 4,562,115 230 %37 bp
Conventional tillage |  mgm4889385.3 865,087,512 bp 3,773,767 229+ 38 bp
Conventional tillage mgm4887247.3 873,760,585 bp 3,805,693 230+ 38 bp
Conventional tillage mgm4887261.3 1,042,733,021 bp 4,497,130 232+37bp
Conventional tillage mgm4887259.3 1,186,811,683 bp 5,171,096 230 =37 bp
Conventional tillage |  mgm4887263.3 1,049,806,246 bp 4,606,628 228+ 38 bp

No tillage mgm4887248.3 978,574,572 bp 4,289,260 228 +38 bp

No tillage mem4887249.3 1,021,883,457 bp 4,491,203 228 +38 bp

No tillage mgm4887251.3 893,615,124 bp 3,901,326 229 +38 bp

No tillage mgm4887262.3 1,052,482,005 bp 4,556,161 231 +37bp

No tillage mgmd4887265.3 1,171,824,030 bp 5,106,093 229 +37 bp

No tillage mem4887264.3 1,151,447,486 bp 5,131,392 224 +39 bp

Reduced input mgm4887252.3 1,020,227,225 bp 4,473,295 228 +38 bp
Reduced input mgm4887253.3 1,156,421,815 bp 5,084,544 227 £ 38 bp
Reduced input mgm4887254.3 845,604,740 bp 3,689,278 229 + 38 bp
Reduced input megm4887267.3 904,740,521 bp 3,896,151 232 +37bp
Reduced input mgm4887266.3 1,216,560,266 bp 5,320,030 229 + 38 bp
Reduced input mem4887268.3 923,078,351 bp 4,016,875 230 +37 bp
Biological based mgm4887255.3 1,070,768,940 bp 4,666,479 229 £ 38 bp
Biological based mgm4887256.3 1,048,398,089 bp 4,589,220 2284 38 bp
Biological based mgm4887258.3 1,095,942,092 bp 4,834,482 227 %38 bp
Biological based mgm4887270.3 1,410,382,064 bp 6,169,872 229 £ 38 bp
Biological based mgm4887289.3 1,149,249,456 bp 5,008,186 229 +37 bp
Biological based mgm4887290.3 1,303,754,397 bp 5,670,793 230 =37 bp
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https://www.mg-rast.org/mgmain.html?mgpage=overview&metagenome=mgm4887252.3
https://www.mg-rast.org/mgmain.html?mgpage=overview&metagenome=mgm4887258.3

Table S3. P-values for statistical tests with the relative abundance of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

. . Levene's | One-wa Kruskal-Wallis

Test Shapiro-Wilk test test AN ng test

Null Hypothesis The sample distribution is normal G1=62 = Mediani=Median;

Soil groups ConYentional .No Rf:duced Biological
tillage tillage input based

napA 1.57E-01 | 7.77E-01 | 2.50E-04 7.69E-01 5.35E-01 N/A 6.02E-02
narG 1.59E-01 | 7.66E-01 6.31E-01 1.71E-01 9.14E-02 | 2.74E-01 N/A
nifH 6.03E-01 | 7.31E-01 2.20E-01 2.44E-01 8.27E-01 | 1.26E-02 N/A
nirA 7.19E-02 | 2.20E-01 | 3.40E-04 5.73E-01 5.45E-01 N/A 4.81E-01
nirB 8.65E-01 | 2.11E-02 1.34E-02 5.69E-01 3.49E-01 N/A 4.09E-01
nirK 7.12E-01 | 3.27E-01 6.55E-01 5.24E-01 1.33E-01 | 1.61E-05 N/A
nirS§ 9.31E-01 | 1.16E-01 3.44E-01 4.63E-02 4.37E-01 | 2.22E-05 N/A
norB 5.97E-01 | 3.68E-01 8.43E-01 5.68E-01 3.81E-01 | 1.85E-02 N/A
nosZ N/A N/A N/A N/A 5.81E-03 N/A N/A

Table S4. P-values for Tukey HSD test with the relative abundance of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Tukey's HSD test
Null Hypothesis = p2
Genes napA narG nifH nirA nirB nirK nirS norB nosZ
Conventional tillage - No tillage N/A N/A 4.14E-01 N/A N/A 1.14E-05 2.07E-05 1.16E-02 N/A
Conventional tillage - Reduced input N/A N/A 9.03E-01 N/A N/A 3.84E-01 2.33E-04 4.65E-01 N/A
Conventional tillage - Biological based N/A N/A 1.89E-01 N/A N/A 1.79E-01 9.27E-03 1.65E-01 N/A
No tillage - Reduced input N/A N/A 1.42E-01 N/A N/A 4.10E-04 6.94E-01 2.22E-01 N/A
No tillage- Biological based N/A N/A 7.59E-03 N/A N/A 1.26E-03 5.82E-02 5.68E-01 N/A
Reduced input - Biological based N/A N/A 5.06E-01 N/A N/A 9.60E-01 3.88E-01 9.00E-01 N/A
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Table S5. P-values for Dunn’s test with the relative abundance of genes associated with nitrogen metabolism copies. “N/A” indicates
the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Dunn's test
Null Hypothesis W= w2
Genes napA narG nifH nirA nirB nirK nirS§ norB nosZ
Conventional tillage - No tillage N/A N/A N/A N/A N/A N/A N/A N/A N/A
Conventional tillage - Reduced input N/A N/A N/A N/A N/A N/A N/A N/A N/A
Conventional tillage - Biological based N/A N/A N/A N/A N/A N/A N/A N/A N/A
No tillage - Reduced input N/A N/A N/A N/A N/A N/A N/A N/A N/A
No tillage - Biological based N/A N/A N/A N/A N/A N/A N/A N/A N/A
Reduced input - Biological based N/A N/A N/A N/A N/A N/A N/A N/A N/A

Table S6. Summary of the p values from Spearman’s rank correlation tests with gene relative abundance data. Values in bold indicate
a significant difference (p < 0.05).

Genes | napA narG nifH nirA nirB nirK nirS norB nosZ
napA 1.66E-07 | 4.74E-01 | <2.2e-16 | 1.43E-08 | 2.30E-06 | 8.67E-02 | 1.28E-08 | 4.26E-06
narG 1.66E-07 4.11E-02 | 2.74E-04 | 8.32E-03 | 3.30E-03 | 4.70E-01 | 3.12E-02 | 3.63E-01
nifH 4.74E-01 | 4.11E-02 9.83E-01 | 7.64E-02 | 7.37E-03 | 2.02E-01 | 8.42E-01 | 2.86E-01
nirA <2.2¢-16 | 2.74E-04 | 9.83E-01 4.60E-02 | 5.80E-01 | 6.15E-01 | 1.08E-01 | 5.87E-01
nirB 1.43E-08 | 8.32E-03 | 7.64E-02 | 4.60E-02 8.05E-01 | 6.89E-01 | 5.47E-01 | 9.87E-01
nirK 2.30E-06 | 3.30E-03 | 7.37E-03 | 5.80E-01 | 8.05E-01 4.84E-03 | 1.98E-02 | 1.26E-02
nirS 8.67E-02 | 4.70E-01 | 2.02E-01 | 6.15E-01 | 6.89E-01 | 4.84E-03 2.12E-04 | 1.76E-03
norB 1.28E-08 | 3.12E-02 | 8.42E-01 | 1.08E-01 | 5.47E-01 | 1.98E-02 | 2.12E-04 7.65E-05
nosZ 4.26E-06 | 3.63E-01 | 2.86E-01 | 5.87E-01 | 9.87E-01 | 1.26E-02 | 1.76E-03 | 7.65E-05
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Table S7. Summary of Spearman’s correlation coefficient (rho) for Spearman’s rank correlation test with gene relative abundance

data. Rho values in bold indicate a statistically significant correlation (p < 0.05), as shown above.

Genes | napA narG nifH nirA nirB nirK nirS norB nosZ
napA 8.48E-01 | 1.54E-01 | 9.81E-01 | 8.80E-01 | 8.03E-01 | 3.57E-01 | 8.81E-01 | 7.91E-01
narG | 8.48E-01 4.20E-01 | 6.78E-01 | 5.26E-01 | 5.75E-01 | 1.55E-01 | 4.41E-01 | 1.94E-01
nifH | 1.54E-01 | 4.20E-01 -4.57E-03 | 3.69E-01 | 5.33E-01 | 2.70E-01 | 4.29E-02 | 2.27E-01
nirA 9.81E-01 | 6.78E-01 | -4.57E-03 4.11E-01 | 1.19E-01 | -1.08E-01 | 3.37E-01 | 1.17E-01
nirB | 8.80E-01 | 5.26E-01 | 3.69E-01 | 4.11E-01 5.31E-02 | -8.62E-02 | 1.29E-01 | 3.48E-03
nirK | 8.03E-01 | 5.75E-01 | 5.33E-01 | 1.19E-01 | 5.31E-02 5.55E-01 | 4.72E-01 | 5.01E-01
nirS 3.57E-01 | 1.55E-01 | 2.70E-01 | -1.08E-01 | -8.62E-02 | 5.55E-01 6.87E-01 | 6.04E-01
norB | 8.81E-01 | 441E-01 | 4.29E-02 | 3.37E-01 | 1.29E-01 | 4.72E-01 | 6.87E-01 7.19E-01
nosZ | 7.91E-01 | 1.94E-01 | 2.27E-01 | 1.17E-01 | 3.48E-03 | 5.01E-01 | 6.04E-01 | 7.19E-01

Table S8. P-values for statistical tests with the richness index Chao 1 of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

. . Levene's | One-way Kruskal-Wallis

Test Shapiro-Wilk test test ANOVA test

Null Hypothesis The sample distribution is normal 01=02 = 2 Mediani=Medianz

Soil groups Conventional No Reduced | Biological
tillage tillage input based

napA 4.89E-01 | 6.42E-01 | 2.90E-01 2.63E-01 9.37E-01 | 3.56E-01 N/A
narG 4.66E-01 | 543E-01 | 2.78E-01 2.82E-01 9.42E-01 | 9.37E-01 N/A
nifH 9.76E-01 | 3.87E-03 | 6.53E-01 9.76E-01 7.80E-01 N/A 1.80E-02
nirA 5.72E-01 | 4.34E-01 | 4.55E-01 5.53E-01 9.60E-01 | 2.65E-01 N/A
nirB 4.85E-01 | 4.86E-01 3.71E-01 5.47E-01 9.99E-01 | 7.99E-01 N/A
nirK 2.50E-01 | 3.67E-02 | 7.66E-02 1.05E-03 9.88E-01 N/A 1.68E-02
nirS 8.12E-01 | 1.16E-01 3.55E-01 8.13E-01 6.72E-01 | 8.52E-04 N/A
norB 9.10E-01 | 2.92E-03 | 9.44E-01 5.08E-01 2.25E-01 N/A 2.35E-01
nosZ 7.47E-01 | 4.99E-01 8.99E-01 4.85E-01 5.12E-01 | 5.86E-01 N/A
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Table S9. P-values for Tukey’s HSD test with the richness index Chao 1 of counts of genes associated with nitrogen metabolism

copies. “N/A” indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Tukey's HSD test
Null Hypothesis = p2
Genes napA narG nifH nir4 nirB nirK nir§ norB nosZ
Conventional tillage - No tillage N/A N/A N/A N/A N/A N/A 7.37E-04 N/A N/A
Conventional tillage - Reduced input N/A N/A N/A N/A N/A N/A 8.59E-03 N/A N/A
Conventional tillage - Biological based N/A N/A N/A N/A N/A N/A 2.11E-01 N/A N/A
No tillage - Reduced input N/A N/A N/A N/A N/A N/A 7.05E-01 N/A N/A
No tillage- Biological based N/A N/A N/A N/A N/A N/A 6.50E-02 N/A N/A
Reduced input - Biological based N/A N/A N/A N/A N/A N/A 4.07E-01 N/A N/A
Table S10. P-values for Dunn’s test with the richness index Chao 1 of counts of genes associated with nitrogen metabolism copies.
“N/A” indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).
Test Dunn's test
Null Hypothesis W= p2
Genes napA narG nifH nirA nirB nirK nirS norB nosZ
Conventional tillage - No tillage N/A N/A | 1.00E+00 N/A N/A | 1.00E+00 N/A N/A N/A
Conventional tillage - Reduced input N/A N/A | 1.33E-01 N/A N/A | 2.91E-02 N/A N/A N/A
Conventional tillage - Biological based N/A N/A | 1.00E+00 N/A N/A | 2.03E-01 N/A N/A N/A
No tillage - Reduced input N/A N/A | 5.39E-02 N/A N/A | 1.65E-01 N/A N/A N/A
No tillage - Biological based N/A N/A | 1.00E+00 N/A N/A | 7.85E-01 N/A N/A N/A
Reduced input - Biological based N/A N/A | 3.30E-02 N/A N/A | 1.00E+00 N/A N/A N/A
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Table S11. P-values for statistical tests with the richness index Chao 2 of counts of genes associated with nitrogen metabolism copies.
“N/A” indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

. . Levene's One-way Kruskal-Wallis

Test Shapiro-Wilk test test ANOVA test

Null Hypothesis The sample distribution is normal G1=62 W= Q2 Mediani=Median;

Soil groups Con\:entio No tillage R?duced Biological
nal tillage input based

napA 3.27E-01 4.60E-01 4.26E-01 2.38E-01 9.19E-01 4.17E-01 N/A
narG 2.88E-01 4.18E-01 2.19E-01 2.26E-01 9.91E-01 9.51E-01 N/A
nifH 7.54E-01 2.38E-01 1.62E-01 2.98E-01 5.93E-01 3.00E-01 N/A
nirA 3.24E-01 2.55E-01 4.23E-01 3.80E-01 9.32E-01 4.55E-01 N/A
nirB 2.55E-01 2.75E-01 2.57E-01 3.74E-01 9.98E-01 9.55E-01 N/A
nirK 5.32E-02 7.63E-03 | 8.64E-03 | 6.93E-03 | 9.95E-01 N/A 2.18E-01
nirS 3.70E-01 2.47E-01 2.80E-01 4.17E-01 9.87E-01 2.57E-01 N/A
norB 3.29E-01 6.27E-02 | 7.21E-01 1.90E-01 8.45E-01 4.62E-01 N/A
nosZ 2.30E-01 6.70E-01 7.22E-01 5.40E-01 6.34E-01 6.51E-01 N/A

Table S12. P-values for statistical tests with the Inverse Simpson values of the counts of genes associated with nitrogen metabolism
copies. “N/A” indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

. . Levene's One-way Kruskal-Wallis

Test Shapiro-Wilk test tost ANOVA test

Null Hypothesis The sample distribution is normal 61=62 | 13l L] Mediani=Medianz

Soil groups Con\ientio No tillage R?duced Biological
nal tillage input based

napA 4.73E-01 6.37E-03 | 5.07E-03 | 6.37E-03 | 3.63E-01 N/A 6.96E-05
narG N/A N/A N/A N/A | 4.44E-05 N/A N/A
nifH 1.27E-01 2.66E-01 | 2.08E-01 1.60E-01 | 2.00E-01 6.52E-01 N/A
nirA 9.00E-02 1.25E-01 1.70E-01 | 2.87E-02 | 6.90E-01 N/A 8.84E-04
nirB 1.49E-01 2.33E-01 9.44E-02 | 2.87E-02 | 6.16E-01 N/A 5.77E-04
nirK 6.00E-02 9.95E-02 | 1.81E-01 | 2.05E-01 | 4.85E-01 <2e-16 N/A
nirS 2.26E-01 7.08E-02 | 1.79E-01 1.15E-01 | 6.44E-01 1.57E-05 N/A
norB 2.15E-01 7.04E-02 | 1.06E-01 | 8.94E-02 | 3.11E-01 8.76E-15 N/A
nosZ N/A N/A N/A N/A | 1.33E-04 N/A N/A
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Table S13. P-values for Tukey’s HSD test with the Inverse Simpson values of genes associated with nitrogen metabolism copies.

“N/A” indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Tukey's HSD test
Null Hypothesis = p2
Genes napA narG nifH nir4 nirB nirK nir§ norB nosZ
Conventional tillage - No tillage N/A N/A N/A N/A N/A | 0.00E+00 2.73E-03 0.00E+00 N/A
Conventional tillage - Reduced input N/A N/A N/A N/A N/A | 0.00E+00 5.67E-02 5.00E-07 N/A
Conventional tillage - Biological based N/A N/A N/A N/A N/A | 0.00E+00 9.98E-01 2.62E-02 N/A
No tillage - Reduced input N/A N/A N/A N/A N/A | 0.00E+00 6.40E-06 0.00E+00 N/A
No tillage- Biological based N/A N/A N/A N/A N/A | 0.00E+00 4.18E-03 0.00E+00 N/A
Reduced input - Biological based N/A N/A N/A N/A N/A | 3.45E-01 3.86E-02 3.18E-04 N/A
Table S14. P-values for Dunn’s test with the Inverse Simpson values of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).
Test Dunn's test
Null Hypothesis W= p2
Genes napA narG nifH nirA nirB nirK nirS norB nosZ
Conventional tillage - No tillage 8.35E-01 N/A N/A | 1.00E+00 | 1.00E+00 N/A N/A N/A N/A
Conventional tillage - Reduced input 1.86E-02 N/A N/A | 1.00E+00 | 4.31E-01 N/A N/A N/A N/A
Conventional tillage - Biological based 5.49E-05 N/A N/A | 1.81E-01 | 1.12E-01 N/A N/A N/A N/A
No tillage - Reduced input 8.35E-01 N/A N/A | 2.87E-02 | 9.14E-03 N/A N/A N/A N/A
No tillage - Biological based 1.86E-02 N/A N/A | 6.14E-04 | 1.18E-03 N/A N/A N/A N/A
Reduced input - Biological based 8.35E-01 N/A N/A | S5.15E-01 | 1.00E+00 N/A N/A N/A N/A
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Table S15. P-values for statistical tests with the Shannon diversity of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

. . Levene's One-way Kruskal-Wallis

Test Shapiro-Wilk test test ANOVA test

Null Hypothesis The sample distribution is normal G1=62 W= Q2 Mediani=Median;

Soil groups Con\:entio No tillage R?duced Biological
nal tillage input based

napA 3.28E-02 3.17E-02 | 2.50E-01 | 3.28E-02 | 2.09E-01 N/A 2.03E-04
narG 2.47E-02 1.55E-02 | 9.26E-01 6.07E-01 1.38E-01 N/A 1.90E-04
nifH 2.08E-01 2.63E-01 3.25E-01 3.08E-01 6.31E-01 8.35E-01 N/A
nirA 9.44E-02 6.95E-02 | 2.21E-01 1.31E-01 9.65E-01 3.55E-03 N/A
nirB 5.13E-02 5.13E-02 | 6.92E-02 | 2.07E-01 9.59E-01 5.85E-02 N/A
nirK 7.78E-02 5.51E-02 | 3.29E-02 | 9.11E-02 | 9.24E-01 N/A 1.77E-04
nirS 1.88E-01 1.35E-01 1.73E-01 1.52E-01 8.03E-01 2.76E-03 N/A
norB 1.61E-01 1.55E-02 | 7.96E-02 | 1.01E-02 | 9.52E-01 N/A 1.44E-03
nosZ 7.63E-01 5.08E-02 1.61E-01 7.03E-02 | 8.11E-01 <2E-16 N/A

Table S16. P-values for Tukey’s HSD test with the Shannon diversity of genes associated with nitrogen metabolism copies. “N/A”
indicates the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Tukey's HSD test
Null Hypothesis = Q2
Genes napA narG nifH nirA nirB nirK nirS norB nosZ
Conventional tillage - No tillage N/A N/A N/A N/A N/A | 0.00E+00 2.73E-03 0.00E+00 N/A
Conventional tillage - Reduced input N/A N/A N/A N/A N/A | 0.00E+00 5.67E-02 5.00E-07 N/A
Conventional tillage - Biological based N/A N/A N/A N/A N/A | 0.00E+00 9.98E-01 2.62E-02 N/A
No tillage - Reduced input N/A N/A N/A N/A N/A | 0.00E+00 6.40E-06 0.00E+00 N/A
No tillage- Biological based N/A N/A N/A N/A N/A | 0.00E+00 4.18E-03 0.00E+00 N/A
Reduced input - Biological based N/A N/A N/A N/A N/A 3.45E-01 3.86E-02 3.18E-04 N/A
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Table S17. P-values for Dunn’s test with the Shannon diversity of genes associated with nitrogen metabolism copies. “N/A” indicates
the test was not appropriate and p-values in bold indicate a significant difference (p < 0.05).

Test Dunn's test
Null Hypothesis W= w2
Genes napA narG nifH nirA nirB nirK nirS§ norB nosZ
Conventional tillage - No tillage 1.00E+00 1.00E+00 N/A N/A N/A | 4.88E-05 N/A | 0.00E+00 N/A
Conventional tillage - Reduced input 1.37E-02 1.75E-01 N/A N/A N/A | 1.63E-01 N/A 5.00E-07 N/A
Conventional tillage - Biological based 1.77E-04 1.42E-01 N/A N/A N/A | 1.46E-01 N/A 2.62E-02 N/A
No tillage - Reduced input 9.11E-01 1.42E-01 N/A N/A N/A | 1.46E-01 N/A |  0.00E+00 N/A
No tillage - Biological based 6.29E-02 1.75E-01 N/A N/A N/A | 1.63E-01 N/A | 0.00E+00 N/A
Reduced input - Biological based 6.35E-01 5.27E-05 N/A N/A N/A | 1.00E+00 N/A 3.18E-04 N/A
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Figure S1. Genera with nifH genes significantly different between conventional tillage soil (in blue) and the
other soils from the assembled contigs. Those enriched in no tillage soil compared to conventional tillage
soil are shown in yellow (A), those enriched in reduced input soil compared to conventional tillage soil are
shown in green (B) and those enriched in biologically based soil compared to conventional tillage soil are
shown in purple (C). The data (generated in Megan, six metagenomes for each soil) were analyzed using
STAMP with the two group analysis option (each soil compared to conventional tillage soil) and Welch’s
two sided t-test (p<0.05).
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Figure S2. Genera significantly different between conventional tillage (in blue) and the other three soils
from the assembled contigs. Those enriched in soil 1 compared to no tillage soil are shown in blue (no
genera were enriched in no tillage soil compared to conventional tillage soil) (A), those enriched in
reduced input soil compared to conventional tillage soil are shown in green (B) and those enriched in
biologically based soil compared to conventional tillage soil are shown in purple (C). The data (generated
in Megan, six metagenomes for each soil) were analyzed using STAMP with the two group analysis option
(each soil compared to conventional tillage soil) and Welch’s two sided t-test (p<0.05).
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