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Long Term Influence of Fertility and
Rotation on Soil Nitrification
Potential and Nitrifier Communities

Sierra S. Raglin, Chinmay Soman?, Yanjun Ma' and Angela D. Kent*

Microbial Ecology Laboratory, Department of Natural Resources and Environmental Sciences, University of lllinois at
Urbana-Champaign, Urbana, IL, United States

The agricultural imprints on soil microbial processes manifest at various timescales,
leaving many temporal patterns to present slowly. Unfortunately, the lack of long-term
continuous agricultural field sites in North America has left gaps in our understanding of
agricultural management on biogeochemical processes and their controlling microbiota.
Nitrification, ammonium oxidation by bacteria and archaea, is a critical control point in
terrestrial nitrogen fluxes by oxidizing cationic ammonium to anionic nitrate, promoting
nitrate leaching. Moreover, nitrous oxide is produced during nitrification, contributing to
massive nitrous oxide emissions from fertilized agroecosystems. Nitrification is sensitive
to many macro and micro-ecological filters, as nitrifiers are obligate aerobes and are
sensitive to numerous non-growth substrates and metal ions. This study sought to
understand the long-term implications of various rotation and fertilizer regimes on
nitrification potential and nitrifying bacterial communities in the Morrow Plots (Urbana,
IL). The Morrow Plots was established in 1876 and are the longest continuous field
experiments in North America, making it the only site in America capable of assessing
the impact of over 140 years of agricultural management on nitrification. The Morrow
Plots contrasts fertilizer (manure, inorganic, unfertilized) and rotation (continuous corn,
corn-soy, corn-oat alfalfa), allowing us to explore how conventional vs. regenerative
agriculture practices impact nitrifier communities. The results of this study suggest
that fertilizer and rotation interact to promote distinct bacterial nitrifier communities.
Nitrification potential is highest in manure corn-oat-alfalfa plots, suggesting ammonium
availability is not solely responsible for active nitrifier communities. Various soil chemical
variables, like CEC, Mg, and Ca, significantly influenced nitrifier community beta-diversity,
using 16S rBNA amplicon sequencing, suggesting long-term accumulation of specific
cations diverge microbial community assembly. While this study only uses nitrification
potential enzyme activity instead of isotope analyses, it sheds light on the importance
of various physiochemical drivers on nitrification potential and communities. The results
support the need for a more precise exploration of the mechanisms controlling field-scale
nitrification rates over large temporal scales. Put together, this study supports the
importance of long-term field sites for understanding agricultural manipulations of
microbial biogeochemical cycling and sheds light on the micronutrients influencing nitrifier
communities and potential activity.

Keywords: crop rotation, microbial community composition, nitrification, fertilizer treatment, ammonium oxidizing
bacteria (AOB), ammonium oxidizing archaea (AOA), nitrite-oxidizing bacteria (NOB)
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INTRODUCTION

Soil nitrification, the aerobic oxidation of NH; to NO,
and NO3, is a critical control point in terrestrial nitrogen
(N) cycling by modulating N-loss capacity from fertilized
soils. Agronomic management practices may directly impact
nitrifiers, through manipulation of nitrifier growth, or indirectly
through the alteration in their soil physiochemical habitat.
However, soil matrix integrity shifts temporally as the
impacts of management on soil structure manifest slowly
over decades (1). The lack of long-term agricultural experiments
within North America which contrast regenerative (organic
fertilizers and tri-rotational regimes) and intensive (synthetic
fertilizers and monocultures) practices, limits the ability to
investigate long-term management-driven shifts in nitrifying
communities and activities. The Morrow Plots long-term
agricultural experiment, established in 1867 at the University
of Illinois Urbana-Champaign, contrasts conventional with
regenerative practices presenting the opportunity to study
the relationship between soil nitrifying potential, agronomic
management strategies, and soil physiochemical factors. Long-
term factorial experiments can be used to evaluate the impacts
of fertilizer and rotational management strategies on nitrogen
biogeochemistry in order to understand if nitrogen losses in
industrial systems can be mitigated with regenerative practices.
Understanding anthropogenic disruption in nitrification
will assist in the optimization of agronomic management
strategies, ensuring the sustainability and protection of
soil resources.

Nitrifying microorganisms consists of ammonium oxidizing
bacteria (AOB) and archaea (AOA), nitrite-oxidizing bacteria
(NOB), and comammox bacteria (2). Nitrification involves
the stepwise oxidation of ammonium to nitrite by AOB
and AOA, with subsequent oxidation of NO, to NO;
by NOB. The primary step is catalyzed by ammonium
monooxygenase (AMO), a Cu-containing membrane-bound
monooxygenase (3), and is coupled to the reduction of
oxygen to water, producing hydroxylamine. Hydroxylamine
is further oxidized by hydroxylamine oxidoreductase (HAO),
producing NO, . NOB catalyze the second step of nitrification,
the oxidation of NO, to NOj via nitrite oxidoreductase
(NXR). In addition to variations in the enzymatic and
coordination chemistry of nitrification redox enzymes,
nitrifier genera utilize several different carbon fixation
strategies. Nitrifiers use the Calvin-Benson cycle (AOB:
Nitrosomonas; NOB: Nitrospirae), 3-hydroxypropionate—4-
hydroxybutyrate cycle (AOA: aerobic Crenarcheota), reductive
tricarboxylic acid pathway (NOB: Nitrospirae), and the
dicarboxylate 4-hydroxybutyrate pathway (AOA: anaerobic
Crenarcheota) (4-6). The variation in environmental
sensitivity between enzymes within the carbon fixation
pathways, as well as energy-generating ammonium oxidations,
influence the ecophysiology and species distribution of
nitrifying organisms.

Agricultural systems modify nitrogen pools through
N fertilizers, and legume regimes (7). However, due to

variations in biochemical characteristics of AOB, AOA,

NOB, and comammox genera, predicting the response of
these microorganisms to agronomic practices is complicated.
Shifts in the abundance, diversity, composition, and functional
potential of nitrifying microbes have been shown to correlate
with soil quality parameters, like temperature (8), soil organic
carbon (SOC)/ organic matter (OM) (9), pH (10), cation
exchange capacity [CEC; (11)], NHI/NO; (12, 13). Many
of these parameters, like SOC/OM, accumulate gradually,
as soil forming processes are slow and depend complex
geophysical and biotic processes. When management strategies,
like monocultures or fertilization, manipulate carbon and
nitrogen inputs, soil structure and abiotic characteristics
of soil which govern biotic interactions change (14).
Therefore, assessing not only nitrifier response to major
selective factors, like OM and pH, but also micronutrients,
may provide insight regarding nitrifier species responses to
long-term disturbances.

Nitrifiers are a particularly sensitive to both large-scale
ecological filters and subtle deviations in substrates and
micronutrients. Bacterial AMO has the ability to oxidize
numerous non-growth substrates such as methane, methanol,
benzene, and phenols (15-17). Moreover, ammonium
oxidation is sensitive to numerous metal cations, like Zn,
Cu, Mg, and Cd. Metal cations also drive soil formation,
promoting aggregation through cationic bridging (18).
Fertilizer, particularly manure, can be a dominant source
of soil metal fluxes, which through time, promote soil
stabilization (19, 20). However, they are easily over-
applied and toxicity of cationic metals perturbed microbial
communities (21, 22). Monitoring the long-term shifts
in nitrification and its chemical and physical drivers can
illuminate human-driven changes in N-dynamics over a deep
temporal scale.

While previous research has identified management-
driven changes to the soil microbial community as a whole
within the Morrow Plots (23), that study did not evaluate
biogeochemical transformations or the microbial functional
groups responsible for them. Given the importance of
nitrification for environmental quality, the sensitivity of
nitrifiers to edaphic factors, and the limited opportunities
to study this process in long-term agricultural experiments
(particularly one so historic), the goal of this study was to
assess how long-term fertilizer and rotational management
impact nitrification potential activity (NP), as well as community
structure in the Morrow Plots. The Morrow Plots experiment
is an agricultural mesocosm for observing management-
driven effects on nitrification and functionally important soil
microbiota over very long time scales. The Morrow Plots are
a particularly advantageous study site as Illinois is situated
in a region with a high density of industrial agriculture
and is a major contributor to nitrogen loading into the
Mississippi River. This experiment allows a glimpse into the
future of industrial agriculture on nitrogen loss processes,
and the potential for regenerative management practices to
mitigate nitrogen losses and transition modern American
agricultural to minimally detrimental and environmentally
sustainable systems.
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METHODS
Study Site—The Morrow Plots

The Morrow Plots, located on the campus of the University
of Illinois at Urbana-Champaign, are the oldest continuously
maintained agricultural research plots in the United States. The
plots were established in 1876 to demonstrate the long-term
effects of crop rotation, soil nutrient depletion, and the effects
of synthetic and natural fertilizers (24, 25). Briefly, this long-
term experiment (Supplementary Figure 1) consists of three
blocks of crop rotation treatments: continuous corn (Zea mays)
(C), a 2-year corn and soybean rotation (CS), and a 3-year
corn-oats-alfalfa rotation (COA). Each crop rotation block is
split into eight plots comprising replicated fertilizer treatments:
unfertilized (UF); inorganic fertilizers (IN) with nitrogen (as
urea), phosphorus (as P,O5s), potassium (as K,O), and limestone;
and organic fertilization (OR) with dairy manure, limestone,
and phosphorus (Supplementary Figure 1). Refer to Aref and
Wander (25) or Odell et al. (24) for a more detailed description
of the Morrow Plots site (24, 25).

Soil Sampling

Soil samples were collected on June 4 and August 25 in 2015—a
year when all the plots were planted in corn. Sampling during
an all-corn year controls enables the investigation of long-
term effects of the crop-rotation treatments on soil microbial
communities, by avoiding the short-term effects of plant-microbe
interactions from the annual rotations. Each sample consisted
of five cores (1.9cm dia x 12cm deep). Bulk soil cores from
each plot were placed in sealed plastic bags on ice while in
the field and transported back to the lab and processed within
2h of collection. The cores from each plot were composited
and homogenized with a 2mm sieve. Subsamples from each
the composited, homogenized soil sample were processed as
appropriate for chemical analyses, nitrification assays, and DNA
extraction for soil microbiome analysis.

Soil Chemical Analyses

Soil chemical analyses were conducted by Waypoint Analytical
(Champaign, IL). Soil NH4-N and NO3-N were quantified using
Lachat QuickChem methods 12-107-06-2-F and 12-107-04-1-],
respectively [Soil, Plant and Water Reference Methods for the
Western Region (Mod), 2013]. Soil P, K, S, Fe, K, Mg, Ca, Mn,
B, and CEGC, as well as percent cation saturations, were measured
using Mehlich 3 extraction protocols (Handbook on Reference
Methods for Soil Analysis-1999, Soil and Plant Analysis Council,
Inc.). Percent organic matter (OM) was quantified using the
LOI method, the results of which were used to calculate the
estimated-N-released in pounds per acre. Buffer pH (SMB buffer
pH) and 1:1 soil pH (pH) were quantified for each sampled (Soil,
Plant and Water Reference Methods for the Western Region
2013, 4th Edition).

Potential Nitrification Assay

Soil nitrification potential (NP) was quantified colorimetrically
using the Griess-Ilosvay’s method (26, 27), originally adapted
from Berg and Rosswall (28). Briefly, 5 g of homogenized field soil
in 50 mL Falcon tubes was shaken for 5h at room temperatures

after adding 1 mM (NHy4),SOy4, and 1.5M sodium chlorate.
Each sample had a corresponding control sample which was
treated identically, but frozen at —20°C for the 5-h incubation.
2M KCl was added after the incubation, and the tubes were
manually shaken, then centrifuged for 2 min at 2,000 RPM. The
supernatant was filtered using Whatman 42 filter papers. NO,-
N was measured using a Genesys 20 spectrophometer (Thermo
Scientific, Rochester, NY) after adding Griess-Ilosavay reagent
(sulfanilamide and N-napthylethyldiamine) at 520 nm. NO,-N
concentration was quantified against a NaNO,-N standard curve.
Potential nitrification rates were measured as the change in NO,-
N concentration between the aerated and frozen samples, by the
soil gram dry weight (% dry matter) per hour.

DNA Extraction and gPCR

DNA Extraction

Total genomic DNA was extracted from soils using the FastDNA
SPIN Kit for Soil (MP Biomedicals, Solon, OH), and further
purified using cetyl trimethyl ammonium bromide (CTAB)
extraction to remove contaminating humic acids (29). DNA
concentration was adjusted to 30 ng/pl and subjected 16S rRNA
V4 region amplicon sequencing and amoA qPCR analyses at the
University of Illinois Biotechnology Center (Urbana, IL).

Fluidigm gPCR

Bacterial amoA (BamoA) and archaeal amoA (AmoA)
genes were quantified with fluidigm qPCR, using the
amoA-1F  (5-GGGGTTTCTACTGGTGGT-3'), amoA-2R
(5" -CCCCTCKGSAAAGCCTTCTTC—3') for BamoA, and
the CrenamoA23f (5-ATGGTCTGGCTWAGACG-3’) and
CrenamoA616r (5'-GCCATCCATCTGTATGTCCA-3') primers
for AamoA (30, 31). To increase the amount of template DNA
prior to Fluidigm qPCR, a preamplification (specific target
amplification; STA) reaction was performed in 5 pl reaction
mixtures containing 2x Taqman PreAmp Master Mix (Applied
Biosysterms), 0.5 M of each primer, and 1.25 pl of the DNA
template. The STA reaction was performed on an M]J Research
Tetrad thermal cycler with the following cycling program:
95°C for 10 min followed by 14 cycles of 95°C for 15s and
58°C for 4 min. Standards for each gene were mixed and 5-fold
diluted from 1 x 10° to 3.2 x 10! copies/pl, and amplified
by the STA reaction together with the soil genomic DNA to
provide standard curves for Fluidigm qPCR. The STA products
were treated by exonuclease to remove excessive primers. For
Fluidigm qPCR, 5 pl of sample premix was prepared containing
2x SsoFast Evagreen Supermix with Low Rox (BioRad), 20x
DNA Binding Dye Sample Loading Reagent (Fluidigm), and
2.25 pl exonuclease treated products. Five pl of assay mix was
prepared containing 2x Assay Loading Reagent (Fluidigm),
1x DNA Suspension Buffer (Teknova), and 50 uM each mixed
forward and reverse primer. The sample premix and assay mix
were loaded on a 96.96 chip (Fluidigm), and the target genes
were amplified on the Fluidigm Biomark HD Real Time PCR
system using the following cycling program: 70°C for 40 min,
58°C for 30s, 95°C for 1min followed by 30 cycles of 96°C
for 55, 58°C for 20s, and followed by dissociation curve. All
the samples and standards were analyzed in 12 replicates with
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molecular grade water as no template control. The Ct values
(cycle threshold) were determined using Fluidigm Real-Time
PCR Analysis software version 4.1.3. The copy number of genes
per pl was determined for each soil sample by comparison to the
standard curve in the assay, and then normalized to ng of DNA.

16S rRNA Gene Amplicon Sequencing

Ilumina sequencing was used to target the prokayotic 16S rRNA
V4 region for nitrifier community analyses (Illumina, San Diego,
CA). Sequencing amplicons were prepared by PCR using a
Fluidigm Access Array IFC chip, which allowed simultaneous
amplification of each target gene (Fluidigm, San Francisco, CA).
Initial reactions were carried out according to a 2-step protocol
using Fluidigm-recommended reagent concentrations, and an
annealing temperature of 55°C. The first PCR was performed
in a 100-pL reaction volume using 2 ng DNA template, and
this PCR amplified the target DNA region using the 16S rRNA
V4 primers 515F (5-GTGYCAGCMGCCGCGGTAA-3") and

806R  (5-GGACTACNVGGGTWTCTAAT-3')  augmented
with  Fluidigm-specific amplification primer pads CS1
(5'-ACACTGACGACATGGTTCTACA-3') and CS2 (5-

TACGGTAGCAGAGACTTGGTCT-3'), producing amplicons
that consisted of (2) CS1 Fluidigm primer pad, (3) 16S rRNA
forward primer 515F, (4) 16S rRNA V4 amplicon (5) 16S rRNA
reverse PCR primer 806R, and (6) CS2 Fluidigm primer pad.
A secondary 30-pL PCR used 1 pL of 1:100 diluted product
from the first PCR as template, and PCR primers with CS1
and CS2 sequences and Illumina-specific sequencing linkers
P5 (5-AATGATACGGCGACCACCGAGATCT-3') and P7
(5'-CAAGCAGAAGACGGCATACGAGAT-3'), along with a
10-bp sample-specific barcode sequence, so the final construct
consisted of (1) Illumina linker P5, (2) CS1, (3) 515F primer,
(4) 16S rRNA V4 amplicon, (5) 806R primer, (6) CS2, (7)
sample-specific 10-bp barcode, and (8) the Illumina linker P7.
Final amplicons were gel-purified, quantified (Qubit; Invitrogen,
Carlsbad CA, USA), combined to the same concentration, and
then sequenced from both directions on an Illumina HiSeq 2,500
2 x 250 bp Rapid Run. Fluidigm amplification and Illumina
sequencing was conducted at the Roy J. Carver Biotechnology
Center (Urbana, IL, USA).

Barcodes were used to assign each sequence to its original
sample. After de-multiplexing, paired-end sequences generated
for 16S rRNA were merged using software FLASH (Fast Length
Adjustment of SHort reads) (32). Quality filtering of fastq files
was performed using software in the FASTX-Toolkit (33), which
removed sequences with more than 10% bases with quality score
lower than 30 and sequences containing ambiguous bases “N”
from downstream processing. Filtered sequences were clustered
into operational taxonomic units (OTUs) using USEARCH64
and a 97% similarity threshold (33). USEARCH was used to
(1) de-replicate sequences and remove singletons; (2) remove
chimeras contained in the sequences using GOLD (34) as a
reference database; (3) form OTU clusters from sequences that
were 97% similar and represent each OTU by representative
sequences. The cluster file was converted into an OTU table using
functions available in MacQIIME (35). Representative sequences
for 16S rRNA OTUs were assigned taxonomic attribution in

QIIME with the uclust algorithm (36) using the August 2013
Greengenes database (37) as a reference. Amplicon sequence data
for 16S rRNA genes is available for download on the NCBI SRA
database at accession number: PRINA789310 (https://www.ncbi.
nlm.nih.gov/sra/PRJNA789310). Nitrifier community diverse
was then assessed by subsetting the OTU table based on nitrifier
Order: specifically, Nitrosomonadales (AOB), Nitrososphaerales
(AOA), Nitrospirales (NOB).

Statistical Analyses

All statistical analyses were performed in R Studio statistical
software (Version 4.1.2, 2021) (38). All figures were produced
using ggplot2 v. 3.3.5 (39). Two-way ANOVAS, with interaction
effects, were conducted to understand the impact of fertility
and rotation on potential nitrification rates, QPCR abundances,
alpha-diversity metrics (Observed Richness, Chaol, Shannon
Diversity index). Potential rates and qPCR abundances were
natural log transformed to ensure normality. Shapiro-Wilk test
was used to identify deviations in residual variances of all
models and calculated with the shapiro.test() function of the
stats package v. 4.1.1.; W > 0.9 was used to indicate normally
distributed residual variances. Levene’s Test for homogeneity of
variances across fertility and rotation groups was calculated using
LeveneTest() function of the car package v. 3.0-11. Means were
separated using Tukey’s honestly significant difference test using
the HSD.test() function from the agricolae package v. 1.3-5. One-
way regressions were used to identify significant chemical drivers
influencing potential nitrification rates. Shapiro-Wilk’s test was
used to ensure no violations of regression assumptions, and the
regression P-values were adjusted using a false-discovery rate test.
Outliers of ANOVA and regression models were only removed to
assume normality, due to low sample size.

Microbial community data was analyzed using phyloseq (40)
and vegan package v. 2.57 (41). Richness parameters were
calculated using phyloseq package v. 1.36 (40). The complete
OTU table was subset by Nitrifier taxa (Order: Nitrosomonadales,
Nitrososphaerales, Nitrospirales). Nitrifier beta-diversity was
calculated using a Non-metric Multiscale Dimensional Analysis
(NMDS) on the Bray-Curtis dissimilarity matrix using the
metaMDS() function of vegan package v. 2.57. Chemical variables
were fit onto the NMDS matrix to identify significant drivers
of matrix structure using the envfit() function from the vegan
package v. 2.57. PERMANOVA analysis was conducted on the
dissimilatory matrix to identify the influence of fertility and
rotation on matrix structure using the adonis() function of the
vegan package v. 2.57.

RESULTS

Long-Term Fertilization and Rotation

Impact on Potential Nitrification

The influence of fertility and rotational management strategies
on potential nitrification rates and nitrifying microbial
communities was assessed. Nitrification data is reported in
Supplementary Table 1. Two-way ANOVA analyses (Table 1)
concluded that potential nitrification was significantly influenced
by fertility [2-Way ANOVA: F(, 37 = 29.8442, P < 0.0001],
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TABLE 1 | Two-way analysis of variance (ANOVA) table for model assessing the
influence of long-term fertility (MLP, IN, UF) and rotation (CC, CS, COA) on natural
log transformed nitrification potential (NP) activity in the Morrow Plots.

In(NP) ~ fertility x rotation

Variables SS df F-value P-value
(Intercept) 181.733 1 3,551.0966 <0.001
Fertility 3.055 2 29.8442 <0.001
Rotation 0.338 2 3.3028 0.047886
Fertility x rotation 1.151 4 5.6240 0.001221
Residuals 1.894 37

Type Il sums of squares was used. NP was natural log transformed to prevent violations
of ANOVA assumptions.

rotation [Fp 37y = 3.3028, P = 0.0478], and the interaction
of both [2-Way ANOVA: F(y 37 = 5.624, P = 0.001221].
The highest nitrification potential was in the MLP-COA
plots, followed by IN-CC and IN-COA (Figure 1). Regression
analyses identified the chemical and physical drivers significantly
influencing the transformed nitrification rates (Figure 2). NHI
(R* =0.1347, P = 0.0218), NOj (R* = 0.2453, P = 0.0023), OM
(R* = 0.2155, P = 0.0034), Est-N-Released (R* = 0.2155, P =
0.0034), Ca*? (R? = 0.1106, P = 0.03801), Mg*2 (R?> = 0.1575,
P =0.0131), Nat (R* = 0.1574, P = 0.0131), B (R* = 0.2445,
P = 0.0023), and CEC (R* = 0.3084, P = 0.0009) positively
influenced potential nitrification rates, individually (Figure 2;
Table 2). Copper (Cut?) content negatively impacted potential
nitrification rates (R* =0.0957, P = 0.0516).

The influence of fertility and rotation on nitrifier microbial
communities’ abundance was assessed using qPCR of BamoA
and AamoA genes (Figure 3; Table 3). Similar to the potential
nitrification rates, BamoA gene copy number was significantly
influence by fertilizer [2-Way ANOVA: F(; 36 = 56.4657, P
< 0.0001], and the interaction of fertility and rotation [2-Way
ANOVA: Fy 35 = 9.1299, P < 0.0001], but not by rotation
[F2,36) = 0.3767, P = 0.6888]. The highest BamoA gene
copy numbers were within the IN-CC, IN-COA, and MLP-
COA treatments (Figure 3A). BamoA abundances significantly
influenced potential rates (Supplementary Figure 7), based on
a one-way linear regression between natural log-transformed
BamoA copy number/ng DNA and nitrification potential activity.
AamoA did not vary by fertility or rotation (Figure 3B), and did
not influence potential nitrification rates (P > 0.05).

Long-Term Fertility and Rotation Impact on

Nitrifying Microbial Communities

16S rRNA V4 amplicon sequencing revealed shifts in the nitrifier
community alpha and beta diversity. Observed nitrifier richness
was significantly influenced by fertilizer [F(, 36) = 3.6893, P =
0.03487], and the interaction of fertilizer and rotation [F(,, 3¢)
= 3.2706, P = 0.02188]. Chaol richness was not influenced
by fertility, rotation, or the interaction of the two. Shannon
Diversity Index was significantly impacted by fertility [2-Way
ANOVA: F(; 36) =13.97, P < 0.0001]. A pairwise comparison
revealed no significant differences between inorganic and manure

treatment Shannon values, regardless of rotation. The primary
differences in Shannon index values were between inorganic
and unfertilized rotations, as well as manure and unfertilized
rotations (Supplementary Figure 6). While Chaol index was the
only richness index not influenced by fertility and rotation, all
three indices influenced potential nitrification rates. Observed
richness was nearly significant in positively influencing potential
nitrification rates [F(j, 43) = 3.957, P = 0.05206]. Chaol [F(j, 43)
= 6.806, P = 0.01245], and Shannon [F(; 43y = 14.7883, P =
0.0003926] positively influenced nitrification potential.

Effects of management on beta-diversity was analyzed using
non-metric multidimensional scaling (NMDS) of the Bray-Curtis
dissimilatory matrix (Figure 4), paired with a PERMANOVA
analyses (Table4). The NMDS ordination (Stress = 0.1319)
was significantly influenced by fertility [PERMANOVA: R?
@36 = 0.344, P = 0.001], rotation [R? (5 35 = 0.11019, P
= 0.001] and the interaction of both [R* (4 36) = 0.13939, P
0.001]. Chemical and physical variables were fit onto the
ordination to identify the variables significantly influencing the
ordination structure. In agreement with the multiple regressions
against the potential nitrification rates, NH} (R> = 0.1418, P
= 0.038), NO; (R* = 0.1474, P = 0.034), OM (R* = 0.3037,
P = 0.001), Est-N-Release (R* = 0.3037, P = 0.001), Ca™?
(R? = 0.4483, P = 0.001), Mg™2 (R* = 0.5245, P = 0.001),
B (R* = 0.6175, P = 0.001), Na®* (R* = 0.3164, P = 0.001),
and CEC (R* = 0.3725, P = 0.001) influenced the NMDS
ordination (Table5). However, community composition was
additionally influenced by soil pH (R? = 0.2110, P = 0.007),
S (R? = 0.1729, P = 0.022), Mg-Saturation (R?> = 0.1677,
P = 0.021), Na-Saturation (R*> = 0.2411, P = 0.004), and
H-saturation (R* = 0.1743, P = 0.015). Within the bulk soil
nitrifier community, AOA within the phylum Crenarcheota
had the largest abundances (Figure 5), yet regression analysis
identified no relationship between total abundance of Order
Nitrososphaerales and NP (Supplementary Figure 3; P > 0.05).
Of the bacterial nitrifiers, the genus Nitrospira (NOB) had
highest relative abundances within all manure plots, compared
to the other fertility treatments (Supplementary Figure5).
Linear regression identified Order Nitrospirales as positively
influencing NP (Supplementary Figure 4). Nitrosovibrio (AOB)
had the highest relative abundances within the inorganic
fertilizer treatments, with remarkably lower abundances in the
manure and unfertilized plots (Supplementary Figure 5).
Order  Nitrosomonadales  also  significantly  influenced
NP, but non-linearly, following a non-linear regression
(Supplementary Figure 2).

DISCUSSION

This study explored the edaphic and management drivers of
nitrification potential (NP) and nitrifier community structure
in the Morrow Plots long-term agricultural experiment.
Fertilizer and rotation significantly influence NP, as well as
nitrifier community structure and evenness. The most striking
observation was the enriched NP in the MLP-COA treatment,
when compared to IN-CS and IN-COA treatments. The IN
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TABLE 2 | Results of one-way linear regressions assessing the influence of
individual edaphic variables on natural-log transformed nitrification potential (NP)
activity.

Edaphic factor Adjusted R? p-value FDR p-value
NH; 0.1347 0.00699 0.02187
NO3 0.2454 0.00027 0.00235
OM 0.2155 0.00068 0.00341
Est-N-Release 0.2155 0.00068 0.00341
Ca 0.1106 0.01368 0.03801
Mg 0.1575 0.00368 0.01314
B 0.2445 0.00028 0.00235
Na 0.1575 0.00368 0.01315
CEC 0.3085 < 0.0001 0.00092
Cu 0.0957 0.02064 0.05161

Only statistically significant variables are reported below. Due to large number of one-way
regressions (25 total, one for each edaphic variable), p-values were adjusted using the
p.adjust() function of the stats package version 4.1.1, with a false-discovery rate (FDR)
adjustment. Note that after FDR adjustment, Cu is nearly significant (p-value = 0.051). All
edaphic variables not listed had a non-significant influence on NP,

fertilizer in the Morrow Plots is urea based; urea is hydrolyzed
to NHj3 and COy, acting as a source of both energy (ammonium
oxidation) and biomass (carbon fixation) yielding substrates (42).
However, these results suggest the complexity and diversity of
soil physiochemistry under regenerative management promotes
nitrifier growth and activity in dynamic, and potentially
stimulatory, ways.

Nitrogen losses through soil nitrification have been a major
focus in agronomy and microbial ecology for over a century
(43-45). Yet, many of the long-term drivers of nitrification
remain a major topic of exploration, due to the spatiotemporal
variation in NP and nitrifier communities, and the influence of
soil type, but also due to the difficulty studying this fastidious
functional group. Many studies report AOB as more responsive
to anthropogenic perturbations (46, 47). AOB are also reported as
disproportionately contributing to soil nitrification activity (12,
47). 1dentifying the selective agents that determine the tradeoffs
between AOB and AOA communities is of major importance for
understanding controls on nitrification (48). AOA have higher
substrate affinity for NH/} (49), and it is hypothesized that
this higher substrate affinity allows AOA to persist at lower
NHZr concentrations in oligotrophic environments, resisting
the aggressive agriculture-induced variations in NH] content
(50, 51). This may be species-dependent, however as a novel
AOA taxon has recently been discovered to withstand NH -rich
environments (52). Additionally, nitrifiers have a wide variety
of substrate affinities (53). In this study, Crenarcheota was the
largest phylum of nitrifiers, yet AamoA gene abundance and AOA
(Order Nitrosophaerales) total abundance did not influence NP.
Additionally, archaeal amoA copy number was not significantly
influenced by long-term fertilizer or crop rotation treatments.
Future research should prioritize identifying and validating the
contributions of AOA to agricultural nitrogen biogeochemistry.
Due to their lack of response to the long-term agricultural

treatments in this study, the remainder of the discussion will
focus on AOB and NOB.

Exploring the Impact of Manure on
Nitrification

Numerous studies have explored the long-term influence
of agronomic management on nitrification and nitrifier
communities (12, 54, 55). Large-scale ecological filters, such
as organic matter (%OM), pH, and NH; are among the most
well-documented drivers of nitrification rates (56, 57). Our study
unsurprisingly identified NH as a significant factor influencing
NP and nitrifier community composition. The primary step of
nitrification is the oxidation of ammonia by AMO, yielding two
electrons and reducing O; to H,O, and is the rate-limiting step
of nitrification. Many studies have identified NH] content in
soils as a dominant driver of nitrification and nitrifier niche
differentiation (2, 46, 48, 58, 59). As stated above, variations in
enzymatic affinity to NH; among AOB, NOB, and comammox
microorganisms influence their success in oligotrophic or
copiotrophic environments (2, 53). However, NH, availability is
strongly influenced by agricultural management, human-driven
manipulations of soil physiochemistry, such as pH and CEC, as
well as microbial resource competition. These interconnected
processes require more precise methods to analyze and model
predictable relationships that can inform soil management, but it
is clear that NH is a strong predictor of NP in agricultural soils.

Carbon quantity and quality are a fundamental difference
induced by management practices (e.g., fertilizer regime and
crop rotation) between industrial and regenerative agriculture.
Carbon inputs from manure and crop residues promote soil
matrix stabilization through increased soil surface area and water
holding capacity. This, in turn, maximizes the buffering capacity
of the soil matrix, stabilizing pH fluctuations which may alter
abiotic and biotic components. pH fluctuations dictate the ratio
of NHj3 /NHZ (60), which is the primary reason that nitrifiers are
consistently reported as sensitive to pH fluctuations. Soil matrix
pH levels, in turn, influence AOB community distributions
(pH: R? = 0.2110, P = 0.007; H-saturation: R* = 0.1743, P =
0.015). Interestingly, neither soil-pH, nor buffer-pH, significantly
influenced NP, suggesting pH drives nitrifier species distributions
more than function.

Organic matter incorporation through regenerative practices
would also promote heterotrophy and microbial biomass
accumulation (61). Labile carbon from manure amendments
stimulates microbial biomass and enzyme activity (62). Microbial
biomass may promote N-immobilization and could reduce
NP (63). Yet, N-mineralization may be stimulated due to the
high urea content and lower C:N ratio in manures when
compared to the unfertilized treatments (64, 65). However,
as the IN treatments are directly fertilized with urea, it is
unlikely urease activity, alone, contributed to the high NP
in the MLP treatments. Certain Nitrospira (NOB/Comammox)
possess genes encoding cyanase and urease enzymes (66). The
dynamics of cyanate availability have only recently been explored
(67), and research suggests that soil microorganisms rapidly
consume cyanate, when compared to urea hydrolysis (67). AOB
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can utilize liberated CO, and NHj3, a term called “reciprocal ~ was not measured in this study, it may contribute to the
feeding” between AOB and Nitrospira (66). Nitrospira can form  comparable NP between the MLP-COA and MLP-CS, and the
symbioses with AOB within biofilms, occupying microsites IN-COA and IN-CS treatment, as well as the higher relative
called nitrification aggregates (68). While reciprocal feeding  abundance of Nitrospira in the MLP-COA treatment (69). This
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TABLE 3 | Two-way Analysis of Variance (ANOVA) for model assessing the influence of fertility and rotation on quantitative polymerase chain reaction (qPCR) ammonium

oxidation gene abundances.

Bacteria amoA

Archaeal amoA

Variables SS df F-value P SS df F-value P
Intercept 310.194 1 272.1811 <0.001 202.905 1 57.4623 <0.001
Fertility 128.704 2 56.4657 <0.001 17.074 2 2.4177 0.1035
Rotation 0.859 2 0.3767 0.688 6.699 2 0.9486 0.3968
Fertility x rotation 41.620 4 9.1299 <0.001 16.906 4 1.1969 0.3289
Residuals 41.028 36 127.120 36

qPCR gene copy number/ng DNA for Bacterial amoA (BamoA) and Archaeal amoA (AmoA) were natural log transformed to assume normality. Outliers were removed to assume normality.
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FIGURE 4 | Non-metric multidimensional scaling (NMDS) ordination constructed from a Bray-Curtis dissimilarity matrix of the soil nitrifier community, based on 16S
rRNA sequence reads assigned to nitrifier taxa. Edaphic factors were correlated to NMDS1 and NMDS2 using the envfit() function of the vegan package in R. Only
significant factors are displayed for visual clarity.

study also identified a direct relationship between Nitrospira
abundance and NP (Supplementary Figure 4), determined using
16S rRNA gene sequencing, implicating Nitrospira in ammonium
oxidation potential.

Ammonium oxidizers require CO; for carbon fixation (4, 70).
Promotion of not only ammonium oxidation, but also carbon
fixation, would benefit nitrifiers, maintaining nitrifier biomass
and overall soil nitrification potential (71). Heterotrophic
respiration and the release of CO; supply nitrifiers with
carbon for growth. Additionally, NOB can utilize both the
Calvin-Benson cycle and the reductive TCA cycle for carbon
fixation (5, 72); the enzymes of the reductive TCA cycle are
more sensitive to oxygen, forcing certain NOB to occupy
microaerophilic sites in soil (72). This may further promote NOB
occupation of biofilms within microsites; shifts in water retention

and labile carbon inputs stimulate biofilm formation through
exopolysaccharide production (73). Nitrification potential has
been reported to be greatest in the clay fraction of soil, suggesting
the physiochemical properties of microaggregates (74) compared
to macroaggregates, benefit nitrification (75). In biofilm reactors,
the nitrification rate was particularly high even at low pH,
suggesting that biofilms are ideal environments for autotrophic
nitrification (76). Moreover, biomass aggregation was associated
with stress avoidance in Nitrosomonas mobilis Ms1 and in late
stages of aggregation was associated with an upregulation in
biosynthesis genes (77). Nitrosomonadaceae and Nitrospiraceae
have recently been characterized as important exopolysaccharide
producers under alfalfa regimes cultivated on reclaimed soils
(78). As Vuko et al. (78) did not compare alfalfa cultivation to
other legumes, it is uncertain if alfalfa has a unique capacity for
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TABLE 4 | Permutational analysis of variance (PERMANOVA) table.

Variables df SS MS F-Value R? P-value
Fertility 0.54336 0.271679 15.2742 0.34447 0.001
Rotation 0.17382 0.086909 4.8861 0.11019 0.001
Fertility x rotation 0.21987 0.054968 3.0904 0.13939 0.001
Residuals 36 0.64033 0.017787 0.40594

Total 44 1.67737 1.00000

PERMANOVA was conducted using the adonis() function of vegan package version 2.5-7 on nitrifier community Bray-Curtis Dissimilarity matrix to identify significant effect of Fertility

and Rotation variables on nitrifier community structure.

TABLE 5 | Influence of edaphic factors on non-metric multidimensional scaling
(NMDS) ordination constructed using the 16S rRNA-based nitrifier Bray-Curtis
dissimilarity matrix.

Edaphic factor R P NMDS1 NMDS2
Soil-pH 0.2110256 0.007 0.8926288 0.45079236
NO3 0.1474599 0.034 0.9592079 —0.28270176
NH4 0.1418022 0.038 0.4115523 —0.91138614
oM 0.3037273 0.001 0.9004432 —0.43497355
Est-N-release 0.3037273 0.001 0.9004432 —0.43497355
Ca 0.4483928 0.001 0.9932289 0.11617369
Mg 0.5245139 0.001 0.9964094 0.08466622
S 0.1729010 0.022 0.5334847 —0.84580971
B 0.6175841 0.001 0.9771081 —0.21274357
Na 0.3614104 0.001 0.9138552 —0.40604032
CEC 0.3725405 0.001 0.9787671 —0.20497542
Mg-saturation 0.1677519 0.021 0.8775176 0.47954446
Na-saturation 0.2411897 0.004 0.8535050 —0.52108468
H-saturation 0.1743390 0.015 0.8382630 —0.54526618

The envfit() function of vegan package version 2.5-7 was used to correlate edaphic
variables to NMDS points and ordination structure. Only significant environmental
variables are included in the table.

supporting nitrifier biofilm production. Since biofilms contribute
to soil structure, as well as microbial microhabitats, future
research should expand on the findings of Vuko et al. (78)
to investigate long-term management shifts in biofilms and
importance for AOB and NOB in agricultural soils.

Micronutrients Influence on Nitrification

and Nitrifiers

Long-term field experiments offer unique insight and
opportunities to evaluate drivers of soil microorganisms and
their activities. Over time, soil physiochemical properties which
seem irrelevant to nitrification may emerge as important drivers
of nitrifier distribution and function. Nitrifiers are particularly
fastidious and are sensitive to micronutrients and non-growth
substrates (79), making them a particularly difficult functional
guild to study. Organic matter-induced changes in CEC would
promote the accumulation of cations, which over time, could
influence nitrification (80). In this study, NH; (R? =0.1347, P =
0.0218), Ca*? (R? = 0.1106, P = 0.03801), Mg*? (R? = 0.1575,
P = 0.0131), and Nat (R? = 0.1574, P = 0.0131) positively

influenced NP. Prior research identified NH; as a primary
driver of nitrification in soil (8); this is unsurprising, considering
ammonium oxidation is the primary and rate-limiting step
of nitrification (8). However, few studies assess the impact of
additional micronutrients within soils, although engineered
systems, such as wastewater treatment plants (WWTP), have
explored micronutrient drivers of NP for decades. Therefore, this
section will discuss the role of micronutrients on nitrification.
It is important to note that the mode of action is not identified
during this study, particularly because the biological activity of
metal cations is dependent on the form in which these cations
exist in the soil matrix, i.e., occluded, exchangeable, organic
bound, etc. (81), which is heavily influenced by physiochemical
controls such as pH (82). Moreover, many of these cations
influence soil aggregation (18), and biofilm formation (83), so it
is not clear if they directly act on nitrifier cellular machinery or
indirectly through altering their microhabitats. Ultimately, this
section serves to explore literature that supports the findings of
this study, and to pose avenues of exploration for future research.

Calcium positively influenced NP in this study. The
manure treatments were neutralized with the addition of lime
(CaCOs3/limestone). Nitrifiers can use CaCOsz as a biomass
substrate for adherence, as well as a buffer for pH during
reactor cultivation (84). The interaction between nitrifiers and
calcium promotes high ammonia-removal rates (85). It is
also reported that liming promotes CHy-oxidation, the effect
of which is dependent on soil type and acidification (86).
Methanotrophs are phylogenetically (87) and enzymatically (15,
88) related to ammonium oxidizers, causing substrate infidelity
between ammonium monooxygenase and particulate-methane
monooxygenase (88). It is therefore possible that liming also
promotes ammonium oxidation, due to similar mechanisms as
the liming-induced methane-oxidation stimulation (86), but the
mechanism remains inconclusive.

Nitrosovibrio is a genus of AOB isolated from oligotrophic
environments, such as building sandstone, and is associated with
biodegradation of natural building materials (89). They represent
a very small percent of the bulk soil microbial community
(ranging from 0.021 to 0.265% relative abundance), but are
enriched within all the inorganically fertilized treatments—most
particularly the IN-CC (0.262%) and IN-CS (0.265%). The soil
within the Morrow Plots is a Flanagan Silt loam formed over
calcareous glacial till (25). Presence of a small percentage of
Nitrosovibrio may indicate soil acidification and promotion of
soil erosion, as their presence in building material is associated
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with acidification and salt stress of calcareous material. Shi et al.
(90) identify soil salt content as a major driver of Nitrosovibrio
abundance (90). In addition to calcium, Na™ was a significant
driver of nitrifier community structure (R? =0.3164, P = 0.001),
in agreement with Shi et al. (90), but did not influence NP,
suggesting that salt stress enriches specific nitrifying genera.
Magnesium (Mg?") is present in soils in an exchangeable
and mobile form (91). Magnesium influences the coordination
chemistry of nucleoside triphosphates and is obligatory for
maximum activity of succinyl-CoA synthetase (SCS) activity
in Nitrosomonas europeae pure culture (92). Succinyl-CoA
synthetase (SCS) produces one ATP via substrate-level
phosphorylation during the TCA cycle (92). In the same
study, Cu?" had a strong capacity for SCS inhibition (92).
The results of this study agree with Kondo et al. (92). After
P-values were corrected with a false-discovery test, Cu?"
was nearly significant in negatively influencing nitrification
potential (P = 0.051). While research regarding the inhibitory
effect of copper on nitrification has yielded variable results
(93), Mertens et al. (94) saw a positive correlation between
nitrification inhibition and Cu®tconcentrations in soils (94).

Cu?" has also been shown to decrease soil urease activity
(95, 96), and influence AOB community structure (97). More
recently, manure application was shown to increase heavy metal
concentrations in soils, with Cu and Cd negatively correlating
to net nitrification rates (20). Therefore, it is possible that the
high cation exchange capacity in the MLP-COA promotes
Cu?*accumulation and negatively influenced nitrifiers, whereas
Mg?* positively influence nitrifier growth. It is also important
to note that Cu restores the specific growth rate of AOA
inhibited by organic carbon substrates in WWTP (98). The
differential effect of Cu on AOB and AOA is potentially due
to AOA possessing Cu-dominant catalytic centers within
electron transport enzymes (99). This implies the negative
relationship between Cu and NP in our study is specific to
AOB. However, the mode of action cannot be determined with
this study.

Sulfur contributes to the activity of numerous redox
metalloproteins by complexing with metal ions in the
catalytic site (100). For example, numerous nitrogen-cycling
metalloenzymes, like assimilatory nitrate reductase, periplasmic
nitrate reductase, and the nitrogenase enzyme, have molybdenum
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catalytic sites complexed to cysteine ligands (101, 102). While
sulfur would be required for the replication of N-cycling redox
enzymes, sulfur within the Morrow Plots could contribute to
niche differentiation between AOB and AOA. In agreement,
sulfur influenced beta-diversity, but not NP (R*> = 0.1729, P
= 0.022). A recent analysis identified a correlation between
sulfatase activity and AOA community abundances, potentially
due to their ability to adapt to hypoxic ecosystems, like those
seen in marine ecosystems (103). Moreover, in reactors, AOB
ammonium oxidization is particularly sensitive to hydrogen
sulfide (103, 104). Sulfur was also identified as a significant
factor influencing BamoA terminal restriction fragment analyses
in tropical soils, along with Cu, Na, and B (97). Therefore,
agricultural manipulation of sulfur may drive the differentiation
of nitrifier community structures.

Finally, our results demonstrate that boron (B) significantly
influenced both NP and nitrifier beta-diversity. Boron is an
essential micronutrient that is required for cell wall synthesis and
proper cellular replication in plants (105), and is important for
cyanobacteria heterocyst stability. In fact, B plays a crucial role
in legume nodulation, and is important for nodule membrane
and cell wall structure, nodule infection, and the development
of the symbiosome during legume-rhizobia symbioses (106, 107).
In alfalfa, it is particularly important for reproductive phenology
and seed quality and yield (108). Regenerative fertilization
management approaches often accumulate B through time (109),
but B availability can interact with calcium from liming to
reduce B assimilation into plant biomass (110). Adsorption of
B increases with soil pH (111), reducing B availability with
liming due to neutralization of soil pH and complexation with
calcium ions (105). The comparatively larger pool of B in the
MLP-COA (Table 2) could be due to the combination of liming
and pH buffering, promoting B accumulation in this treatment.
Boron accumulation may influence microbial respiration and
N-liberating activity, as B has been shown to increase urease
and dehydrogenase activity in soil (112), as well as nitrate
reductase activity (113). Boron also has been shown to influence
nitrification by increasing nitrifying bacterial populations when
applied with molybdenum (Mo), and had a strong effect on
nitrification activity when applied without Mo (113). Additional
research is required to dissect the synergistic effects of alfalfa
rotations, liming, and B accumulation on nitrification and
nitrifying microbial communities.

Study Limitations

The most significant limitation of this study is the lack of
spatiotemporal resolution. The samples during this preliminary
study were collected in June and August, but due to the
low number of samples (and lack of in-field replication that
reflects modern statistical methods), we could not assess
the intra-annual variation in nitrification potential, nitrifier
communities, or the edaphic drivers. Biotic factors, such as
microbial enzyme potential and community structure, vary
significantly spatiotemporally (8, 114, 115). Particularly, N-
mineralization (116) and urease enzyme activity (117) increase
with temperature, resulting in late-season pulses in these
enzyme activities. These two processes contribute to ammonium

availability, potentially impacting nitrification potential through
time. Moreover, nitrification potential differs among soil
particle fractions and depths (118) as well as temperature
(119). This highlights the importance of assessing the long-
term effect of abiotic variables, in addition to single-season
effects, as fertilization and rotational practices significantly alter
the physical structure of soil (18). Future sample collection
should include a finer scale temporal resolution to understand
the interaction of various N-cycling enzyme activity and
nitrifier communities.

It is important to note that nitrification potential is not
the same metric as field nitrification (120). This is important
to distinguish because it is unclear if sustainable practices
such as manure fertilization or tri-rotational regimes promote
field nitrifier-induced N loss (12). The manipulation of carbon,
nitrogen, and the promotion of aggregation (121) influences
anaerobic microsites and anaerobic respiration strategies, e.g.,
denitrification. The presence of crop varieties such as legume
species (122) also influences the factors driving field N-loss
(56). However, due to the oxygen requirement of nitrification,
it is uncertain if the high nitrification potential in the MLP-
COA corresponds to increased nitrogen loss from these
treatments (13, 63, 123, 124). Both denitrification and nitrifier
denitrification (125, 126) contribute to global N,O emissions
(127). Recent studies have shed light on dissimilatory nitrate
reduction to ammonium (DNRA) as a competitor for available
NOj, particularly under rewetted soils high in labile carbon
inputs and water-filled pore space (128, 129). It is therefore
uncertain whether the high nitrification potential in the MLP-
COA treatment increases N,O emissions through nitrifier
denitrification and NOJ respiration by denitrifiers, or stimulates
DNRA due to an increase in heterotrophic respiration and
lowering of soil redox potential (128). These questions require
precise analytical methods, such as N pool dilutions or soil
transcriptomics analyses.

CONCLUSION

This study identified a significant influence of long-term rotation
and fertilization on nitrification potential in the Morrow Plots.
Surprisingly, the most regenerative management treatment
(MLP-COA) possessed the greatest capacity for nitrification.
While this study did not employ precise methods like '°N-
isotope tracer analyses to pinpoint the N-cycling processes
supporting the high nitrification potential, it does point to the
influence of numerous abiotic macro- and micronutrients on
both nitrification potential and nitrifier community structure.
As agronomic management practices greatly alter soil matrix
structure through time, the resulting variation in physiochemical
parameters may slowly shift nitrifier communities. Moreover,
chemical constituents which impact both ammonium oxidation
and carbon fixation enzymes could partially explain the
distinct nitrifier communities and their resulting activities.
Understanding these slow-acting distal drivers of soil nitrification
and how they vary through time is critical for predicting
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the long-term outcome of agronomic practices on soil health
and sustainability.
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