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ARTICLE INFO ABSTRACT
Keywords: Fertilizer type plays a critical role in nitrogen (N) cycling, influencing nitrous oxide (N20O) emissions, soil mineral
Biological nitrification inhibition N dynamics, and microbial communities. Understanding these interactions is essential for developing sustainable

N,O emission
Organic fertilizers
DMPP
Rhizospheric soil
White mustard

fertilization strategies that balance agricultural productivity with environmental protection. This study examined
the effects of mineral and organic fertilizers (OFs) on N transformations and evaluated the efficiency of the
nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) in mitigating N2O losses. Results showed that OFs
exhibited variable impacts on NyO emissions depending on their composition and C/N ratio. DMPP effectively
reduced nitrification-driven N2O emissions, particularly in treatments with high ammoniacal N content. How-
ever, its efficiency was limited with animal-based OFs, suggesting a complex interaction between fertilizer
properties and inhibitor effectiveness. DMPP had not direct impact on soil microbial diversity but specifically
targeted the Nitrosomonaceae family and Nitrospira class. Beyond synthetic inhibitors, biological nitrification
inhibition (BNI) emerged as a promising alternative, which we explored using rhizospheric soils from wheat
landrace Persia 44 and white mustard (cv. Pole Position and cv. Verdi). These soils significantly reduced N>O
emissions, particularly when combined with OFs. The integration of BNI with organic fertilizers, especially liquid
digestate, represents a promising strategy for reducing N losses while maintaining soil fertility. This study un-
derscores the need for tailored fertilization strategies that combine chemical and biological tools to optimize N
use efficiency and support environmentally sustainable agriculture.

1. Introduction Simultaneously, agriculture must mitigate its negative impacts on the
environment and human health. This sector currently contributes to

Agriculture of the 21st century faces critical challenges. Food pro- approximately 30 % of global greenhouse gases (GHG) emissions (Lynch
duction must intensify to accommodate the global population which is etal., 2021). Moreover, it significantly contributes to important nitrogen
expected to reach nine billion by 2050 (United Nations, 2019). (N) losses, including nitrous oxide (N2O) emission, ammonia (NH3)
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volatilization, and nitrate (NO3) leaching. While N is essential for crop
production, about 50-70 % of N inputs are lost due to the poor N use
efficiency (NUE) of agroecosystems (Cassman et al., 2002). This issue
stems from an unbalanced N cycle, characterized by the accumulation of
reactive N within agroecosystems (Erisman et al., 2013). Therefore, it is
urgent to develop new technologies and practices that can reduce GHG
emissions and mitigate N losses from agricultural systems.

The use of nitrification inhibitors (NIs) represents an interesting
strategy to increase NUE of agroecosystems and to reduce N losses by
developing low soil nitrifying conditions. Nitrification is a crucial step in
the N cycle, comprising the aerobic oxidation cascade from NH{ to ni-
trate NO3, via nitrite (NOz) and hydroxylamine as intermediates (Ward,
2015). During this process, polluting gases such as nitric oxide (NO) and
N2O can be emitted (Pilegaard, 2013). Additionally, the NO3 produced
may be lost through leaching or denitrification, the later also contrib-
uting to NO and N3O emissions (Saggar et al., 2013). Nitrification in-
volves autotrophic microorganisms, including, archaea and bacteria
such as ammonium oxidizing bacteria/archaea (AOB and AOA, respec-
tively) and nitrite oxidizing bacteria (NOB) (Ward, 2015).

Common synthetic nitrification inhibitors (SNIs) like dicyandiamide
(DCD) and 3,4-dimethylpyrazole phosphate (DMPP) inhibit the enzyme
ammonia monooxygenase (AMO), which catalyzes the first step of
nitrification (Benckiser et al., 2013; Chaves et al., 2006). By extending
the retention time of NHJ in the soil, these inhibitors improve NUE in
crops and reduce N losses (Cameron et al., 2013). Meta-analyses have
shown that DCD and DMPP can reduce N3O emissions by 40-50 %
(Gilsanz et al., 2016; Yang et al., 2016a; Lei et al., 2022). However, the
efficiency of NIs depends on soil properties such as soil texture and pH,
which vary significantly between studies (Guo et al., 2023; Tufail et al.,
2023), and on fertilizer type (Peixoto and Petersen, 2023; Chen et al.,
2013). Most meta-analyses classify fertilizers into chemical or organic
categories, rarely distinguishing among different types of organic fer-
tilizers (OFs). Nevertheless, it is important to assess the efficiency of NIs
across diverse OFs, which offer benefits to the soil compared to chemical
fertilizers, such as carbon (C) sequestration (Yan and Gong, 2010),
increased microbial activity and enhanced nutrient cycling (Lazcano
et al., 2013). Furthermore, incorporating OFs can help decrease fossil
fuel consumption associated with synthetic fertilizer production,
thereby supporting efforts to mitigate GHG emissions. Additionally, the
revalorization of agricultural residues contributes to not only aids in
nutrient recovery but also reinforces the principles of a circular economy
(Haque et al., 2023).

In order to advance towards environmentally friendly agriculture
without compromising crop yields, it is essential to develop new and
sustainable technologies for controlling soil nitrification, ensuring that
the benefits provided by nitrification inhibitors (NIs) are maintained.
Over the last two decades, research has increasingly focused on nature-
based solutions, such as biological nitrification inhibition (BNI)
(Subbarao and Searchinger, 2021; Wang et al., 2021; Saud et al., 2022).
Biological nitrification inhibitors (BNIs) are organic compounds pro-
duced by certain plants in their rhizosphere and/or in tissues to suppress
soil microbial nitrification. This trait was firstly identified in the tropical
grass Brachiaria humidicola and in Sorghum bicolor (Subbarao et al.,
2007) and has since been described in a larger number of species
including Brassicaceae (Brown and Morra, 2009), or cereals such as rice
and maize (Otaka et al., 2021; Wang et al., 2021). Although current elite
wheat varieties show weak BNI capacity (Subbarao et al., 2007b), high
BNI potential has been identified in a set of wheat landraces (O’ Sullivan
et al., 2016). In the context of practical application, BNIs offer several
advantages over SNIs, including lower costs for farmers, supposedly
reduced environmental impact, continuous production by plants, and
greater social acceptance (Coskun et al., 2017; Sadhukhan et al., 2022).
Moreover, using BNI-producing plants to stabilize the ammonium frac-
tion of OFs could enable the development of mitigation strategies
compatible with organic farming systems.

To the best of our knowledge, no study has yet directly compared the
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efficiency of DMPP and BNI-containing soils in reducing nitrification
and N losses across a range of organic fertilizers under controlled con-
ditions. While most research on NIs and OFs has focused on N,O emis-
sions, studies rarely integrate other critical nitrification parameters,
such as changes in soil mineral N pools, or the abundance and compo-
sition of bacterial populations, including nitrifiers (Li et al., 2023;
Severin et al., 2016; Huf and Olfs, 2020). In this study, we not only
evaluated the impact of the synthetic nitrification inhibitor DMPP across
different OFs but also advanced the field by exploring the stabilization
potential of BNIs as a novel, biologically derived alternative to synthetic
inhibitors, focusing on the two most promising fertilizers.

2. Materials and methods
2.1. Soil sampling and experimental setup

The first part of this study was based on a 48 days soil incubation
experiment (EXP 1), with two types of samplings: a non-destructive gas
sampling to measure N3O emissions and a destructive soil sampling to
assess pH, mineral N, dissolved organic carbon (DOC), selected N cycle-
related microbial genes abundance and bacterial composition by
sequencing. For the purpose of this soil incubation experiment, a silt
loam alkaline soil (10.3 % sand, 76.2 % slit, 13.5 % clay) was collected
from the 0-10 cm layer of a former sugar beet field in the locality of
Gembloux, Belgium (50°35'00.3"N 4°41'23.1"E). The soil was air-dried
for four days and then homogenized, sieved at 3.5 mm and kept at
4 °C until use. Subsamples of the soil were sent to Laboratoires
d’Analyses Agricoles, La Hulpe, Belgium for classical soil analyses
(Table S1). For EXP1, the incubation microcosm was set up in 250 ml
glass bottles filled with fresh soil equivalent of 200 g of dried soil, with
four technical replicates per treatment and per destructive sampling
time point (4 replicates x 11 treatments x 4 time points). Water was
added to each pot up to WPFS value close to 35 %; WFPS (Water-Filled
Pore Space) is calculated as follows: WFPS = (soil gravimetric water
content x soil bulk density)/(1 - (soil bulk density/particle density)) x
100, where soil bulk density was 1.01 g cm ™ and particle density was
assumed to be 2.65 g cm 3. Pots were closed with pierced parafilm in
order to maintain humidity while allowing gas diffusion and were
covered with aluminum foil to ensure dark conditions. Pots were then
placed in a controlled growth chamber at 21-24 °C for a one-week
acclimation phase before addition of fertilizers (= start of the
experiment).

Fertilizers were applied at Day O on soil microcosms, at a rate of 100
mg N kg’1 DW soil. Fertilizer treatments were ammonium sulfate (AS);
two solid organic fertilizers (OFs): Orgamine 7 (O7) which are com-
mercial solid pellets of plant and animal origin, and chicken manure
(CM) mixed with wheat straw; as well as two liquid OFs: liquid digestate
(D) derived from the bio-methanization of vegetable wastes, and cattle
slurry (CS); and a non-fertilized control (NF). Ammonium-N percentage
(% of total Nitrogen) of the fertilizers were 100, 46, 31, 13 and 31 % for
AS, D, 07, CM and CS respectively. More information about fertilizers
characteristics are provided in Table S2. The fertilizer treatments were
also applied in combination with DMPP, at a rate of 1 % of applied N,
coming out as treatments AS+, O7+, CM+, D+ and CS + respectively.
Therefore, 11 treatments were assessed in this study (EXP 1). In order to
achieve homogeneous distribution of fertilizers in the soil, mineral fer-
tilizer (AS) was first dissolved in a small volume of deionized water and
applied evenly on the soil surface area of the microcosms, same as for
liquid organic fertilizers (AS, D and CS). Solid fertilizers (O7 and CM)
were previously grinded and applied by mixing with the soil. Pots of all
treatments of EXP 1 and EXP 2 were subjected to soil mixing for meth-
odological homogeneity. All the pots were finally adjusted to 60 % WEFPS
and adjusted individually every 2-3 days until the end of the incubation.

An additional 21-day incubation experiment (EXP 2) was subse-
quently set up to compare the efficiency of the synthetic NI (DMPP) with
that of rhizospheric soils collected from plant species with demonstrated
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and contrasted BNI (Biological Nitrification Inhibition) activity. A
similar set-up to EXP 1 was established for EXP 2, with 200 g equivalent
DW soil soil (mixed with sand at 2:1, w:w) packed in 250 ml glass bottles
and treated according to the following treatment design. The first
studied factor was the type of treatment previously applied to the soil,
which included: not treated soil (NT), soil treated with DMPP (SDMPP),
and soil collected from the rhizosphere of wheat cv. Persia 44 (P44),
white mustard cv. Verdi (Verdi) and white mustard cv. Pole Position
(PP) (see supplementary material Text S1 and Table S1, for the meth-
odology and properties of the collected rhizospheric soil). The selected
cultivars of wheat (Triticum aestivum) and white mustard (Sinapis alba)
were chosen for their ability to reduce, in a contrasted way, nitrification
rate in either hydroponic or soil-based studies. Persia wheat landraces
have been described as the only cultivars within Triticum aestivum
showing BNI capacity (O’Sullivan et al., 2016). In particular, the cultivar
Persia 44 exhibits one of the highest in vitro BNI activities among hy-
droponically grown wheats, inhibiting Nitrosomonas europaea by more
than 75 %, whereas non-BNI wheat cultivars show no detectable
inhibitory effect (Jauregui et al., 2023). White mustard cultivars have
been reported to inhibit nitrification mainly through the production of
isothiocyanates (Brown and Morra, 2009), although this trait is highly
variable among cultivars. The two mustard cultivars used in this study
(cv. Verdi and cv. Pole Position) demonstrated high BNI capacity,
whether tested in vitro using hydroponically grown plants or following
the incorporation of their tissues into the soil, both resulting in reduced
nitrification rates (unpublished data).

The second factor assessed in EXP2 was the type of fertilizer supplied
in the 21-day incubation phase. Fertilizer was applied at a rate of 100
mg N kg’1 DW soil as AS (ammonium sulfate), O7 (Orgamine 7), or D
(liquid digestate), with four technical replicates per treatment and per
destructive sampling time point (4 replicates x 5 soil treatments x 3
fertilizer types x 4 time points). Four replicates of a negative control
(NC) consisting of untreated and unfertilized soil were also included for
each time point.

2.2. N5O measurements (EXP 1 and EXP 2)

Nitrous oxide (N20) fluxes were measured following the dynamic
chambers method as described in (Lognoul, 2019), which in this case
consisted in hermetic closed glass pots connected to a hermetic circuit in
which the air was circulating to the gas analyser. For EXP 1, N,O fluxes
were first determined daily, starting from 4 h after the application of
fertilization and up to Day 10, then each two days up to Day 22, and
finally each three days from Day 28-48. The measurements were per-
formed with a calibrated Thermo ScientificTM 46i infra-red analyser,
Waltham, USA). Nitrous oxide (N20O) concentration (in ppm) was
measured at regular intervals (30 s) during the entire enclosure time of
15 min. Then the chamber opened again for 90 s to purge the system,
and the next pot was closed and measured. The measurements were
performed automatically in four series of 11 treatments plus and empty
pot (as control of the background signal). N2O emission was then con-
verted in pg N-N2O units per g of dry soil and hour, using the 15-min
slope value, and correcting this value with the pot headspace volume
and N»O water solubility. Cumulative N2O emissions were calculated by
linear interpolation of daily fluxes.

For EXP 2, N2O fluxes were determined daily during the first week
and then every 2-3 days until the end of the incubation (i.e. 21 days),
starting from few minutes after fertilizer application (i.e. Day 0). Fluxes
were measured with the Li-7820 N,O/H,O (LICOR ®). For this, an
adapted lid of the 250 mL glass pots was drilled with two holes allowing
the introduction of the tubing of a closed-loop system attached to the gas
analyzer. Contrary to EXP 1, the measurements were made manually.
Therefore, after closure of one pot with the previously described lid, gas
sample was collected during 3 min and the lid was then removed and
inserted onto the following pot for another 3 min measurements. The
N2O flux was calculated according to the 3 min slope, and cumulative
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emissions were calculated by linear interpolation of daily fluxes as in
EXP 1.

2.3. Destructive soil samplings and analyses (EXP 1 and EXP2)

For EXP1, immediately after fertilizers application, a batch of soil
pots was destructively sampled for determination of physicochemical
and microbial characteristics at Day 0. Subsamples of each treatment
were also sent to Laboratoires d’ Analyses Agricoles, La Hulpe, Belgium
to determine total N and C contents of the soil-fertilizer mixtures
(Fig. S1). Other destructive samplings occurred at Day 7, Day 15 and
Day 48 of the soil incubation experiment.

Change in soil mineral N (ammonium NHZ-N, nitrate NO3-N and
nitrite NO3-N) and dissolved organic carbon (DOC) contents were
determined in the four replicates per treatment at each destructive
sampling time point. Soil of each pot was collected and thoroughly
homogenized. In order to determine soil NH4-N, NO3-N and NO3-N, 50
g of fresh soil were mixed with 1 M KCl (1:2, w:v) and shaken for 1 h at
165 rpm. The soil solution was settled for 1 h, and then filtered through
Whatman no. 1 filter paper (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK). One fraction was further filtered through a Sep-Pak
Classic C18 Cartridge (125 A pore size; Waters, Milford, MA, USA) to
eliminate organic carbon. Mineral N contents were determined spec-
trophotometrically in 96-well plates (Tekan microplate reader, Spark
10K, Switzerland). Concentration of NH;-N was determined with the
Berthelot method (Patton and Crouch, 1977) while the concentration of
NO3Nwas determined by the VCls-Griess method (Miranda et al., 2001),
in which NO3 is reduced to NO; with VCls, and thus the content of total
NOy is determined. Afterward, the content of NO5-N was determined
with Griess reagents without using VCls, and this value was subtracted
to the total NOy to deduce NO3-N content. DOC contents were deter-
mined from the remaining fraction of the paper-filtered KCl extracts.
Samples were further filtered with Sterile PES syringe filters - 0.45 pm
(ROCQC), and diluted to 1/5 and measured following the procedures
regulated by ISO 10694:1995 at the Bureau Environment et Analyses
(BEAGX), Gembloux Agro-Bio Tech, ULiege. Soil pH was determined in
the four replicates per treatment at each time point. For this, 15 g of
fresh soil were first oven-dried at 35°C. Dry samples were then sus-
pended in deionized water (1:2.5, w:v) and shaken for 1 h at 165 rpm.
Soil suspensions were then settled by centrifugation and pH was deter-
mined with a probe in the solution phase. Final value of each sample was
taken with the pH probe after 3 min to assure the stabilization of the
measurement.

For EXP 2, soil samples were taken first from the plant growing pots
(as well as from non-treated pots), and then from incubations pots, at
Day 0, 7 and 21 after the addition of the fertilizer. Mineral N was
extracted by KClI as previously described. Concentration of NH}-N and
NO3-N were determined with the same methods as for EXP 1.

2.4. DNA extraction and quantification of nitrifying and denitrifying gene
abundance (EXP 1)

Bacterial and archaeal nitrification marker gene (amoA) for ammo-
nium oxidizing bacteria (AOB) and ammonium oxidizing archaea
(AOA), 16s rRNA gene for total bacterial and archaeal abundance, and
denitrification bacterial marker genes of narG, nirS, nirK, nosZI and
nosZII were quantified by quantitative PCR (qQPCR) using soil DNA ex-
tracts as templates. For DNA extraction, soil subsamples were collected
from the mixed soil microcosms at Day 0, 7, 15 and 48, then immedi-
ately frozen in liquid nitrogen and stored at —80 °C until use. DNA was
then extracted from the equivalent of 0.25 g of dry soil using the DNeasy
PowerLyzer PowerSoil Kit (Qiagen) and a Tissue Lyser (Retsch MM300,
Qiagen) with Eppendorf adapters. Sample DNA concentration was
quantified using QuantiFluor® ONE dsDNA System (Promega) in the
QUANTUS fluorimeter following the manufacturer’s instructions.
Marker genes were amplified by qPCR using KAPA SYBR FAST qPCR
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Universal Master Mix (Kapa Biosystems, Wilmington, MA) and a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
Each reaction was performed in 10 pl containing 1 pl of DNA template
(diluted in a range of 10 ng per pl) and 9 pl of reaction mixture (see
Tables S2 and S3 for primer sequences, qPCR conditions and reaction
compositions). Standard curves were prepared from serial dilutions of
linearized plasmids (Table S4) with target gene insertions ranging from
108 to 102 gene copies pl~!. The copy number of the target gene per
gram of dry soil was then quantified using the following equation,
normalized for DNA concentration: [(number of target gene copies per
reaction x volume of DNA extracted)/(volume of DNA used per reaction
x gram of dry soil extracted)]/DNA concentration.

2.5. DNA sequencing (EXP 1)

PCR amplification was performed in a total volume of 25 pl reaction
mixture containing 10-40 ng of DNA template (10 pl of 1/30 diluted soil
DNA extracts), 12.5 pl Q5 High-Fidelity 2X Master Mix (NEB M0492S)
and 1.25 pl of each primer at 10 pM. The PCR conditions consisted of an
initial denaturation at 98 °C for 3 min, 30 amplification cycles of [95 °C
for 10's, 58 °C for 10 s and 72 °C for 20 s], followed by a final elongation
at 72 °C for 2 min. Each sample was amplified in triplicates and pooled
prior to purification with Agencourt AMPure XP beads (Beckman
Coulter, Berea, CA) and quantification with the QuantiFluor® ONE
dsDNA System (Promega) in the QUANTUS fluorimeter. Amplicon pools
ranging for a final concentration of 10-18 ng DNA/pl were sent to the
Génome Québec Innovation Center at McGill University (Montréal,
Canada) for barcoding using the Fluidigm’s Access ArrayTM technology
(Fluidigm) and paired-end sequencing on the Illumina MiSeq v3 (PE300)
platform (Illumina Inc., San Diego, CA, USA).

2.6. Bioinformatic analysis (EXP 1)

A total of 7 837,983 raw paired end reads were obtained and pro-
cessed using the Euler Scientific Compute Cluster at ETH Ziirich. For
most steps, USEARCH v11.0.667 (Edgar, 2010) commands were used
with default settings unless stated otherwise. The positive control
sequence of bacteriophage phi X and low-complexity reads were
removed with filter phix and filter lowc, respectively. The remaining
reads were trimmed with fastx_truncate and merged with fastq merge-
pairs (min overlap 30, min %identity:60 and min merged length 100).
Primer sequences were removed with search_pcr with two mismatched
allowed. Reads were quality filtered, using PRINSEQ-lite v0.20.4
(Schmieder, 2011) with an allowed amplicon size range of 350-480 bp.
Subsequently, UPARSE was employed to construct amplicon sequence
variants (zero OTUs) and UNOISE3 was employed for denoising before
an additional clustering step at 97 % sequence identity via UPARSE-OTU
(Edgar, 2013). The taxonomy for 16S rRNA gene data was assigned
using SINTAX (Edgar, 2016) (sintax_cutoff 0.85) based on SILVA gene
database (Quast et al., 2013). Before downstream analysis non-bacterial
(archaea, mitochondria, and chloroplasts) were removed, resulting in 3,
874,789 bacterial sequences (34,608 to 50,457 sequences per sample)
assigned to 6290 zOTUs (Table S6).

2.7. Statistical analyses

Data were subjected to statistical analysis using IBM SPSS 21.0 sta-
tistical package (IBM, 2012) for EXP 1 and the software R studio version
3.2.5 (R Development Core Team, 2019) for EXP 2. Student-T test (p <
0.05) or one-way ANOVA followed by Duncan’s test (p < 0.05) were
employed. Details of statistical analyses are given within Figure legends.

Community structure of soil bacteria was assessed using the phyloseq
package (McMurdie and Holmes, 2013). ZOTUs with fewer than 10
reads occurring in less than 10 % of samples were removed to reduce
sparsity of microbiome data (Cao, 2021). Prevalence filtered ZOTUs
show no removal of rare ZOTUS form the Phylum of Nitrospirota
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(Fig. S8). Rarefaction plots were created via ggrare and show high
coverage with34,574 to 50,354 ZOTUs per sample (Fig. S8). An
euclidean distance matrix based on clr-transformed data was tested of
dispersion using the betadisper command of the vegan package
(Oksanen et al., 2012) (Table S7). Due to unequal dispersion between
fertilizer treatments differences in community structure were assessed
by non-parametric Analysis of variance (ANOSIM), with 10* permuta-
tions and time, fertilizer type and DMPP as experimental factors. To
target potential nitrifiers subsets for the family of Nitrosomonadaceae
and the class Nitrospirae as well as the two timepoints of sampling were
subjected to the same analysis (Table 1). To visualize differences of
bacterial community composition the vegan package (Oksanen et al.,
2012) was used for unconstrained ordination via NMDS and Bio-
diveristyR package was used for constrained ordination via CAP (Kindt
and Coe, 2005) (Fig. 4). To identify bacterial taxa that are sensitive to
DMPP application, analysis of indicator species was performed using the
multipatt function of the indicator species package (De Caceres, 2012)
with 10* permutations, as described in Lori et al. (2022) (Table S8).

3. Results

3.1. Soil N0 emissions in presence of synthetic and organic fertilizers
(EXP1)

Fluxes of N2O from EXP 1 are presented on Fig. 1A. The main
emission peak occurred within the first seven days. Afterward, fluxes
from soils amended with OFs returned to background levels, while with
ammonium sulfate (AS) N,O emissions continued up to Day 14.
Consequently, cumulative emissions were calculated for the periods
0-7, 8-14, and 16-48 days, referred to as periods 1, 2 and 3, respectively
(Fig. 1B, blue bars). During period 1, emissions from animal-based fer-
tilizers (CS and CM) were lower than those from plant-based or mixed
fertilizers (O7 and D). In period 2, only AS had significantly higher
emissions than all other treatments; in period 3, its emissions matched
plant-based but exceeded animal-based fertilizers. The partitioning of
N0 emissions among the 3 periods was as follows: AS (69/20/11), D
(89/0/11), O7 (83/1/17), CM (95/0/5), and CS (100/0/0). In this
experiment, the initial ammoniacal N content of each fertilizer was a key
determinant driving N2O emissions, particularly in treatments with AS,
D, and O7 (Table S2). Thus, total cumulative emissions were the highest
for AS fertilization across all the three periods, resulting in 1992 pg
N20-N kg ! of dry soil. Corresponding total cumulative emissions for D,
07, CM and CS treatments were 998, 883, 395 and 127 pg N,O-N kg’1
of dry soil, respectively, whereas the unfertilized soil (NF) exhibited a
low and negative total cumulative emission of —71.4 ug NO-N kg~ ! of
dry soil.

The addition of DMPP inhibited N,O emissions for all fertilizer
treatments. DMPP was the most effective when applied with AS,
achieving a 94 % reduction during period 1, followed by D and O7
treatments, with reductions of 85 % and 61 %, respectively (Fig. 1B, red
bars). During period 2, the effect of DMPP was only relevant for AS, as
fluxes for all other treatments had returned to background levels. In
period 3, DMPP no longer influenced N3O emissions and did not
significantly reduce the minor delayed NyO emission peak observed
around Day 31.

3.2. Changes in soil mineral N, C and pH (EXP1)

Changes in soil ammonium (NH4-N) and nitrate (NO3-N) concen-
trations are shown in Fig. 2 (blue bars). Despite the differing initial NHj -
N levels among amendments (Fig. 2A, day 0), soil NH4-N content
decreased by Day 7 across all fertilized treatments. For those amended
with OFs, NHJ-N levels even reached values comparable to the non-
fertilized treatment by Day 15. Patterns of NO3-N dynamics varied
among fertilizer type. In treatments with AS and plant-based/mixed
organic fertilizers D and O7, NO3-N content increased by Day 7 and
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remained relatively constant until the end of the incubation. On the
contrary, in treatments with animal-based fertilizers CM and CS, soil
NO3-N decreased by Day 7 and remained low up to Day 48. Low basal
contents of soil NO3-N were found for all treatments, with slightly
elevated initial levels under CM and CS that declined progressively
throughout the incubation period (Fig. S2).

The addition of DMPP (Fig. 2, red bars) significantly maintained
higher NH4-N levels in the soil at Day 7 and Day 15 when applied with
fertilizers AS, D, and CM. Additionally, DMPP effectively reduced the
intermediate nitrification product, nitrite (NO3'N), for AS, D, and O7
from day 7 till the end of incubation period (Fig. S2). However, DMPP
only significantly reduced NO3-N presence (Fig. 2) for AS and CM at Day
7.

Initial (Day 0) soil dissolved organic carbon (DOC) content was
dependent of the fertilization treatment (Fig. S3). DOC represents the
readily available carbon pool in the soil, which serves as an energy
source for microbial activity and influences nutrient cycling (Kalbitz
et al., 2000). The highest DOC values were for CS, followed by CM and
D; while the addition of AS and O7 did not show any increase in the
initial DOC value compared to NF. For animal-based OFs, despite their
higher initial C content (Fig. S1), DOC contents decreased by Day 7 and
remained low until the end of the incubation period (Fig. S3). The
addition of DMPP did not affect DOC values in any of the treatments. Soil
pH responses to chemical reactions within the soil matrix and plays a
crucial role in regulating microbial activity. In our study, all fertilizers
caused a slight acidification compared to NF (Fig. S4). likely due to
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nitrification process releasing protons. An exception was observed for
CM and CS, whose pH increased up to ~8 by Day 7, possibly due to the
alkalinizing effect of organic compounds in these amendments. Notably,
the presence of DMPP led to higher pH values during the first seven days
when applied with AS, possibly by inhibiting ammonia oxidation and
delaying proton release. However, when combined with other fertilizers,
DMPP had minimal impact on soil pH, suggesting its effect is dependent

on the specific composition of the applied N source. Although buffering
capacity was not quantified, it may have contributed to these differential
pH dynamics and should be considered in future studies.

3.3. Abundance of N-cycling bacterial and archaeal populations

Total bacterial and archaeal abundances in the incubated soils were
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Fig. 3. Abundance of ammonia oxidizing bacteria (AOB) (A) and archaea (B) (AOA) determined by amoA marker gene at Day 0, 7, 15 and 48 after fertilization

(EXP1). Values represent mean + SE (n = 4). Statistics as in Fig. 2.

not significantly affected by the tested fertilizers compared to NF, except
a decrease in archaeal population for CS along the incubation time
(Fig. S5). Similarly, the initial (Day 0) abundance of marker genes for
both nitrifying and denitrifying populations was comparable across
treatments (Fig. 3; Fig. S6-S7) indicating that subsequent changes in
these genes were driven solely by shifts in the indigenous soil microbiota
rather than by the introduction of additional microorganisms through
organic fertilizers.

Within the nitrifying community, the analysis focused on canonical
ammonia oxidizers, namely ammonia-oxidizing bacteria (AOB) and

archaea (AOA), as the primary microbial targets of nitrification in-
hibitors such as DMPP, with their abundances assessed through quan-
tification of the amoA gene (Fig. 3).In absence of DMPP, AOB
populations increased in fertilized soils by Day 7 for AS and D treatments
and for all fertilized treatments by Day 15, with the highest values
observed in soil treated with AS (Fig. 3A). At Day 7 and Day 15, DMPP
significantly reduced AOB populations to levels comparable to NF for all
treatments except CS. At Day 7, the reduction percentages ranged from
72 % to 43 %, and at Day 15 from 69 % to 45 %, with the highest ef-
ficiencies observed in AS+ and D+ treatments. By Day 48, AOB
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abundances had returned to initial levels, irrespective of DMPP pres-
ence, so the effect of the inhibitor was no longer detectable.

AOA population increased after seven days of incubation across all
the treatments, including NF (Fig. 3B). The reduced AOA abundance in
the CS treatment is consistent with the observed decrease in the total
archaeal population (Fig. S5B). AOA population was more abundant
than AOB in the tested soils but was not significantly affected by DMPP
application. By Day 48, AOA abundances had returned to background
levels observed on Day 0. The denitrifying bacterial population showed
minimal changes in response to fertilization compared to NF, and all of
them decreased over incubation time (Fig. S6-S7). The addition of
DMPP did not induce any consistent response in denitrifying bacterial
populations. Isolated increases in denitrifying bacterial populations
bearing nirS and nirK were observed, with the most notable increase in
nirK abundance for the CM treatment at Day 7. In contrast, nosZI
abundance was significantly reduced for the D treatment at Day 7.

3.4. Bacterial community structure and composition under DMPP with
mineral and organic inputs

The fertilizer type and time were the main drivers of bacterial
community shifts (Table 1), as shown by relatively high R values (0.46
for fertilization and 0.39 for time). These results indicate that fertiliza-
tion induced a clear separation in the total bacterial community struc-
ture, with particularly marked effects at specific time points (R = 0.865
at T7 and 0.692 at T48 for total bacteria), suggesting a strong and time-
dependent impact of fertilizer treatments.An early divergence in com-
munity composition was observed (Fig. 4A) following the application of
liquid D, and animal-based fertilizers (CM and CS), which later
converged by Day 48, suggesting a temporal homogenization of bacte-
rial communities. However, the communities under CM and CS fertil-
ization remained clearly separated in the constrained ordination
throughout the incubation period (Fig. 4B), indicating that fertilization-
driven community structures persisted over time.These two animal-
based fertilizers had the most pronounced and lasting effect on bacte-
rial community structure, whereas AS grouped closely with the unfer-
tilized control (NF), and O7 and D had a more moderate impact. These
differences between mineral and organic fertilizations suggest that
distinct microbial communities develop in response to the different
nutrient sources provided by each fertilizer type.

Fertilization also strongly shaped the Nitrosomonadaceae family
(ammonia-oxidizing bacteria, AOB), with modest but significant shifts
observed particularly at early stages, while the application of the nitri-
fication inhibitor DMPP had a more targeted effect o specific nitrifying
groups (Table 1). This inhibitory effect on the Nitrosomonadaceae
family was already evident by Day 7, indicating early inhibition of
ammonia oxidation, consistent with the strong decline in AOB popula-
tion observed under these conditions (Fig. 3A). N fertilization likely
stimulated nitrifier activity, particularly in the AS treatment due to its
raid N availability, making it more susceptible to be affected by DMPP
than those amended with organic sources. Additionally, DMPP exerted a

Table 1
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general delayed impact over the final step of the nitrification, performed
by nitrite-oxidizing bacteria (NOB), part of Nitrospirae class (Table 1),
possibly reflecting microbial succession and earlier nutrient shifts driven
by AOB inhibition. Furthermore, ZOTU9474, assigned to the genus
Nitrospira, was indicative of non-inhibited treatments, pointing to active
nitrification up to nitrate formation (Table S8). This genus was not
detected as indicative taxon under the application of DMPP, confirming
the effective suppression of the nitrifying bacteria. As with any 16S
rRNA-based analysis, primer bias cannot be entirely ruled out, and some
low-abundance or less-represented nitrifying groups may not have been
fully captured.

3.5. Soil N3O emissions from synthetically or biologically inhibited
fertilized soil (EXP2)

Cumulative N3O emissions from Experiment 2 are presented in
Fig. 5, and daily fluxes are shown in Fig. S9. Background emissions (NC
treatment = untreated and non-fertilized control soil) were ca. 0.27 pg
N2O-N kg~! of dry soil h™!, similar to emissions from the SDMPP
treatment after AS fertilization (Fig. S9). In the absence of soil treatment
(NT), the fertilizer resulting in the highest cumulative N2O emissions
over the 21-days study period was Orgamine 7 (6843 g NoO-N kg ! of
dry soil), followed by Digestate (D) (3225 pg N2O-N kg™ of dry soil),
and AS (1401 pg N,O-N kg™! of dry soil). Regardless of the fertilizer
type, N2O emissions were significantly reduced by DMPP application
(SDMPP), with reductions of 88 % for AS, 92 % for D, and 80 % for O7.

Following application of mineral fertilizer AS (Fig. 5A), none of the
rhizospheric soils of wheat (Persia 44 landrace, P44) nor of white
mustard (cv. Pole Position, PP or cv Verdi) could significantly reduce
N3O emission as compared to the non-treatment soil control (NT). In
contrast, the ability of those plants to produce BNI compounds became
only evident with organic fertilizers (OFs) (Fig. 5B and C), where N2O
emissions were significantly reduced compared to NT soils. Under D
fertilization, all three BNI-producing plants exhibited a similar reduc-
tion of about 40 % in N,O emission levels (Fig. 5B). With O7, rhizo-
sphere soils from P44 and PP plants showed even stronger inhibition,
reducing N,O emissions by 60 % and 62 %, respectively (Fig. 5C).

3.6. Effect of BNI presence in the soil over mineral N contents (EXP2)

NHJ-N and NO3-N concentrations in soil collected from the plant
cultivation phase (from pots with or without plants) are presented in
Fig. 6A and E. After four weeks of irrigation with ammonium sulfate
(AS) solution, NHZ-N levels in NT and plant-treated pots ranged from 16
to 17.2 mg kg ! of dry soil, whereas in soil irrigated with AS + DMPP,
NH4-N concentration remained at 25.7 mg kg~' dry soil by the end of
the treatment period. By contrast, NO3-N concentration was the highest
in NT pots, decreasing from 33.7 to 10.7 kg ! dry soil when AS had been
supplied together with DMPP. The growth of wheat and white mustard
plants reduced rhizospheric soil NO3-N levels to background values c.a.
1.7 kg™ ! dry soil.

Effect of fertilization, incubation time and DMPP amendment on bacterial community structure and ZOTUs assigned to family of Nitrosomonadaceae and class of
Nitrospira, as assessed by non-parametric analysis of similarity (ANOSIM). Bold letters represent p values < 0.05.

Total bacteria

Family Nitrosomonadaceae Class Nitrospirae

Df R P R P R P
Fertilization 5 0.46 0.001 0.03 0.041 0.04 0.028
Time 1 0.39 0.001 0.08 0.001 0.02 0.115
DMPP 1 —0.001 0.5 0.044 0.009 —0.005 0.59
T7
Fertilization 5 0.865 0.001 0.105 0.008 0.109 0.009
DMPP 1 —0.001 0.474 0.128 0.001 —0.04 0.946
T48
Fertilization 5 0.692 0.001 0.05 0.101 0.03 0.229
DMPP 1 —0.027 0.817 —0.02 0.769 0.078 0.022
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After setting up the incubation pots, NHf-N and NO3-N concentra-
tions were measured immediately after applying mineral (AS, Fig. 6 B
and F) or organic (D or O7, Figs C-D and G-H) fertilizers (Day 0), and
later on Day 7 and Day 21. Initial NH4-N values at Day 0 directly re-
flected the NHJ content (%) of each fertilizer, with the mineral N source
(AS) showing the highest concentration (Table S2). By Day 7, NHj-N
concentration decreased sharply for NT and rhizospheric soils,
approaching those of the non-fertilized control (NC). Meanwhile, the
synthetic inhibitor treatment (SDMPP) efficiently preserved high NH-N
concentrations in both mineral and OFs (Fig. 6B-D), consistent with
observations from EXP 1. Regarding NOg, its concentration remained
unchanged at Day 7 in untreated soils (Fig. 6F and G), but it increased
significantly compared to NC at Day 21, particularly with AS and D
fertilization. In SDMPP treatment, this increase was observed when
incubated with AS, where NO3-N levels remained at half those observed
in NT soil. In rhizospheric soil from BNI-producing plants, NO3 content
also increased by Day 21 but remained lower than in NT soil especially
with mineral fertilizer, mirroring the effect of DMPP. For rhizospheric
soils incubated with OFs, NO3-N concentrations were generally lower
than in NT soil, with a significant reduction observed in P44 rhizo-
spheric soil fertilized with digestate (D).

4. Discussion

4.1. Fertilizer type influences N cycling and microbial community
dynamics

The transition toward sustainable farming practices is essential for
improving environmental health, enhancing soil quality, and supporting
biodiversity. Extending agricultural land use under organic farming is
one of the cornerstones of the European Green Deal’s agricultural ob-
jectives, aiming for climate neutrality by 2030 (Guyomard et al., 2020).
Our study demonstrated that fertilizer type significantly affected N,O
emissions, N mineral status and nitrifier communities. Mineral fertilizers
are generally linked to higher emissions (Aguilera et al., 2013; Sun et al.,
2024; Wu et al., 2024), though the contrary has been reported in other
studies (Petersen et al., 2023; Li et al., 2024). Indeed, in Experiment 1,
mineral fertilizer (AS) generated the highest NyO emissions, followed by
plant-based liquid digestate (D) or the Orgamine7 (O7) pellets. These
fertilizers produced higher total accumulated emissions than

animal-based fertilizers (CM and CS). In contrast, in Experiment 2, OFs
showed higher N,O emission rates than the mineral N source, with
Orgamine?7 showing the highest values. This pattern may be explained
by differences in soil conditions (Table S1) and fertilizer composition
(Table S2) between experiments. The lower soil pH in Experiment 2 and
the higher C/N ratio of Orgamine7 likely promoted denitrification and
microbial activity, contributing to greater gaseous losses, as previously
reported under variable soil and organic input conditions (Chen et al.,
2013; Cayuela et al., 2017; Li et al., 2023). In any case, the increase in
soil NO3-N concentration with time observed in soils fertilized with AS,
D or O7 in both experiments (Figs. 2B and 6F-H) implies that nitrifi-
cation was likely the main process contributing to the high N2O emis-
sions peak. This is further supported by the increased abundance of AOB
by Day 7 (Fig. 3A), which aligned with the N»O emission (Fig. 1),
particularly after the addition of AS and D. Interestingly, although AOB
populations were still abundant across all fertilized treatments at Day
15, only mineral fertilizer (AS) exhibited sustained N;O emissions
beyond Day 7 (Fig. 1A), supported by the high NHJ availability
(Fig. 2A).

By the end of the incubation, the overall bacterial population
declined to pre-fertilization values across all the treatments (Fig. S5),
including nitrifying and denitrifying bacteria (Fig. 3, Fig. S6-7), likely
due to the depletion of soil nutrients, including NHJ substrate (Fig. 2A).
Interestingly, the composition of the soil bacterial communities varied
significantly over time (Table 1 and Fig. 4A). This pattern aligns with
previous findings showing that sustained fertilization with organic or
mineral fertilizers can lead to distinct bacterial community composition
in grassland (Corrochano-Monsalve et al., 2021) and arable soils (Zhou
et al., 2015; Lori et al., 2023). Furthermore, the bacterial community
composition differed significantly between mineral fertilization and the
rest of the treatments, regardless the incubation time (Table S8), sug-
gesting that application of a high NH source exerts a strong selective
pressure on microbial communities, probably favoring taxa adapted to
high NHj availability. Unlike bacteria, total archaeal population
exhibited limited changes during incubation (Fig. S5B), and AOA were
less responsive to fertilization or fertilizer type compared to AOB
(Fig. 3B). These findings are consistent with studies showing that AOB
are the primary contributors to nitrification-driven NyO emissions in
alkaline soils (Lei et al., 2022) and N-rich environments (Carey et al.,
2016; Ouyang et al., 2017).
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Fig. 5. N,O cumulative emissions for 21-days incubation period of each soil
treatment (EXP2). Incubations consisted in not treated soil (NT), soil treated
with DMPP (SDMPP), and soil collected from the rhizosphere of wheat cv.
Persia 44 (P44), white mustard cv. Pole Position (PP) and cv. Verdi (Verdi).
Soils were incubated with fertilizers (A) ammonium sulfate (AS), (B) liquid
digestate (D) and (C) Orgamine 7 (O7). For each fertilizer, letters represent
significant differences between soil treatments analyzed by Duncan’s test (P
< 0.05).

The magnitude and duration of NoO emissions from manure depend
on its composition and quality, regarding not only their N content but
also the C/N ratio, pH or water content (Valkama et al., 2024). Thus, in
our study, OFs with the highest C content and C/N ratios, namely CS and
CM (Table S2), produced the lowest N2O emissions (Fig. 1), as the
increased C availability may promote microbial N immobilization
(Mooshammer et al., 2014). These results are in line with previous
findings where fertilizers with lower C/N ratios increased N availability
and stimulated N»O production associated with nitrification (Chen et al.,
2013), although further research, including modelling approaches,
would contribute to better characterizing the relationship between fer-
tilizer composition (particularly the nature of C and N compounds) and
N-O emissions. In addition, the simultaneous consumption of not only
NHj, but also NO3 in soil incubated with animal-manure (Fig. 2B)
would suggest the implication of denitrification. However, in our study,
denitrifier populations were unaffected by fertilizer addition
(Fig. S6-S7), indicating that the aerated conditions (60 % WFPS) and
low available C after Day 7 (Fig. S3) did not favor their growth, which
relies on anaerobic conditions and sufficient C (Butterbach-Bahl et al.,
2013).
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4.2. DMPP efficiently stabilizes N2O losses from organic fertilizers

The effectiveness of DMPP a depends on soil conditions and fertilizer
type (Yang et al., 2016; Lei et al., 2022). In our study, DMPP highly
reduced N,O emissions by 49 %-94 %, in line with the meta-analysis by
Lei et al. (2022) and surpassing the 12 %-16 % mean reductions re-
ported in the meta-analysis by Tufail et al. (2023) for organic and
chemical fertilization respectively. This higher efficiency can be attrib-
uted to the optimized incubation conditions (60 % WEFPS) that favor
nitrification and enhance DMPP’s impact. This was also demonstrated
by the meta-analysis conducted by Soares et al. (2023), with effective
conditions ranging from 50 to 75 % WEFPS, in which nitrification is the
predominant process contributing to N2O emissions, (Tufail et al.,
2023). The observed impact of DMPP on AOB population (Fig. 3A)
further supports its efficiency in the present study, and is consistent with
the reported specificity of DMPP for bacterial nitrifiers in alkaline soils
(Kleineidam et al., 2011; Chen et al., 2015; Torralbo et al., 2017; Fan
et al., 2019; Zhou et al., 2020).

DMPP was most effective in reducing nitrification in AS and D
treatments, and at lesser extent in 07, amendments with the highest N5O
emissions rates. This effect was supported by the reduction in soil NOy
levels observed under these treatments (Fig. S2), consistent with the
inhibition of the initial AMO-catalyzed step of nitrification by DMPP
(Bozal-Leorri et al., 2022a), and reflected in the sustained elevation of
soil, for which the inhibitor was able to maintain increased soil NH
levels up to Day 15 (Fig. 2A). The increased availability of this easily
assimilable N source is crucial for efficient plant growth (Coskun et al.,
2017; Subbarao and Searchinger, 2021). Thereby, our results suggest
that liquid digestate (D) could be a very suitable organic amendment to
design optimized fertilization strategies aimed at enhancing plant NUE
while mitigating gaseous N losses. However, the effectiveness of DMPP
over soil nitrification diminished over time (Figs. 1 and 3A), as NHZ and
NO3 levels in DMPP-treated soils converged with those of uninhibited
soils by the end of the incubation (Fig. 2). The direct effect of DMPP over
soil nitrifying bacteria (AOB) usually ranges between two and six weeks
either in microcosms studies or when applied in the field (Yang et al.,
2016b; Tufail et al., 2023; Yin et al., 2023), which constitutes one of the
main limitations of using synthetic NIs (Coskun et al., 2017; Sadhukhan
et al., 2022).

In our incubation study, DMPP was less effective with animal-based
fertilizers. The literature reports contrasting results regarding the
effectiveness of DMPP in mitigating NoO emissions, with its performance
being either superior or inferior when applied with organic manures
compared to mineral fertilizers (Aguilera et al., 2013; Petersen et al.,
2023; Lietal., 2024; Sun et al., 2024; Wu et al., 2024). Reduced efficacy
in these cases may be partially attributed to potentially increased NHg
losses in presence of DMPP (Wu et al., 2021). In our case, the depletion
of NO3 levels in CM and CS treatments, regardless the presence of the
inhibitor (Fig. 2B), as well as the high DOC consumption (Fig. S3),
common indicator of C utilization from microbial activity, suggested
that NoO emissions under these treatments likely originated from
denitrification processes. Further studies assessing specific labile C
fractions would help to deepen the mechanistic understanding of mi-
crobial N immobilization and denitrification. In addition, the progres-
sive decline in NO3 concentrations in CM and CS treatments over time,
unaffected by DMPP application (Fig. S2), points to the contribution of
nitrifier-denitrification. Since DMPP primarily targets the first enzy-
matic step of autotrophic nitrification, its inhibitory effect is expected to
be limited under conditions dominated by heterotrophic and
nitrifier-denitrification pathways.

Moreover, it has been suggested that DMPP could shift microbial
community dynamics toward denitrification over time. Long-term
studies (>40 days) have shown that DMPP can potentially increase
nosZ gene abundance promoting complete denitrification, thus reducing
the N,O emissions (Barrena et al., 2017; Torralbo et al., 2017; Chen
etal., 2019; Huérfano et al., 2022). Nevertheless, despite the initial steps
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Fig. 6. Soil mineral N content (NH; and NO3) content in incubation pots (EXP 2) with not treated soil (NT), soil treated with DMPP (SDMPP), and rhizospheric soil
from wheat (P44) and white mustard (Verdi and PP). Mineral N was determined before (upper panels A and E) and after the addition of the fertilizer fertilizers (B,F)
ammonium sulfate (AS), (C,G) liquid digestate (D) and (D,H) Orgamine 7 (O7). NC, untreated and non-fertilized control soil. Values represent mean + SE (n = 4). For
each incubation day and fertilizer, letters represent significant differences between soil treatments analyzed by Duncan’s test (P < 0.05).

of denitrification (by means of nirS and nirK gene abundances) were
sporadically affected by DMPP, nosZ I levels did not positively respond
to the presence of the inhibitor (Supplementary Fig. S6-7), further
indicating that the effect of DMPP was limited to nitrification in this
study.

4.3. DMPP targets nitrifying community without affecting total soil
bacterial community

The bacterial community structure remained largely unaffected by
DMPP throughout the incubation period (Fig. 4, Table 1), aligning with
previous studies where DMPP was applied to alkaline soils fertilized
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with urea (Zhang et al., 2017; Bachtsevani et al., 2021; Wang et al.,
2022) or to acidic grasslands fertilized with AS (Corrochano-Monsalve
etal., 2021). Similarly, DCD did not alter bacterial community structure
when applied with swine slurry (Suleiman et al., 2016). In contrast, the
nitrification inhibitor DMPSA tended to reduce both diversity and
richness, although its effect was dependent on soil water content
(Corrochano-Monsalve et al., 2020, 2021). The persistence of temporal
changes in p-diversity across fertilizer treatments (Fig. 4), despite DMPP
application, further highlights that the inhibitor did not influence
overall bacterial diversity in this study.

Notably, DMPP specifically targeted members of the Nitro-
somonadaceae family in the early stages of the incubation (Table 1), and
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its effects extended to Nitrospira populations toward the end of the
experimental period. While uninhibited fertilized conditions were
associated with the Nitrospira genus (Table S8), which responds to
elevated soil NHJ levels (Yuan et al., 2023) and have been shown to be
abundant also in organic arable systems (Zhang et al., 2019), samples
treated with DMPP showed no correlation with this genus. This further
confirms the effectiveness of the inhibitor to suppress the nitrification
pathway. A comparable reduction in Nitrospirae phylum by DMPP was
reported by Corrochano-Monsalve et al. (2021) in soils incubated with
AS, linking the inhibition not only to the reduced nitrite oxidation but
also to the suppression of ammonia and hydroxylamine oxidation
(Daims et al., 2015). In contrast, other taxa, including those linked to
denitrification, remained unaffected by fertilizer type or DMPP, mir-
roring the stability observed in marker gene abundances for denitrifying
bacteria (Figs. S6 and S7). This selective inhibition highlights the
specificity of DMPP’s action on nitrifiers under our established incuba-
tion conditions, without broadly altering other microbial groups.
However, DMPP’s effect is transient, and once its inhibitory action fades,
the accumulated NHj can be rapidly oxidized, potentially triggering
enhanced nitrification and subsequent denitrification as evidenced by
the already equal NO3 concentrations across all treatments by Day 15
(Fig. 2). This delayed N transformation represents a potential envi-
ronmental trade-off and has been linked to increased post-harvest NyO
emissions, as observed by Scheer et al. (2017) in vegetable systems.
These findings emphasize the need to consider the timing of DMPP
degradation and residual N availability, as mismanagement could offset
its initial mitigation benefits and contribute to unintended environ-
mental impacts.

4.4. BNI is a potential alternative to DMPP

Since the effectiveness of DMPP is generally time-limited, comple-
mentary approaches are essential to achieve sustainable and long-term
control over the soil nitrification. The research on the biological inhi-
bition of soil N2O emissions has been predominantly associated with a
limited number of high-value crops (sorghum, rice, and maize) and
mineral nitrogen sources or urea (reviewed in Wang et al., 2021; Saud
et al., 2022). To expand this capacity, new strategies are needed. One
approach is the exploration of BNI traits in wild relatives of staple crops.
For example, leymus racemosu, a perennial grass species related to wheat
that can inhibit soil nitrification, has had its BNI-associated genetic
material successfully transferred to elite wheat varieties (Subbarao
et al., 2021; Bozal-Leorri et al., 2022b). Alternatively, Persian wheat
landraces identified by O’Sullivan et al. (2016), have shown nitrification
inhibition capacity, although their potential to reduce soil N3O emis-
sions remains untested. In particular, the cultivar Persia 44 exhibited
one of the highest in vitro BNI activities (Jauregui et al., 2023), making
it an ideal candidate for further studies on its potential to mitigate soil
N>O losses.

Another strategy is to incorporate cover crops with BNI capacity into
agronomic rotations to reduce soil nitrification for the subsequent target
crops. Sorghum is the most studied crop in this context, with evidence
that its inclusion in rotations can reduce nitrogen losses (Bozal-Leorri
et al., 2023; Ma et al., 2023; Zhang et al., 2023; Vega-Mas et al., 2024).
However, the warm temperature requirements of sorghum limit its
suitability in cooler climates. In northern regions, identifying herba-
ceous species with BNI ability that are better adapted to cooler climates,
such as certain Brassicaceae species like mustard and rapeseed, could
provide viable alternatives, as their incorporation into soil has been
shown to reduce nitrification activity and promote NH} accumulation
(Bending and Lincoln, 2000; Brown and Morra, 2009; Heuermann et al.,
2019).

Our incubation experiment (EXP 2) proved the potential of rhizo-
spheric soil from wheat landrace Persia 44 and white mustard (Pole
Position and Verdi) cultures to reduce soil NoO emissions for at least
nine days following organic fertilization (Fig. S9). Interestingly, our
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findings from EXP 2 highlighted that, similarly to synthetic NIs, the ef-
ficiency of rhizospheric soils in reducing N,O emissions appears to
depend on the type of fertilizer applied (Fig. 5). Notably, rhizospheric
soils demonstrated greater effectiveness in mitigating NoO emissions
when fertilized with OFs, whether it was liquid D or O7 pellets. This is
particularly remarkable for the application of O7, as the reduction fac-
tors of 50 % and 55 % observed in the rhizospheric soils of white
mustard cv. Pole Position (PP) and wheat landrace Persia 44 (P44),
respectively, were nearly comparable to those achieved with DMPP. In
the case of rhizospheric soil incubated with D, the reduced nitrifying
conditions of the soil did not only limit NoO emissions (Fig. 5) but also
maintain reduced NO3 levels in the soil (Fig. 6B), that could potentially
diminish leaching losses in an agronomical context. The combination of
biological mitigation tools together with revalorized organic fertilizers
provides a step forward in the search for an all-organic agriculture that is
both efficient and environmentally friendly.

5. Conclusion and outlook

Our study emphasizes the importance of considering fertilizer types
and composition in shaping N cycling and implementing mitigation
strategies to control N losses form agroecosystems. Fertilizers with
higher ammoniacal N content, such as mineral AS and plant-based liquid
digestate (D), promoted nitrification more strongly, resulting in higher
total N2O emissions compared to animal-based fertilizers. DMPP proved
effective in reducing early nitrification and associated NyO peaks,
particularly under mineral and plant-based fertilization, while main-
taining high soil NHJ levels for at least two weeks. In contrast, the
higher C/N ratios of the animal-sourced OFs contributed to lower
baseline N2O emissions, making them less efficiently stabilized with
DMPP. Although DMPP consistently inhibited bacterial nitrification
from all N amendments, its effect specifically targeted nitrifyng bacteria,
without impacting denitrifiers or the broader soil bacterial community.
However, this inhibition was transient, diminishing after two weeks,
underscoring a key limitation of synthetic inhibitors. To address these
temporal constraints, our findings support the potential of biologically
driven mitigation. Rhizospheric soils enriched by BNI-active plant spe-
cies, such as wheat landrace (Persia 44) and white mustard (cv. Pole
Position and cv. Verdi), successfully suppressed nitrification and asso-
ciated N2O losses under organic fertilization, in some cases matching the
performance of DMPP. This suggests that BNI could serve as a robust,
longer-term complement or alternative to synthetic inhibition, espe-
cially in systems aiming for reduced external inputs. Further refinement
of the integration of plant-based inhibition with revalorized OFs, such as
liquid D or organic pellets (O7), represents a promising step toward fully
organic farming systems that balance agronomic efficiency with envi-
ronmental sustainability.
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