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Ecology of fungal denitrifiers in terrestrial
ecosystems

Abstract

Denitrification is the dominant source of nitrous oxide (N2O) from terrestrial
ecosystems, a potent greenhouse gas and stratospheric ozone-depleting agent. Fungi
can perform denitrification and terminate the process with N>,O, making them a
potentially important source of N>O. This thesis aimed to broaden the understanding
of the ecology of this understudied group in the nitrogen cycle by assessing their
global abundance and distribution in terrestrial ecosystems and evaluating the effects
of soil management practices on their abundance, community composition, and
contribution to N>O production in agricultural soils.

Fungi carrying the denitrification marker gene nirK were rare and cosmopolitan
and compared to prokaryotic denitrifiers, they were most abundant in forests and
croplands, although prokaryotes dominated in all biomes. Agricultural management
practices affected the abundance and community composition of fungal denitrifiers
through changes in the availability of carbon and nitrogen. Long-term fertilization
increased their abundance, irrespective of soil type or climate, but did not affect
fungal contributions to potential N>O production. Instead, the genetic potential of
bacterial denitrifiers was more important. In unfertilized soils, biotic and abiotic
controls of N>O production rates were important, but in fertilized soils only abiotic
soil properties were involved. Inversion tillage, compared with other types of tillage,
led to a reduction of the genetic potential for fungal denitrification relative to that of
bacterial denitrifiers and selected for fungi with opportunistic lifestyles. These
results highlight that fungal denitrifiers are found across all terrestrial ecosystems,
are significantly influenced by soil management but contribute less to N>O emissions
than their prokaryotic counterparts.

Keywords: fungal denitrification, genetic potential, nitrous oxide, soil
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Denitrifierande svampars ekologi i terrestra
ekosystem

Sammanfattning

Den mikrobiella processen for denitrifikation dr den dominerande killan till lustgas
(N2O) fran terrestra ekosystem, en langlivad véxthusgas som ocksd bryter ned
ozonskiktet. Denitrifikation studerades néstan uteslutande i bakterier tills det
uppticktes att svampar kan bidra till processen, vilket gor dem till en potentiellt
viktig N,O kélla. Syftet med denna doktorsavhandling &r att bredda var forstéelse av
ekologin hos denna mindre studerade grupp i kvavets kretslopp genom att undersdka
deras globala forekomst och utbredning i terrestra ekosystem och effekterna av
brukningsatgérder pa deras antal, samhéllssammanséttning och eventuella bidrag till
N,O-produktion i jordbruksmark.

Denitrifierande svampar som har genen nirK, en markor for denitrifikation, var
sillsynta och kosmopolitiska i den globala utbredningstudien. Jamfort med
prokaryota denitrifierare var de vanligast i skogsjordar och akermark, men
prokaryoter dominerade i alla biom. Vissa brukningsatgérder paverkade férekomst
och sammansittning av de denitrifierande svampsamhéllena genom att fordndraa
tillgang till kol och kvdve. Kvédvegddsling under lang tid 6kade deras forekomst
oberoende av jordtyp eller klimat, men paverkade inte svamparnas potentiella bidrag
till NoO-produktion. Det var istdllet den genetiska potentialen hos denitrifierande
bakterierna som forklarade N,O-produktionen. I ogddslade jordar kontrollerade
bade biotiska och abiotiska faktorer NoO-produktionen, men i gddslade jordar var
endast abiotiska markegenskaper inblandade. P16jning med védndplog jaimfort med
andra typer av jordbearbetning ledde till en minskning av svamparnas genetiska
potential for denitrifikation i forhéllande till den hos bakterier och selekterade for
specifika, opportunistiska svampslidkten. Resultaten understryker att denitrifierande
svampar finns i alla terrestra ekosystem, att de péaverkas véisentligt av vissa
brukningsatgirder, men bidrar i mindre utstrdckning till N,O-utsldpp jamfort med
deras prokaryota motsvarigheter.

Keywords: genetisk potential, jord, lustgas, svampdenitrifikation
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1. Introduction

Nitrogen is a major element in many biomolecules such as DNA, RNA and
amino acids, the fundamental building blocks of life, and is thus an essential
element for all living organisms. As such, the availability of nitrogen in soils
is often the most limiting factor for plant growth and thereby primary
production in terrestrial ecosystems. This makes nitrogen essential for food
production, which is particularly important given the need to feed a growing
world population.

In soils, nitrogen is present in organic (e.g., amino acids, amides) and
inorganic forms such as nitrate (NOs’), nitrite (NOy’), and ammonium
(NH4"). Besides weathering of bedrocks (Houlton et al. 2018), nitrogen
enters the soil by lightning and biological nitrogen-fixation, which is carried
out by prokaryotic microbes that are free living or live in mutualistic
relationships with other organisms, e.g. leguminous plants, alder trees and
buckthorn. These organisms convert di-nitrogen (N») from the atmosphere
into ammonium. Ammonium is either assimilated or converted to NO;™ by
the oxygen-dependent microbial process of nitrification. Nitrate can also be
assimilated into biomass and then ultimately mineralized during the
breakdown of dead material when an organism dies, and ammonium is
released. However, as NOs™ is highly soluble in water and can be easily be
lost from soil through leaching or alternatively through the anaerobic
microbial process of denitrification in which gaseous forms of nitrogen are
returned to the atmosphere, thereby closing the nitrogen cycle (Figure 1).
Nitrogen can also be retained by the microbial transformation of NO;™ to
NH," through the process of dissimilatory NOs reduction to NH4* (DNRA).
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Figure 1. Terrestrial nitrogen cycle with the major nitrogen transformation processes
indicated. DNRA, dissimilatory nitrate reduction to ammonium.

Denitrification is the dominating process that closes the nitrogen cycle by
converting reactive nitrogen compounds back to the inert gas N,. Terrestrial
systems account for about 22% of the annual export of nitrogen via
denitrification, whereas the continental shelf and oceanic minimum zones
contribute 58% and freshwaters, including groundwater, 20% (Seitzinger et
al. 2000).

Denitrification is a process that serves as an alternative to aerobic
respiration and involves the stepwise reduction of NOs™ to nitrite (NO5),
nitric oxide (NO), nitrous oxide (N.O) and N, when oxygen is limited.
Denitrification results in nitrogen loss from ecosystems, which limits
primary production. However, this can alleviate eutrophication by removal
of NOs™ and NO;™ from water, thereby improving water quality. In addition,
denitrification may result in the production of N,O, a strong greenhouse gas
with a global warming potential almost 300 times that of carbon dioxide.
Nitrous oxide is also the major contributor to the depletion of the
stratospheric ozone layer in the 21 century (Ravishankara et al. 2009). Soils
are the dominant sources of N,O and contribute to 10.0+2.0 Tg N,O-
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N/year, equal to more than 57% of total annual N,O emissions (Tian et al.
2019, 2020). Therefore, terrestrial denitrification not only results in
unwanted nitrogen losses from soils, but also in the emission of N>O, that
contributes to global warming. Understanding the underlying biological
mechanisms of denitrification and their interaction with environmental
factors in terrestrial ecosystems is thus vital for the development of strategies
to mitigate N>O emissions.

The ability to denitrify was formerly thought to be restricted to bacteria,
but was later found in some Archaea and eukaryotes such as fungi, protozoa,
Foraminifera, and Gromiida (Zumft 1997; Philippot et al. 2007; Kim et al.
2009; Pifia-Ochoa et al. 2010). The process was almost exclusively studied
in bacteria until Shoun and Tanimoto (1991) characterized the enzymatic
pathways of dissimilatory reduction of nitrate in the fungus Fusarium
oxysporum, revealing that some fungi possess similar sets of enzymes
performing denitrification as bacteria. Since then, many more fungal species
have been reported to be capable of denitrification (Maeda et al. 2015;
Mothapo et al. 2015). However, denitrifying fungi do not carry the gene for
nitrous oxide reductase, the last step of denitrification, and hence
denitrification in fungi always terminates with N>O. Consequently, fungal
denitrification is considered a potential source of N,O, particularly as some
studies show that fungal denitrification might exceed bacterial denitrification
under certain conditions (Laughlin & Stevens 2002; Long et al. 2013).
However, recent advances indicate that fungal denitrifiers may not be as
important for nitrogen losses in the form of N>O as their prokaryotic
counterparts (Yu et al. 2020; Wei et al. 2021). Yet knowledge of the ecology
of these organisms and factors influencing their activity is limited and better
understanding of how they interact with other organisms and respond to
particular environmental conditions is necessary to improve understanding
of nitrogen cycling in terrestrial ecosystems. This knowledge can contribute
to the refinement of models, the development of good nitrogen management
strategies to maintain soil fertility and forecast the contribution of soils to
global warming.

1.1 Aims and objectives

The overarching aim of this thesis was to acquire a general understanding of
the ecology of fungal denitrifiers and the importance of this understudied
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group of microorganisms for production of N>O in soils. More specifically,
I aimed to gain a deeper understanding of the global distribution of fungal
denitrifiers in different terrestrial environments, their diversity, community
composition and abundance in soils, and soil factors that promote these
organisms. As soil management practices are known to influence soil
properties in multiple ways, I further aimed to understand how common
agricultural practices like soil tillage and nitrogen fertilization affect these
organisms. To achieve these aims, I combined a comparative metagenomic
survey and analyses of fungal denitrifiers in agricultural long-term field
experiments.

In Paper I, I and my co-authors performed comparative metagenomic
analyses based on nearly 2000 samples to study the global distribution of
fungal denitrifiers and the overall genetic potential for denitrification of
fungi relative to bacteria in terrestrial biomes. For a subset of the
metagenomes, associated edaphic factors that could explain the observed
patterns were incorporated in the analyses. This study thereby sheds new
light on soil factors that drive the abundance of fungal denitrifiers in
terrestrial biomes.

In Paper II, we assessed the effects of long-term nitrogen fertilization, a
major driver of increased N.O emissions, on fungal denitrifiers and their
possible contribution to N>O production relative to bacterial denitrifiers. We
investigated whether there are consistent effects of nitrogen fertilization on
the abundance, diversity and community composition of fungal denitrifiers
across Sweden using 14 field experiments (established 1956-1998) in which
fertilized, and non-fertilized soils are compared. We hypothesized that
fertilization modifies the fungal denitrifier communities and leads to an
increase of fungal denitrifier abundance, i.e. their genetic denitrification
potential and thus their contribution to N>O emissions, as a result of
increased denitrification.

Paper III focuses on the impact of inversion tillage on the abundance,
diversity and genetic potential for denitrification of fungi relative to bacteria.
We further evaluated potential relationships of soil chemical and physical
factors with denitrification rates and fungal denitrifier abundance. We
hypothesized that increasing soil disturbance by inversion tillage reduces
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the genetic potential of the fungal community for denitrification.
Consequently, reduced tillage would increase the potential for fungal
denitrification and its contribution to N>O production.

21






2. Fungal denitrifiers

2.1 Denitrification by fungi

Fungi are important contributors in the global biogeochemical cycle of
nitrogen at several stages. Fungi make nitrogen available through
decomposition of organic material, as well as, in the case of mutualistic
species like mycorrhizal fungi, by delivery of soil-derived nitrogen to their
plant hosts. Fungal activity can reduce nitrogen availability through
immobilization of nitrogen in mycelial biomass or by denitrification
resulting in the loss of nitrogen to the atmosphere. However, the knowledge
of the fungi involved in denitrification, is still limited.

The denitrification pathway in fungi and bacteria is a dissimilatory
respiratory process that uses oxidized nitrogen compounds as electron
acceptors when oxygen is limited. Denitrification generates energy through
the successive enzymatic reduction of nitrate and nitrite to nitric oxide, NoO
and finally N contributing to the cellular proton-motive force, used to
conserve energy in the form of ATP. In bacteria, these steps are catalyzed by
four metalloenzymes: nitrate reductase (Nar), nitrite reductase (Nir), nitric
oxide reductase (Nor) and nitrous oxide reductase (Nos) (Figure 2). Of the
different steps, the reduction of nitrite is considered the defining step for
denitrification and is performed by either the copper dependent NirK or the
iron-heme dependent enzyme NirS, which are seldom found together in the
same organism (Graft et al., 2014). Most denitrifying organisms are
facultative anaerobes and oxygen respiration is favored as the energy yield
is much higher than with NOs™ respiration/denitrification (Chen & Strous
2013).
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Denitrification in fungal cells involves similar enzymes as in bacteria,
although unlike many bacterial denitrifiers, N>O is the end-product since
fungi lack the genetic capacity for N,O reduction (Figure 2). Moreover, most
fungi start denitrification with the reduction of NO, rather than NO3s" (Maeda
et al. 2015; Mothapo et al. 2015). Fungal denitrification takes place in the
mitochondria and is special in the sense that it requires small amounts of
oxygen (Zhou et al. 2001). Ma et al. (2008) suggested a coupling of the
fungal denitrification pathway with oxygen respiration by NADH, which
delivers the electrons for the last reduction step in fungal denitrification.

/B ACTERIA e \, N,O
NO, NO, NO, NO N O N

3 3 2 2 z Nz
Nar NirS / Nor NosZ
Nirk
- >NO. P450nor
Nar/ {P450
Nap NirK nor 1
NO, == b2

Mitochondria

Figure 2. Denitrification pathway in bacterial and fungal cells, indicating the enzymes
performing the reducing reactions (adapted from Mothapo et al. 2015). Fungal
denitrification terminates with N»O as fungi, in contrast to bacteria, lack the nitrous oxide
reductase (NosZ). The fungal enzyme P450nor exists in two isoforms, one present in the
mitochondria, whereas the other is found in the cytosol. Nar, nitrate reductase; Nap,
periplasmic nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; Nos,
nitrous oxide reductase.

Fungal denitrifiers possess the copper-containing NirK-type NO,™ reductase,
which is encoded by the nirK gene and is structurally and phylogenetically
related to NirK of bacterial and archaeal denitrifiers (Figure 3). The high
degree of sequence similarity of fungal and bacterial NirK, as well as the
location of fungal NirK within the mitochondrial membrane, suggest that the
fungal denitrification system has a common ancestor with bacteria (Kim et
al. 2009).
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Figure 3. Phylogenetic maximum likelihood tree of 6789 NirK amino acid sequences
obtained from genomes. Leaves were collapsed and leaf colors indicate the three
taxonomic domains of life with the fungi within the Eukarya highlighted in yellow. The
409 fungal species are interleaved between other eukaryotes and bacterial taxa.

The third protein of the fungal denitrification pathway, Nor, belongs to the
large superfamily of P450nor heme-based enzymes (Shoun et al. 2012). Two
isoforms of the p450nor gene encoding this enzyme exist that differ at their
translation initiation site, which results in P450nor being found in both the
mitochondria and the cytosol (Takaya 2002; Shoun et al. 2012). This
suggests that P450nor was acquired from a proto-mitochondrion, though the
enzyme has undergone modifications over time (Shoun & Fushinobu 2016).
P450nor receives the electrons for the reduction of NO directly from
NAD(P)H (Nakahara et al. 1993) and is therefore disconnected from the
respiratory electron transport chain (Takaya et al. 2003) and does not
contribute to energy conservation. Consequently, the involvement of
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P450nor in fungal denitrification is under debate and involvement in
detoxification, fungal pathogenicity and secondary metabolism have been
discussed (Higgins et al. 2018).

Genome analysis has shown that some fungal species possess only nirK
or p450nor (Higgings et al., 2018) and fungi were shown to produce N>O
despite the lack of nirK or p450nor likely for NO detoxification (Keuschnig
et al. 2020). This makes studying fungal denitrification even more complex.
Furthermore, in strains lacking p450nor, the co-expression of
flavohemoglobin NO dioxygenase (Fhb), that converts NO to NOs", and
fungal nirK was observed (Kim et al. 2010; Canovas et al. 2016), demanding
clarification of the role of Fhb in fungal denitrification. Hence, Aldossari and
Ishii (2021) suggested calling fungi carrying both denitrification genes, nirk
and p450nor putative denitrifiers.

Besides denitrification, a second pathway, called co-denitrification,
exists. In this process, NO or NO, is reduced together with amines and
imines resulting in the formation of hybrid N>O or N, with one N atom
derived from the inorganic nitrogen source and the other from the co-
substrate. Whether N>O or N2 is formed depends on the redox state of the co-
substrate (Shoun et al. 2012). Co-denitrification can even occur
simultaneously with denitrification and is suggested to also be mediated by
P450nor (Shoun & Fushinobu 2016). Elevated levels of NO, as well as
anoxic conditions have been shown to promote this process in certain fungi
(Tanimoto et al. 1992; Clough et al. 2017).

Ammonia fermentation (dissimilatory nitrate reduction to ammonium,
DNRA) is, besides co-denitrification, one of the two additional metabolic
pathways that exist in fungi involved in the reduction of NOs; and NOy
(Figure 4).
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Figure 4. Selection of dissimilatory N-transforming processes performed by fungi
starting with the reduction of NO;" (adapted from Aldossari and Ishii 2021). Nar, nitrate
reductase; NirK, nitrite reductase; P450Nor, nitric oxide reductase; R-NH,, co-substrate.

It has been reported as a novel fungal metabolic pathway to produce energy
under anoxic conditions by reducing NO; via NO; to NH4". Although
similar to DNRA in bacteria, the fungal process involves the assimilatory
enzymes, aNar and aNir, and is combined with ethanol or acetate oxidation
(Takasaki et al. 2004). In addition, the abiotic process of nitrosation (chemo-
denitrification) can convert metabolic by-products or intermediates to N>O,
but the importance of chemodenitrification to N,O emissions from soil is not
fully resolved.

2.1.1 Taxonomic and genetic diversity of fungal denitrifiers

The fungi Fusarium oxysporum and Fusarium solani were the first reported
fungal species shown to produce N>O from NO>" (Bollag & Tung 1972) but
it took nearly 20 years until the enzymatic pathway of denitrification in fungi
was verified by Shoun and Tanimoto (1991). Testing for N>O production in
pure culture has long been the most common method to identify fungal
denitrifiers. For example, Maeda et al. (2015) screened over 200 fungal
strains, confirming the ability to produce N,O in various species within the
orders Hypocreales, Eurotiales, Sordariales and Chaetosphaeriales in pure
culture. However, recently developed molecular tools have enabled
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identification of many more potential denitrifying fungal species,
specifically via sequencing of fungal denitrification marker genes nirK and
p450nor. More than 167 species from 60 different genera are currently
known, with Ascomycetes being the dominant phylum. Representative
denitrifiers from the main genera Fusarium, Aspergillus, Trichoderma and
Penicillium have been isolated from agricultural soils multiple times.
Furthermore, ectomycorrhizal species have been reported to produce N,O
(Prendergast-Miller et al. 2011), although the contribution to denitrification
of this functional group of fungi is not clear and recently it was even
suggested that ectomycorrhizal fungi reduce N>O production (Okiobe et al.
2022). However, N>O production by denitrification seems to be an
evolutionarily conserved trait in the fungal subphylum Pezizomycotina.
Nitrous oxide production from NO;™ and NO, reduction in pure culture is
more common in the fungal orders of Eurotiales and Hypocreales (Mothapo
et al. 2015) which include the known filamentous saprotrophs Aspergillus,
Penicillium, Trichoderma and Fusarium (Figure 5). Furthermore, the
presence of the denitrification genes nirK and p450nor in many of these
species has been confirmed (Long et al. 2015; Maeda et al. 2015; Chen et al.
2016; Higgins et al. 2018). Notably, many fungal species carrying
denitrification genes are known pathogens.
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Order

[ Chaetothyriales
[] Diaporthales

[[] Eurotiales

[ Filobasidiales

. Glomerellales

D Helotiales

D Hypocreales

D Microascales

D Mycosphaerellales
D Onygenales

. Ophiostomatales
D Saccharomycetales
D Sordariales

D Thelebolales

[] Trichosporonales
[ Xylariales

D Unknown

Figure 5. Cladogram derived from a phylogenetic maximum likelihood tree based on 409
full-length sequences of the fungal denitrification marker gene nirK (based on figure S1
in paper III). The tree leaves with species names are colored by taxonomic order.

2.2 Measuring fungal denitrifier abundance, diversity and
activity in soil

Tools used to study fungal denitrifiers and fungal denitrification have been
developed recently and are still under evaluation. A set of culture- and DNA-
based methods combined with selective respiration inhibition measurements,
and stable isotope analysis, exists to assess the relevance of fungal
denitrifiers in various ecosystems (Aldossari & Ishii 2021). Culture-based
approaches were initially used to identify fungal species with the ability to
reduce NOs™ to N>,O (Bollag & Tung 1972) and are still relevant to verify
denitrification activity in newly discovered fungi carrying fungal marker
genes for denitrification (Aldossari & Ishii 2021). DNA-based, molecular
tools, such as primers targeting protein coding genes specific to fungal
denitrifiers, are used to measure fungal denitrifier abundance and diversity.
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To measure (potential) denitrification activity of fungi, several different
assays have been developed, of which the most prominent are substrate-
induced respiration inhibition assays, followed by stable isotope labelling
approaches. The following section will briefly introduce these methods and
highlight challenges and perspectives of each.

2.2.1 Culture-based identification of denitrifying fungi

Culture based approaches, where denitrifying fungi are isolated from
environmental samples by dilution of soil samples and cultivation on media
plates, have the advantage that they enable detailed studies of physiology as
well as excluding bacterial contamination or endosymbionts as possible
sources of N,O from denitrification (Sato et al. 2010). It is further possible
to test the denitrification activity and its regulation of an individual species
in liquid culture amended with either NO3;™ or NO,". Subsequent analysis of
biomass increase can then confirm that the reduction of the electron donors
was used for energy conservation and biomass growth (Maeda et al. 2015).
However, cultivation approaches suffer from a lack of consensus on the
cultivation protocols (Mothapo et al. 2015) and the persistent limitations of
cultivating certain species with currently available tools, leading to a
cultivation bias (Prakash et al. 2021).

2.2.2 DNA-based community composition, diversity and abundance
analysis

A continuing challenge in microbial ecology is the detection of taxonomic

and functional groups of organisms of interest with as few false positives

(non-target organisms) as possible, while still covering the entire spectrum

of those within the target group. Thus, any method applied needs careful

evaluation of the balance of specificity versus sensitivity.

Amplicon sequencing of fungal denitrifier marker genes

As with prokaryotic denitrifiers, the relatively large taxonomic diversity of
fungal denitrifiers prevents the use of taxonomic marker genes to study
fungal denitrifiers. The development of primers targeting fungal denitrifiers
has therefore largely focused on the fungal denitrification marker genes nirk
and p450nor. However, there are challenges in designing PCR primers for
these genes. First, protein coding genes tend to have greater variation in DNA
sequences due to wobble in the third position of codons. Second, primer
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design is always limited by the availability of high-quality sequences in
databases. This is particularly the case for fungal denitrifiers, where protein
sequences of representative species are lacking. Careful evaluation of which
primers to use is therefore crucial.

A promising approach to investigate fungal denitrifiers is to target the
gene of the fungal NO-reductase P450nor, as this enzyme is unique to the
fungal denitrification system. However, P450nor comes with the drawback
of belonging to a large protein superfamily, resulting in considerable
sequence similarity overlap between P450nor and other proteins of different
functions. Consequently, Chen & Shi (2017) reported the existence of only
two conserved regions in the protein sequence of P450nor, which restricts
primer design. Several studies have since published primers targeting fungal
p450nor in order to amplify and sequence the gene from environmental
samples (Higgins et al. 2016; Novinscak et al. 2016; Rohe et al. 2020; Chen
& Shi 2017). However, no study is yet published where fungal p450nor has
been directly amplified and sequenced from soil without using a nested-PCR
approach, which does not allow unbiased comparison of community
structure and diversity (Yu et al. 2015). Further, when examining the
evolution of fungal P450nor it has been proposed that this enzyme may have
a role in secondary metabolism (Higgins et al. 2018), and its role in
denitrification has been questioned. Consequently, analysis of more fungal
genomes and experiments examining active gene transcription under field
conditions are needed to clarify the involvement of p450nor in denitrification
(Aldossari & Ishii 2021).

Several primer sets exist to amplify the fungal marker gene nirK from soil
(Long et al. 2015; Maeda et al. 2015; Chen et al. 2016; Novinscak et al.
2016). The primers targeting fungal nirK have been recently compared in-
silico and differed in coverage and specificity (Bonilla-Rosso et al. 2016; Ma
et al. 2019). In particular, primers with good coverage would also amplify
bacterial nirK, although to varying degrees (Chen et al. 2016). Thus, deep
sequencing is necessary to capture the comparably rare fungal sequences.
The results from paper II and III, with an average of 0.5 -1 % fungal nirK
amplicons in the obtained sequences, underpin the in silico findings. The
updated phylogenetic tree of nirK offers a visual explanation for these
findings, showing that eukaryotic and fungal nirK are embedded in between
nirK of bacterial species (Figure 3), depicting the close evolutionary
relationship due to bacterial origin of this gene in eukaryotes.
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Quantitative PCR

The abundance of fungal denitrifiers can be assessed by quantitative PCR
(qPCR) of the fungal denitrification genes. Most reported assays have used
the primer sets of Long and Chen (Long et al. 2015; Chen et al. 2016)
targeting fungal nirK. However due to co-amplification of bacterial nirk,
fungal nirK abundance will be overestimated by 2-3 orders of magnitude,
unless the abundance data is corrected based on the ratio of fungal nirkK
sequences in the sample. Thus, correct quantification of absolute fungal nirkK
abundance can only be obtained by combining qPCR and sequencing data
with identical primers, as demonstrated in Lourengo et al. (2022) and in
papers II and III.

Metagenomics

A third option to detect fungal denitrifiers that is independent of PCR
amplification bias is the screening of metagenomes for the protein-coding
fungal denitrification genes, as performed in paper I. Higgins et al. (2016,
2018) revealed that, in most screened, putative, denitrifying fungal species,
denitrification genes are present as single copies. In combination with the
generally low abundance of fungal DNA in soil extracts, sequencing depth
of metagenomes is expected to limit the detection of fungal denitrification
genes. In paper I, we used a phylogenetically informed approach to search
for fungal nirK sequences in nearly 2000 terrestrial metagenomes of similar
sequencing depth and technology. The observed frequency of 0.01-0.06
fungal nirK sequences per fungal ITS2 sequence, underpinned a generally
low abundance of fungal denitrification genes in metagenomes, but also
showed that metagenomic approaches are able to report the most abundant
fungal taxa harboring nirK.

2.2.3 Denitrification and N2O production activity in soil

Stable isotope analysis

Tracing and quantifying the sources of N>O from soil is challenging,
particularly since both biotic, and abiotic sources, such as
chemodenitrification can contribute to N>O production (Wei et al. 2019).
Furthermore, N>O can be an intermediate or final product of denitrification
but also a by-product of nitrification, further complicating the analysis.
Nevertheless, analysis of the dual-isotopic signature of N,O ('°N, '*O) has
been found to be a suitable method to discriminate between different biotic

32



processes producing N>O (Yoshida & Toyoda 2000; Ostrom et al. 2007;
Lewicka-Szczebak et al. 2015). Due to different site preferences of bacterial
and fungal denitrifiers for N in N,O, likely caused by the differing Nor
enzymes (Toyoda et al. 2002), it is possible to estimate the contribution of
each group individually (Toyoda et al. 2005; Sutka et al. 2008). However,
Yu et al. (2020) showed that the observed site preference values used to
identify N>O of fungal origin overlap with those for the process of
nitrification. Furthermore, it is not possible to evaluate the fraction of N,O
produced by co-denitrification and chemodenitrification, and the site
preference values for fungal denitrification can vary with differing pH and
redox conditions (Otte et al. 2019; Wei et al. 2019; Yu et al. 2020).

Measuring potential denitrification and N>O production

To estimate the denitrification activity of microbial communities,
measurements of potential denitrification and N>O production rates are
frequently performed. In brief, soils are incubated anaerobically as soil
slurries to allow equal diffusion of substrates, and carbon sources as electron
donors and NOs™ or NO»™ as electron acceptors for denitrification are added
in non-limiting amounts. After the addition of the substrate, gas samples are
taken and the amount of N,O produced is measured with gas
chromatography. Since the end-product of denitrification can be both N,O
and N, and commonly N>O alone is measured, the assays are usually
conducted with addition of acetylene (C>H,) that inhibits the reduction of
N2O to N3 to assess the total activity. These assays, however, do not represent
the N>O production in the field but rather what the active part of the
community is producing under optimal conditions. Furthermore,
chemodenitrification can occur and contribute to N>O production,
influencing the results. Hence, controlling of the assay’s pH is suggested
(Keuschnig et al. 2020). Nevertheless, these types of assays can be used to
estimate the possible contribution of fungal and prokaryotic denitrifiers to
denitrification and/or N>O production rates. This approach was used in
paper II, combined with structural equation modelling to determine the
relative contribution of fungi and bacteria to N>O production in fertilized and
non-fertilized soils. In paper III, potential denitrification and N>O
production rates were determined and correlation analyses with the genetic
potential of fungi and bacteria were performed.
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Substrate induced selective respiration inhibition

Substrate induced selective respiration inhibition assays are used to directly
determine the individual contributions of fungal and bacterial denitrification
to potential N>O production rates. The principle is similar to the potential
denitrification activity measurements; soils are incubated anaerobically and
a carbon source and NO;™ or NO;,™ are added, but in combination with either
a bacterial or fungal inhibitor. Controls are also performed in which both or
no inhibitors are added. As in potential denitrification / N>O production
assays, acetylene is added to ensure that N>O is not further reduced and
thereby total denitrification activity can be measured.

Central to the selective inhibition method is a careful evaluation of the
inhibitors. It has been shown that differences in soil type can affect the
efficacy of inhibitors (Ladan & Jacinthe 2016). Furthermore, some inhibitors
may not be effective in inhibiting the target organisms; for example,
Streptomycin has been shown to inhibit only 60 % of bacterial respiration
(Rousk et al. 2009b) or show off-target effects, like cycloheximide which
besides fungi, can also inhibit bacteria (Castaldi & Smith 1998; Swallow &
Quideau 2020). The duration of incubation must be carefully evaluated, as
many inhibitors have a comparably short half-life (Moore & Stretton 1981;
Badalucco et al. 1994; European Food Safety Authority 2014). Hence,
measuring potential activity of a soil sample for a longer period than the half-
life of the added inhibitors leads to unreliable results, particularly when
measured over a time span of several days. Furthermore, the choice of the
added carbon source might select for a specific fungal group (Hanson et al.
2008), thus a mixture of carbon sources with different degrees of complexity
is suggested. Finally, considerations about anaerobic versus microaerobic
incubations might have to be made with respect to the demand of small
amounts of O, for fungal denitrification (Zhou et al. 2001). Recently,
selective respiration inhibition was compared with stable isotope assays and
large discrepancies have been found between the two methods (Rohe et al.
2021a). Due to the persistent difficulties with selective and efficient
inhibitors, it is likely that stable isotope analysis will become more relevant
in the future to discriminate the sources of N>O from soil.

34



3. Ecological significance of fungal
denitrification in terrestrial ecosystems

3.1 Presence of fungal denitrifiers in terrestrial biomes

Fungal denitrifiers have been isolated multiple times from soils but the
majority of isolates originate from managed soils (cropland, plantation
forestry, pasture) (Chen et al. 2014; Maeda et al. 2015; Mothapo et al. 2015).
Consequently, our knowledge of the abundance and ecology of fungal
denitrifiers across terrestrial habitats, and in particular unmanaged soils is
limited (Mothapo et al. 2015). In paper L, I addressed this knowledge gap
using a metagenomic approach to screen almost 2000 soil metagenomes
from 608 locations, representing six terrestrial biomes (forests, grasslands,
deserts, tundra, croplands and the rhizosphere of 10 different plants), for the
fungal denitrifier marker gene nirK, taking advantage of the rapidly growing
number of publicly available metagenomes. Metagenomic approaches
enable evaluation of entire microbial communities present in a sample
without any PCR amplification bias (Brooks et al. 2015; Krehenwinkel et al.
2017) which is central to estimating the proportion of fungal denitrifiers
relative to the total fungal as well as to bacterial nirK abundance. This
assessment of the genetic potential of fungal, relative to bacterial, nirK in
global terrestrial ecosystems provides a first estimation of the possible fungal
contribution to N>O production through denitrification in major soil biomes.
Furthermore, the global survey allowed us to examine the diversity and
distribution of this functional group of fungi and assess whether certain
fungal denitrifiers are coupled to biome-related patterns thereby expanding
our knowledge of the ecology of these organisms.
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Based on the abundance of the marker gene nirK normalized to the
number of total reads to account for variation in sequencing depth of the
metagenomes, we show that fungal denitrifiers were abundant in all
terrestrial biomes. The highest abundance of fungal nirK was found in
forests, driven by tropical and subtropical dry broadleaf forests, and
croplands whereas it was the lowest in tundra and rhizosphere. Relative to
overall fungi, quantified by 18S rRNA gene abundance, the proportion of
fungal denitrifiers was the lowest in forest and the rhizosphere. The highest
ratio of fungal nirK to prokaryotic abundance was found in forest and tundra
biomes, indicating that they may play a more important role for
denitrification in these biomes (Fig. 1, Table 1, paper I). However,
compared to their prokaryotic counterparts, fungal nirK sequences were rare,
totaling an average of 1% of the prokaryotic nirK sequences across biomes.
The general low abundance of fungal denitrifiers, as found by Lourengo et
al. (2022) and in paper II and III when abundance data is combined with
sequencing data, supported our findings. Using metagenomics for
environmental surveys also introduces some limitations. In particular, the
search for rare gene sequences entails the risk of undersampling in
metagenomes (Zhou et al. 2015; Zaheer et al. 2018). This means that if no
fungal nirK is detected in a metagenome, this could be because these
organisms are absent or, more likely, that the sequencing depth of the
metagenome is insufficient to capture these rare sequences. However, we
were able to detect fungal nirK in 76% of the screened metagenomes
although with varying frequency (paper I, Fig S2).

The most prevalent species of putative fungal denitrifiers in terrestrial
biomes were identified using a phylogenetically informed approach to
classify the obtained, metagenomic nirK sequences based on a reference
phylogeny of nirK. We used the method of phylogenetic placement that
determined the branches in the nirK reference tree to which the retrieved
metagenomic nirK sequences were most closely evolutionarily related
(Czech et al. 2022). The phylogenetic placements of the obtained sequences
were then visualized on a nirK reference tree to compare aggregations of
placements between biomes (Fig. 2, paper I). Most sequences were placed
in regions of the tree associated with the classes Eurotiomycetes,
Dothideomycetes, Leotiomycetes and Sordarioycetes. Many of them were
related to well-known cosmopolitan species, such as Aspergillus
westerdijkiae, A. sydowii, Penicillium solitum, and Fusarium
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neocosmosporiellum. Aspergillus and Penicillium species were discovered
in a range of biomes, including Antarctica, tropical forests, and deserts
(Abdel-Hafez 1981; Sterflinger et al. 2012; Cox et al. 2016) and are known
for their stress tolerance (Lamb et al. 2008; Gostincar et al. 2009) and
efficient dispersal strategies (Golan & Pringle 2017). The capacity to inhabit
many ecosystems requires metabolic flexibility, which could be provided
through denitrification and hence the option for facultative anaerobic growth.

Some taxa also exhibited biome related abundance patterns, when
comparing the placements across biomes visually. For example, placements
associated with the hardwood pathogen Thelonectria aggregated in forest
biomes, whereas placements of the entomopathogenic genera Tolypocladium
and Metarhizium were aggregated in desert biomes. In addition, placements
of the genus Fusarium were almost exclusively found in rhizosphere
metagenomes of 10 plant species. This relationship of fungal taxa with
potential hosts support that pathogenic traits, including secondary
metabolism may play an important role for these organisms, as was
suggested by Higgins et al. (2018).

3.2 Drivers of fungal denitrifiers

Soil fungi play a central role in nutrient cycling and their prevalence, often
compared to bacteria, is influenced by altitude and climatic factors
(precipitation, temperature), soil nutrients (soil organic carbon (SOC), total
nitrogen, C:N), soil pH and texture (Fierer et al. 2009; Tedersoo et al. 2014;
He et al. 2020) as well as biotic factors, particularly interactions with soil
bacteria (Bahram et al. 2018) and plants (Tedersoo et al. 2014). Assessment
of the richness of fungal functional groups such as saprotrophs,
ectomycorrhizal fungi and plant pathogens in relation to biomes and
associated soil factors suggests that functional traits are connected to soil
factors. For example, the richness of saprotrophic fungi decreases with
increasing carbon to nitrogen ratio (C:N) (Tedersoo et al. 2014). Similarly,
fungal denitrifiers can also be driven by biotic and abiotic factors, although
little is known about how environmental factors influence fungal denitrifiers.

Only a few studies have compared fungal denitrification activities in
different ecosystems, revealing higher fungal denitrification activity in forest
plantations and arid grasslands (Crenshaw et al. 2008; Chen et al. 2014).
However, the underlying factors remain largely unknown. Microbial
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denitrification in soil is controlled by several factors, of which the most
important are carbon and nitrogen availability as electron donors and
acceptors combined with the absence of oxygen. Chen et al. (2015a; b)
reported that fungal denitrification was stimulated by complex C-compounds
and exhibited a higher denitrification potential compared to bacteria under
sub-anoxic and more acidic conditions. Combined with other studies, this
suggests that fungal denitrification activity, compared to that of bacteria,
increases with organic C supply in soil (Senbayram et al. 2018; Zhong et al.
2018). The ratio of C:N has further been shown to control the denitrification
end-product ratio (Senbayram et al. 2012; Rummel et al. 2021), but the effect
on fungal denitrifiers is not clear. Amongst others, fungal denitrifiers include
saprotrophs and endophytes, representing differing functional traits
(Treseder & Lennon 2015) and possibly differing carbon and nitrogen
demands.

As fungal denitrification requires small amounts of oxygen (Zou et al.
2001; Ma et al. 2008), soil texture likely has a profound effect on fungal
denitrifiers as it controls soil porosity and thus soil water content, as well as
soil aeration. Significant effects of soil texture on community structure have
recently been reported (Xu et al. 2019) and were also observed in papers II
and ITI. We also noted increasing fungal nirK abundance with elevated soil
clay content, both in forest and cropland biomes, which aligns with the
observation that clay has been the dominant factor controlling the anoxic
volume in soil (Keiluweit et al. 2018), which is obviously of high relevance
for denitrification (Rohe et al. 2021b). Clay soils are also known to be rich
in nutrients due to their reactive properties, which also favor fungal
denitrifiers. Small pores in clay soil were shown to be favored by fungi, as
they offer protection against predation (Elliott et al. 1980; Six et al. 2006)
but might also become anaerobic more rapidly, favoring fungi with the
capacity for facultative anaerobic respiration, for example through
denitrification.

Soil pH has been shown to be a strong driver of bacterial and fungal
abundance and community composition (Enwall et al. 2005; Fierer &
Jackson 2006; Baggs et al. 2010), as well as denitrification activity (SImek
& Cooper 2002; Wallenstein et al. 2006). The response of microbes to pH in
general is well documented and caused by changes to their biochemical
environment and indirect effects on nutrient availability, for example iron
(Fe) and copper (Cu) (Lammel et al. 2018). A lack of Fe and Cu availability
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can limit denitrification as these metals are central components of bacterial
and fungal denitrification enzymes (Glass & Orphan 2012). Fungi have been
shown to have a less restricted pH range for growth than bacteria, tolerating
also lower soil pH (Rousk et al. 2010), and it has been demonstrated that
fungal denitrification can exceed bacterial denitrification in highly acidic
soils (Huang et al. 2017) although there are contrasting reports (Herold et al.
2012). The observed negative relation with soil pH and fungal nirk
abundance, as well as fungal nirK relative to prokaryotic nirK in paper I,
was in line with previous reports of increasing fungal denitrifier abundance
with lower soil pH (Huang et al. 2017; Xu et al. 2019). However, when
compared to fungi in general, we showed denitrifying fungi are favored by a
higher soil pH (paper I).

The observation that a large proportion of known fungal denitrifiers
exhibit a pathogenic lifestyle suggests that biotic factors could be involved
in regulating fungal denitrifier abundance and activity. Plant roots have been
shown to affect denitrification by stimulation of microbial activity through
nutrient rich exudates. This, combined with root respiration in turn leads to
oxygen consumption causing anaerobic hotspots in the rhizosphere,
promoting denitrification. Plant exudates have also been shown to regulate
the nitrogen cycle by recruiting nitrogen fixing microorganisms and
repressing nitrifying and denitrifying microorganisms (Bardon et al. 2014;
Coskun et al. 2017), and Ma et al (2008) found that formate from plant
exudates controlled fungal denitrification. Furthermore, interactions with
other microorganisms, particularly arbuscular mycorrhizal fungi (AMF)
might play a role. It has been shown that AMF, which are closely associated
with plant roots, affect the availability of labile carbon and nitrogen (Hodge
2003) but also compete for nitrate with other microorganisms (Storer et al.
2018), thereby also possibly affecting fungal denitrifiers.

In paper I we found a positive correlation of fungal nirK abundance
across all terrestrial biomes with SOC, ammonium and clay content as well
as soil moisture and negative relationships with C:N and pH (Fig. 3, paper
I) . These findings are consistent with the hypothesis, that the abundance of
carbon- and nitrogen resources, which are essential for denitrification, are
drivers of fungal denitrifier abundance. In paper II, we found that the C:N
ratio was a driving factor for fungal nirK communities amongst others,
whereas in paper I1I it became the sole significant edaphic factor associated
with fungal nirK community structure. This agrees with Bahram et al. (2018)
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who identified C:N as the best predictor of the richness of fungal functional
genes and affecting the relative abundance of filamentous Ascomycota fungi
involved in biosynthesis of antibiotic and reactive oxygen species, including
the major groups holding fungal denitrifiers, linking back to our findings in
paper L.

The total abundance of fungal denitrifiers, but also relative to the total
fungal community, was promoted by increasing soil nitrogen contents (total
nitrogen, nitrate, ammonium), although differing patterns between biomes
were noted (paper I). For example, NOs™ was positively associated with the
fungal nirK to ITS ratio in forest biomes, whereas the opposite was found in
croplands. These observations were most likely explained by the inherent
differences in nitrogen levels in these biomes, as described in several studies,
(Batjes 1996; Butterbach-Bahl et al. 2011; Scharlemann et al. 2014) with
generally low NOs levels in forests (Ambus & Zechmeister-Boltenstern
2007). The negative relationship in NOjs™ rich croplands on the other hand
indicated a potential nitrate threshold causing restructuring of fungal
communities, with negative effects on denitrifiers.

When comparing fungal abundance in rhizosphere metagenomes of
different plant species we found that fungal nirK relative to total fungal
abundance was lowest in the rhizosphere of plant species belonging to the
family of Poaceae (paper I), which are often associated with AMF (Endresz
et al. 2013; Emery et al. 2022). However, since there was no additional
information on environmental conditions in the rhizosphere, it was
impossible to distinguish whether the observed differences were caused by
changes in abiotic soil factors which could also partly be plant induced.
Nevertheless, these findings align well with previous reports of AMF being
associated with decreasing N>O emissions from soil through regulation of
denitrifier abundance (Gui et al. 2021).

The combined effects of the various soil properties most likely resulted
in the observed biome-related frequency patterns of fungal species with nirK
(Fig. 2, paper I). In addition to the factors described above, there remain
anthropogenic factors that might affect fungal denitrifiers. Globalization
allows fungal pathogens to spread more easily, which is also supported by
our finding of many cosmopolitan denitrifying species, belonging to the
genera of Aspergillus, Penicillium and Fusarium in paper I. Furthermore,
modifications of soil properties such as pH, fertility, moisture and plant cover
through soil management practices, has profound effects on soil fungal
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communities (Ellouze et al. 2014), and necessitates fungal metabolic
flexibility and stress tolerance as observed in these species (Lamb et al. 2008;
Gostincar et al. 2009).
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4. Effects of agricultural soil management
practices on fungal denitrification

4.1 Fungal denitrification and agriculture

Agricultural soil management practices, such as tillage, crop rotations and
irrigation as well as fertilization can have a tremendous effect on soil fungi
(Srour et al. 2020; Orru et al. 2021; Deng et al. 2022). Tillage, for example,
has been shown to disrupt hyphal networks thereby hampering filamentous
fungi, including beneficial AMF (Schalamuk & Cabello 2010). Soil
management practices, especially nitrogen fertilization, are also known to
have profound effects on denitrification through changes in the availability
of carbon and nitrogen resources, and soil texture, which influence soil
aeration (Munch & Velthof 2007). Consequently, agricultural soils have
become a major source of N>O due to enhanced denitrification (Tian et al.
2020). Besides the contribution to global warming, this poses great
challenges in the efforts of minimizing nutrient losses and maintaining soil
fertility for crop production.

Fungal denitrification has been reported from many different managed
soils, including arable soils, grasslands and pastures, but its contribution to
N20O production is not yet clear as conflicting results have been reported
(Wei et al. 2014; Yamamoto et al. 2017). Moreover, a better understanding
of fungal denitrification in agricultural soils, besides gaseous nitrogen losses,
might also be relevant for plant health, as many fungi with denitrification
genes are known pathogens.
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4.2 Effects of nitrogen fertilization

4.2.1 Impact of nitrogen fertilization on soil microbial communities

Primary production in terrestrial ecosystems is mainly limited by nitrogen
availability, which in turn is regulated by biotic and abiotic factors
controlling nitrogen cycling (Vitousek et al. 2002). In agriculture, nitrogen
is removed from the ecosystem with the harvested crop. Hence, nitrogen
fertilization is essential to maintain fertility and support crop yields.
Fertilizers are applied in different forms, either as mineral fertilizers
including different forms of nitrogen as ammonia, nitrate, and urea, or in
organic forms such as manure or compost (Figure 6). However, excessive
nitrogen-application can lead to nitrogen losses from soil of up to 50% to the
environment, both, as gaseous losses due to microbial processes of
denitrification and ammonia oxidation, and ammonia volatilization, as well
as through leaching of NOs™ to waterbodies (Lassaletta et al. 2014, Figure 6).
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Figure 6. Fate of mineral and organic nitrogen fertilizer in the soil nitrogen cycle. Losses
of soil nitrogen occur as gaseous nitrogen species via denitrification and leaching of
nitrate to water bodies.

Fertilization is known to affect soil properties; particularly the decrease in
soil pH has been observed in soils receiving regular input of certain types of
nitrogen fertilizers (Vasak et al. 2016). Furthermore, profound effects of
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fertilization on soil microbial communities have been detected, reflected in
increased microbial biomass (Rousk et al. 2009a; Geisseler & Scow 2014)
and changes in the community composition and structure (Enwall et al. 2007;
Geisseler & Scow 2014).. The observed shifts in microbial communities
towards increased denitrifier abundance appear to be associated with higher
N>O production rates (Ding et al. 2010; Jager et al. 2011; Jones et al. 2022),
and are attributed to higher levels of biological and chemical denitrification,
as well as nitrification (Wang et al. 2021)

4.2.2 Effects of fertilization on fungal denitrifiers

Fertilization effects have been observed on fungal communities, leading to
an overall increased fungal abundance but also increased relative abundance
of certain fungal groups, particularly Ascomycota (Sun et al. 2016; Wen et
al. 2020). Previous research has shown that the fungal phylum Ascomycota,
to which many fungal denitrifiers belong (Mothapo et al., 2015),
predominates in fungal communities in agro-ecosystems (Lienhard et al.,
2014). Combined with increased N>O emissions from fertilized soils,
observed shifts in fungal communities could point towards increased
abundance of denitrifying fungi. Increased fungal N>O production in
fertilized soils was later reported in microcosm experiments using selective
inhibition. Nevertheless, the contribution of fungi relative to bacteria remains
inconclusive due to differing results (Wei et al. 2014; Yamamoto et al. 2017).

Data on fertilization effects on fungal denitrifiers is scarce. Furthermore,
most studies have been performed in soils with a comparatively short history
of fertilization and at single sites, whereas long-term experiments and multi-
site comparisons are lacking. Hence, it is unknown whether there are general
trends regarding effects on fungal denitrifiers in relation to nitrogen
fertilization or if they are site-specific and mainly influenced by edaphic
factors as suggested by Xu et al. (2019). In paper II, we addressed if there
are predictive trends of N-fertilization on the abundance and community
composition of fungal denitrifiers across Sweden by using multiple long-
term experiments. We further aimed to determine the relative importance of
fungal and bacterial denitrifiers for potential N,O production activity based
on the statistical approach of structural equation modelling (SEM) that
enabled evaluation of direct and indirect effects of biotic and abiotic factors
on N,O production.
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Our study includes soils from 14 long-term fertilization experiments,
established between 1956-1998. Each site included mineral-fertilized soils
(ammonium-nitrate [50/50] at 12 sites and calcium nitrate at two sites) and
an unfertilized control. The analysis of soil properties revealed an increase
of total and organic carbon, total and reactive nitrogen species as well as Cu,
Fe, Ca, phosphorus (P) and potassium (K) in fertilized soils (Table S2, paper
II). However, soil pH did not decrease under long-term nitrogen-fertilization
since only mildly or non-acidifying fertilizers were used.

Increased potential N>,O emissions were observed in fertilized soils (Jones
et al., 2022) combined with an overall higher fungal abundance quantified
by qPCR targeting ITS2. Fertilization also had a significant effect on the
abundance of denitrifiers: both, fungal nirK and bacterial nirK were
significantly more abundant in fertilized plots (Table 1, paper II).
Conversely, the abundance of nirS-type denitrifiers did not change in
response to fertilization and was six times more abundant than #nirK, most
likely explained by previously reported, differing niche preferences (Enwall
et al. 2010; Azziz et al. 2017; Wang et al. 2020) and primer coverage
(Bonilla-Rosso et al., 2016). The relative genetic potential of fungal
denitrifiers however, specified as fungal nirK abundance relative to the sum
of bacterial nir (fungal nirK/nirK+nirS), did not change in response to
fertilization. We further noted a significant correlation of fungal nirk
abundance with potential N>O production rates, but only in unfertilized soils
(Fig. 1, paper II). However, the community structure of fungal nirK was
significantly affected by fertilization as well as site, and was driven by a
number of soil factors, the strongest being clay and sand content, certain
minerals and total organic carbon (TOC) content (Fig. 2C, paper II). TOC,
and total nitrogen and carbon differed between fertilized and unfertilized
sites, indicating a soil resource-related shift in the fungal denitrifying
community.

Unlike prior studies (Wei et al. 2014; Xu et al. 2019), the results from our
modeling approach did not show any significant fungal contribution to N,O
production rates, neither in fertilized nor unfertilized soils. The observed
positive co-variance of fungal nirK and bacterial nir abundance in
unfertilized soils suggests that fungal denitrifiers may indirectly, through a
positive interaction with prokaryotic denitrifiers, contribute to N>O
production (Fig. 3A, paper II). In fertilized soils, however, N,O production
was solely driven by a combination of abiotic factors (Fig. 3B, paper II).
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The missing aspect of N>O reducers in the model could limit the conclusions,
particularly with respect to biotic control. The findings of Jones et al. (2022),
however, suggest that the increasing resource availability could lead to a
threshold above which the ratio of N>O consumers to producers has no effect
on the net N>O production, and support the observed loss of biological
control of N,O production in fertilized soils in the present work.

4.3 Soil tillage

4.3.1 Tillage effects on soil properties and N2O emissions

Tillage is an integral part of seedbed preparation in many areas of the world,
with strong implications for soil structure and nutrient homogenization, as
well as plant pathogen control. Several studies have found that conventional
tillage practices such as mouldboard ploughing have a significant impact on
microbial abundance and community structure (Sommermann et al. 2018;
Sun et al. 2018). Soil inversion by plowing brings nutrients and plant
residues into the deeper layers of the soil, but soil structure, in particular the
presence of macropores, deteriorates, which, along with uncovered soil
surfaces, promotes soil erosion, increases water evaporation, and accelerates
the loss of organic matter through higher decomposition and respiration rates
(Ben-Noah & Friedman 2018). As a result, conservation or minimum tillage
has been widely promoted to improve soil health through enhanced microbial
activity and increased soil organic matter on the surface, which also retains
soil humidity (Six et al. 2002; Chen et al. 2020; Krauss et al. 2020).

For reduced tillage increased N,O emissions have been observed (Six et
al. 2002; Lognoul et al. 2017), accompanied with a general enhancement of
microbial activity (Doran, 1980; Melero et al., 2011). These emissions were
found to be associated with cover crop residues and originate near the soil
surface (Petersen et al. 2011). Since fungal denitrification is also related to
crop residues (Yamamoto et al. 2017), it has been hypothesized that fungal
denitrifiers could be the source of these N>O emissions. In paper III we
tested this hypothesis by examining how inversion tillage regimes influenced
fungal denitrifiers, using a long-term tillage experiment located in Ultuna,
Sweden. At this site, different tillage systems have been monitored since
1974. The denitrifier community (bacteria and fungi) as well as the overall
fungal and bacterial communities were investigated, and potential
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denitrification activity was assessed in relation to tillage regime, including
inversion tillage, inversion frequency, and non-inversion tillage, and soil
depth.

4.3.2 Effects of tillage on denitrification and denitrifying fungi

Inversion tillage has been shown to have profound effects on soil properties
(Haddaway et al. 2017) in agreement with our findings of significant effects
on total carbon, nitrogen as well as on bound P, K and available K. Untilled
soils typically accumulate organic matter in the topsoil, which in tilled soils
is transferred to deeper soil levels. This was reflected in the significantly
higher amount of total carbon and nitrogen in the upper soil layer in the non-
inverted treatment (Table 1, paper III). The different tillage regimes and
associated changes in soil properties led to structural changes in the
microbial communities. Differences in both bacterial and overall fungal
communities followed a gradient of increasing tillage intensity (no inversion
to occasional inversion (every 4-5 years) to conventional annual inversion),
and by soil sampling depth. Similar effects were also observed by Sun et al.
(2018) and explained by changes in the vertical distribution of soil carbon
and carbon sequestration caused by different tillage regimes.

Our results further highlighted a gradient in the C:N ratio, which was
significantly associated with the structure of the fungal nirK community (Fig.
3C, paper III), a relationship which was also found in paper II. The sample
similarities based on fungal denitrifier community composition clustered in
a similar way as the overall communities with respect to tillage treatment and
soil depth, with most pronounced difference between soil layers in the non-
inverted soils. This showed profound differences between the fungal
denitrifier communities of the upper, nutrient rich, and nutrient poor lower
non-inverted soils. These differences were driven by members of
Tremellomycetes and Trichoderma in the upper levels, and Tremellomycetes
and Fusarium in the lower soil levels. Also, in line with previous studies, the
relative abundance of Trichoderma and Penicillium increased in the upper
non-inverted soils (Bockus & Shroyer 1998; Nesci et al. 2006; Meng et al.
2010; Degrune et al. 2017), whereas Fusarium became more abundant in the
lower soil layer, suggesting competition with other decomposers in the upper
soil layer (Leplat et al. 2013). The observed patterns indicated the existence
of depth-related niche differences that could be associated with differences
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in labile carbon availability caused by differing stages of crop-residue
decomposition (Rummel et al. 2021).

We found that the genetic potential for denitrification of fungi relative to
that of bacteria was highest in non-inverted upper soil layers, based on the
ratio of fungal nirK to the sum of bacterial nirK+nirS abundance. This
coincided with significantly higher potential denitrification rates compared
to the conventionally ploughed soils, when NO,  was used as electron
acceptor. Furthermore, a significant positive correlation between fungal nirk
abundance and denitrification activity with NO,™ was observed. Combined
with the report that fungi often start denitrification with NO, rather than
NOs™ (Maeda et al. 2015), these results provide evidence of the fungal
contribution to denitrification in non-inverted upper soil layers. However,
compared to bacteria, their denitrification potential was orders of magnitudes
lower (Fig. 2C, paper III), which, in line with the findings of papers I and
11, suggests that bacteria are more significant contributors to N>O emissions.
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5. Conclusions and perspectives

Given that denitrification in terrestrial ecosystems is the major source of
N2O, a thorough understanding of the ecology of the microorganisms
involved in producing this greenhouse gas is crucial. Moreover, the loss of
nitrogen from soil has a severe impact on agricultural productivity. Research
on denitrifying fungi is important since it helps to set priorities in the
development of N>O mitigation strategies and improved nitrogen usage
efficiency in agriculture.

This thesis shed light onto the abundance, diversity and relevance of the
understudied microbial group of fungal denitrifiers in soil and how soil
management practices affect these organisms. These findings provide a
valuable contribution to a better understanding of the ecology of this not well
understood component of the denitrifying community. The findings in paper
I -III highlight that:

e Fungal denitrifiers are found in all terrestrial biomes across the globe
and are associated with soil factors known to promote denitrification,
i.e. availability of resources such as organic carbon and reactive
nitrogen, as well as elevated soil moisture.

e The genetic potential for denitrification of fungal denitrifiers is orders
of magnitude lower than their prokaryotic counterparts, suggesting a
minor role of fungi in global terrestrial denitrification.

e Many fungal denitrifiers are cosmopolitan, stress-tolerant species that
may benefit from global warming. Particularly the opportunistic
pathogens among denitrifying fungi could pose an increasing threat to
food production and at the same time provide unwanted positive
feedback to global warming by N»>O production.

51



¢ Soil management practices that affect the distribution and availability
of soil carbon and nitrogen have a profound effect on denitrifying
organisms, including fungi. Improved management strategies
increasing N-use efficiency are promising tools to mitigate N,O
emissions from agricultural soils.

e Quantification of fungal nirK with qPCR results in an overestimation
of fungal denitrifiers due to co-amplification of bacterial nirk.
Therefore, correct quantification of absolute fungal nirK abundance can
only be obtained by combining qPCR and sequencing data with
identical primers and subsequent correction of the abundance data by
considering the proportion of fungal nirK in the sequence data.

These results suggest a novel perspective on fungal denitrifiers should be
adopted, focusing more on their pathogenic traits and how these are related
to the acquisition of the denitrification genes. The central question of why
these organisms maintain denitrification capacity although its contribution to
energy conservation is low, remains unsolved. Is it an alternative to other NO
detoxification pathways or an enhancement to survive suboxic conditions?
Also, in light of the finding of the prevalence of Fusarium in rhizosphere
metagenomes of different plants, according to Keuschnig et al. (2020)
hitherto the sole genus hosting true denitrifiers, host-interactions should be
considered in future research. The study of fungal isolates and their hosts in
combination with gene expression assays could help improve our
understanding of the role of denitrification in fungi.

In paper III it was shown that there is a potential interaction between
fungi harboring nirK and prokaryotes with nirK and nirS in soils with lower
resource  availability. Fungal interactions with N>O reducing
microorganisms, either complete denitrifiers or non-denitrifying N>O-
reducers, would be relevant to investigate in future studies. A first step could
be to perform co-occurrence analyses to search for putative interactions and
shared niches between denitrifying fungi and N,O reducers.

This thesis has highlighted the limitations of the molecular methods
available to detect and quantify fungal denitrifiers. Efforts are needed to
improve these methods as they offer powerful tools to study the ecology of
fungal denitrifiers. Quantitative data is necessary and should be combined
with novel and improved stable isotope analysis (Rohe et al. 2020). The
results of this thesis illustrate that we still do not fully comprehend the
complexity of processes that lead to N,O emissions from soils. Future work
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should therefore aim to provide a more comprehensive picture of how fungal
denitrifiers contribute to global warming.
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Popular science summary

Nitrous oxide (N20), also known as ‘laughing gas’, is a strong greenhouse
gas that is nearly 300 times more powerful than carbon dioxide. Besides
contributing to global warming, N>O is currently also the single most
prominent ozone depleting chemical. Primary sources of N,O include
terrestrial soils, particularly agricultural soils. They receive large inputs of
nitrogen in the form of fertilizers to promote plant growth and thereby crop
yield. Nitrous oxide from soils is produced by microbial processes that
convert excess bioavailable nitrogen into N,O. As much as 50% of the added
nitrogen as fertilizer can be lost as gaseous nitrogen.

Denitrification is the most important N,O producing process in soils.
Denitrification is performed by bacteria, archaea and fungi and converts
nitrate through successive steps to nitrogen gas, via several intermediates of
which N>O is one. Denitrification in fungi always ends with N>O and fungi
are therefore potentially important sources of this greenhouse gas. However,
since denitrification has almost exclusively been studied in bacteria, we
know little about denitrifying fungi in soil.

The studies in this thesis aimed to increase our understanding of the
ecology of denitrifying fungi in soils by determining their global distribution,
how they are affected by soil properties, their possible contribution to N>O
emissions, and how they are affected by common management practices in
crop production systems.

The first study revealed that fungal denitrifiers are generally rare and
about 200 times less abundant than other denitrifiers, predominantly bacteria.
Fungal denitrifiers were present in all types of soil environments but the
highest numbers were in forest soils, particularly in tropical and subtropical
broadleaf forests. In relation to other denitrifiers, they were most abundant
in forest and tundra soils. The amount of fungal denitrifiers correlated with
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soil properties that are known to promote denitrification, i.e. moist soils with
high content of carbon and nitrogen. Many of the ones identified in the soils
studied in this thesis are cosmopolitan molds and plant pathogens such as
Aspergillus, Penicillium and Fusarium species that can flourish under a
broad range of environmental conditions. Since global warming promotes
stress tolerant organisms, we might expect an increase in fungal denitrifiers.

The second and third studies examined how common management
practices like fertilization and tillage affect denitrifying fungi. Fertilization
increased nutrient availability along with the abundance of denitrifying
fungi, but also changed their community composition, reducing the relative
abundance of Fusarium species but increasing that of Penicillium species.
Similarly, conventional tillage with soil inversion resulted in differing soil
properties and composition and abundance of fungal denitrifier communities
in comparison to less tilled soils in the topsoil. The accumulation of organic
material in the upper soil layers of non-inverted soils could explain this.
However, no significant contribution to N>O production by fungi was
observed in any of the studies, suggesting that fungi are less relevant for
denitrification in agricultural soils than previously suggested.

Overall, this thesis shows that fungal denitrifiers constitute a low-
abundant group within the nitrogen cycle and that the genetic potential for
fungal denitrification is much lower than that for bacteria. However, the
fungal denitrifier community can change in soils subject to management and
thereby their contribution to N>O production can change. To reduce N>O
emissions through soil management strategies, it is crucial to have a better
knowledge of the ecology of denitrifying microorganisms, including fungi,
and how they control N>O emissions.
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Popularvetenskaplig sammanfattning

Lustgas (N2O) ér en vixthusgas som dr 300 ganger starkare &n koldioxid.
Forutom att bidra till den globala uppvarmningen dr N>O numera ocksa den
enskilt viktigaste substansen som bryter ner ozonskiktet . Mark av olika slag,
sarskilt akermark, dr den storsta kéllan till N,O eftersom dkermark godslas
med stora mangder kvéve for att fraimja goda skordar. Lustgas produceras
ndr mikroorganismer i jorden omvandlar olika former av kvive.

Den viktigaste processen for N>O produktion &r denitrifikation. S&
mycket som 50% av tillfort kvave kan forsvinna fran marken som gasformigt
kvéve. Denitrifikation kan utforas av bakterier, arkéer och svampar och
omvandlar nitrat till kvdvgas via flera steg, varav N>O &r en mellanprodukt.
Denitrifikation hos svampar slutar dock alltid med N>O. Svampar ar dérfor
potentiellt viktiga kéllor till denna vaxthusgas. Eftersom denitrifikation
nistan uteslutande har studerats i bakterier vet vi inte sd& mycket om
denitrifierande svampar.

Denna avhandling syftade till att 6ka forstaelsen om de denitrifierande
svampars ekologi genom att bestimma deras globala utbredning, paverkan
av markfaktorer, mdjliga bidrag till N,O emissioner och hur de paverkas av
vanliga brukningsatgérder i vara odlingssystem.

Den forsta studien visade att denitrifierande svampar &r sdllsynta och
cirka 200 ganger mindre forekommande &n Ovriga denitrifierande
mikroorganismer. De patriffades i alla typer av markekosystem men fanns i
storst antal i skogsmarker, sarskilt i tropiska och subtropiska 16vskogar.
Deras andel inom det denitrifierande mikrobiella samhéllet var storst i skogs-
och tundrajordar. Férekomsten av denitrifierande svampar korrelerade med
markegenskaper kdnda for att frimja denitrifikation, d.v.s. fuktiga jordar
med hog halt av kol och kvdve. Méanga av de denitrifierande svamparna som
identifierades &r kosmopolitiska mogelsvampar och véxtpatogener som
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Aspergillus, Penicillium och Fusarium som kan gynnas under manga olika
miljoforhallanden. Eftersom den pagédende klimatfordndringen forvéntas
gynna stresstoleranta organismer, kan vi eventuellt forvédnta oss en 6kning
av denitrifierande svampar.

Den andra och tredje studien undersokte hur vanliga brukningsatgarder
inom jordbruket péverkar denitrifierande svampar. Kvivegddsling okade
markens néringsinnehall samtidigt som antalet denitrifierande svampar
okade, men samhéllssammansittning dndrades, t.ex. blev Fusarium blir
relativt farre och Penicillium rikligare. Pa liknande sitt visades att jordar med
konventionell plojning jamfort med andra typer av jordbearbetning hade
andramarkegenskaper, liksom fler och andra denitrifierande svampar i det
ovre jordlagret Det kan eventuellt forklaras av det 6kade kolinnehéllet i det
ovre jordskiktet med denna bearbetningsatgérd.

Sammanfattningsvis visar avhandlingsarbetet att denitrifierande svampar
dr en liten grupp inom kvivets kretslopp, och att den genetiska potentialen
for denitrifikation hos svampar &r ldgre dn den for bakterier. For att minska
N2O -utsldppen genom #ndrade brukningséatgiarder ar 6kad kunskap om
ekologin hos denitrifierande mikroorganismer, inklusive svampar, och hur
de paverkar emissioner av N>O avgorande.
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ARTICLE INFO ABSTRACT

Keywords: Nitrous oxide (N20) emissions from arable soils are predominantly caused by denitrifying microbes, of which
Fungal denitrification fungal denitrifiers are of particular interest, as fungi, in contrast to bacteria, terminate denitrification with N»O.
"i_rK . Reduced tillage has been shown to increase gaseous nitrogen losses from soil, but knowledge of how varying
Ell(:;l;:;“de tillage regimes and associated soil physical and chemical alterations affect fungal denitrifiers is limited. Based on
Tillage results from a long-term (>40 years) tillage experiment, we show that non-inversion tillage resulted in increased

potential denitrification activity in the upper soil layers, compared to annual or occasional (every 4-5 years)
conventional inversion tillage. Using sequence-corrected abundance of the fungal nirK gene, we further identified
an increased genetic potential for fungal denitrification, compared to that caused by bacteria, with decreasing
tillage intensity. Differences in the composition and diversity of the fungal nirK community imply that different
tillage regimes select for distinct fungal denitrifiers with differing functional capabilities and lifestyles, pre-
dominantly by altering carbon and nitrogen related niches. Our findings suggest that the creation of organic
hotspots through stratification by non-inversion tillage increases the diversity and abundance of fungal deni-
trifier communities and modifies their composition, and thus their overall relevance for NoO production by
denitrification, in arable soils.

1. Introduction

Agricultural soils are major sources of nitrous oxide (N20), a potent
greenhouse gas that also contributes to the depletion of the ozone layer
in the atmosphere. Denitrification, an anaerobic microbial process that
reduces nitrate or nitrite to gaseous nitrogen compounds, including N0,
is the most important process contributing to NyO emissions from
agricultural soils (Ward, 2013). Denitrification is a common functional
trait among bacteria as well as in certain archaea and fungi (Shoun et al.,
1992; Philippot et al., 2007; Kim et al., 2009). However, unlike many
prokaryotic denitrifiers, all genetically described fungal denitrifiers lack
the N,O reductase (Shoun et al., 2012; Graf et al., 2014; Higgins et al.,
2016) which makes them a potential source of N2O. Representative
fungal denitrifiers, mainly from the genera Fusarium, Aspergillus, Tri-
choderma, and Penicillium have been isolated from agricultural soils on
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multiple occasions, and demonstrated to produce N2O in pure culture
(Maeda et al., 2015; Mothapo et al., 2015). Ectomycorrhizal species
have also been reported to produce NoO (Prendergast-Miller et al.,
2011). There are also reports showing the importance of fungal de-
nitrifiers for in situ NoO emissions (Mothapo et al., 2013; Wei et al.,
2014; Ibraim et al., 2019).

Denitrification is directly affected by a variety of soil factors, of
which carbon (C) and nitrogen (N) content as well as soil aeration are
the most important for both bacterial and fungal denitrification (Wag-
ner-Riddle et al., 2020). Fungal denitrification has been shown to be
greater than bacterial denitrification at lower soil pH (<5.5), under
conditions with more complex C substrates, e.g. lignocellulose, and
under sub-oxic rather than anoxic soil conditions that typically promote
denitrification (Chen et al., 2015a,b). Many of these factors are altered
by soil management practices, and tillage regimes are especially
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relevant since they impact the depth-distribution of soil organic matter
and affect the soil pore architecture which in turn influences soil aera-
tion (Wuest, 2001; Kautz, 2015; Ramesh et al., 2019). Minimum tillage,
often in combination with other practices, has been promoted to
improve soil health through enhanced microbial activity and increased
soil organic matter (SOM) in the surface layer (Doran, 1980; Six et al.,
2002; Blanco-Canqui and Wortmann, 2020; Krauss et al., 2020). How-
ever, systems with reduced tillage have been shown to increase gaseous
N-losses from soil (Six et al., 2002; Lognoul et al., 2017). It has been
proposed that increased N2O emissions are caused by sub-oxic and
anoxic hotspots created by the degradation of crop residues (Kravchenko
et al., 2018), thereby linking reduced tillage with increased denitrifi-
cation activity (Wang and Zou, 2020). Ladan and Jacinthe (2016) used
selective inhibitors to distinguish between bacterial and fungal denitri-
fication in differently tilled soils, reporting higher overall fungal deni-
trification rates in no-till soils. Although soil fungal community structure
has been shown to be affected by tillage practices (Hydbom et al., 2017;
Legrand et al., 2018; Wang et al., 2016), little is known about the effects
of tillage regimes on the composition, diversity, and abundance of
fungal denitrifiers. Increased knowledge of fungal denitrifiers and their
responses to tillage-induced changes in soil structure and nutrient
availability is essential to understand the interplay between sustainable
soil management and N»O emissions, and to provide a mechanistic basis
for undertaking actions for N management that may improve terrestrial
climate regulation services.

The main objective of this study was to assess long-term (>40 years)
effects of three different tillage regimes (inversion tillage, occasional
inversion tillage and non-inversion tillage) and associated soil structural
and chemical changes in the abundance, diversity, and composition of
fungal denitrifier communities. By including both soil chemical and
physical properties, we aimed to achieve a comprehensive picture of
edaphic factors that may promote the genetic potential of fungal deni-
trification and specific fungal denitrifier communities. The relative
importance of bacterial and fungal denitrifiers was further assessed in
terms of their respective genetic potential and correlated with potential
denitrification rates. Due to the anticipated differences in the stratifi-
cation of the vertical soil profile and creation of microhabitats
depending on tillage regime, we expected compositional differences in
fungal denitrifier communities across the soil layers and increased
overall diversity with minimized tillage. Further, we hypothesized that
denitrification activity in the upper soil layer would increase under non-
inversion tillage because of increasing carbon accumulation, and that
the genetic potential of fungal denitrification would increase relative to
that of bacteria due to less physical disruption of the mycelia. To
investigate whether the observed effects of tillage practices on fungal
denitrifiers were due to an overall effect on the soil microbial commu-
nities, we also determined the abundance, diversity, and composition of
the total bacterial and fungal communities.

2. Materials and methods
2.1. Experiment design, soil sampling and soil physicochemical analysis

Soil samples were collected in November 2017 from a long-term
tillage experiment maintained since 1974, and located in Uppsala,
Sweden (latitude: 59.82, longitude: 17.64). The soil is classified as a
Cambisol (Eutric) with 45.7% clay, 33.9% silt and 20.3% sand. The
experiment includes five different tillage treatments in a randomized
complete block design with four blocks as previously described (Etana
et al.,, 2009; Arvidsson et al., 2014; Parvin et al., 2014). This study fo-
cuses on three treatments with decreasing tillage intensity: conventional
tillage with soil inversion (CIT) consisting of yearly mouldboard
ploughing to ca. 25 cm depth followed by conventional seedbed prep-
aration with a disc harrow or cultivator; shallow tillage with occasional
inversion by mouldboard ploughing every 4-5 years (OIT); and shallow
non-inversion tillage (NIT) based on yearly disking/cultivating to ca. 10
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cm. In 2017, the plots had been cropped with spring barley. Sampling
took place between harvest and autumn tillage (i.e. in undisturbed
stubble), and the CIT soils were last ploughed in fall 2016 and the OIT
soils in November 2015.

For microbial analyses, five soil cores (30 mm diameter) were taken
from the soil surface to a depth of 18 cm at random locations within each
plot. The soil cores were then divided into two depths: 2-8 cm (within
the tilled layer of all systems) and 12-18 cm (below tillage depth of
shallow tillage, but within the ploughed layer of the other systems). The
five cores were then combined into separate composite samples for each
depth. This resulted in 24 soil samples (three treatments, two depths,
four blocks), with four biological replicates (n = 4) per tillage treatment
and soil layer. Similarly, composite samples for soil chemical analysis
were taken at each depth. For soil physical measurements, three un-
disturbed soil cores (72 mm diameter, 50 mm height) were sampled in
each plot at depths of 3-10 cm and 13-20 cm. Samples for both physical
and chemical analysis were stored at 4 °C prior to analysis, and the
composite samples were homogenized by sieving (2 mm @). Samples for
microbial analysis were placed in —20 °C storage immediately after
collection, then thawed and sieved at 4 mm @ before being stored again
at —20 °C until further processing.

The water content at sampling was measured gravimetrically by the
loss of weight after drying 10 g of each soil at 60 °C for 48 h. Total
carbon (Cyor), total nitrogen (Nio), pH, total K and P (HCl-extracted),
plant available K and P (ammonium-lactate [AL] extracted) were
measured at the Soil and Plant Laboratory, SLU Uppsala, Sweden. Three
undisturbed soil cores per treatment and block were used for measure-
ments of water retention and metrics derived thereof, as follows. The
undisturbed soil cores were slowly saturated from the bottom, and
drained stepwise on porous plates (EcoTech Umwelt-MeBsysteme GmbH
suction plates) to four different matric potentials (—10, —50, —300 and
—600 hPa). The saturated soil cores were weighed before and after oven-
drying (24 h at 105 °C) to determine soil water content at each matric
potential. Water retention at —15,000 hPa was determined on remoul-
ded soil samples in a pressure plate system. Measured particle densities
were used to calculate total porosity. Air-filled porosity was calculated
for each matric potential as the difference between total porosity and
volumetric water content, and water-filled pore space as the ratio of
volumetric water content to total porosity.

2.2. Potential denitrification assays

Potential denitrification rates were measured with the addition of
either nitrate (NO3) or nitrite (NO3) as the terminal electron acceptor.
Nitrite was used to account for denitrifiers that cannot reduce nitrate,
notably fungi (Shoun and Takaya, 2002; Maeda et al., 2015). The
experimental setup followed a modified version of the protocol for po-
tential denitrification described by Pell et al. (1996). The assays were
performed with 5 g of soil, thawed for 24 h in 125 mL Duran bottles at
room temperature. Distilled water was then added to a volume of 20 mL,
and the bottles were hermetically sealed before exchanging the head-
space with nitrogen gas to create anoxic conditions. After 30 min of
incubation at 25 °C and constant agitation (180 rpm), 10 mL acetylene
was added prior to adding 1 mL of substrate solution consisting of 25
mM Glucose, 75 mM Na-acetate, and 37.5 mM Na-succinate and 3 mM
KNOj3 or 3 mM NaNO,. Bottles were then incubated for 150 min, and a
volume of 0.5 mL was sampled from the headspace every 30 min. The
N2O concentration in the headspace was determined by gas chroma-
tography (Clarus-500 with an Elite-Q PLOT phase capillary column and
63N electron-capture detector, PerkinElmer, Hagersten, Sweden), with
serial dilutions of N,O as a standard. The potential denitrification rate
was then calculated based on the non-linear model described by Pell
et al. (1996) utilizing the “nls2” package in the R statistical program-
ming environment.
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2.3. DNA extraction and quantification of denitrification gene abundance

Soil DNA was extracted from each of the 24 samples using the
DNeasy PowerLyzer PowerSoil Kit (Qiagen AB, Kista, Sweden) accord-
ing to the manufacturer’s instructions. The extracted DNA was quanti-
fied using a Qubit fluorometer (Thermo Fisher Scientific, Waltham MA,
USA). Prior to quantification of specific genes, possible PCR inhibition
by co-extracted inhibitors was examined by adding a known amount of
PGEM-T plasmid (Promega, Madison WI, USA) to 10 ng of template DNA
or distilled water, followed by real-time quantitative PCR (qQPCR) with
plasmid-specific primers for each sample. No inhibition was detected for
the amount of template DNA used in the reactions based on comparing
cycle threshold (Cy) values between reactions with DNA template and
non-template controls.

Quantification of gene abundance was performed using a CFX Con-
nect Real-Time System (Bio-Rad, Hercules CA, USA). All reactions for
bacterial 16S rRNA and denitrification genes were performed in tripli-
cate runs (three technical replicates per biological replicate). The total
reaction volume of 15 pL consisted of 1X iQ™ SYBR Green supermix
(Bio-Rad), 1 pg/pL bovine serum albumin (New England Biolabs, Ips-
wich, MA, USA), primers (nirK: 0.5 pM, nirS: 0.8 pM, nosZI: 1.0, nosZII:
2.0 pM, 16S rRNA gene: 0.5 pM) and 10 ng template DNA. Fungal in-
ternal transcribed spacer (ITS) 2 and fungal nirK abundance were
measured in duplicate runs (two technical replicates per biological
replicate) with a total reaction volume of 15 pL. These reactions con-
sisted of Takyon Low Rox SYBR MasterMix dTTP Blue (Eurogentec,
Seraing, Belgium), 1% T4 gene 32 protein (MP Biomedicals, Strasbourg,
France), 2.0 uM primer, and 2 ng template DNA and were run on a
QuantStudio TM 5 Real-Time PCR system (Thermo Fisher Scientific).
Primer sequences and amplification protocols for all qPCR assays are
listed in Table S1. Since the fungal nirK primers also amplify bacterial
nirK (Bonilla-Rosso et al., 2016), we corrected the abundance values for
each sample individually, using the respective fraction of fungal nirK
sequence derived from sequencing analysis. Large sequence similarities
between nirK in fungi and bacteria make it difficult to target fungal nirk
exclusively (Chen et al., 2016; Ma et al., 2019); hence corrections based
on sequence-data are necessary for reliable quantification.

2.4. Amplicon sequencing and sequence processing

The microbial community composition was analyzed by amplicon
sequencing of fungal ITS2, V3-V4 of the bacterial 16S rRNA gene, and
fungal nirK. Primers and reaction conditions for each target are listed in
Supplemental Table S2. Sequencing of all three target regions was per-
formed at the National Genomics Infrastructure (NGI)/Uppsala Genome
Center in Uppsala, Sweden.

Amplification of the fungal ITS2 region was performed as described
previously (Thrmark et al., 2012) with two replicate PCR reactions of 50
pL per sample. Each reaction consisted of 1.25 U DreamTaq polymerase
(Thermo Fisher Scientific), 1x DreamTaq Reaction Buffer, 2.75 mM
MgCl, 0.5 pg/pL BSA (New England Biolabs), 0.2 mM dNTPs, tagged
primer mix (0.5 pM gITS2, 0.3 pM ITS4) and 20 ng template DNA.
Thermal cycling of the reaction was performed following the protocol of
Castano et al. (2020) with initial optimal cycle number determination
for each sample, resulting in 23-29 cycles. The final libraries were
sequenced after adapter ligation on a Pacific Biosciences Sequel
sequencing platform.

For 16S rRNA gene amplicons, a two-step amplification procedure
was performed. Reactions in the first step consisted of 1x Phusion PCR
Mastermix (Thermo Fisher Scientific), 1 pg/pL BSA (New England Bio-
labs), 0.25 pM of primers Pro341F and Pro805R (Takahashi et al., 2014)
with adaptors for Illumina Nextera barcoded sequencing primers, and
10 ng template DNA in a total volume of 15 pL. All reactions were
prepared in duplicate with 25 cycles of reaction conditions described in
Table S2. Replicate reactions for each sample were then pooled and
purified with Sera-Mag™ Select purification beads (Cytiva,
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Marlborough, MA, USA) according to the manufacturer’s protocol. The
second PCR step consisted of 1x Phusion PCR Mastermix (Thermo Fisher
Scientific), 1 pg/pL BSA, 0.2 pM of Nextera barcoded sequencing
primers and 3 pL purified first step PCR product in a total volume of 30
pL. Thermal cycling was performed using the same conditions as the first
step but with 8 amplification cycles. The final products were again bead
purified, quantified using a Qubit fluorometer, and pooled in equimolar
proportions across samples. The final pool was then sequenced on an
Illumina MiSeq platform using v2 (2 x 250 bp) chemistry.

Fungal nirK amplicons were produced in a two-step protocol similar
to that used for 16S rRNA with primers developed by Maeda et al.
(2015). Reactions in the first step consisted of 1x Terra PCR Direct Po-
lymerase reaction buffer and 0.025 U Terra polymerase (Takara Bio,
Kusatu, Shiga, Japan), 1 uM of primers EunirK-F1 and EunirK-R1 with
Nextera adaptors, and 55 ng template DNA in a total volume of 25 pl.
Four replicate reactions were performed for each sample, with 30 cycles
of thermal cycling conditions as specified in Table S2, followed by
pooling of replicates and bead purification with Sera-Mag™ Select pu-
rification beads. The second amplification step was performed using
DreamTaq DNA Polymerase (Thermo Fisher Scientific) with 1x Dream-
Taq Reaction Buffer, 0.2 mM dNTPs, 0.2 pM Nextera barcoded
sequencing primers, 1 U DreamTaq polymerase, and 6 pL purified
first-step PCR product, and was prepared in quadruplicate 30 pL re-
actions per sample. Thermal cycling conditions were as follows: an
initial denaturation step of 3 min at 95 °C followed by 8 cycles of 30 s at
95 °C for, 30 s at 55 °C, 45 s at 72 °C and final elongation of 10 min at
72 °C. The resulting replicate PCR products were pooled, bead purified,
and quantified as described above. The final library was prepared by
equimolar pooling of samples and sequenced on a MiSeq platform using
v3 (2 x 300 bp) chemistry.

2.5. Bioinformatic analyses

For the fungal communities, 238 260 circular consensus ITS2 se-
quences were filtered and clustered with the SCATA sequence analysis
pipeline (https://scata.mykopat.slu.se/). Briefly, sequences shorter than
200 bp or sequences with mean quality scores below 20 or containing
bases with a quality score below 10, were removed, as well as sequences
with missing or mismatched primer or tag sequences. The remaining
53.8% of total sequences were compared pairwise using the USEARCH
algorithm, followed by single-linkage clustering at 98.5% similarity.
Removal of singleton reads resulted in 84 400 reads with an average of
3517 reads per sample grouped into 957 operational taxonomic units
(OTUs), corresponding to 35.4% of total sequencing reads. Represen-
tative sequences for the resulting OTUs were classified utilizing the
Protax taxonomic classification tool of the PlutoF biodiversity platform
(plutof.ut.ee) as described by Clemmensen et al. (2021).

The 16S rRNA gene sequences were demultiplexed utilizing the
MultiQC software (https://multiqc.info/) and subjected to the sequence
processing and analysis pipeline DADA2 (Callahan et al., 2016) to obtain
amplicon sequence variants (ASV). The taxonomic classification was
performed utilizing the implementation of the naive Bayesian classifier
in DADA2 with the provided Silva nr v138.1 training set (obtained June
21, 2021). Based on the classification, all non-bacterial ASVs were
excluded, resulting in a total of 1.3 million reads corresponding to
30.8% of total reads, with an average of 54 522 sequences per sample
that were further grouped into 8517 ASVs.

The sequences of fungal nirK were demultiplexed and processed
using DADA2, similar to bacterial 16S rRNA sequences. One sample,
representing a biological replicate of conventionally tilled soils at the
lower depth, had to be discarded due to an overall low sequence quality
and abundance. A total of 21 026 ASVs was obtained from 8 953 982
reads (19.5% of total reads). Classification of fungal nirK ASVs was
performed with GraftM (Boyd et al., 2018) utilizing a reference align-
ment and phylogeny for fungal nirK and default search and phylogenetic
placement parameters. In brief, a seed alignment of nirK amino acid
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sequences obtained from Bonilla-Rosso et al. (2016) combined with
fungal nirK sequences from pure culture studies (Maeda et al., 2015; Wei
et al., 2015; Chen et al., 2016) was used to create a hidden Markov
model (HMM) to search archaeal, bacterial and fungal genome assem-
blies retrieved from the NCBI GenBank and NGI repositories (September
2019) using the HMMer software (Eddy, 2008). The resulting hits were
aligned by amino acids with HMMer, and the alignment was manually
curated in the ARB software environment (Ludwig et al., 2004). Multi-
copper oxidase proteins were identified as an outgroup (Bartossek et al.,
2012), and fungal nirK as well as a selection of bacterial and archaeal
nirK sequences were used to generate a reference phylogeny using the
1Q-Tree software (Nguyen et al., 2015). Automatic model selection was
used to predict the best model (LG + R6) for the phylogenetic tree. The
reference package was then generated from the phylogeny, alignment,
and listing of taxonomic affiliation using GraftM. Following classifica-
tion, 11 223 of the resulting ASVs were determined to be nirK, of which
257 were found to be of fungal origin. This corresponded to 0.6 + 0.3%
(mean + SD) and 0.4 + 0.2% (mean =+ SD) of the total reads obtained in
the upper and lower soil layers, respectively. The resulting classification
table for fungal nirK ASVs was examined and manually curated by
BLAST search (Altschul et al., 1990) against the NCBI nr protein data-
base. Phylogenetic placements of ASVs within the fungal nirK tree were
visualized using iTOL v5 (Letunic and Bork, 2021). All sequence data
can be obtained under NCBI Bioproject accession number
PRJINA792806.

2.6. Statistical analyses and community diversity

All statistical analyses were performed in the R environment. Anal-
ysis of variance (ANOVA) testing for main and interaction effects of
tillage regimes and soil depth on soil properties, gene abundance data
and denitrification activity were based on generalized linear models
using a gamma-distribution error model with a log link function, whilst
diversity of fungal, bacterial and fungal denitrifier communities used a
linear model approach. The normality of the residuals was tested with
the Shapiro-Wilk test. Pairwise and multiple comparisons among tillage
and depth were performed with the Dunn-Sidék correction method and
Tukey’s HSD post-hoc testing where applicable. Spearman’s correlations
were used to test for relationships between soil physicochemical prop-
erties, gene abundance, diversity measures and potential denitrification.

Analyses of community diversity and structure were based on rare-
fied OTU and ASV tables for fungal ITS2, bacterial 16S rRNA gene and
fungal nirK datasets, respectively. Alpha-diversity based on Shannon’s

Table 1
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H' was calculated using the R-packages “Phyloseq” (McMurdie and
Holmes, 2013) and “microbiome” (Lahti and Shetty, 2017). The effects
of tillage practices and sampling depth on community structure were
visualized by non-metric multidimensional scaling of Hellinger dis-
tances and statistically evaluated utilizing PERMANOVA with 999 per-
mutations. Soil variables correlated with the community structure and
OTUs/ASVs driving community separation were identified by significant
correlation with the NMDS-axis (soil variables: P < 0.05, species: P <
0.01, 999 permutations) using the envfit function in the “vegan” package
(Oksanen et al., 2020).

3. Results
3.1. Effect of tillage regime on soil properties

Total C and N content, as well as the C:N ratio, differed significantly
across tillage regimes and with soil depth (Table S3). The soil in plots
subjected to non-inversion tillage had the highest total C and N content
in the upper layer. However, no differences between tillage systems
were observed in the lower layer (Table 1). There was also a significant
effect of tillage on total K and P and plant available K at both soil depths.
Soil pH and plant available P did not change across the different tillage
regimes. Among the physical properties, water content at sampling was
significantly affected by soil depth. Interaction effects of tillage and
depth were also observed for water content at sampling, bulk density,
porosity, and air-filled porosities at —300 and —600 hPa. All other soil
physical properties were unaffected by tillage and/or depth.

3.2. Potential denitrification activity with NO3 or NO3 as a terminal
electron acceptor

The effect of tillage regime on potential denitrification activity was
dependent on soil depth, with significantly different patterns at each
depth (Fig. 1; Table S4). In the upper soil layer, activity was highest in
the NIT soil and dropped as tillage intensity increased. The opposite
pattern was observed in the lower layer, where activity was lowest in the
NIT soil and increased with tillage intensity. This effect was more pro-
nounced when NO; was supplied as the electron acceptor, with activity
rates nearly twice as high as those obtained with NO3 addition. Corre-
lation analyses revealed that activity increased with increasing available
K, total C, porosity, and water content and declined with increasing bulk
density (Table S5) regardless of electron acceptor. The NO3 induced
denitrification rates also correlated with total N content.

Effects of conventional inversion (CIT), occasional inversion (OIT) and non-inversion tillage (NIT) on edaphic factors in the upper and lower layer of the topsoil (mean
+ SD, n = 4). Different letters indicate significant differences within tillage treatment and depth based Sidak post hoc testing, P < 0.05).

Edaphic factor Upper soil layer

Lower soil layer

CIT OIT NIT

CIT OIT NIT

HCI-K (mg-100g ") 460.51 + 57.39° 360.51 + 16.99”

369.38 + 24.02°

458.19 + 52.94* 343.88 + 15.55" 391.57 + 15.68 *°

HCI-P (mg-100g ") 62.40 + 0.45° 53.31 + 3.04° 61.26 + 3.43" 61.52 + 2.45° 56.76 + 4.30 57.41 + 1.62
ALK (mg-100g ") 15.50 + 1.94 = 12.71 + 0.41 * 15.86 + 1.58° 15.16 + 2.66 *° 12.60 + 1.62" 12.44 + 0.54°
AL-P (mg-100g 1) 4.10 +0.35° 3.81 +0.31° 4.85 + 0.76" 4.02 +0.77° 4.98 + 2.44° 4.22 +1.00°
Total C (%) 1.72 + 0.09° 1.54 + 0.10° 2.29 4+ 0.04° 1.70 + 0.20° 1.66 + 0.11° 1.68 + 0.09"
Total N (%) 0.18 + 0.01° 0.16 + 0.01° 0.22 + 0.00° 0.18 + 0.02° 0.17 = 0.01° 0.18 + 0.01°
CN 9.59 + 0.36" 9.47 +0.33" 10.42 + 0.20° 9.43 + 0.34° 9.63 = 0.35" 9.31 +0.20°
pH 6.12 £ 0.10° 6.16 + 0.31° 5.95 + 0.03" 6.15 = 0.13" 5.96 = 0.22° 6.08 + 0.04°
Water content (%) 22.0 £ 0.02*" 22.7 £0.01*® 27.4 + 0.05° 21.7 + 0.03" 21.3 + 0.02° 19.9 + 0.01°
Bulk Density (g-cm ™) 1.42 £ 0.09* 1.48 + 0.03* 1.42 £ 0.04° 1.46 + 0.06° 1.42 + 0.09 1.52 + 0.03*
Porosity (cm ™ -cm™?) 0.46 + 0.03" 0.44 + 0.01° 0.47 + 0.02° 0.45 + 0.02° 0.46 = 0.04* 0.42 + 0.01°
WEPS 50 hPa 0.873 + 0.05° 0.933 + 0.04° 0.891 + 0.01* 0.915 + 0.05" 0.901 + 0.04° 0.937 + 0.01°
WEPS 300 hPa 0.811 + 0.05° 0.869 + 0.05° 0.836 + 0.01° 0.854 + 0.05° 0.773 + 0.14° 0.879 + 0.01°
WEPS 600 hPa 0.781 + 0.05° 0.836 + 0.05° 0.805 + 0.01* 0.824 + 0.05° 0.805 + 0.03° 0.846 + 0.01°
AFP 50 hPa 0.06 + 0.026° 0.03 + 0.02° 0.051 + 0.007* 0.038 + 0.021* 0.048 + 0.02° 0.027 4 0.004*
AFP 300 hPa 0.089 + 0.027 ™ 0.059 + 0.022° 0.077 + 0.007 * 0.066 + 0.021 * 0.111 + 0.075 * 0.052 + 0.004"
AFP 600 hPa 0.102 + 0.026° 0.073 £ 0.021 *® 0.091 =+ 0.008 * 0.08 + 0.02 ** 0.093 £ 0.02 * 0.066 + 0.005"

Water content: at the time of sampling, WFPS: Water-filled pore space, AFP: Air-filled porosity.
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Fig. 1. Potential N,O production with addition of NO3 or NO; in the upper and lower layer of the topsoil subject to conventional inversion (CIT), occasional
inversion (OIT) and non-inversion tillage (NIT). Letters above the boxes indicate statistically significant differences among tillage and depth for each substrate (P <
0.05, n = 4). Upper-case letters represent the comparison among measurements with NO3 and lower-case letters show the comparisons of measurements with NO3

as substrate.

3.3. Abundances of fungal ITS2, bacterial 16S rRNA gene and
denitrification genes

Tillage regime affected the total abundance of fungi and bacteria in
the upper soil layer, whilst no differences were detected in the lower
layer (Table S6). The copy numbers of both ITS2 and 16S rRNA genes
were approximately two to three times higher in the upper layer of NIT
compared to the other tillage treatments (Table S7). Both groups were
positively correlated with soil water content but no relationship to any
other physicochemical factor was observed. Fungal ITS2 and bacterial
16S rRNA abundances were further positively correlated with potential
activity using either electron acceptor, although a stronger association
was observed between ITS2 copy number and activity based on NO;
(Table S5).

Total abundance of fungal denitrifiers, based on corrected fungal
nirK gene copy numbers, was affected by tillage, and the highest abun-
dance was observed in the upper layer of NIT (Fig. 2A, Table S7).
However, no general effect of soil depth was observed (Table S6). The

relative abundance of fungal denitrifiers increased with decreasing
tillage intensity (Fig. 2B, Table S6), although this effect was only sig-
nificant in the upper soil layer. The ratio of fungal to bacterial denitrifier
abundance increased with decreasing tillage intensity, with a signifi-
cantly higher ratio in the upper layer of NIT compared with CIT (Fig. 2C,
Tables S6 and S7). Nevertheless, bacterial denitrifiers (nirS and nirK)
were about 100 times more abundant than the fungal denitrifiers across
all treatments and followed a similar trend to that of the total bacteria,
with the highest and lowest abundance of both nirS- and nirK-type
bacterial denitrifiers in the upper and lower layers of NIT, respectively
(Fig. S1A; Tables S6 and S7). This was reflected in the significantly lower
relative abundance of total bacterial denitrifiers ([nirS + nirK] per 16S
rRNA gene copy) in the lower layer of NIT, whereas no differences were
observed between OIT and CIT at either depth (Table S6). The total
abundance of both fungal and bacterial nirK was positively associated
with NO; induced denitrification activity, whereas total nirS abundance
was correlated to potential activities using either electron acceptor,
albeit more strongly to NO3 induced activity (Table S5). Like the total
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Fig. 2. Abundance of fungal denitrification genes in the upper and lower layer of the topsoil subject to conventional inversion (CIT), occasional inversion (OIT) and
non-inversion tillage (NIT). A) Absolute abundance of fungal denitrifiers based on fungal nirK copy numbers. The abundances were corrected according to the
proportion of fungal nirK sequences in the nirK sequence data set for each sample. B) Relative abundance of fungal denitrifiers within the total fungal community
calculated as the ratio of fungal nirK to the fungal ITS2 copy numbers. C) The ratio of fungal to bacterial nir gene abundance, calculated as the number of fungal nirk
divided by the sum of bacterial nirK and nirS. Different letters above the boxes indicate significant differences (P < 0.05, n = 4).
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fungal and bacterial communities, all nir gene abundances were posi-
tively associated with soil water content. The prokaryotic nir genes were
further associated with C:N, whereas the fungal nirK correlated with N
content. The nirS abundance was also positively influenced by total C
and porosity and negatively by bulk density. Abundance of N2O reducers
(nosZI and nosZII) in the upper soil layer, increased with decreasing
tillage intensity (Tables S6 and S7), with nosZII abundance being nearly
100 times greater than nosZI. Total nosZI abundance was significantly
correlated with potential denitrification activities, water content, and
total C and C:N ratios, whereas no correlations between nosZII and ac-
tivity or soil properties were found (Table S5).

3.4. Composition and diversity of fungal denitrifier communities

Despite the low percentage of reads remaining after removal of non-
fungal nirK sequences, the rarefaction curves indicated that the extant
diversity of fungal denitrifiers in the samples was well represented in the
final dataset (Fig. S2). Most fungal nirK sequences placed in the refer-
into four

ence phylogeny could be grouped fungal classes:
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Sordariomycetes, Eurotiomycetes, Leotiomycetes and Tremellomycetes
(Fig. 3A). While the majority of ASVs could not be classified to the genus
level, those that could were mostly from the genera Penicillium, Chae-
tomium, Fusarium and Talaromyces (Fig. 3B). Amplicon sequence vari-
ants belonging to the genus Trichoderma were more common in NIT,
whereas those belonging to the genus Chloridium were more abundant in
CIT. Fusarium were detected in all treatments and were most abundant in
the lower soil layer in NIT (Fig. 3B).

The structure of fungal denitrifying communities was significantly
affected by tillage regime and soil depth, with communities in the upper
soil layer differentiating along a distinct gradient of tillage intensity
(Fig. 3C; Table S8). Communities in the lower layer differed overall from
those in the upper layer; however, the separation by tillage regime was
less pronounced in this layer. Differences in the structure of the fungal
nirK community were significantly associated with the abundance of
fifteen ASVs (Fig. 3C-D). Those classified as Trichoderma and unclassi-
fied Pseudogymnoascus within Ascomycota were positively associated (P
< 0.01) with upper layers of NIT treated soils. In contrast, ASVs within
the class Tremellomycetes in the phylum Basidiomycota, and the genus

Composition of fungal denitrifier communities
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Fig. 3. Fungal denitrifier community structure and composition in the upper and lower layer of the topsoil subject to conventional inversion (CIT), occasional
inversion (OIT) and non-inversion tillage (NIT). A) Phylogenetic placements of fungal nirK amplicon sequence variants within a fungal nirK phylogeny of 375 taxa
and 42 bacterial, 5 archaeal and 26 multicopper oxidase leaves as the outgroup. The outer ring is coloured according to the taxonomic class. Taxa with unknown
taxonomic rank are underlined in white. The majority of fungal nirK placements fall in the class of Eurotiomycetes (brown), Sordariomycetes (yellow), Leotiomycetes
(purple) and Tremellomycetes (green). B) Relative abundances of fungal genera assigned by the placement of nirK sequences by tillage treatment and soil depth.
‘Unclassified’ refers to sequences that could not be assigned at the genus level. C) Non-metric multidimensional scaling (NMDS) of the fungal denitrifier community
based on fungal nirK ASVs with smooth response curves of a distinct gradient of C:N ratio that varied across the treatment depending on depth using the function
ORDISURF. Colours indicate tillage regime, and shape depicts soil depth. The arrows show significant correlations (P < 0.01) of denitrification genes and NO3-
induced denitrification rates with the fungal community structure, with the direction indicating a positive correlation, and grey crosses represent significantly
correlated ASVs (999 permutations). D) Taxonomic lineages of nirK ASVs contributing to the sample distribution in the NMDS.
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Fusarium were positively correlated with the lower layer samples. The
genus Aspergillus and a second unclassified Pseudogymnoascus were
related to the upper soil layer in CIT. Among the measured soil char-
acteristics, only C:N correlated significantly (P < 0.05) with differences
in fungal nirK community structure along with the abundance of bac-
terial denitrifiers and NO3 related N2O production (Fig. 3C). The strong
clustering of upper NIT soil samples was also observed for overall bac-
terial and fungal communities (Fig. S3). Along with depth, an additional
separation of the samples according to tillage intensity in both 16S rRNA
and ITS communities could be observed, though more pronounced for
the 16S rRNA communities (Fig. S3).

Alpha diversity (Shannon’s H') of fungal denitrifiers was signifi-
cantly higher in the upper NIT soil layer than in the lower layer. How-
ever, no overall effect of tillage regime was observed (Table S9). A
similar effect of depth was found for total fungal and bacterial com-
munities. Regarding soil characteristics, fungal nirK diversity was
significantly correlated with C, N, and the corresponding C:N ratio,
whereas fungal ITS diversity was negatively correlated with water-filled
pore space.

4. Discussion

Tillage and soil depth had a significant impact on the composition of
the overall bacterial and fungal communities, as well as the fungal
denitrifier community. Although several studies have reported an in-
crease in diversity of both bacteria and fungi with decreasing tillage
intensity (Wortmann et al., 2008; Smith et al., 2016; Legrand et al.,
2018; Srour et al., 2020), we did not detect significant differences in
diversity between tillage treatments, except for the lower diversity of all
communities in the lower layer of the soils without inversion tillage. The
pronounced differences in community structure and diversity between
the upper and lower layers of soils under this regime are likely explained
by the stratification of the soil profile with depth-related effects on the
total content of C and N, in contrast to the homogenized plough layer
(0-25 cm depth) of soils that were mouldboard ploughed annually. The
separation of samples based on the fungal nirK community was driven by
the presence of members related to nirK in Tremellomycetes and Tri-
choderma species in the upper soil layer and Tremellomycetes and
Fusarium species in the lower soil layer. Positive responses of these or-
ganisms to reduced tillage have previously been observed (Bockus and
Shroyer, 1998; Meng et al., 2010; Degrune et al., 2017). Members of the
genus Trichoderma are highly competitive, saprobic, and opportunistic
mycoparasitic organisms that produce cellulose- and chitin-degrading
enzymes (Harman et al., 2004). Their prevalence in the upper layers
of shallow disked-tilled soils could therefore be explained by their as-
sociation with enriched crop residues that are retained in these soils,
resulting in increased amounts of fungal substrates. Tremellomycetes,
on the other hand, are yeasts with the ability to degrade complex
compounds quickly and overcome anoxic events by fermentation (Yur-
kov, 2018; Vujanovic, 2021). The greater availability of labile C in less
intensely tilled soils (Bongiorno et al., 2019) may promote copiotrophic
fermenting yeasts. Similarly, the necessity for enzymatic capacity to
degrade complex carbon compounds provides a niche for Trem-
ellomycetes in lower soil layers. By contrast, the presence of Fusarium in
the lower layers of minimum tilled soils may be caused by extrusion
from upper layers, as other decomposers become more competitive over
time (Leplat et al., 2013). Combined, this suggests depth-related niche
differences between the identified taxa that might be linked to different
stages in the decomposition of crop residues in the soil profile under
non-inversion tillage. Besides, as microbial SOC decomposition de-
creases with depth, the C:N ratio decreases concomitantly (Hicks Pries
et al., 2018), confirming our observation of the separation of the fungal
denitrifier community with respect to variation in C:N. Our results are
consistent with previous reports on changes in the composition of fungal
and bacterial communities in response to differences in the vertical
distribution of carbon (Sun et al., 2018; Zhang et al., 2020) along with
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higher nutrient levels in the upper layers of less intensely tilled soils
(Smith et al., 2016). Such changes in community composition are often
reflected by modifications of functional guilds involved in carbon and
nitrogen cycling (Waldrop et al., 2000; Wang et al., 2017; Hui et al.,
2018; Srour et al., 2020), which may have consequences for ecosystem
functioning and services such as soil fertility and climate regulation.

The frequency of all measured N-cycling genes increased with
decreasing tillage intensity in the upper soil layers, suggesting that non-
inversion tillage intensifies N cycling transformations leading to gaseous
N losses. This is likely because the higher C content, coupled to higher N
content, in the upper soil layers supported growth of these N-cycling
guilds. However, the increase in bacterial denitrification genes could
also be explained by an overall increase in bacterial abundance. By
contrast, we observed a proportionally greater impact of non-inversion
tillage on fungal denitrifiers than on the size of the total fungal com-
munity. The relative change of fungal nirK to the bacterial nir genes
across the tillage gradient also indicates an increasing genetic potential
for fungal denitrification compared to bacterial denitrification when
tillage is shallow without inversion. Nevertheless, the primers used to
detect prokaryotic nirK and nirS miss certain clades, indicating an un-
derestimation of prokaryotic nir gene abundance (Wei et al., 2015;
Bonilla-Rosso et al., 2016; Ma et al., 2019). However, this does not affect
our conclusion that the genetic potential for fungal denitrifiers increases
in NIT upper layers, because fungal denitrifiers remain much less
abundant than their bacterial and archaeal counterparts (Table S7). The
fungal to prokaryotic nir gene ratio was positively correlated with the
soil N content, as also observed by Wei et al. (2014). Similar effects of
tillage practices on bacterial denitrifier abundance have been reported
previously (Kaurin et al., 2018; Wang and Zou, 2020), underpinning the
potentially problematic aspects of non-inversion tillage regarding
greenhouse gas emissions.

Fungal nirK abundance was positively correlated with NO3 associ-
ated denitrification rates, and potential denitrification rates almost
doubled when NO; was used as the terminal electron acceptor. By uti-
lizing NO> as the electron acceptor, microorganisms that start denitri-
fication with NO3 can contribute to the process (Zumft, 1997; Philippot,
2002; Jones et al., 2008; Maeda et al., 2015), which is especially rele-
vant for fungal denitrifiers as most of them lack nitrate-reductases
(Higgins et al., 2018). Thus, the increased denitrification rates could
in part be due to an increased fungal contribution, although NO3
addition may also lead to elevated levels of chemo-denitrification (Heil
et al.,, 2016; Liu et al., 2019) or cellular detoxification rather than
denitrification (Higgins et al., 2018; Shan et al., 2021). However,
without data based on °N-approaches, we can only speculate on these
explanations.

Non-inversion tillage increased potential denitrification in the upper
soil layers, whereas the opposite trend was found in the lower soil layers.
Our study shows that infrequent soil inversion is sufficient to homoge-
nize C and N contents throughout the topsoil, whereas avoiding inver-
sion by mouldboard ploughing instead causes accumulation in the top
layer. This stratification of C and N through accumulation of organic
material in the upper layers, can lead to anoxic hotspots due to high
microbial activity, that in turn promote denitrification activity and thus
increase emissions of NyO (Six et al., 2002; Kravchenko et al., 2018).
Furthermore, the observed differences in community composition be-
tween layers could also have played a role in the increased denitrifica-
tion potentials in non-inverted soils, as physiological properties, and
thus functional diversity of the denitrifier community, also determine
denitrification rates (Philippot and Hallin, 2005). Increased denitrifi-
cation activity as a response to decreased tillage intensity, particularly
no-till, has been described earlier (Six et al., 2000; Baggs et al., 2003).
Our findings underline the importance of soil organic matter related
resources and genetic potential for increased denitrification, which were
overall higher in the upper layer of non-inverted soils. The importance of
C, N, and potassium availability was more pronounced in the potential
denitrification assay with NO3, and correlated with nirS and nosZI
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abundance, which are linked to organisms that contribute to complete
denitrification, either alone or in cooperation within the denitrifier
community.

5. Conclusion

Different tillage intensities profoundly affected the abundance and
composition of fungal nirk communities. Non-inversion tillage stratified
the soil profile and created more niches occupied by fungal denitrifiers
with different capacities and lifestyles. The significant increase in the
genetic potential for fungal denitrification, based on the sequence-
corrected fungal nirK abundance, in relation to that of bacteria in soils
without mouldboard ploughing, indicates that the role of fungal de-
nitrifiers for N3O emissions becomes more prominent under non-
inversion tillage. Irrespective of the relative contributions of fungi and
bacteria, non-inversion tillage increased potential denitrification activ-
ity, suggesting a negative impact of decreased tillage intensity on
gaseous N losses. Based on the obtained results, shallow tillage com-
bined with occasional ploughing, might be a viable option to maintain
soil structure and suppress weeds, while restraining the denitrifying
microbial communities and losses of N and possible emissions of N2O.
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Table S2. Primers and cycling conditions for PCR amplification of marker genes used for
amplicon sequencing.

Target ’\Tar;::er Sequence (5> 3") Reference Cycling conditions
Pro341F CCTACGGGNBGCASCAG ) (98°C 3min) x 1;
165 IRNA Takahashi et al., (98°C 1555, 55°C 30 s,
Pro805R GACTACNVGGGTATCTAATCC 2014 72°C 405) X 25;
(72°C 10 min) x1
gITS? GTGARTCATCGAATCTTTG Ihrmark (95 °C 5min) x 1;
ITS2 etal. 2012 (95 °C 30s, 56°C 30s, 72
ITS4 TCCTCCGCTTATTGATATGC " °C 30s) x 23-29
. (98°C 5min) x1;
fungal Eunirk-F1 GGBAAYCCICAYAAYATCGA  1ooq (98°C 1 min, 53°C 30's,

nirkK . etal., 2015 68°C 1 min) x 30;
Eunirk-R2 GGICCIGCRTTSCCRAAGAA (68°C 10 min) x 1




Table S3. Effect of tillage regime and soil depth on edaphic factors based on two-way
ANOVA. WFPS: water-filled pore space, AFP: air-filled porosity. Numerator and
denominator degrees of freedom are indicated for each F-ratio as subscripts, and significant
main and interaction effects are shown in bold (*0.01 < P < 0.05; **0.001 < P < 0.01; *** P

< 0.001).
ANOVA results
Edaphic factor Tillage Depth Tillage x Depth
HCI-K (mg-100g™) Fau= 23.35%% F1.20=0.004 F2,15=0.87
HCI-P (mg-100g%) F221=11.80*** F120=0.07 F2,18=3.40
AL-K (mg-100g™) Fo21=5.84* F121=3.93 F15=2.74
AL-P (mg-lOOg‘l) F2,21:0.42 F1,20:0.12 Fz,1e:1.41
Total C (%) Fa,u=21.03%%* F120=9.16%* F,15=17.68%%*
Total N (%) Fz‘21=12.39*** F1,20=2.55 F2‘18=7.21**
C:N F221=3.12 F1,20=8.29%* F2,18=8.89%*
pH F221=1.04 F120=0.06 F218=1.95
&a)ter content at sampling F22=1.20 F120=7.59% Fo15=4.12%
Bulk density (g-cm'3) F2.21= 0.45 F1,20= 1.10 F2‘13= 3.92*
Total Porosity (cm™-cm) F221= 0.57 F120=0.71 Fa1s= 3.79%
WEFPS -50 hPa (%) F2,1=0.84 F1,20=1.50 F2,18=2.60
WFPS -300 hPa (%) F2,21:0.54 F1,20:0.002 Fz,13:2.84
WEFPS -600 hPa (%) F2,21=0.84 F1,20=1.41 F2,1g=2.55
AFP -50 hPa (m® m-3) F2,21=0.77 F1,20=1.32 F2,18=3.51
AFP -300 hPa (m3 m'3) F2,21:1.15 F1‘20:0.02 F2‘18:4.76*
AFP -600 hPa (m3 m'3) F2,21=0.97 F1,20=1.64 Fz‘13=4.07*




Table S4: Potential denitrification rates (mean + SD, n=4, expressed as ng N20-N g* soil dry
weight mint) in soils under conventional inversion (CIT), occasional inversion (OIT) or non-
inversion tillage (NIT) at two different depths using NOs™ or NO2" as the terminal electron
acceptor. Generalized linear modelling followed by two-way ANOVA was used to test for
tillage, depth, and interaction effects. Subscript numbers indicate the numerator and
denominator degrees of freedom. Significant effects are in bold, and different letters indicate
significant differences based on Sidéak post hoc testing within each electron acceptor (*0.01 <
P < 0.05; **0.001 < P < 0.01; *** P < 0.001).

Soil layer ANOVA results
Eégggt%? Tillage Upper Lower Factor F
CIT 3.39£1.67® 3.96 +2.38% Tillage F215=0.09
NOs oIT 3.62+1.26% 3.55 + 2.67% Depth F115= 8.39*
NIT 8.13+4.93° 1.43+0.53° Tillage x Depth Fo15= 8.14**
CIT 5.12 + 2.41% 7.30 £ 3.52%¢ Tillage F2,18= 0.40
NO2 oIT 6.78 +2.22%¢ 6.43 + 3.65% Depth Fi18= 7.43*
NIT 13.30 + 3.482 1.68+1.73° Tillage x Depth F218= 12.56***
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Table S6. Effect of tillage regime and soil depth on abundance of different genes based on
two-way ANOVA analyses. The numerator and denominator degrees of freedom are given
for each F-ratio as subscripts, and significant main and interaction effects are shown in bold
(*0.01 < P <0.05; **0.001 < P < 0.01; *** P < 0.001).

ANOVA results

Target Tillage Depth Tillage x Depth
16S rRNA F2,18 =6.12** F118 =13.98** F2,18 =15.31***
ITS2 F2021=1.76 F1,20 =0.63 F2,18 =4.09*
fungal nirk F221 =3.92* F120<0.01 F2,18 =4.50*
nirk Fop1=4.41* F1.20 =12.34** F2,18 =10.33**
nirS F218 =0.24 F1,18 =13.37** F2,18 =30.82***
nosZI| F218 =2.79 F1,18 =11.56** F2,18 =10.35**
nosZIl F218 =2.03 F1,18 =0.36 F2,18 =6.78**
(nirK+ nirS) /16S F2,18 =3.88* F118=1.82 F218 =6.20**
fungal nirk /ITS2 F221 =5.48* F120=0.51 F218 =0.17

fungal nirk/(nirS+nirK) F201 =4.75* F120=0.79 F2,18 =0.98




2 500°0 ¥ 2000

29000 ¥ 900°0

a 0’0 ¥ 500

e 90+388°9 ¥ L0+3/2°T
q VO+3TV'6 ¥ G0+3ES'T
q90+39€'G F L0+32E'T
4 90+3T9'E ¥ 90+3r8'8
e GO+3E9'T ¥ G0+329°T
@ L0+392°2 F 20+302°€

q80+30L°T ¥ 80+3€EV'S

qe T00'0 ¥ €000

oqe €000°0 F ¥00°0

e 70'0 ¥90°0

qe 90+369°€ F L0+36E'T
qe SO+3YY'C F G0+360°1
290+3G68'6 ¥ L0+362°€
q90+328°C ¥ L0+39T'T
qe ¥0+35.°8 ¥ GO+38E'T
qe L0+359°C F L0+3L6'E

q 80+3¥E'T ¥ 80+30T°9

qe 00°0 ¥ €000

2q T00'0 ¥ €000

qe GO0 ¥ L0°0

qe 90+3GE'E F L0+IAVL'T
q GO+30E'T ¥ S0+3L€C
»90+3/6'V F L0+3.€°€
q90+39.°C F L0+300'T
qe G0+36T'T ¥ S0+36V'T
qe L0+362°€ F LO+3ET'S

q80+3TT'T ¥ 80+3G€".L

¢ 900°0 ¥ 2000

qe €00°0 ¥ 9000

eS0'0 ¥80°0

¢ 90+380°€ ¥ L0+310°C
e GO+IET'G F90+3ET'T
¢ 90+38T'G ¥ L0+380'S
e /0+3CT'T ¥ L0+3SC'E
e SO+3VCY F G0+328'S
e /0+308'G ¥ L0+398'6

¢ 80+360°C ¥ 60+382'T

qe T00'0 ¥ €000

oqe TO0'0 ¥ €00°0

qe ¢0'0 900

qe 90+3L0°T ¥ L0+3GV'T
qe GO+3EG'T ¥ GO+3€EB'E
2 90+3€ET°L ¥ L0+3L0°€
q90+39Y'C ¥ L0+32C'T
qe YO+32T'V ¥ G0+30C°T
qe 90+32G°6 ¥ L0+3GE'Y

q80+30%'T ¥ 80+380°L

qT00°0 ¥ 2000

»T00°0 ¥ 2000

q ¢0'0 ¥ 500
q90+32V'T ¥ L0+3EC'T
q ¥0+322°9 ¥ G0+3¥EC
oq 90+30L°C ¥ L0+3¥9°C
q90+36T'T ¥ 90+386'6
q ¥0+398'V * ¥0+36€'S
q90+3¥.'6 F L0+398'C

q80+369'T ¥ 80+362°9

(OM1u+Sa1u) /ydiu ebuny
2SLI/ iU [eBuny

ST/ (S41u +141u)
11zsou

1Zsou

Sdiu

S

MJiu jebuny

¢Sl

VNI S9T

1IN

110

110

1IN

110

110

J9Ae| [10S 19M0]

Jake| j10s Jaddn

19648

‘S|opow Jeaul| 1oy Bunsay asH

s. AN L pue sjapow Jesul| pazifessusb Jo) Hunsa ooy-1sod epis Buizijnn yidap pue juswieal) Buowe (50°0 > d) ssoualajyip Juealyiubis syealpul
SIana| JuaJap@ ‘1osdol ayp Jo Jake| Jamoj pue Jaddn ayr ui sones asuepunge pue (j10s Aip welb Jad saquinu Adod se passaldxa ‘p=u ‘Qs F uesuwl)
SaUal JaxJew JUBIaLIP JO ouBpUNgE 31Njosge Uo abe||1} UOISIBAUI-0U PUB -UOISISAUI [BUOISEII0 ‘-UOISISAUI [BUOIIUSAUOD JO S198443 */S a|gel



Table S8. PERMANOVA showing effects of tillage regime and soil depth on bacterial,
fungal and fungal denitrifier communities. The Adonis function with 999 permutations was
used, and significant effects (P < 0.05) are indicated in bold. Subscript numbers indicate the
numerator and denominator degrees of freedom for different F-ratios. R? values indicate
variance explained by each factor (*0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P <
0.001).

PERMANOVA results

Community 2
(marker gene) Factor R F
Tillage 0.118 F217=1.46*
Fungal —1 90**
denitrifiers Depth 0.077 F117=1.90
(EunirK) Tillage x Depth 0.117 Fou7=1.45*
Residuals 0.688
Tillage 0.130 F2,18=1.84**
Bacterial Depth 0.105 F11=2.97%**
(16S rRNA) Tillage x Depth 0.126 F216=1.78*
Residuals 0.638
Tillage 0.145 F2,18=2.12%*
Fungal Depth 0.108 F116=3.15%**
(ITs2) Tillage x Depth 0.131 F18=1.91%*

Residuals 0.616




Table S9. Alpha diversity of total fungal (ITS2), total bacterial (16S rRNA gene) and fungal
nirkK (EunirK) communities measured as Shannon Wiener index. Values are arranged by
tillage treatment and soil depth (mean + SD, n=4). Different letters indicate significant
differences among within each community based on Sidék post-hoc testing, and the effects of
tillage regime, depth and their interaction are given as F-values, with significant factors in
bold and the numerator and denominator degrees of freedom in subscript (*0.01 < P < 0.05;
**0.001 < P <0.01; ***0.0001 < P < 0.001).

Diversity (Shannon’s H)
16S rRNA Fungal nirK

Tillage Soil layer community ITS2 community community
Upper 6.25+0.162 424 +0.17°2 2.90+0.13 %
o Lower 6.25+0.24° 4.06+0.222 2.82+0.26 %
Upper 6.31+0.15° 4.22+0.142 2.94+0.24 %
o Lower 6.13+0.12% 3.99+0.152 2.65+0.14°
Upper 6.41+0.152 424+0112 325+0.182
NIT Lower 5.82+0.16° 359+0.17° 2.76+£0.29°
Tillage F221=1.51 F221=3.16 F217=2.04
ANOVA Depth F120 = 14.24 ** F1,20 = 26.71 *** F117 = 11.04 **

Interaction F218 = 6.81 ** F218 = 4.10* F217=1.74
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Figure S1. Abundance of bacterial denitrification genes in the upper and lower layer of the
topsoil subjected to conventional inversion (CIT), occasional inversion (OIT) and non-
inversion tillage (NIT). A) Abundance of bacterial denitrifiers determined as the sum of
bacterial nirK and nirS copy numbers. B) Relative abundance of bacterial denitrifiers within
the total bacterial community calculated as the ratio of the sum of bacterial nirK and nirS to
the bacterial 16S rRNA gene copy numbers.
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Figure S2. Rarefaction curve of fungal nirK communities. Due to the low observed sample
size, sample B4A2 was excluded from the fungal nirK community analysis.
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Figure S3. Total fungal (A) and bacterial (B) community structure visualized by non-metric
multidimensional scaling plots. Samples are colored according to tillage regimes, and shapes
represent soil sampling depth.
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