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Kvaveomsattande mikrobsamhallen associerade med rotter hos
jordbruksgrodor i forhallande till brukningsatgarder. Vaxt-,
samodlings- och markeffekter

Sammanfattning

Att ta hand om markens kvdve (N) har identifierats som en viktig utmaning i for ett
héllbart jordbruk. Omvandlingar av oorganiskt N utfors i huvudsak av olika mikrobiella
funktionella grupper som reglerar om N stannar eller l&mnar systemet.
Brukningsatgarder kan paverka mangfald, sammansattning och funktion hos de N-
omvandlande mikrobiella samhéllena. Syftet med avhandlingen var att definiera
effekter av markegenskaper, grodor och samodling pd N-omvandlande mikrobiella
samhallen associerade med véxtrotter och i jord, med sérskilt fokus pa den genetiska
och enzymatiska potentialen for denitrifikation och reduktion av lustgas (N,O).

Ett véxthusforsok dar samodling av graset hunddxing och baljvéxten lusern
jamfordes med odling i renbestand visade att véxtart och samodling hade stor paverkan
pa abundansen av rotassocierade samhallen som styr retention eller forlust av N, vilket
tyder pa forandrade vaxt-mikrob-interaktioner och/eller mikrob-mikrob-interaktioner.
Tillsats av rotrester som godningsmedel fordndrade inte effekten av samodling. En
hogre produktionshastighet av N,O konstaterades hos rotassocierade mikrobiella
samhallen i hundaxing under samodling jamfort med hundéxing i renbestand, vilket
sammanfdll med minskad genetisk potential for reduktion av N,O hos organismer inom
nosZll-kladen. Sekvensering visade att dessa N,O reducerande mikroorganismer var
beslaktade med Ignavibacteria, som har en trunkerad denitrifikationskedja och saknar
den genetiska férmagan att producera N,O.

Jordtyp hade ocksd en stark inverkan p& de rotassocierade N-omvandlande
samhallen. | ett fullfaktoriellt experiment med tva jordtyper och tva olika grodor (korn
och solros) visade sig jordtyp ha storre betydelse &n groda nar det galler bade genetisk
och enzymatisk potential for denitrifikation. Saledes bestammer jordens fysikaliska och
kemiska egenskaper snarare an vaxtarternas egenskaper denitrifikations- och N,O
produktionshastighet hos de rotassocierade mikrobsamhallena.

Den genetiska potentialen for de olika N-omvandlande samhéllena skiljde sig mellan
jord och rotter, vilket tyder pa att olika N-omvandlande funktionella organismer
gynnades i olika delar av jord-rot-miljon. De N,O reducerande mikroorganismerna som
har nosZI hade en affinitet for véxtrotter, medan de med nosZIl gynnades i jorden vilket
indikerar en mojlig differentiering av nischer mellan N,O reducerare fran de tvé
kladerna.



Nitrogen cycling communities associated to roots of arable crops
in relation to management. Plant, Intercropping and Soil Effects

Abstract

Management of terrestrial nitrogen (N) has been identified as a key challenge in the
implementation of sustainable agricultural practices. Transformations of inorganic N
are mainly performed by microbial functional guilds that regulate the retention or loss
of N. Soil management may affect the diversity, composition, and functioning of N-
cycling microbial communities. The aim was to define the influence of soil properties,
crops and intercropping on root- and soil-associated N-cycling communities with a
special focus on the genetic and enzymatic potential for denitrification and nitrous
oxide (N,O) reduction.

A greenhouse experiment comparing intercropped cocksfoot and lucerne with sole
cropping practices showed that plant species and intercropping significantly affected
the abundances of root associated communities that drive the retention or loss of N,
suggesting altered plant-microbial and/or microbial-microbial interactions. Addition of
biogas digestate as fertilizer did not alter the intercropping effects. A higher N,O
production rate was found in root-associated microbial communities in cocksfoot
during intercropping, which coincided with decreased genetic potential for N,O
reduction by organisms within nosZ clade 1l compared to sole cropped cocksfoot.
Sequencing revealed that these N,O reducers were related to Ignavibacteria, which
have a truncated denitrification pathway that lacks the genetic capacity to produce N,O.

Soil type also had a strong influence on root-associated N-cycling communities. In a
full-factorial experiment with two soil types and two different crops (barley and
sunflower), soil type overrode crop effects regarding both genetic and enzymatic
potential for denitrification. Thus, soil physical and chemical properties rather than
plant species determine the denitrification and N,O production rates of the root-
associated communities.

The genetic potential for the various N-cycling communities differed between bulk
soil and roots, indicating that N-cycling functional organisms were favored in different
compartments in the soil-root environment. The N,O reducing organisms carrying
nosZl were shown to have an affinity to plant roots, whereas those with nosZIl prefer
the bulk soil thus indicating a possible niche differentiation between the two clades.
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nitrogen fixation, nitrification, denitrification, nitrous oxide, plant, intercropping, soil,
fertilizer
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AOB
AOM
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NH,*
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ammonia-oxidizing archaea
ammonia-oxidizing bacteria
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ammonia monooxygenase
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nitrous oxide
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respiratory nitrate reductase
ammonium
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nitric oxide
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nitrite-oxidizing bacteria
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1 Introduction

Nitrogen (N) is an essential nutrient for plants. Cultivated soils are usually N
fertilized to support plant development and high crop yield. It has been
estimated that the total N-fertilizer demand increased by 1.3 percent annually
during 2012 to 2016 globally to meet the increasing demand in food
production. However, significant amounts of N are lost from agriculture and
the N-use efficiency in Sweden year 2008 was 64% based on the data from
Food and Agricultural Organization of the United Nations (FAO) (2010) and
International Fertilizer Association (IFA) (2010) statistics (Brentrup and
Palliére, 2010). Nitrogen-use efficiency for the plant is defined as the dry mass
productivity per unit N taken up from soil (Hirose, 2011), and with respect to
fertilization in agriculture, it is the ratio between the amount of fertilizer N
taken up by the crop and the amount of fertilizer N applied in the field.

Nitrogen loss from arable soils is a major constraint causing economic
losses. In addition, N losses also impact human health, the environment and
global climate change. Excess N loading in aquatic ecosystems causes both
groundwater pollution and eutrophication, as well as toxicity to fish. Losses in
the form of emissions of nitrous oxide (N,O) effects climate change since N,O
is a potent greenhouse gas and destroys the ozone layer (IPCC, 2013). Thus,
management of terrestrial N is critical for dealing with the challenges between
crop vield, food security, water pollution, environmental degradation and
climate change (Zhang et al., 2015b, Tilman et al., 2002). Understanding how
different cropping systems and soil management practices affect N-cycling is a
research priority (Galloway et al., 2008, Sutton et al.,(Eds.) 2011).

1.1 Nitrogen loss and retention in arable soil

Soil microbial communities are the principal drivers of N-cycling in arable
soils, with distinct functional guilds regulating retention or loss of N.
Atmospheric N, that is converted to ammonia (NH3) by the activity of free-
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living or plant-associated N,-fixing bacteria is retained in soil as organic
matter. However, inorganic N, derived from organic matter mineralization or
applied as fertilizer, may be lost due to nitrification, a process in which NH3 is
oxidized to nitrate (NO3) that can leach into nearby waterways. Additionally,
NO; is a substrate for denitrification, a facultative anaerobic respiratory
pathway in which NOj" is sequentially reduced to N,O or N,. This pathway not
only leads to N-loss via emission of gaseous N into the atmosphere, but also is
a potential source or sink for N,O, as denitrifying organisms vary in their
genetic capacity to produce or consume N,O (Graf et al., 2014; Jones et al.,
2014). Gaseous N losses in the form of N,O are of special concern due to the
severe effects this gas has on climate change. The gas has a global warming
potential 310 times greater than that of the equivalent amount of CO,, and N,O
is the main substance causing ozone depletion in the stratosphere
(Ravishankara et al., 2009). Over 70% of total N,O emissions come from soil
(http://www3.epa.gov/climatechange/ghgemissions/gases/n2o0.html), but the
only biological mechanism for N,O consumption is also in the soil (Firestone
and Davidson, 1989, Reay et al., 2012). If soil N in the form of NOjs is not
reduced by denitrification, it may also be retained in soils through dissimilatory
nitrate reduction to ammonia (DNRA). This is another anaerobic respiratory
pathway that utilizes NOs but instead results in NH,", which is largely
immobile in soil. Thus, differences in the diversity, abundance or composition
of various N-cycling communities have a direct consequence on the fate of N
in arable soil.

Soil management practices may affect the diversity, composition, and
functioning of N-cycling microbial communities in soil, either directly or
indirectly due to altered soil abiotic factors (Xue et al 2013). Soil fertility
amendments, including manure, composted organic waste and synthetic
fertilizers, affect soil N-cycling and microbial activity, such as respiration,
ammonia oxidation, denitrification, N mineralization and N,O emissions
(Hallin et al., 2009, Niboyet et al., 2010, Odlare et al., 2011). Many studies
have investigated N-fertilizer effects on soil denitrification, especially in
relation to greenhouse gas N,O emissions (Mulvaney et al., 1997, Skiba, 2000,
Akiyama et al., 2004).

Plants and cropping systems can also have an effect on soil microbial
communities involved in N cycling, and the key ecosystem processes they
perform. The composition and diversity of plants have been shown to influence
the levels of inorganic N in soils and N,O emissions (Epstein et al., 1998, Sun
et al., 2013, Whitmore and Schroder, 2007, Manevski et al., 2015). Soil NO3
concentration typically increases with decreasing plant diversity (Zak et al.,
2003; Niklaus et al., 2006; Mueller et al., 2013). Higher N,O emissions have
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also been observed in sole crop systems compared to those with mixed plants
species (Niklaus et al., 2006; Sun et al., 2013). Thus, intercropping practices
that combine two or more crops in the same field could be a way to manage N
and increase N-use efficiency. Interactions between plants and microbes in the
rhizosphere, the small zone of soil that is influenced by plant roots, may also
be of importance for managing soil N. Different plant species can either
stimulate or inhibit of nitrification activity in the rhizosphere, whereas the
rhizosphere has been commonly referred to as a ‘hotspot’ for denitrification, as
the influence of roots on oxygen, carbon, and nitrogen availability tend to
promote denitrification (Philippot et al., 2013). However, this affect may also
vary among plant species (Philippot et al., 2009), and whether the rhizosphere
of different plants select for soil denitrifying communities that produce N,O, or
those that are capable of reducing N,O to N, has yet to be determined.
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2 Aims and research questions

The overall aim is to define the influence of soil properties and crops on root-
and soil-associated N-cycling microbial communities, with special emphasis on
the genetic and enzymatic potential for denitrification and N,O reduction. The
specific questions addressed in this thesis are:

1)

2)

Intercropping effects on soil activity, abundance and composition
of N-cycling microbial communities (Papers 1| and [lI).
Intercropping, the practice of growing two or more crops together
at the same time and in the same field has been suggested as a
means of managing soil N through increasing N-use efficiency.
This would lower the losses of N through leaching or gaseous
losses. However, both increased and decreased N,O emissions have
been observed in intercropped systems. The aim of Paper | was to
compare the effect of intercropped and sole crop practices on the
abundances of root associated and soil inhabiting N-cycling
communities that drive the retention or loss of N. Since an increase
in soil N can cancel the positive effects of intercropping on plant N
use, we also addressed the effects of fertilization by amendment
with biogas digestate on the abundance of root associated and soil
inhabiting N-cycling communities with or without intercropping.
In Paper |11, we specifically examined the activity and structure of
microbial communities that reduce N,O to N, to determine the
effect of plant species and intercropping on potential N,O
emission.

Relative importance of soil type and plant type on potential N,O

production and abundance N,O reducing microbial communities
(Paper II). The importance of the recently described nosz Clade 1l
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(Jones et al., 2013, Sanford et al., 2012) for net N,O emissions in
the rhizosphere is not known. Since soil type can exert a strong
influence on the root-associated microbial communities, the aim of
Paper Il was to determine the relative influence of soil and plant
type on the abundances of nitrous oxide reducers and the genetic
and enzymatic N,O emission potential.



3 Background

3.1 Soil nitrogen cycling and the microbial communities involved

The N cycle is one of the key biogeochemical cycles that support life on earth.
It consists of pathways that add or retain N in the biosphere, and those that
return N to the atmosphere (Figure 1).

The nitrogen cycle

Figure 1. Nitrogen cycle.

3.1.1 Nitrogen fixation

Nitrogen gas (N,) makes up about 78% of the earth’s atmosphere, which is
a major reservoir of N that in the absence of chemical or enzymatic activity
would be unavailable to organisms. Biological input of N to the soil is
performed by the process of N, fixation which converts N to ammonia (NHz)
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by N,-fixing microorganisms and is an extremely energy expensive process.
The main N,-fixing organisms are bacteria, some of which are symbiotic while
others are free-living. All Ny-fixers employ a special enzyme called
nitrogenase, which is capable of catalysing N, to ammonium. Symobiotic
nitrogen fixing bacteria, such as the rhizobia, are able to sense flavonoids
secreted by the certain host legume roots, then enter through the root hairs and
establish the symbiotic relationship with host roots by forming nodules, where
N,-fixation occurs (Schultze and Kondorosi, 1998). This relationship greatly
benefits both the host plants and bacteria by the bacteria providing N when it is
of limited availability in the environment, while the plant supports N,-fixing
microorganisms with carbon compounds (electron donors).

The symbiotic N,-fixing bacteria can also exist as free-living organisms in
soil, in addition other free-living N,-fixing bacteria, such as species from the
genera Azospirillum and Azotobacter (Abdelmal, 1971, Oyaizumasuchi and
Komagata, 1988). Free-living N,-fixing bacteria are diverse, as they can be
photosynthetic or non-photosynthetic, aerobic or anaerobic. Free-living, non-
photosynthetic N,-fixing bacteria obtain energy from soil organic matter. The
oxygen level in soil can strongly affect aerobic free-living Np-fixation since
most of the nitrogenases are irreversibly inactivated by oxygen (O,). Thus, a
mechanism to protect the nitrogenase is required. This is not a problem for
anaerobic free-living N,-fixers such as Clostridium, which predominate in
waterlogged soils as well as in anaerobic niches in grasslands (Rice et al.,
1967, Drozd and Postgate, 1970).

3.1.2 Nitrification

Ammonia in equilibrium with ammonium (NH,"), formed as a result of N,-
fixation, is retained in the soil biomass, soil organic matter or bound to
negatively charged soil particles, e.g. clay. Ammonium is one form of N that is
utilized by higher plants, however many species prefer NO3z. Ammonium is
reactive and readily oxidized by microorganisms. The oxidation of NHj; to
NOj™ in the soil occurs through a two-step aerobic microbial process called
nitrification, in which NHj3 is oxidized to NO," and then to NO3" to gain energy.
It was generally accepted that each step in nitrification was carried out by two
phylogenetically distinct clades of microorganisms; the ammonia oxidizing
bacterial (AOB) that oxidize ammonia to nitrite, and the nitrite oxidizing
bacteria (NOB) that further oxidize nitrite to nitrate (Winogradsky, 1890). In
2006, ammonia-oxidizing archaea (AOA) within the phylum Thaumarchaeota
were discovered in various marine and terrestrial ecosystems supplemental to
AOB (Nicol and Schleper, 2006). It has been suggested that Thaumarchaeota
may be the most abundant ammonia-oxidizer in soil ecosystems (Hatzenpichler,
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2012, Leininger et al., 2006, Caffrey et al., 2007). The known ammonia
oxidizers and NOB have been regarded as two different functional groups, as
none of these organisms have all enzymes needed to oxidize both NH; and
NO,". However, recent studies have characterized nitrifiers from the bacterial
genus Nitrospira that have all enzymes necessary for complete ammonia
oxidiation to nitrate and this process has been coined comammox, complete
ammonia oxidation (van Kessel et al., 2015, Daims et al., 2015).

Nitrifying organisms play the important role in regulating NO3™ content in
the soil and controlling the availability of N as a plant nutrient. Moreover, NO3
is soluble and may be lost from soil through leaching. The leached NOj3" can
flow through the hydrologic system to rivers and lakes, and some eventually
reaches the oceans where it can be returned to N, by denitrification or
anaerobic ammonium oxidation (anammox; see below).

3.1.3 Denitrification

Nitrate can be depleted from soil through denitrification mediated by
denitrifying microbial communities. Denitrification is a facultative respiratory
pathway by which denitrifying organisms perform a stepwise reduction of
NO;z or NO; to nitric oxide (NO), N,O and eventually to N,. Hence, this
pathway leads to N-loss via emission of gaseous N into the atmosphere.
Nitrous oxide can either be an intermediate or the end product of denitrification,
making this pathway a potential source or sink for N,O (Jones et al., 2014,
Philippot et al., 2011, Graf et al., 2014). The generation of N,O by terrestrial
denitrifiers contributes a large portion of the total N,O emissions on the earth
(Canfield et al., 2010).

Denitrifying microorganisms are found among a broad range of bacterial
phyla (Zumft and Korner, 1997, Philippot et al., 2007), but archaeal and fungal
denitrifiers also exist although less is known about their ecology and
importance (Kobayashi et al., 1996, Dodsworth et al., 2011, Shoun, 1992,
Philippot et al., 2002). The majority of characterized denitrifiers belong to the
phylum Proteobacteria (Graf et al. 2014). The first step in denitrification is the
reduction of NO;  to NO,, catalysed by membrane bound or periplasmic
nitrate reductases (NAP or NAR, respectively). This step is not specific to
denitrification, as the resulting NO," can be used in other N-cycle pathways.
The second step is the reduction of NO," to NO by the nitrite reductase (NIR),
which is regarded as defining step of denitrification. Nitric oxide has cytotoxic
properties and needs to be reduced to N,O, performed by the nitric oxide
reductase (NOR). Nitrous oxide can be emitted directly into the air as a
terminal product if the denitrifying microorganism do not contain the enzyme
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nitrous oxide reductase (N,OR), which reduces N,O to dinitrogen (N,) (Zumft
and Kroneck, 2007). Many denitrifying organisms do not possess the enzymes
to conduct all steps of denitrification (Zumft, 1997, Graf et al., 2014) and
microorganisms possessing a complete or partial denitrification pathway exist
across the microbial tree of life (Jones et al., 2008, Graf et al., 2014).

Denitrifying populations and communities vary in their tolerances to
environmental conditions and stress (Hallin et al., 2012, Cavigelli and
Robertson, 2000, Holtan-Hartwig et al., 2000). For example, Yin et al. (2015)
indicated changes of denitrifier community structure and abundance were
associated with soil pH, total available N, organic matter and phosphorus.
Temperature and seasonal variations also affect denitrifiers. The abundance of
denitrifiers was lower in summer compared to other seasons in an acid soil of a
Norway spruce forest (Mergel et al., 2001) and many studies have revealed that
soil N,O emissions show seasonal variation (Bremner et al., 1980). Freeze-
thaw events in particular contribute to substantial emissions (Muller et al.,
2003, Goodroad and Keeney, 1984, Cui et al., 2016), which could be caused by
the presence of degraded substrate derived from dead microbial biomass
providing extra N and energy (Guckland et al., 2010, Matzner and Borken,
2008). Soil pH is a well-known controller of N,O production by denitrifiers
(Firestone et al., 1980) and plenty of studies have shown increased N,O
emissions in soils with low pH (Odlare et al., 2012, Baggs et al., 2010, Chao,
1995, Obia et al., 2015, Liu et al., 2014). However, the composition of the
microbial community also plays a role (Jones et al., 2014, Philippot et al.,
2011).

3.1.4 Dissimilatory nitrate reduction to ammonia (DNRA)

Another pathway that utilizes NOj™ is the dissimilatory NOj3 reduction to
ammonium (DNRA), in which NOj is converted to ammonium and can be
considered the reverse process of nitrification. In this pathway, NO,™ produced
by the reduction of NOs is converted to NH," by the cytochrome C nitrite
reductase (NrfA) (Simon, 2002). Thus, the key difference with denitrification
is that NO, ™ isreduced in the process of respiratory ammonification, rather than
being converted to NO. This process can contribute to retention of soil N due
to the formation of NH,", which can be immobilized in the soil (Riitting et al.,
2011).

Similar to denitrification, respiratory ammonification is performed under
anaerobic soil conditions (Silver et al., 2001), and competition between
respiratory ammonification and denitrification may occur depending on
environmental conditions (Silver et al., 2005, Kraft et al., 2014). For example,

22



DNRA has been found to be the dominant pathway for NO3 reduction in
estuarine and coastal sediments (Kelly-Gerreyn et al., 2001) and the relative
contribution of DNRA/respiratory ammonification in soils can be significant
(Rutting et al., 2011). Conditions of high ratios of dissolved organic carbon and
NO;3 have been found to favor DNRA over denitrification (Porubsky et al.,
2009, Schmidt et al., 2011), as do high levels of sulfide (Brunet and GarciaGil,
1996, Behrendt et al., 2013), elevated temperature (Dong et al., 2011), salinity
(An and Gardner, 2002) and soil pH (Schmidt et al., 2011). Organisms
performing respiratory ammonification have been shown to be significantly
overrepresented in rhizosphere compared to the surrounding bulk soil (Li et al.,
2011, Nijburg and Laanbroek, 1997).

3.1.5 Anaerobic ammonium oxidation (anammox)

Nitrite can also be reduced through the process anaerobic ammonium oxidation
(anammox), which converts NO,” and NH," directly into N, gas (Mulder et al.,
1995, Strous et al., 1999). All anammox bacteria discovered so far to belong to
the phylum Planctomycetes (Kuenen, 2008, Lam and Kuypers, 2011).
Anammox may be responsible for producing 30-50% of the N, gas in the
oceans (Devol, 2015). Thus, it is an important process for removing fixed N at
the global scale. Apart from marine ecosystems, anammox is also occurring in
wetlands and rice paddy soils (Zhu et al., 2011, Erler et al., 2008), and peat
soils (Hu et al., 2011). In deciduous forest soil, anammox has been shown to
contribute 0.5% to 14.4% of the total N, production (Xi et al., 2016).
Anammox bacteria have been detected in arable soils and grasslands (Humbert
et al., 2010), but there is not much known about their importance in these
types of soils.

3.2 Nitrogen cycling genes as functional markers

Many of the genes coding for the key enzymes in N cycling were introduced as
functional markers for use in PCR-based assays 10-20 years ago (Throbéck,
2004, Henry et al., 2004, Poly et al., 2001, Rotthauwe et al., 1997, Braker et
al.,, 1998, Hallin and Lindgren, 1999, Scala and Kerkhof, 1999), and new
marker genes have been added along with the revision of several primers since
the first introduction. They have been widely used as molecular markers to
predict the potential functional traits and their communities in the environment
(Correa-Galeote et al., 2013, Hallin et al., 2012, Lyautey et al., 2013, Trias et
al.,, 2012, Wessén et al., 2011, Andersson et al., 2014). The N-cycling
microbial communities, such as Ny-fixing microbes and N,O reducers, show
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high diversity in soils, (Duc et al., 2009, Sanford et al., 2012, Jones et al., 2014,
Domeignoz-Horta et al., 2015). Closely related denitrification genes may be
distributed across distantly related taxa (Philippot et al., 2002), and some
closely related microorganisms may or may not have the same functional traits.
For example, a large fraction of denitrifiers do not possess the nosZ gene
(Jones et al., 2008, Graf et al., 2014). Thus, studies of N-cycling microbial
communities need to employ functional genes as molecular markers, and
cannot rely on taxonomic markers such as the 16 rRNA gene. Due to the high
degree of sequence polymorphism in the N-cycling genes, primer design to
reach sufficient coverage and specificity is often difficult and primer bias and
non-specificity have been pointed out recurrently (Penton et al., 2013, Helen et
al., 2016).

Quantitative PCR is commonly used to examine the gene abundance, for
example to interpret the size of the microbial community performing specific
steps of N cycling or the genetic potential for a process (Zhang et al., 2013,
Ding et al., 2015, Petersen et al., 2012, Cheneby et al., 2009). To address
diversity, microbial community structure and composition, high-throughput
sequencing technologies integrated with bioinformatics analysis is widely used
(Larose et al., 2013, Shu et al., 2016, Xu et al., 2014), either by amplicon
sequencing or the direct genetic analysis of genomes within an environmental
sample, which provides information about the organisms and functions in a
given environment (Thomas et al., 2012, Eisen, 2007, Logares et al., 2012).

The conversion of atmospheric N, to NH3 by the nitrogenase enzyme is
encoded by the nifH gene, which is highly conserved in microbial organisms
and therefore used as a molecular marker for N, fixation (Poly et al., 2001,
Gaby and Buckley, 2012). The nifH gene is in general more abundant in
rhizosphere than bulk soil (Poly et al., 2001). For nitrifiers, it has been most
common to target the genes encoding the ammonia monooxygenase (AMO)
found in ammonia oxidizers performing the first step in the nitrification
process, such as the bacterial amoA (Rotthauwe et al., 1997) and archaeal
amoA genes (Tourna et al., 2008). Bacterial amoA genes are widely distributed
in soils, sediments and fresh-water environments, whereas archaeal amoA
genes are ubiquitously found and dominate in the ocean (Francis et al., 2005).
The key step in respiratory ammonification is catalyzed by nitrite reductase
encoded by nrfA gene (Mohan et al., 2004), and primers for this gene were
recently updated (Welsh et al., 2014). The other reactions resulting in gaseous
N-loss are catalysed by several enzymes involved in the denitrification
pathway, and the key genes nirK and nirS that encoded two different nitrite
reductases (NirK and NirS) are commonly used markers for deitrificiation
(Braker et al., 1998, Hallin and Lindgren, 1999, Henry et al., 2004, Throback,
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2004, Wei et al., 2015). The N,O reductase, encoded by the nosZ gene, two
different variants known as nosZ Clade | (nosZl) and the recently described
nosZ Clade Il (noszIl), and primers have been developed that target both
groups of this gene (Jones et al., 2013, Throback, 2004, Henry et al., 2006).

3.3 Management of soil nitrogen cycling

Management of terrestrial N is practiced worldwide to ensure economical
profit; however, there are many problems that are gradually being realized. The
efficiency of fertilizer N by major grain crops is often less than 50% (Zhang et
al., 2015b). The fate and transformations of N in the soil system is complex,
and the consequences of soil N-loss by improper practices may exceed
environmental tolerance. The environmental problems have led to re-
evaluations of some management strategies. The most common practices can
be roughly divided into soil management, which includes tillage, fertilization
and soil amendments, and crop management, which can include practices such
as crop rotation, intercropping, catch crops and cover crops grown for
mulching (green manure). However, external factors are also influencing and
are influenced by the extent of N surplus from the farm system (Figure 2).
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Figure 2. Management and N flows at the farm scale. (Figure modified from Jarvis S. et al.
(2011))
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3.3.1 Sail type

The physical, chemical and biological characteristics of a soil differ with
geology, geographical location, soil depth, vegetation type and management
practices, which together control soil texture, pH, organic matter and other
edaphic factors. It is well known that soil type (texture and geological origin)
exerts a strong effect on the soil microbial community composition (Buyer et
al., 1999, Gelsomino and Azzellino, 2011, Singh et al., 2007, Zechmeister-
Boltenstern et al., 2011). Girvan (2003) investigated three geographically
separated agricultural sites, and found that soil type was the primary
determinant of bacterial community composition.

Soil type also exerts a strong effect on the rhizosphere community (Berg
and Smalla, 2009). This has been investigated in detail for Arabidopsis
thaliana (Bulgarelli et al., 2012, Lundberg et al., 2012). However, the relative
contribution of the soil and the selective effects of different crops on the
rhizosphere community have also been examined and several studies show that
soil type play an important role in shaping the microbial community structure
in general (Buyer et al., 2002, Bulgarelli et al., 2015, Edwards et al., 2015).
However, less is known about the N-cycling microbial communities, especially
the newly described N,O- reducing microorganisms.

3.3.2 Soil management

Soil physical-chemical properties might be disturbed or changed by long-term
land management. Tillage with mouldboard ploughing mixes the soil, whereas
no-till regimes create a stratification of the soil profile in addition to
compaction of the soil. Both stratification and compaction can affect the soil
microbial community. A higher overall diversity has often been observed in
no-till regimes due to physical separation (Sipila et al., 2012) and different
tillage regimes can also alter the relative abundance of different functional
groups (Fan, 1997). For example, denitrification and abundance of denitrifiers
can increase if the soil is more compacted and thereby less aerated (Melero et
al., 2011), which would increase N losses. In agreement, a study investigating
spatial patterns of denitrifiers communities across organic and integrated
farming systems showed that the size of the denitrifying community was
negatively correlated to soil parameters like pore volume and soil infiltration
capacity, which indicates that soil compaction favours denitrifiers (Enwall et
al. 2010). However, structure, size and activity were governed by soil-based
parameters rather than land management in this case.

The application of fertilizers and organic amendments usually have a strong
impact on soil microbial communities, including those involved in N cycling
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(Wessen et al., 2010, Hallin et al., 2009, Abubaker et al., 2013). Fertilizers
increase soil fertility and ensure crop productivity (Blackmer, 1997, Diacono
and Montemurro, 2010), which directly and indirectly influence soil microbial
communities (Bulluck et al., 2002). This depends on the type of fertilizer and
the effects can differ on soil organisms mediating various N-cycling process.
For example, the activity of N»-fixing microorganisms may be suppressed by N
fertilization, and abundance and composition of Ny-fixing bacteria can
therefore change in response to long-term N-fertilizer application (Romero et
al., 2012). In contrast, many studies have shown that the losses of N, such as
nitrate leaching and N,O emissions, were strongly associated with fertilization
(Venterea et al., 2011, Schroder et al., 2010, Gheysari et al., 2009, Maharjan et
al., 2014, Odlare et al.,, 2012). Nitrogen fertilizers typically promote
denitrification in agricultural soil, and of the added N about 50-75% of the
annual loss is through denitrification (Philippot et al., 2007, Mulvaney et al.,
1997, Kaiser et al., 1998). Fertilization can also affect the N,O to N, ratio from
denitrification, and global N,O emissions are increasing due to an increased
input of mineral N fertilizers (IPCC 2013). Organic fertilizers, like manure,
compost and biogas digestate, differ profoundly from mineral fertilizers by
contributing to the overall microbial biomass in the soil, which in turn can
result in increased biomass of certain soil functional microbial groups as well
as the accumulation of organic C and N (Hallin et al., 2009, Jin et al., 2012,
Jannoura et al., 2014, Wessen et al., 2010).

3.3.3 Plants and plant type

Plant species can impact ecosystem N cycling due to the differences in several
important traits that affect either N inputs or losses, which are directly or
indirectly caused by inherent differences in N uptake ability, produced biomass
per unit N, and interactions with soil microbial decomposers, No-fixers,
herbivores etc. (Knops et al., 2002). For example, legumes can employ
symbiotic bacteria for N,-fixation, which is preferably chosen as intercropping
or crop rotation management regimes to enhance soil fertility. Besides
symbiotic Ny-fixation, several studies have reported non-symbiotic N,-fixation
by grasses or forbs that also contribute to soil N input (Abbadie et al., 1992,
Brejda et al., 1994, Mckone and Bieshoer, 1986), but the knowledge of non-
symbiotic N,-fixation and plant control phenomenon is limited.

The rhizosphere is the zone surrounding the plant roots and influenced by
plant roots, whereas the rhizoplane refers to root surface zone.
Microorganisms can physically attach to root surface structures. Different plant
species create physically or chemically different rhizosphere and rhizoplane
environments for soil microorganisms (Philippot et al., 2013). This means that
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there can be plant species-specific effects on soil microbial communities
involved in N cycling in proximity to roots (Kilian and Werner, 1996, Bakken,
1988, Osanai et al., 2012). Plant roots produce chemical compounds and
signalling molecules that are released into the rhizosphere (Philippot et al.,
2013) and these compounds have a considerable effect on the soil microbial
community and the processes they mediate (Insam and Domsch, 1988, Quispel,
1988). Root exudates include a variety of substances such as ions, enzymes,
mucilage, free oxygen and diverse array of carbon (C) or N-containing
compounds (Carvalhais et al., 2011, Walker et al., 2003). Roots also produce
inhibitory or signalling substances. A well-known example of the latter is when
rhizobia recognize and nodulate on their host legume root due to specific
flavonoids released from legume roots (Bais et al., 2006).

The rhizosphere is often referred to as hot spot for denitrification. In
agreement, a higher proportion of denitrifiers relative to other heterotrophic
organisms is generally detected in proximity to roots (Vonberg and Bothe,
1992, Clays-josserand et al., 1995, Hamonts et al.,, 2013). The C rich
environment is one factor explaining why denitrifiers are promoted in the
rhizosphere. Fisk et al. (2015) showed the short-term plant-residue C decreased
the risk of N losses due to microbial decomposers consuming amino acid-C as
a C source and peptide-C for energy production in a semi-arid soil, but long-
term root residue additions had no effect. Different types of exudates have been
shown to affect denitrification rates differently (Henry et al., 2008). Depending
on the plant type, free oxygen can also be exuded from the roots (Bodelier et
al., 1996), whereas root respiration lowers the oxygen concentration in the
proximity of roots. This means that oxygen concentrations fluctuate in
proximity to the roots. It has been suggested that the ability to grow by
respiring nitrogenous compounds when oxygen is limited could be a selective
advantage for denitrifiers in the rhizosphere since they are facultative. Indeed,
denitrification rates were increased up to 22-fold in the rhizosphere compared
to the surrounding soil (Philippot et al., 2009, Philippot et al., 2013). This may
contribute to increased N,O emissions. A range of studies showed that N,O
emissions are higher in cropped soils when compared to bulk soils, thus
indicating a significant influence of plants (Ding et al., 2007; Hénault et al.,
1998; Hgjberg et al., 1996; Klemedtsson et al., 1987; Ni et al., 2012; Sey et al.,
2010; Verma et al., 2006).

Plants affect several factors that influence nitrification and there are plant
species effects (Patra et al., 2006, Philippot et al., 2009). An experiment
comparing two plant species (Eucalyptus camaldulensis vs Arundo donax) has
shown that plant species strongly affect potential nitrification rate due to the
direct effects of ammonia oxidizer abundance and activity in effluent irrigated
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land (Tsiknia et al., 2013). Enwall et al. (2007) showed that nitrification was
promoted in an unfertilized cropped soil in comparison to a bare soil, which
could be due to increased soil organic matter that provides NHjz; when
mineralized. However, it could also an effect of the lower pH in the bare soil
since pH determines availability of NH; for the ammonia oxidizers.
Nitrification is often suppressed in the rhizosphere, likely because of
competition with plants for N or due to competition with fast-growing
heterotrophic bacteria for other resources. Several studies report nitrification
can be inhibited in the rhizosphere (Boudsocq et al., 2009, Sylvesterbradley et
al., 1988, Munro, 1966). It has been discovered that certain plants can naturally
inhibit microbial nitrification via release of root exudates (Subbarao et al.,
2013, Subbarao et al., 2006). Subbarao (2009) identified the compound
brachialactone from roots of a tropical pasture grass Brachiaria humidicola,
which can suppress nitrification in the rhizosphere by blocking enzymatic
pathways in nitrifying bacteria (Subbarao et al., 2015), effectively curbing N,O
emission from soil (Subbarao et al., 2009). Another example is the tissues of
Brassica plants that contain many secondary compounds, which when
degraded form, iso-thiocyanates (ITCs) and other toxic volatile sulfuric
compounds that can inhibit nitrification (Bending and Lincoln, 1999). Overall,
these discoveries open the way for new approaches to manage N cycling by
enhancing biological nitrification inhibitors in major crops.

In wetland soils, oxygen-releasing plants develop aerenchyma tissue for
root respiration in order to adapt anoxic conditions (Armstrong et al., 1994,
Laan et al., 1989), which benefits ammonia- and nitrite-oxidizing bacteria by
providing oxygen in rhizosphere. It is reported that radial diffusion of oxygen
from aerenchyma tissue is associated with the respiratory activity of the roots,
which is influenced by temperature and age of the root (Moorhead and Reddy,
1988, Caffrey and Kemp, 1991). Several studies have indirectly reported a
stimulation of nitrification by oxygen-releasing plant in sediments and wetland
(Herrmann et al., 2008, Engelaar et al., 1995, Kirk and Kronzucker, 2005,
Reddy et al., 1989).

3.3.4 Crop rotation and intercropping

The relationship between plant community diversity and the composition of the
rhizosphere microbiota is more complex than for single plant species. Previous
studies have described the change of soil microbial community biomass,
activity and composition as being strongly associated with greater plant
diversity, and likewise influenced microbial mediating processes such as soil C
and N cycling (Zak et al., 2003, Hooker and Stark, 2008).
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Crop rotation is a common practice in agriculture. Crop rotation involves
growing two or more crops one after the other to increase yield and decrease
pest pressure. Crop rotation can also change soil microbial community
structure and activity, which are likely related to changes in soil organic matter
accumulation (Tiemann et al., 2015). The diversity of crops can also be
increased through intercropping. Intercropping is a multiple cropping practice
which more than one crop in grown simultaneously on the same local, and it
has been shown to improve space use and result in greater yield compared to
sole crops (Brooker et al., 2015). Intercropping relies on key ecological
concepts to increase aboveground plant biomass, such as efficient use of
resources via niche complementarity (Brooker et al., 2015), increased
resistance to diseases and pests (Risch, 1983) , and enhanced soil fertility,
particularly in regards to soil N (Cong et al., 2015, Stern, 1993). Intercropping
therefore often includes a legume to provide symbiotically fixed N to the
system. In cereal-legume intercropping systems, biological N, fixation by
bacteria associated with the legume increases plant available N compared to
unfertilized non-legume crops. Uptake of soil N by the intercropped cereal
results in depletion of N in the rhizosphere of the legume, which in turn
stimulates the N, fixation activity (Afza et al., 1987, Ehrmann and Ritz, 2014,
Hauggaard-Nielsen et al., 2001). This will reduce the input of fertilizer and
thereby the production costs.

A large number of studies have shown aboveground effects of intercropping
in relation to N management, such as increased biomass N-content. Fewer
studies have examined the effects of intercropping on the soil microbial
communities that drive belowground N cycling, although interactions between
roots and soil organisms have been shown to enhance crop resource use
efficiency (Ehrmann and Ritz, 2014, Shen et al., 2013, Li et al., 2014). Several
studies have shown that soil NO3; concentration increases with decreasing
plant diversity (Mueller et al., 2013, Niklaus et al., 2006, Zak et al., 2003).
Recent work suggests that intercropping may reduce the abundance of
ammonia-oxidizers in the rhizosphere, which could explain this (Zhang et al.,
2015a). In addition, intercropping has been identified to effectively reduce both
NO;3 leaching and N,O emission due to more efficient use of N in comparison
with sole crops (Whitmore and Schroder, 2007, Pappa et al., 2011, Sanchez-
Martin et al., 2010). However increased emissions of N,O have also been
observed during intercropping (Sun et al., 2013), indicating that intercropping
influences the activity and possibly also the composition of microbial
communities either producing or reducing N,O. The mechanisms controlling
net N,O emission are complex and controlled by numerous factors, such as
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availability of mineral N, temperature, moisture, texture and microbial
community properties (Skiba, 2000).
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4 Result and discussion

Two separate experiments were performed to assess the effect of plant species,
cropping practices, fertilization and soil type on N-cycling microbial
communities. The plant and intercropping experiment (Papers I and I11) were
set up in rhizoboxes with lucerne (Medicago sativa) and cocksfoot (Dactylis
glomerata) grown either as single crops or intercropped in an agricultural soil
from Alnarp, Sweden (Figure 3). To compare the effect of plant species versus
edaphic factors on the abundance, diversity and functioning of denitrifying and
N,O reducing communities (Paper 11), an experiment was established in
growth chambers growing a monocot plant barley (Hordeum vulgare) and a
dicot plant sunflower (Helianthus anuus) in two agricultural soils in Uppsala,
Sweden (Figure 4).
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Figure 3. The growth rhizobox in greenhouse. A rhizobox with intercropped cocksfoot (Medicago
sativa) and lucerne (Dactylis glomerata) taken at the soil and root sampling occasion (left), The
overview of experiment setups (right down). Sketch of a rhizobox indicating the dimension (right
up). (Photo: Georg Carlsson).

Figure 4. The pot experiment with barely and sunflower as well as unplanted soil randomized on
a tray in a growth chamber kept at 20°C during day time and 15°C during night with 18h day
length (Photo: Daniel Graf).

4.1 Plant (Papers I, II, 1)

In all three studies, the effect of plants on the root and soil associated microbial
communities was studied. A plant effect was observed on the genetic potential
of the targeted N-cycling communities associated with root samples, whereas
no significant plant effects on genetic potential of N-cycling communities were
found in the bulk soil (Table 1, Paper 1). The lack of a significant plant effect
in the bulk soil was also seen in Paper I, as the abundance of denitrifiers did
not differ significantly between plant species within the same soil type. In
addition, there was no effect of plant species in the bulk soil with regards to the
N,O reducing microbial community structure and composition (Paper II1).
This was also previously reported for microbial community structure in general
in the rhizosphere of other plant species (Berg and Smalla, 2009; Bulgarelli et
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al., 2012; Lundberg et al., 2012; Edwards et al., 2015; Prasse et al., 2015).
Based on the results in this thesis, plant effects on the soil microbial
community can be ascribed to plant-microbial interactions restricted to the
communities in the root compartment and not influencing those inhabiting the
bulk soil.

4.1.1 Genetic potential and enzymatic activity

The two forage plants Medicago sativa (lucerne) and Dactylis glomerata
(cocksfoot) performed differently in affecting the abundance of root-associated
N-cycling communities, which can be ascribed to plant species-specific effects
(Figure 1, Paper 1). Plant species can differ in root exudates and root
morphology, which influence root-associated and rhizosphere microbiota
(Philippot et al., 2013). The small and finer root structure of cocksfoot creates
a larger surface for the root-associated microorganisms compared to lucerne,
which may be a reason that cocksfoot in general supported a higher abundance
of total bacteria and all functional groups on roots. The abundances of nirS and
nirK, representing the genetic potential for denitrification, were similar
between Hordeum vulgare (barely) and Helianthus annuus (sunflower), but
denitrification activity on sunflower roots was below detection limit (Figure 1,
Paper I1). The relationship between denitrification activity and gene
abundance is not always correlated, which may be due to the facultative nature
of denitrifiers (Graham et al., 2016). Plant effects on the activity of functional
communities in rhizosphere may also result from differences in root exudates
and possibly oxygen at the root-soil interface of different plant species (Henry
et al., 2008, Cao et al., 2015, Prade and Trolldenier, 1988).

The work in this thesis has also shown that N,O reducing organisms
carrying nosZl have an affinity to plant roots, whereas those with nosZIl prefer
the bulk soil (Figure 2, Paper I1) thus indicating a possible niche differentiation
between the two clades. Organisms harbouring nosZl are typically denitrifiers
with a complete pathway and found among Alpha-, Beta- and
Gammaproteobacteria (Graf et al., 2014). A higher proportion of denitrifiers
relative to other heterotrophic organisms is generally detected in proximity to
roots (Clays-josserand et al., 1995, Vonberg and Bothe, 1992). In accordance
with our findings, Hamonts et al. (2013) recently found nosZI to be in higher
abundance in proximity to roots compared to surrounding bulk soil, although
they did not determine the preference of nosZ Il in their study. Recent work on
denitrifying microorganisms in pure cultures has suggested that species with a
complete denitrification pathway may be more competitive in nitrate limited
environments, having the capacity to utilize all electron acceptors available
from the reduction of nitrate (Felgate et al., 2012).

35



Principle component analysis (PCA) and multi-response permutation
procedures (MRPP) illustrated a distinct separation of samples from lucerne
roots, cocksfoot roots and soil (Figure 1 Paper 1), irrespective of intercropping
and fertilization (P<0.001), due to higher abundance of the nifH and denitrifier
genes (nirS, nirk nosZl) in the root samples, and the bacterial and archaeal
amoA genes in the bulk soil. In addition, the genetic potential for denitrifiers
(nirK, nosZl, nosZll) abundance in Paper Il also showed a significant
difference of soil and root samples within the same soil type (Figure 2, Paper
I1). Overall, the results from the studies in this thesis indicate that different N-
cycling organisms were favoured in different compartments in the soil-root
environment.

4.1.2 N,O reducing community composition

When focusing on the N,O reducing community composition, we could
observe that the community composition of both nosZ clade | and clade Il
differed significantly between root and soil samples, thus indicating selective
pressure by the plants (PERMANOVA, P<0.001; Paper II1). Moreover, the
structure of nosZ clade | communities in soil also differed significantly
between plant types, whereas only nosZ clade Il root-associated communities
were affected by plant type (PERMANOVA, P<0.05). Significant plant effects
on potential denitrification and N,O production rates were also observed on
roots in both Paper Il and Ill, whereas no difference was observed in soils
regarding plant effects.

Many nosZ clade | root associated organisms were associated with
Bradyrhizobium, which are typical rhizosphere bacteria known to harbour this
gene variant (Graf et al., 2014) and to be able to denitrify (Philippot et al.,
2007). The nosZ clade Il root communities predominantly belonged to the
Gemmatimonadaceae and Ignavibacteria. The two known Ignavibacteria
genomes harbouring nosZ genes, Ignavibacterium album and Melioribacter
roseus, both possess the nosZ Clade Il gene, but no nir or nor genes (Graf et
al., 2014). Moreover both possess nrfA genes encoding the formate-dependent
nitrite reductase (Sanford et al., 2012, Song et al., 2014), catalysing nitrite in
reduction respiratory ammonification. Thus, we postulate that N,O reducers
within clade II were “DNRA” bacteria rather than denitrifiers in this system
(Sanford et al., 2012).

While conditions promoting denitrification and respiratory ammonification
are similar as they both occur in anaerobic environments, compete for NO3
and require organic C, respiratory ammonification is generally believed to out-
compete denitrification in highly reduced environments with high C:N ratios
(Nogaro and Burgin, 2014, Schmidt et al., 2011, Song et al., 2014). Schmidt et
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al. (2011) hypothesized that respiratory ammonification may be promoted in
the rhizosphere due to the transient O, conditions, production of low molecular
weight carbon compounds, and competition for NO3™ by the roots. This could
explain the increased abundance of nosZ clade Il copy numbers and sequences
associated with organisms that potentially perform respiratory ammonification
on the roots of non-legume plants such as cocksfoot, which has been shown to
strongly compete for NO3™ as well as produce large amounts low molecular
weight carbon compounds (Danso et al., 1987, Ehrmann and Ritz, 2014).
Nevertheless, our results show that the genetic potential for respiratory
ammonification was one order of magnitude lower than that of denitrification
in the root-associated communities suggesting that denitrifiers have been
favoured (Paper 1). The importance of respiratory ammonification for N
retention in arable soils in general, and in relation to crops and during
intercropping in particular, is not known.

4.2 Intercropping (Papers I, IlI)

4.2.1 Genetic potential and enzymatic activity

Intercropping significantly affected the abundance of total bacterial community
and several N-cycling functional groups on roots that are associated with the
retention and loss of N, (Table 1, Paper 1), but did not affect the structure of
the N,O reducing communities (Paper I11). The legume exerted a strong effect
on the abundance of the root-associated N-cycling communities on the grass
roots, which indicates altered plant-microbial or microbial-microbial
interactions during intercropping. The abundance of the non-symbiotic N,-
fixing community decreased (Paper 1), which likely resulted from the changes
in the level of available resources. The introduction of lucerne should alter the
level of available resources for free-living microorganisms since symbiotic N,-
fixing bacteria would be well supported by the legume. Resource competition
may be particularly relevant for available C, which fits with our results
showing significant intercropping effects on heterotrophic rather than
autotrophic root-associated microorganisms. In agreement, intercropping also
significantly affected the abundance of “DNRA” bacteria and nirS type
denitrifers (Paper 1).

Several studies have shown that intercropping results in enhanced NOj
depletion (Doltra and Olesen, 2013), and can effectively reduce soil NOj3
leaching (Nie et al.,, 2012, Whitmore and Schroder, 2007). Given that
organisms performing respiratory ammonification and denitrification processes
compete for NO3  under anaerobic conditions, rapid depletion of NO3;™ may
limit its availability to microbial communities that perform either process. The
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genetic potential for denitrification was higher than that for respiratory
ammonification by one order of magnitude in the root-associated communities,
which indicates that the denitrifier community was favoured in the present
experiment. Inhibition of nitrification or a decrease in abundance of nitrifiers
also contributes the control of NO3 leaching (Zhang et al., 2015a), but we did
not observe an intercropping effect on the genetic potential for ammonia
oxidation.

Legume-mixed intercropping contributes to increased N availability
through N fixation, presenting a risk of increased N,O emissions if not
managed properly (Herridge et al., 2008, Epie et al., 2015). On the other hand,
intercropping may reduce N,O emissions by increased plant N uptake (Sun et
al., 2013). A lower abundance of N,O reducing nosZ clade Il community was
found in intercropped cocksfoot root comparing to sole cropped cocksfoot root
(Figure 3b, Paper I11), and slightly higher N,O production rates were detected
on intercropped cocksfoot roots compared to sole cropped cocksfoot roots
grown in non-fertilized soil (Figure 2, Paper IlI). Thus, the ratio of N,O
production and denitrification was lower in sole cropped cocksfoot root than
for intercropped cocksfoot, indicating a higher potential N,O emission from
intercropped cocksfoot roots. In cereal-legume intercropping systems, the
cereal competes for soil N resulting in depletion of N in the rhizosphere of the
legume, which stimulates N-fixation by legume associated N,-fixing bacteria
(Danso et al., 1987; Ehrmann and Ritz, 2013; Hauggaard-Nielsen et al., 2001).
This in turn may decrease the C:N ratio, and from our results it appears
plausible that heterotrophic microorganisms associated with lucerne roots
become C limited due to growth stimulation by high N availability. In turn,
competition for available C, produced by the cocksfoot roots, may have
resulted in lower abundance of DNRA organisms and thus nosZ Clade Il
during intercropping. Altogether, we hypothesize that such C: N dynamics and
decreased abundance of organisms performing respiratory ammonification lead
to an increase of the potential N,O emission rate on intercropped cocksfoot
roots.

Fertilization has been shown to suppress biological N, fixation (Gulden and
Vessey, 1998, Fan et al., 2006, Stern, 1993), although this can be alleviated
depending on the intercropped species (Fan et al., 2006, Li et al., 2009). The
intercropping experiment used biogas digestate as biofertilizer amendment. It
did not show any obvious effects on the N-cycling community, except for a
significantly increased abundance of nirS gene on roots, but this was only
observed in sole crops. This suggests that biogas digestate did not alter the
intercropping effects on the genetic potential for denitrification in this study.
The biogas digestate amendment corresponded to about 50 kg N and 500 kg C
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per ha. This low fertilization rate could explain the lack of fertilizer effects.
The average N-fertilizer application rate in the European Union countries is
much higher with approximately over 100 kg per ha (Sutton et al., 2011).

4.3 Soil type (Paper II)

The relative contribution of soil type and plant effects on soil microbial
communities involved in denitrification and N,O reduction was investigated
(Paper I1). Two agricultural soils, Ekhaga and Kungshamn, were used in a pot
experiment and planted with either barley or sunflower. The results showed
that soil type rather than plant species affected potential denitrification, N,O
production rates and genetic potential for denitrification and N,O production in
both root-associated and soil borne microorganisms.

Lower denitrification rates and higher N,O emissions were observed in
Kungshamn soil compared to Ekhaga soil, which might be caused by low soil
pH (Figure 1 and Table 1, Paper I1) (Van den Heuvel et al., 2011, Firestone et
al., 1980). An additional explanation for higher N,O emissions from
Kungshamn soil can be drawn from the genetic composition of the N,O
reducing community, with Kungshamn soil displaying lower nosZIl gene
abundance than Ekhaga soil. The high nirS abundance in relation to overall
lower genetic potential for N,O reduction in Kungshamn might also contribute
to the observed difference in N,O emission ratios.
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5 Conclusion and perspectives

5.1 Conclusions

During recent decades, management strategies in agriculture have positively
contributed economic growth and even the human way of life, but also affected
the environment negatively. With time, we might have to rethink certain ways
of managing our agroecosystems. This thesis explored the effects of soil type,
plant type, and intercropping on the activity, abundance and community
structure of soil microorganisms involved in N cycling, especially soil
microbial community mediating N losses since these processes pose a major
impact on the environment. The results are summarized as follows.

> Plant species was the key factor determining the genetic potential
of root-associated N-cycling functional groups in relation to
intercropping or soil organic amendments (Paper | and I11).
However, when comparing specific plant species cultivated in
different soils, soil type was overriding plant effects on the genetic
potential (Paper I1). The abundance of soil microbial communities
on roots between a non-legume plant (cocksfoot) and a legume
(lucerne) was significantly different (Paper 1), but this was not the
case when comparing two non-legume plants (barley and
sunflower; Paper I1).

> Plant effects on the soil microbial community were ascribed to
plant-microbial interactions restricted to the root compartment and
not influencing those inhabiting the bulk soil (Papers I-111).

» Soil type was overriding plant effects on enzymatic N,O
production potential in arable soils (Paper IlI). Thus, the soil
physical and chemical properties rather than plant species
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determine the denitrification and N,O production rates of the root-
associated communities.

» Legume-grass intercropping affected the abundance and activity of
root-associated N-cycling communities, likely due to altered plant-
microbial and/or microbial-microbial interactions (Paper | and
). Lucerne intercropped with cocksfoot reduced the genetic
potential for N,O reduction by N,O reducers belonging to noszZ
clade 11 on roots, and increased the N,O-production/ denitrification
ratio.

» Addition of biogas digestate did not alter the intercropping effects
on the genetic potential for N cycling (Paper 1), however, this
could probably differ depending on the type, source and amount of
biogas digestate used.

5.2 Future perspectives

Intercropping effects on the crop have been widely studied, but the effects on
the below-ground biota are lagging behind. We examined intercropping effects
at one-time point in the current thesis, but vegetation period may have different
influences on soil N-cycling microbial functional groups. Zhang et al., (2015a)
showed that intercropping effects on ammonia oxidizers were different in
relation to the plant growth phase, and how it would differ during the
vegetation period for other functional groups in the N-cycle requires
investigation. The knowledge of intercropping effects on soil N-cycling
communities is incomplete regarding plant type. Most studies have focused on
intercropping with a grass and a legume, whereas other combinations, for
example in cereal crops, vegetables and trees have not been well studied.
Moreover, different plant types, such as C3 vs C4 plants, monocot vs dicot
plants, plants with different root traits, plants differing in nutrient acquisition
strategies etc., also warrants further research. A knowledge-based selection of
crop combinations may save time and labour to improve N-use efficiency and
reduce soil NO3 leaching or N,O emissions.

Besides the work presented in this thesis, additional management practices
such as tillage, crop rotation etc., effects on soil N-cycling microbial
community, as well as the ecosystem processes and services they mediate also
need to be further explored.
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