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Abstract

Nitrogen is one of the essential nutrients for plants. Nitrogen is taken up as ammonium (NH4") or
nitrate (NO;3") from roots. If not taken up by the plants, nitrate can be lost to the atmosphere by
denitrification which contributes to the global warming. Nitrate can leach out in aquatic systems, this can
cause eutrophication, thus it’s important to save the nitrogen in soil. Nitrate can be added as fertilizer or
produced by a microbial process called nitrification. The first step of nitrification is the oxidation of
ammonia, done by ammonia oxidizing archaeca, ammonia oxidizing bacteria and comammox (Nitrospira).
This first step is also the rate limiting step of this process.

Plant elicitors such as cis-jasmone, methyl jasmonate and methyl salicylate are used in pest
management but there are also indications that they trigger the production of secondary metabolites that
can be found in root exudates and inhibit ammonia oxidizers. However, our knowledge on their effect on
soil microbes remains limited.

The hypothesis was that treating winter wheat with elicitors will alter the soil ammonia-oxidizing
communities without negatively affecting plant performance. The first aim was to determine the
abundance, composition and activity of the ammonia oxidizing root and rhizosphere communities. The
second aim was to measure plant traits both above- and below ground. The third aim was to assess effects
of ammonium availability of the elicitor treated plants.

The elicitor treatments showed most effects in the fertilized pots. The elicitors had most significant
effects on the ammonia-oxidizing root communities compared to the rhizosphere communities. Methyl
jasmonate showed most significant effects and methyl salicylate showed second most significant effects
of both decreased microbial abundance and changed community composition. In both cases the plant
traits were positively affected except for the shoot biomass. However, it is possible that this effect is
temporary and that a longer growth period would allow an increase in the shoot biomass. Cis-jasmone
showed no significant effect on microbial abundance but a trend of changed composition. Cis-jasmone
positively affected below-ground plant performance.

Methyl jasmonate seems to be the most promising elicitor and methyl salicylate is the second
promising elicitor. Cis-jasmone is still interesting, showing positive effects on plant performance
although limited effect on microbial abundance. Fertilizer as ammonium chloride increase the effects of
the elicitor treatments limited to the roots microbial community. We should continue use cis-jasmone,
methyl jasmonate and methyl salicylate to see how they can be used in practical agriculture and in
different crops.

Keywords: ammonia oxidizing archaea, ammonia oxidizing bacteria, comammox,

elicitors, ammonia oxidation inhibitors, cis-jasmone, methyl jasmonate, methyl salicylate



Sammanfattning

Kvéve ar ett essentiellt ndringsimne for vixter. Kvive tas upp som ammonium (NH4") eller nitrat
(NO3") genom véxtrotterna. Nitrat dr 14ttrorligt i jorden, om nitrat inte utnyttjas av véxter kan det forsvinna
till atmosfaren genom denitrifikationen, detta bidrar till den globala uppvarmningen. Nitrat kan ocksa
lacka ut till vattendrag och orsakar dvergddning, det ar darfor viktigt att spara kvévet i marken. Nitrat kan
tillféras genom godsel eller bildas genom mikrobiella processer i marken via nitrifikationen.
Ammoniakoxideringen dr det forsta steget i nitrifikationen vilket bestimmer hasigheten av nitrifikationen.
Ammoniak oxideras av ammoniak oxiderande arkéer, ammoniak oxiderande bakterier eller comammox
(Nitrospira). Viaxt-elicitorer som cis-jasmonsyra, metyljasmonsyra och metylsalicylsyra inducerar
forsvarsmekanismer mot herbivorer och patogener. Det finns indikationer om att elicitorer kan ocksé
trigga syntes av sekunddra metaboliter i rotexudatet som inhiberar ammoniakoxiderande mikrober i
jorden. Kunskapen om effekten pa jordmikrober &r dock minimal.

Hypotesen var att elicitorer paverkar det ammoniakoxiderande mikrobsamhéllet som &r kopplat till
hostvete, utan negativ paverkan pa vixtens tillvdxt. Det forsta syftet var att mita rot- och
rhizosfarsamhillets storlek, komposition och aktivitet. Det andra syftet var att méta vixtens ovan- och
underjordiska delar for att undersoka véxtens tillvixt av behandlingarna. Det tredje syftet var att bedéma
eventuella effekter frin ammoniumgddsling pa elicitorbehandlade plantor.

Elicitorbehandlingarna visade mest signifikant effekt i de godslade leden. Rotmikrobsamhéllet visade
fler signifikanta effekter jamfort med rhizosfarmikrobsamhallet.

Metyljasmonsyra visade flest signifikanta effekter och dérefter metylsalicylsyra. Dessa reducerade
storleken pa rotmikrobsamhillet, fordndrade samhéllets komposition, samt hade positiv paverkan pa
vaxtens tillvixt forutom skottbiomassa. Det dr dock mojligt att denna effekten ar temporér och efter en
langre tillvaxtperiod Okar skottbiomassan. Cis-jasmonsyra visade inga signifikant skillnader pa
mikrobsamhillets storlek, men en trend pé fordndrad komposition. Cis-jasmonsyra visade dnda positiv
paverkan pa rottillvixten.

Metyljasmonsyra dr den mest lovande elicitoren och metylsalicylsyra den nést lovande elicitoren. Cis-
jasmonsyra &r fortfarande intressant da den visade ha positiv inverkan pa véxtens tillvixt men begransad
paverkan pa mikrobsamhaéllets storlek. Godsel som ammoniumklorid visade sig ge en forstarkt effekt pa
elicitorbehnadlingarna, begrénsad till rotmikrobsamhéllet. Vi bor fortsédtta anviénda cis-jasmonsyra,
metyljasmonsyra och metylsalicylsyra for att se hur de kan anvéndas i praktiskt jordbruk och vilken effekt
de har i oliak grodor.



Popular science summary

Feed an increasing global population and at the same time reach a sustainable
development of agriculture without overconsume our global resources. This is some of
our future’s global challenges. The growing crops in the fields need water and nutrients
to harvest high yields. Nitrogen is one of the most important nutrients for plant growth
and is provided to the crop as fertilizer. However, nitrogen can easily disappear from
the soil if it is not taken up by plants. Globally, 50% of added fertilizer is lost and this
causes environmental problems as the eutrophication of lakes and seas. But nutrients as
nitrogen are also produced from a microbial process in soils called nitrification. The
nitrification process nitrogen that is unavailable for the plant to take up (ammonia) to
nitrogen that is available to take up (nitrate). Nitrification consist of two parts, the first
is the ammonia oxidation coursing by ammonia oxidizers, this step is limiting the rate
of nitrification. The next step is the nitrite oxidation. This master thesis has investigated
one potential solution to improve the N use efficiency and decrease the nitrogen
leaching out by treating wheat with elicitors. Elicitors are a group on non-related
compounds that trigger defense responses against herbivory and pathogens in plants.
There is also indication that they can trigger the plant to induce secondary metabolites
in root exudate. This affect the nitrifying microbes in soil which can stop the first part
of nitrification. Threating the plant with elicitors can there by both induce a plant
defense and at the same time improve the nutrient use efficacy. This is a win win
situation for both a sustainable plant protection and nutrient use efficiency for crops.
There is more knowledge about how elicitors can be used as plant defense, and less
about how elicitors affect soil microbes, thus this thesis is done.

In this thesis winter wheat was treated with three different elicitors, cis-jasmone, methyl
jasmonate and methyl salicylate. The thesis aimed to determine the effects from the
elicitors on ammonia oxidizing communities on wheat roots and the environment closest
the roots - rhizosphere. We measured the abundance and composition of the ammonia
oxidizers with molecular methods. Several plant traits were measured to evaluate the
performance of the wheat treated with elicitors. Half of all treatment were fertilized with
ammonium nitrogen because earlier studies have shown that the fertilizer triggered the
elicitors to induce secondary metabolites in root exudate.

The results showed that the fertilized elicitor treatment showed most significant effects,
most of the root community. The elicitors methyl jasmonate and methyl salicylate had
the most promising results of affecting the ammonia oxidizers without negatively
affecting plant performance. Cis-jasmone showed fewer effects on the microbial
communities but seems to have positive effects on the development of roots. We need
to expand the knowledge of how the elicitors can be used in field conditions and in other



crops to use it in practical agriculture in future, thus it is still interesting to continue use
all of the three elicitors.
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1. Introduction

One of the main challenges for the next decades is to feed an increasing human
population without over consuming the global resources. To this end, the United
Nations have established a list of 17 Sustainable Development Goals (The Global
Goals 2021). One of them is “Zero Hunger”. To reach this goal there is a need to
increase the global food production. The harvest of high yielding crops requires sun
radiation, space, water, and nutrients. Nitrogen (N) is one of the essential nutrients
to grow a healthy crop, and an important component in the chlorophyll molecule
for photosynthesis. This is one reason why it is important to ensure that crops have
access to N to achieve high yields.

Plants obtain nutrients from the soil and N is typically absorbed as an ion, in the
form of ammonium or nitrate. Contrary to ammonium (NH4"), nitrate (NO3") is
negatively charged and does not bound to negatively charged surfaces in the soil.
If not assimilated by plants or microbes, nitrate can thus leach out from the soil and
cause eutrophication in aquatic systems. “Life below water” is one global goal
identified by the UN (The Global Goals 2021) which is affected by eutrophication
and there is thus an urgent need to minimize NOj3™ pollution in aquatic ecosystems.
Nitrate can also be lost by a microbial process called denitrification in which NO3"
is sequentially reduced to nitrous oxide (N2O) under anoxic conditions (Schlesinger
2020). This gas contributes to global warming and to the depletion of the ozone
layer in the atmosphere (Hu et al. 2017; Subbarao et al. 2015). Globally, ca. 50 %
of the added fertilizer is lost by leaching or denitrification (Norton et al. 2019).

Besides fertilizer input, the other major source of nitrate in soil is nitrification.
In this microbially-mediated process, ammonia is first oxidized to nitrite, which is
in turn oxidized to nitrate. The first and rate-limiting step is catalysed by diverse
microbes found within Bacteria and Archaea. Reducing nitrification rates by
targeting soil ammonia oxidizers thus represent a promising way to increase the
sustainability of agriculture.

Researchers have in recent years found that substances called elicitors can be
used in pest management against herbivory and pathogens (Maffei et al. 2012;
Kraus et al. 2019). They can also affect plant-associated root and rhizosphere
microbial communities (Huang et al. 2014). Indeed, elicitors induce the production
of secondary metabolites in plants, some of which can inhibit ammonia oxidizers
(Neal et al. 2012; Schreiner et al. 2011; Zakir et al. 2008). It is thus interesting to
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investigate the potential of elicitors in economically important crops and determine
whether they could be used to control the ammonia-oxidizing communities.
Reduced nitrate production would lead to lower N losses through leaching or
denitrification and could thus significantly improve the nitrogen use efficiency (i.e.
the harvested product per unit of N fertilizer applied) of agricultural systems
(Subbarao et al. 2015).

The hypothesis of the thesis is that plant-elicitors will alter the ammonia-
oxidizing microbial communities associated to winter wheat without negatively
affecting plant performance.

The first aim of the thesis was to determine the abundance, composition and
activity of the ammonia oxidizers in root and rhizosphere communities of plants
treated with different elicitors. We define the root communities as the microbes
physically attached in and on the roots. The rhizosphere is defined as the zone of
soil under the influence of the roots (Philippot et al. 2013). The second aim was to
measure plant traits, defined as morphological, physiological or phenological
features in one individual plant (Violle et al. 2007). The plant traits will be measure
both above- and below-ground to evaluate how changes in the microbial
communities affected plant performance. The third aim was to assess the effect of
ammonium availability, since earlier work has shown that the release of nitrification
inhibitors is regulated by root exposition to ammonium (Subbarao et al. 2013; Zakir
et al. 2008).

14



2. Background

2.1. Ammonia oxidation in arable soils

Ammonia oxidation is the first step of nitrification, an important process in the
global nitrogen cycle (Kuypers et al. 2018). Ammonia is oxidized to nitrite by
ammonia oxidizing archaeca (AOA) and bacteria (AOB) (Schleper et al. 2010).
Microbes belonging to the bacterial genus Nitrosospira oxidize ammonia as well
but are also able to perform the second step of nitrification, the oxidation of nitrite
to nitrate. They are called complete ammonia oxidizers (Comammox) (Hu et al.
2017).

The supply of ammonium is the main factor limiting the ammonia oxidation step
(Paul 2015), which in turn limits the rate of nitrification (Schleper et al. 2010;
Subbarao et al. 2015). The equilibrium between ammonia and ammonium is
depending on pH. Under acidic conditions the equilibrium is driven towards
ammonium whereas under alkaline conditions there is more ammonia. Soil pH, and
thereby the affinity to ammonia, is a major selecting factor for which group of
ammonia oxidizers will predominate (Lehtovirta-Morley 2018).

Comammox, AOA and AOB are all chemolithotrophs; they fix inorganic carbon
into biomass and gain energy through the oxidation of ammonia to nitrite under
oxic conditions (Nardi et al. 2020; Paul 2015).

2.1.1. Ammonia-oxidizing archaea (AOA)

All known AOA belong to the phylum Thaumarchaeota within the class
Nitrososphaeria (Schleper et al. 2010; Paul 2015). They use the enzyme ammonia
monooxygenase (AMO) to catalyse the oxidation of ammonia to hydroxylamine
(figure 1). The three subunits of the AMO are encoded by the genes amoA, amoB
and amoC (Martens et al. 2011). The enzyme responsible for the oxidation of
hydroxylamine (NH2OH) to nitrite (NO>") is not known in archaea. AOA produce
N20 as a by-product of ammonia oxidation (figure 1).
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AOA are found in soils, marine waters and sediments (Schleper et al. 2010).
Approximately 1-3% of all microbes in soils are AOA (Martens-Habbena et al.
2011) and their abundance is affected by environmental conditions (Coskun et al.
2017). AOA prefer soils which are rich in organic matter and have a low pH (He et
al. 2012). The oxygen concentration can be low and AOA tend to prefer
oligotrophic environments, which are poor in nutrients (Schleper et al. 2010) with
a low amount of ammonia (Lehtovirta-Morley, 2018). Studies have shown that
AOA are found in the whole soil horizon compared to AOB which generally prefer
the top of the soil horizon (Schleper et al. 2010).

AOA

i

: O

* g
i
: |
i
% |

Figure 1: Ammonia oxidation pathway in ammonia-oxidizing archaea. Ammonia is first oxidized
to hydroxylamine by the enzyme AMO, nitrous oxide is produced. Hydroxylamine is then oxidized
to nitrite by an unknown enzyme. Nitrite is oxidized to nitric oxide by the enzyme NIR (nitrite
reductase) (Beeckman et al. 2018).

2.1.2. Ammonia-oxidizing bacteria (AOB)

AOB are found in the subclasses Beta- and Gamma-proteobacteria (Coskun et al.
2017), including the beta-proteobacterial genera Nitrosomonas and Nitrosospira,
the gamma-proteobacterial genus Nitrosococcus (Prosser et al. 2020; Soliman et al.
2018).
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AOB carry the genes amoA, amoB and amoC which code for the different subunits
of the enzyme AMO. Hydroxylamine is then oxidized to nitrite by the enzyme
hydroxylamine oxidoreductase — HAO (Koops et al. 2005) (figure 2). As for AOA,
N2O is also produced during bacterial ammonia oxidation (Hink et al. 2018)
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Figure 2: Ammonia oxidation pathway of ammonia-oxidizing bacteria. Ammonia is first oxidized to
hydroxylamine by the enzyme AMO. Hydroxylamine is then oxidized to nitrite by the enzyme HAO.
Nitrogen dioxide is produced (Beeckman et al. 2018). Nitrous oxide is produced during the ammonia
oxidation but not showed in the figure (Hink et al. 2018).

AOB are found in various environments including soil, marine and freshwater
systems. The Beta- and Gamma-proteobacteria have different environmental
preferences. Nitrosospira typically dominate the AOB communities in soils
(Prosser et al. 2008). AOB generally prefer soils rich in ammonia and are mostly
found in alkaline environments. However, there are also exceptions and some AOB
have recently been found in acid soils (Lehtovirta-Morley 2018). AOB are usually
found in the top of the soil horizon (Schleper et al. 2010).
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2.1.3. Complete ammonia oxidizers (Comammox)

Bacteria belonging to the genus Nitrospira are able to oxidize ammonia to nitrate
in a single cell (Daims et al. 2015). Nitrospira encode amoA, amoB, amoC genes to
synthesize the enzyme AMO which catalyse the oxidation of ammonia to
hydroxylamine. The enzyme HAO 1is synthesised as for AOB to catalyse the
oxidation of hydroxylamine to nitrite (figure 3). It is not yet determined whether
comammox produce N>O.

Comammox are common in agricultural soils, freshwater systems, wastewater
treatment plants and drinking water systems (Hu et al. 2017). So far, Comammox
have been mainly detected in low N soils (Lehtovirta-Morley 2018).
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Figure 3: Ammonia oxidation pathway of Comammox Nitrospira. Ammonia is oxidized to
hydroxylamine by the enzyme AMO. Hydroxylamine is oxidized by the enzyme HAO and NXR (nitrite
oxidoreductase) to nitrate. Hydroxylamine can be oxidized to nitrite by the enzyme HAO (Beeckman
etal 2018)

2.2. Biological inhibition of ammonia oxidation

Some plants have the natural ability to produce and exude secondary compounds
that can affect plant-associated nitrifiers. These are called biological nitrification
inhibitors (BNI) and are found mostly in tropical forage grasses and crops
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(Subbarao et al. 2013). The exudation of BNI is stimulated by the presence of
ammonium in the root zone. Ammonium acidifies the root zone, which affect the
permeability of roots. A higher root permeability stimulate the exudation of BNI
(Zakir et al. 2008).

There is also the possibility to manipulate plants that do not produce BNI
naturally by treating them with elicitors. The term elicitors cover a diverse group
of compounds which act as signal molecules in plants. They are typically used to
induce the production of secondary metabolites as a defence mechanism against
pathogens and herbivores (Maffei et al. 2012; Kraus et al. 2019). Elicitors can be
applied directly on the seeds or on the leaves (foliar treatment). It is known that
secondary metabolites induced by elicitors are released in root exudates (Bi et al.
2007). These secondary metabolites are also known to affect the root and
rhizosphere microbial communities (Huang et al. 2014). However, there are few
studies connecting these two pieces together — the elicitors treatments and how they
affect soil microbial communities. There is far less research on the effects of
elicitors on plant-associated microbial communities compared to their benefits for
plant protection against pests, and therefore it is important to understand how
elicitors can affect microbial communities. In this thesis, we used the three
following elicitors.

Methyl Salicylate

Methyl salicylate (MS) is a methyl ester of salicylic acid. The MS is volatile
(Kalaivani et al. 2016). Phenyl propanoids compounds have been found to be
naturally exudated from roots of Sorghum bicolor (tropical cereal crop) and
Brachiaria humidicola (tropical forage grass) (Subbarao et al. 2013). Studies on
Sorghum have further shown that these phenyl propanoids have an inhibitory effect
on Nitrosomonas (Zakir et al. 2008).

Methyl Jasmonate

Methyl jasmonate (MJ) is derived from jasmone. It regulates the synthesis of
glucosinolates, which are naturally found in Brassicales. Glucosinolates can be
found in root exudates. They are involved in plant defence against pathogens and
herbivores (Schreiner et al. 2011) and can inhibit nitrifying microbes in soils
(Subbarao et al. 2013). For example, a study from Bending et. al (2000) showed
that degrading Brassicales tissues release glucosinolates, which can inhibit
ammonia oxidizers in soil. MJ has the ability to regulate the synthesis of sorgoleone
in root exudates from Sorghum roots (Uddin et al. 2013). This compound has strong
effects on Nitrosomonas (Subbarao et al. 2013).
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Cis Jasmone

Cis-jasmone (cJ) has been used to confer resistance against sucking insect pests,
particularly aphids. It regulates the benzoxazinoid production pathway (Moraes et
al. 2008). Cereals can release benzoxazinoids from roots, where they act against
microbes and insects (Neal et al. 2012). Benzoxazinoids degrade fast in aquatic
environments and the degraded compounds have antimicrobial effects as well (Neal
et al. 2012). A study of Moraes et al. (2008) showed results of an increased amount
of benzoxazinoids in roots of plants treated with cJ. They suggest that the
production or the storage of benzoxazinoids could be in the roots.
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3. Material and methods

3.1. Experimental design and measurement of plant
traits

Parts of the experiment were performed before the start of this master thesis.

The soil for the experiment was collected in August 2020 at SLU Lovsta research
station. The soil type was high clay with a 3.3% content of organic carbon. The soil
was sieved at 4 mm and then stored in a freezer at -20 °C.

The elicitors were chosen based on earlier published knowledge of their potential
to modify plant root exudate, non-toxicity and reasonable cost. Winter wheat seeds
(Triticum aestivum cv. Julius) were used in this experiment. The seeds were first
surface sterilized by soaking in ethanol (70%, 3 minutes) and sodium hydroxide
(1%, 3 minutes). The seeds were rinsed with sterilized water afterwards. Elicitor
solutions were prepared by mixing Tween20 10% (1% v/v) (Bio-Rad, Hercules,
CA, USA) and each elicitor at different concentrations following the procedure
described in (Kraus & Stout 2019a). For each elicitor treatment, 100 seeds were
placed in gas tight glass flasks and incubated in aqueous solution of either ¢J (1 and
5 mM; Tokyo Chemical Industry, Tokyo, Japan), MJ (1 and 5 mM; Merck KGaA,
Darmstadt, Germany) and MS (1 and 10 mM; Merck KGaA) for 24 h at 25°C on a
shaker (125 rotations per minute).

After the 24-hour incubation period 10 seeds were sown in each pot. Each pot
contained 1.6 kg soil and 2 cm of autoclaved clay pellets, in total 64 pots. A
maximum of 4 plants in each pot were allowed to grow. There were two control
treatments used in the experiment. The control treatments contained seeds
incubated in either water or Tween20 10% (1% v/v) to see if the Tween20 (10%)
had any effect on the seeds. Half of all the pots was fertilized with an equivalent of
100 kg ha™! of ammonium chloride adjusted to the pH of the soil (pH = 6.8) to
determine the effect of ammonium availability on plants treated with elicitors.
Every treatment had four replicates and was randomized in 4 blocks placed in a
climate chamber. The moisture was maintained at 60 % water holding capacity by
weighing the pots and adding sterile water when necessary.
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The winter wheat was harvested 23 days after germination when the plants were
at tillering stage. Root and rhizosphere samples were collected. The roots from two
individuals in each pot were collected in a falcon tube that contained phosphate
buffer saline (137 mM NacCl, 2,7 mM KCI, 10 mM Na,HPO4 and 2 mM KH>POy).
The rhizosphere soil was separated from the roots by vortexing at maximum speed
until the roots became white. Then the samples were centrifuged at 5000 g for 5
min. Pellets, corresponding to the rhizosphere samples, and cleaned roots were
stored at -20 °C.

The shoots of the corresponding roots were used to measure plant traits to
evaluate the effect of the elicitor treatments (Pérez-Harguindeguy et al. 2016). The
following traits are related to the N status or N uptake of the plants. Leaf greenness
for each plant were obtained by averaging two measurements on four different
leaves (i.e. n = 8 per plant) using a SPAD-502 meter (Konica Minolta Sensing,
Tokyo, Japan). Greenness is an indirect measurement of the chlorophyll content in
leaves. Leaf area was estimated by analyzing leaf pictures (ImageJ; (Schneider et
al. 2012) taken with a Canon EOS 100D camera (Canon Inc., Tokyo, Japan). Shoot
dry weight was obtained after oven-drying at 65 °C for 4 days. N content was
measured by dried plant material, cut to small pieces determined by 2520 Digestor,
Kjeltec 8400 Analyzer unit and 8460 sampler unit (FOSS Analytical A/S Hillerdd,
Denmark) (Nordic committee on Food Analysis, 1976). Specific leaf area (SLA)
was calculated for each plant as the ratio of total leaf area to total leaf dry weight.
The SLA represent the N concentration in leaves (Pérez-Harguindeguy et al. 2016).

3.2. DNA extraction and quantitative measurement

DNA from the rhizosphere and root samples were extracted using the
NucleoSpin Soil kit (Macherey-Nagel, Diiren, Germany) with 0.24-0.30 g and 0.35-
0.40 g, respectively, according to the manufacturer’s instructions. Each sample had
two independent extractions which were pooled before further processing.

Next step was to measure the abundance of root and rhizosphere communities
of AOA, AOB and Comammox. The abundance of root communities was
determined before. The thesis started by measuring the abundance of ammonia-
oxidizers in rhizosphere communities. Inhibition tests of the polymerase chain
reaction (PCR) reactions were done to test if the amplification of a known amount
of plasmid is comparable between qPCR reactions done with and without DNA
template. A known amount of the plasmid pGEM-T (Promega, Madison, WI, USA)
were amplified. The specific primer M13F/M13R was used and added to both DNA
extracts or non-template controls. No inhibition was detected with the used amount
of DNA.

The abundance of the root and rhizosphere communities of AOA, AOB and
Comammox were determined by quantitative real time polymerase chain reaction
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(qPCR) in two independent runs. 16S rRNA gene was used as a measurement of
the total bacterial and archaeal community in the root communities. See table 1 for
reagents used in the qPCR reactions. The same reagents were used for both root and
rhizosphere samples. The qPCR machine CFX Connect Real-Time System (Bio-
Rad) was used using SYBR Green as the fluorescence detector. The fragments were
amplified using thermal protocol (see table 2). Fluorescence was collected at 78 °C.
For the melting curves, the following conditions were used: 95°C for 10s followed
by 65 °C — 95°C 5s increment 0.5°C. The melting curve was used as a quality
control to verify that only fragments of the correct size were amplified. When DNA
denatures (melts) the fluorescence signal decreases because SYBR Green only
binds to double stranded DNA. The temperature is depending on the length and
nucleotide composition of the fragments. If there is any non-specific amplification,
a signal will be shown with peaks of another temperature than that of the target
amplicon (Bio-Rad 2006). Standard curves were obtained by serial dilutions of
linearized plasmids with cloned fragments of the specific genes. The amplifications
were validated by melting curve analyses and agarose gel electrophoreses.

During a qPCR, the amplified product is detected and measured during the
amplification. The SYBR Green dye which is used in the PCR reaction is
fluorescent. The dye is binding to the double stranded DNA and the machine is
measuring the fluorescence. The measured fluorescence is a measure of the amount
of DNA in the amplicon in each thermal cycle. The more DNA in the sample the
stronger the fluorescent signal (Bio-Rad 2006).
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Table 1: Reagents used to make the gPCR reactions for both root and rhizosphere communities.
Information on primer pairs is indicated in Table 2.

No. reagents No Inhibition | No. Volume No. Volume
(Inhibition test | Template | test 1X | reagents 1X (165 | reagents 1X (amoA
) Volume (ub (16S rRNA | rRNA (amoA gene)(ul)
1X (ul) gene) gene)(ul) | gene)

(qPCR (qPCR

reaction) reaction)
ddWater 6.25 2.05 ddWater 1.75 ddWater 2.25
Mastermix (2x) | 7.5 7.5 Mastermix | 7.5 iQ™ 7.5

(2x) SYBR

Green
Super mix

MI13 0.25 0.25 515 0.5 Primer 0.25
forward forward forward
15 (uM) (15mM) (30 uM)
MI13r 0.25 0.25 926 0.5 Primer 0.25
reverse reverse reverse (30
15 (uM) (15mM) uM)
Bovine Serum | 0.75 0.75 Bovine 0.75 Bovine 0.75
Albumin Serum Serum
(20pg/ml) Albumin Albumin

(20pg/ml) (20pg/ml)
Circ. Plasmid | - 0.2 DNA 4 DNA 4
(10e extract extract
6 copies) (4 ng/rx) (4 ng/rx)
Total volume 15 15 Total 15 Total 15

volume volume
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Table 2:Primer names, sequence, target gene, expected fragment size and cycling conditions for the
qPCRs in root and rhizosphere samples.

Primer names Sequence Gene  Fragment Thermal
size cycler
protocol
CrenamoA23F ATG GTC TGG CTW AGA CG, amoA 628 95°C 5
CrenamoaA616R  GCC ATC CAT CTG TAT GTC CA min)x1
(Tourna et al. (95°C 155,
2008) 55°C  30s,
72°C  40s);
77°C 5s x40
AmoAIlF GGG GTT TCT ACT GGT GGT, amoA 491 (95°C
AmoA2R CCC CTC KGS AAA GCC TTC Smin) xlI;
(Rotthauwe etal. = TTC (95°C 15s;
1997) 55°C  30s;
72°C  40s;
80°C  5s)
x40.
Ntsp- amoA 162F  GGATTTCTGGNTSGATTGGA, amoA 198 (95°C 10
Ntsp-amoA 359R  WAGTTNGACCACCASTACCA min)x1
(Fowler et al. (95°C 455,
2018) 48°C  30s,
72°C
45s8)x25;
72°C 7 min
515F GTGYCAGCMGCCGCGGTAA 168 450 (95°C 5
926 R CCGYCAATTYMTTTRAGTTT rRNA min)x1
(Parade et al. (95°C 155,
2016; Quince et al. 50°C  30s,
2011) 72°C  30s,
78°C

5s)x35;
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3.3. Amplification and sequencing of root-associated
communities

Sequencing libraries were prepared for both archaeal and bacterial amoA4 genes
using PCR. The amplifications were performed on a SimpliAmp Thermal Cycler
(Thermo Fisher Scientific) using a two-step procedure. A duplicate run was made
for the archaeal and bacterial amoA gene. See table 3 and 4 for the reagents, primer
names, primer sequences and thermal cycler protocol. The duplicates of the PCR
products were pooled and ran on an agarose gel electrophoresis to control that the
fragments had the right size. The samples were purified by Sera-Mag beads (Merck
KGaA, Darmstadt, Germany). In the second step, Illumina adapters with unique
combinations for each sample were added for the sequencing. See table 3 for
reagents and table 5 for cycling conditions. The PCR products were investigated by
agarose gel electrophoresis. The second PCR products were purified by Sera-Mag
bead (Merck KGaA, Darmstadt, Germany). The concentration of the samples was
measured with a Qbit Fluorometer (Invitrogen, Carlsbad, CA, US). Then the
samples were pooled in equimolar amounts and purified with the E.Z.N.A kit. A
quality control was made using a BioAnalyzer (Agilent, Santa Clara, CA, US) to
determine the DNA concentration and fragment size of the amplicons. The AOA
and AOB gene amoA were sent to SciLife lab for sequencing. Sequencing was done
on a 2 x 300 bp Illumina MiSeq platform.

Table 3: Reagents used in the PCR reactions.

Step 1 Volume 1x | Step 2 Volume 1Ix
(nh) (nh)

Sterile water 6.75 Sterile water 3.5

2X Phusion 12.5 2X Phusion 15

Primer Forward (50 | 0.25 Primer tag Forward (0.2 | 3

uM) uM)

Primer Reverse (50 uM) | 0.25 Primer tag Reverse (0.2 | 3

uM)

Bovine Serum Albumin | 1.25 Bovine Serum Albumin | 1.5

(20pg/ml) (20pg/ml)

DNA extract 4 Product from PCR 1 4

Total volume 25 Total volume 30
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Table 4: Primer names, sequences, and cycling conditions for AOA and AOB.

Organism Primer names Sequence Gene Fragment Thermal
size cycler
protocol
AOA CrenamoA23 ATG GTC TGG CTW AGA amoA 629 (98°C 3
Front CG, min)x1
CrenamoaA616 GCC ATC CAT CTG TAT (98°C
Reverse GTC CA 30s, 55°C
(Tourna er al. 30s, 72°C
2008) 60s)x30;
72°C 5
min;
10°C
hold.
AOB AmoAl Front GGG GTT TCT ACT GGT amoA 492 (98°C
AmoA2 Reverse GGT, 3 min)
(Rotthauwe et CCC CTC KGS AAA GCC x1; (98°C
al. 1997) TTCTTC 30s; 55°C
30s; 72°C
45s) x30;
72°C 10
min;10°C
hold.

Table 5: Cycling conditions used in PCR 2

Organism | Thermal cycler protocol

AOA 98°C 3 min; (98°C 30 sec, 55°C 30 sec, 72°C 40 sec) X 8; 72°C 5 min; 10°C hold.

AOB 98°C 3 min; (98°C 30 sec, 55°C 30 sec, 72°C 40 sec) X 8; 72°C 5 min; 10°C hold.
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3.4. Potential Ammonia Oxidation Assay

The potential for nitrite production by ammonia oxidation in root-associated
communities was measured. The ISO 15685 protocol micro-scale (see appendix)
was used with some modifications because of the small amounts of roots and the
small number of cells that was used in the assay compared to ordinary bulk soil.

Roots from extra plant pots were used in this test. Only roots were used because
the qPCR data showed that root-associated communities were more affected than
those in the rhizosphere. The roots were washed in phosphate saline buffer
separating the rhizosphere soil from roots. The roots were added to 32 ml serum
bottles mixed with test medium, for a total volume of 10 ml. 2.5 g soil mixed with
test medium was used as a positive control. The test medium contained sodium
chlorate, which inhibits the oxidation of nitrite to nitrate without negatively
affecting the ammonia oxidation. The amount of nitrite will thus accumulate over
time during the incubation. The samples were incubated on an orbital shaker for 10
h (175 RPM/min, 25 °C). 1.5 ml sample were sampled after 3, 5, 8 and 10 h. 1.5 ml
of KCI (4mol/L) were mixed to the samples and centrifuged for 3,000 g for 2 min.
The samples were filtered, then stored in a fridge until the last sampling (after 10h).
Standard curves were obtained by serial dilutions of sodium nitrite.

The SEAL AutoAnalyzer AA5S00 was used to measure the nitrite produced by
the ammonia oxidizers. Standard and reagents solutions were prepared following
the AutoAnalyzer 500 Method no. A-044-19 Rev. 3 protocol from SEAL analytical.
All solutions were degassed and stored in acid washed bottles (1% HCL solution
for one hour) before use.

There was no consistent measurements, probably due to the low abundance and
low activity of ammonia oxidizers in roots. We thus decided to use the remaining
plant material to measure root traits.

3.5. Root traits

Roots from a third plant were cleaned by vortexing the root in 25 ml of phosphate
saline buffer solution in a falcon tube two times, similarly to what was done with
the roots used in the molecular analyses. The roots were scanned with a Espon
Perfection V850 Pro. By using the software program SmartRoot (implemented in
Imagel) the length of the roots was measured. The roots were then dried in an oven
at 65 °C for 3 days and their dry mass weighed. The specific root length (SRL) was
measured by calculating the ratio between length and dry weight. Both these traits
are used as a measurement of plant N and water uptake capacity (Abalos et al.
2019).
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3.6. Data analysis

The statistical analyses were performed in R and Microsoft Excel. All the figures
were created in R using a scrip made by Aurélien Saghai.

The abundance of AOA and AOB, as well as the different plant traits were tested
for normality and homogeneity of variance using Shapiro-Wilk and Levene tests,
respectively (‘rstatix’ package, v. 0.7.0), and log10- transformed to ensure a normal
distribution when needed. There were no extreme outliers (‘identify outliers’
function).

Comparing each elicitor treatment to the corresponding control the Welch’s t-
test was performed because the variance between the treatments was different (the
student’s t-test assumes homogeneity of variance). Comparisons were conducted
using the Wilcoxon signed-rank test (‘base’ package) when the data was not
normally distributed. Differences were considered significant at p < 0.05.

The percentage change of each elicitor treatment compared to the control was
calculated as follows: (treatment value — control value)/control value x 100.

Sequence analyses of AOA and AOB communities were performed by Aurélien
Saghai. The amplicons of AOA and AOB gene were processed with the ‘dada2’
package (v. 1.21.0) to infer amplicon sequence variants (ASVs), which resolve
differences of as little as 1 nucleotide between sample sequences. The resulting
ASYV tables were Hellinger transformed to limit the influence of samples with low
counts and many zeros. In this transformation, the square root of the relative
abundances of each ASV is computed. Differences in community composition were
visualized using non-metric multidimensional scaling (NMDS) ordinations
(‘vegan’ package v. 2.5-7). Potential differences in dispersion between treatments
were explored using the betadisp function (‘vegan’ package) and their significance
assessed using a permutation test (permutest function, p < 0.05). Since no
significant difference in dispersion was detected, we performed a PERMANOVA
(adonis2 function in ‘vegan’) to assess the effect of elicitor and elicitor application
on the community composition of both AOA and AOB.
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4. Results

4 1. Plant traits

Two controls were used in the experiment called control and T control, in which
seeds were treated with water only, or water and Tween20, respectively. There was
no significant difference between them in any of the statistical tests performed
(figure 4). The T control was thus used when comparing each elicitors treatments
to the control.
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Figure 4:Plant traits in water and tween (T) controls in unfertilized (yellow left panel) and fertilized
treatment (blue right panel). Shoot biomass, greenness, specific leaf area (SLA), shoot N, root
biomass, specific root length (SRL). There was no significantly difference between the control and

T control.
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Figure 5: Comparison of the elicitor treatments to the control in unfertilized (vellow left panel) and
fertilized (blue right panel) pots for the aboveground plant traits. The control is represented by the
red dashed line and values above and below the line indicate positive and negative percentage
changes compared to the control, respectively.
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The figure 5 illustrate the plant traits measured in fertilized and unfertilized
treatment above-ground. The shoot biomass in the fertilized treatments MJ-1 and
MS-10 were significantly lower compared to the control. Among the non-
significant results, MJ-5 tended to have a decreased shoot biomass and cJ-5 an
increased biomass.

The greenness in the unfertilized treatment MS-10 was significantly higher
compared to the control. Among the non-significant results fertilized cJ-5 have
increased greenness.

The SLA in the fertilized treatments MJ-1, MJ-5 and MS-10 were significantly
higher compared to the control. In the unfertilized treatments cJ-5 and MJ-5 were
significant higher compared to the control. All treatments tended to be higher
compared to the control (not all were significant), except MS-1 in both fertilized
and unfertilized pots.

Regarding the shoot N content, there was no significant effect of the elicitor
treatments in either fertilized as unfertilized treatment. However, the shoot N
content followed the same trend as SLA in both fertilized and unfertilized
treatment, except MJ-1 (unfertilized) and MS-1 (fertilized).

The root biomass (figure 6) illustrates the below-ground plant traits. The root
biomass in the fertilized treatment cJ-5 was significantly higher compared to the
control. We did not detect other significant effects for SRL.
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Figure 6: Comparison of the elicitor treatments to the control in unfertilized (yellow left panel) and
fertilized (blue right panel) pots for the below ground plant traits. The control is represented by the
red dashed line and values above and below the line indicate positive and negative percentage
changes compared to the control, respectively.

4.2. Abundance of root and rhizosphere communities

There were no significant difference between the control (treated with water)
and the T control (treated with Tween20) when measured genes. The T control was
thus used when comparing each elicitors treatments to the control.
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Figure 7: The determined abundance of the control and T control in unfertilized (vellow left panel)
and fertilized treatment (blue right panel) of AOA and AOB root and rhizosphere communities.
Determined abundance of 16S rRNA gene root community in unfertilized (vellow left panel) and
fertilized (blue right panel) treatment. There were no significant differences between the control and

T control.

35




(%) Unfertilized Fertilized
L J

100 1

S91

50 - | *

100 |

T
I
I
—I-

100

a0v

Figure 8: Comparison of the elicitor treatments to the control in unfertilized (yellow left panel) and
fertilized (blue right panel) pots for the abundance of 16S rRNA gene, AOA and AOB of root
communities. The control is represented by the red dashed line and values above and below the line
indicate positive and negative percentage changes compared to the control, respectively.

The figure 8 illustrate the abundance of the root communities in each elicitor
treatments. The 16S rRNA gene showed significantly increased abundance of the
fertilized MS-1 compared to the control. This was the only treatment where the
abundance of the overall archaeal and bacterial communities was significantly
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higher compared to the control. Fertilized cJ-1, MJ-1, MJ-5 and MS-10 showed
almost no change compared to the control.

The abundance of AOB in fertilized MJ-1, MJ-5 and MS-10 were significantly
lower compared to the control. The AOA were not significantly different but
showed the same trends as AOB in both fertilized and unfertilized treatments
(except MJ-1).
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Figure 9: Comparison of the elicitor treatments to the control in unfertilized (yellow left panel) and
fertilized (blue right panel) pots for the abundance of AOA and AOB of rhizosphere communities.
The control is represented by the red dashed line and values above and below the line indicate
positive and negative percentage changes compared to the control, respectively

For the rhizosphere community, qPCRs for the 16S rRNA gene were
contaminated and were dropped. The abundance of AOA in fertilized cJ-1 were
significant higher compared to the control. AOA and AOB show the opposite
pattern in fertilized treatment, when the abundances of AOA were increasing the
AOB were decreasing, expect the MS-10 of AOA (figure 9).

The communities of Comammox presented multiple bands on the agarose
electrophoresis gel. Multiple bands indicate unspecific amplification and we could
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thus not draw any conclusions on the abundance of Comammox. The Comammox
were thus not investigated further in the project.

The results of the abundance of AOA and AOB in root and rhizosphere
communities showed that there were more significant differences compared to the
control in the root communities. For that reason, we chose to focus the community
composition analysis on the roots.

4.3. AOA and AOB community composition

PERMANOVA analyses showed no effect of elicitors on the community
composition of AOA (p > 0.05) and AOB (p = 0.05). Fertilization had a small but
significant effect on AOB (R? = 0.03, p < 0.001) but not on AOA communities (p
>0.05).
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Figure 10: Non-metric Multidimensional Scaling plot of the AOA community composition. The
shorter the distance between two samples the closer the community composition. The fertilized
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treatment is represented by circles and the unfertilized treatment by squares. Each elicitor treatment
is represented by a color.

AOA

The fertilized pots showed more similarity patterns to each other (clustered) than
the unfertilized pots. In the fertilized pots, MJ-1 was largely overlapping with the
control, indicating a high degree of similarity in community composition. Although
not significant statistically, several treatments displayed some level of dissimilarity
with the control. For example, the treatments cJ-5 and MJ-5 and MS-10 (figure 10).
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Figure 11: Non-metric Multidimensional Scaling plot of the AOA community composition. The
shorter the distance between two samples the closer the community composition. The fertilized
treatment is represented by circles and the unfertilized treatment by squares. Each elicitor treatment
is represented by a color.
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AOB

The fertilized pots showed more similarity patterns to each other (clustered) than
the unfertilized pots. The fertilized MJ-1, MJ-5 and MS-10 tended to be more
distant to the control, although not significant statistically (see figure 11).
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5. Discussion

Stronger effects of fertilized pots in root communities

Overall, we observed more significant effects of the elicitor treatments in fertilized
pots. An earlier study from (Zakir et al. 2008) showed that adding fertilizer as
NH4Cl1 stimulates the BNI in root exudates and inhibits ammonia oxidizers. We
thus expected that the fertilization in our experiment would stimulate the exudation
of potential BNI. This explains why we see more decreasing effects of the
abundance and difference of the community composition compared to the control
in fertilized treatments compared to the unfertilized treatment. It is the ammonium
content surrounding the root which triggers the exudation of inhibitors and not the
pH of the rhizosphere (Zakir et al. 2008). This could also explain why root
communities (defined as microbes on and in the roots) are significantly more
affected compared to the rhizosphere communities (defined microbes located
outside the roots).

Methyl jasmonate

MJ seemed to be the most promising treatment because this elicitor had most
significant effects at both concentrations in several plant traits and on the abundance
of ammonia-oxidizing communities.

Fertilized MJ-1 and MJ-5 showed a significantly increased SLA and the shoot
N displayed a consistent pattern to SLA (although not significant) with higher
values compared to the control. This indicate that these elicitor treatments could
have a positive effect on plant N uptake as the SLA is an indication of N uptake
(Abalos et al. 2019) and the shoot N content data indicates a higher N content in
the shoots.

The fertilized MJ-1 and MJ-5 displayed significantly decreased abundance of
root AOB communities. The AOA communities in the fertilized MJ-5 treatment
showed a trend of decreasing abundance (not significantly different), and trends of
composition changes as well. The AOB in both fertilized MJ-1 and MJ-5 showed a
trend of changed community composition. According to the literature, MJ induces
the production of glucosinolates, which are known to have inhibitory effects on
ammonia oxidizers (Bending et al. 2000). However, the study from Bending (2000)
used brassicales and not cereals as for this thesis. This is further supported by work

41



from Subbarao et al. (2013) which have done experiment on sorghum (cereal) with
strong effects on Nitrosomonas. The MJ seems to have inhibition effects of both
creels and brassicales.

However, all plant traits did not significantly increase. For example, the shoot
biomass in the fertilized MJ-1 significantly decreased and the fertilized MJ-5
showed a trend towards a decrease. This is important because this indicates that the
elicitor treatments had a negative impact on shoot biomass and are not supporting
our second hypothesis, as higher N uptake should result in increased shoot biomass.
Shoot biomass correlates with increased N uptake as well (Kamiji et al. 2014). A
study from Kraus et al. (2019) showed that seed treatment with MJ significantly
decreased shoot biomass in the beginning of the experiment, which is in agreement
with this experiment for MJ-1 treatments in the fertilized pots. Kraus et al. (2019)
then showed that the plants recovered and that the shoot biomass increased after a
longer plant growth. The short duration of the experiment (23 days after
germination) could be an explanation of the decreased shoot biomass and maybe a
longer time of plant growth could lead to different patterns. At the same time, we
do not know how long the elicitors have an effect of the wheat and over time there
could be a decrease of this effect. It would be interesting to include this parameter
in future experiments.

Methyl salicylate

The second most effects were found in the treatment MS-10, which corresponds
to the treatment with the highest elicitor concentration (seeds treated with 10 mM
cJ or MJ did not germinate). The study from (Kalaivani et al. 2016) showed that
using a concentration of 10 mM MS affecting the germination positively which
could be an explanation as to why the seeds treated MS-10 germinated.
Furthermore, the MS-1 treatment did not show any significant effects, which
motivates why it is important to use higher concentrations. MS is volatile and using
a low concentration could be an indication that it is less effective (Kalaivani et al.
2016). The experiment should have used SmM of MS because it is difficult to
compare different concentrations with different elicitor treatments. For future
analysis all treatments should have the same elicitor concentration.

The MS-10 showed significant increases in SLA and a trend towards higher
shoot N content. The abundance of the fertilized root community of AOB
significantly decreased and AOA followed the same trend. By comparing the
abundance of total archaeal and bacterial genes of 16S rRNA genes to the
significantly decreased abundance of fertilized MS-10 of AOB and decreased
abundance of AOA, we can conclude that the abundance of ammonia oxidizers is
decreasing in the MS-10 treatment. In addition, the community composition also
tended to differ from the control in fertilized AOA and AOB communities which
indicate composition effects. These elements support the hypothesis as for the MJ
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treatment, when the abundance of ammonia oxidizers decreases while both SLA
and shoot N content increase. This suggests a possible inhibitory effect of this
elicitor on ammonia oxidizers. Previous work has shown that the MS elicitor
induces phenyl propanoids in root exudates which showed an inhibitory effect on
Nitrosomonas (Zakir et al. 2008).

Regarding plant traits, the shoot biomass significantly decreased as for the MJ
treatment. There is no study that relates to the same problem as for MJ treatment.
Maybe MS have the same effect on shoot biomass as MJ and it will recover over a
longer period of growth. The greenness in unfertilized MS-10 showed significantly
increased effects compared to the control. Greenness is a measurement of the
chlorophyll concentration and an indirect measurement of N content (Spectrum
Technologies, Inc., 2021). It would then be logical if this trait would show the same
pattern as SLA (Pérez-Harguindeguy et al. 2016) and shoot N content, which is a
measurement of N content as well. But Xiong et al. (2015) showed that the analyze
using SPAD readings is complex and not always reliable. They showed that the
environmental factors and features of different crops have a strong effect on the N
content per leaf. They showed that the relationship with the SPAD analyze of N
content in the leaf is uncertain. This can motivate why the greenness did not show
any strong pattern of increased greenness and maybe this plant trait should not be
used for future analyses.

Cis jasmone

Treatment cJ-5 had distinct effects on plant traits compared to MS and MJ. For
example, the root biomass in fertilized cJ-5 treatment significantly increased. No
other plant traits were significantly different compared the control, including the
other below ground trait SRL. A high SRL indicates that there is reduced N losses
(Abou-Mansour et al. 2008) and maybe an increase in N uptake. We did not see any
significant effects or trends of the SRL traits. The other above ground fertilized
plant traits show an increasing trend which indicates an increased N uptake. If cJ
would have stronger effects on only belowground traits it would be expected that
SRL would show some increased trend as well. To see if c¢J only affects
belowground traits it would be interesting to measure other traits, for example root
N content. This trait indicates potential N uptake (Abalos et al. 2019).

The abundance of the fertilized root community was not affected and showed no
trends. The community composition of the fertilized AOA displayed some degree
of dissimilarity to the control, but not for AOB. An article by (Neal et al. 2012)
showed that cJ have effects on soil microbes but there was no mention of the effect
on ammonia oxidizers. This thesis shows that cJ does not affect the ammonia
oxidizers as the other elicitors do, but the (slight) effect on AOA community
composition tells us that this is still interesting to continue investigating this elicitor.
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Potential ammonia assay

The potential ammonia oxidation activity of the AOA and AOB could not be
determined in this project because the activity of the ammonia oxidizers was too
low. The ISO protocol for micro scale was refereeing to measurement of slurries
and not roots. It is difficult to use roots because it contains a low number of
ammonia oxidizers compared to the bulk soil. There is no published study
measuring potential ammonia oxidation on roots. We hypothesized that if the
elicitor treatment would induce inhibitory compounds this should result in a lower
rates of nitrite production compared to the control. For future analyses it would thus
be interesting to measure the differences in potential ammonia oxidation between
the control and the fertilized elicitors treatment of root communities.
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6. Conclusion

In agreement with our hypotheses we found that applying methyl jasmonate and
methyl salicylate on winter wheat decreased the abundance of ammonia oxidizers
in the root communities without negatively affecting plant performance. The thesis
also showed that adding fertilizer as ammonium chloride increased the effect of the
elicitor treatments, spatially limited to the root communities.

Methyl jasmonate was the treatment with most significant effects both for both
1 mM and 5 mM. Methyl salicylate (10mM) was the treatment with second most
significant effects. In both cases the plant traits were positively affected except for
the shoot biomass, but it is possible that this effect is temporary and that a longer
growth period would allow an increase in the shoot biomass. The third elicitor
investigated here, cis-jasmone, showed fewer effects but seem to positively affect
below-ground plant performance.

Future analysis should try to include measurements of the potential ammonia
oxidation rates to strengthen the hypothesis that elicitors can be used to induce
inhibition of ammonia oxidizers. From a wider perspective it would be interesting
to do field experiments and see the effects of elicitor treatment (SmM) on both plant
defence and ammonia-oxidizing root communities. We should also continue to use
cJ, MJ and MS and see if these elicitors have similar effects on different crops and
how they can be used in practical agriculture.
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Appendix

In the appendix is the average number of copier per ng DNA of every ammonia
oxidizing gene and 16S rRNA gene from qPCR present. The ISO 15685 protocol
for micro-scale is attached below.

Table 6: Average number of copies per ng DNA of AOA, AOB, Comammox and 16S rRNA gene.

Organism Average number of copies /ng DNA
AOA 2.07*10°
AOB 3.73*10°
Comammox 2.33*10°
16S rRNA 9.34*10*
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The ISO 15685 protocol micro-scale page 1-5 and 9-11.

INTERHATIONAL STAMDARD 150 15685:2012(E)

Soil quality — Determination of potential nitrification and
inhibition of nitrification — Rapid test by ammonium oxidation

1 Scope

This nternational Slandard specifies a rapid method Tor the delerminabion of ihe polential rate of ammonium
axidalion and inhiktion af nirificalion in gails. This methad s suilable for all soils canlaining a population of
nilrifying microofganisma. |U can be used as a rapid screening 1esl faf monitaring soil guality and quality of
wasles, and i suilable for lesling the eflects of cullivalion mathods, chemical substances |excepd valatiles,
e W= 1 {Henry's constant)], exfracts of biosalids and pollution in sails.

2 Mormative references

The lollewing referarced documents are indispensable for e applicalion of this decument, For dated
rafarences, only the adilion cited applies. For undated referencas, the latest edition of e referanced dacimeart
{incluging arry amendmants) applias.

150 10381-8, Soi quakly — Sampling — Parl B Guidance o the colisetian, hamding and starage of soll under
gerolve condiions for the assssement of microbiological processes, blomags and diversiy in e laborstory

IS0 10390, Sall qualty — Delermingtion of pH
150 10894, Soll quakly — Delerminalion af arganme and lalal carbon affer dey sombustion (slementary analysis)

150 11280, Sod qually — Daterminalion of effective calion exchangs capacily and base saluration level using
barium ehfaride solutisn

190 11261, Sail quality — Detarminalion of fola! mlrogen — Modifed Kjeldah) metad

120 1277, Sof qually — Defermination of particle size wVelibulion v minesal soll matersl — Method by
sigvimg and sedimenlalion

150 11465, Soi qually — Delermination of dry mafier and waler confent on a mass basls — Gravimelnc meiiod

150 14238, Foil quality — Biokogical melbods — Defermingtion of nlrogen minsraizelion and nitrificatian in
solls and the influsnce of chamicals on thege processaed

120 14256-2, Sof gually — Defermination of nifrate, nifrte and ammonivm i fald-moist sols by extraction
wilh polassium chioride salulion — Parl 2 Automared method with ssgmanied fow analysis

EM 14735, Characterizalion of wasle — Praparation of waste sampies for ecoloxicly tesls

3 Terms and definitions
Far the purposes of this document, the Tallowing terms and definitions apgly.

31
inhibitory dose

o

amount of & chemizal added to sod thal effeclively inhibils Bological sclivity by & stated percentage aller a
givar lims, in comparisen will an unreated conbral

NOTE Itis suprasaed A8 & parcantage. For axampks, D25 and D50 rdicals & 25 % ard 50 % inhibigan of hiological
atlivily, rospedivedy,

0154 3002 — Al ights meaned 1
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IS0 15685:2012(E)

3.2
biosolids
organic producls used in agriculure, which include sewage sludge, compest, manure and some indusirial wasies

4 Principle

Ammonium oxidation, the first stap in autatroghic mtrification in o, ie usad o assess the palantial activity of
micrabial nitifying populalions. Autolrophic ammonium-cadizing becteria ane exposed 1o ammaniim suliats
in & soil slurry butfered at pH 7.2, Oxidation of the nitrite perfarmed by niite-oxidizing bectaria in the shrry
is inhibited by the addtion of sodium chlorate. The subseguent accumulation of nitrite s measured aver a & h
incubaton pariod, and is laken ag an estimate of the potenial activity of ammaniem-oxidizing bacteria Ag the
genaration lims of ammona-addizing becteria is kang (= 10 bl the mathod provides a measure of B galantial
activity of the nitritying popalation at the tere of sampling. It dees nol measuie giowth of the nitvifying population.

Chemical lesl substances and exiracls of biesolds can be lesied by adding them o the slurry at variows
cancentraians. The tasl can be used for comparison of differant goils (eg. palluted and referance soils).
Effects of pollulsd soils, wasle samples and olher solid malerials on nitrification can be evalualsd by measuring
the methad on mixlures of these samples wilh a refarence soil.

Subslances known o be acive at pH < 7.2 should be added in due time before slarting the test fo allow
subslances o exhibil their effects on nilritying baclaria.

5 Reagents

5.1  Distilled water.

52 Potassium dihydrogenphosphate, c(KHzPOw = 0,2 malil).
5.3 Dipotassium hydrogenphosphate, oKaHPOy = 0.2 moll).
54  Sodium ehlesate, o(NaCI03 = 0.5 moll).

55 Diammonium sulfate, (NH: )50,

56 Sodium hydregencarbonate, AMaHCO3 = 5 mmoll).

5.7 Polassium chioride, o[KCI = 4 mol'l).

5.8 Stock solution A

Prepare stack solution A as fallows.

Patassium dilydragenphasphate, KH:PD4 (5.2) 2B ml
Dipolassiurm hydragenghoaphats, KaHPO4 (5.3) TZml
Distilled water (5.1) 100 mil

5.8 Testmedium.

Prepare the tesl medium as follows.

Slock alulion & (5.8) 10 ml
Sodium chlorate, NaClO3{5.4) 10 ml ko 30 ml
Diammaoriur sullate, (MHL 12504 (5.5) 0188 g
2 = |50 202 — Al rights reservod
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150 15685: 2012{E)

Diilute b 1 000 rol with distilled water (5.1).

The test medivm containg 1 mmall of pelassm phosphate bulfer, 5 mmoll] 10 15 mmel] of sodium chlorale
and 1,5 mmoll of diammaoniam sulfate, and has a pH of apgroximately 7,2.

The sedium chlorate concentration salected within ihe range given showld be sufficient for effective inhibition
ol biologecal nilrale fenmation, while nod having negative affects on ammonium oxidation. I necessary, 1esl the
irfuence of e sodiem chlorale concentration.

Teat chemicals o be added 1o the test medivrn shall be disselvad in the phosphate buller described and soded
before dilting te 1 L Fer leal chemicals with low waler solubilly, prepare schuticns by mechaniesl disgersion
of by using vehicles such as onganic salvents, emulsifiers or dispargents of low toxicity ba ammonium-axidizing
Bacteria, 11 any vehicle iz used to Bod 3 lest chemical Lo the slurry or & soil, additienal control shall be perfarmed
to asaees pessible effects of this veRiclk on Smmonm exidation,

Add exiracts of biosolds, when lesled, separately 1o fe lest medium before dilution to 1 1.

HOTE When a carbon source is needed, eg. when festing biosobids wish high nilrale levels, add 10 ml of
WRaHC O (5.6) ta the tast medium bafara diluting 1o 11

& Apparatus
61  Ordinary laboratory equipment.

6.2 Orbital shaking incubator, ihemmaosialically controlled.

7 Sampling, storage and characterization of samples

Guidante o sampling, sample pracessing and storage |8 given in 190 10381-8. Far the testing of chemicals
of bosolide, or Tor mixing tests wilh pollubed sails, experimental sol wilh an ammoenium-axddizing activity of
betwaen 200 ag Mig and 800 ng Mig of dry mass of seillh, determined from a preliminary exparmant, should
be chosen. When lesing chemicals, the sol should have a low adsarplion capacilty (=.g. sandy soils low in
Corg < 1 %), on the ather hand, the sod should have a pH between 55 and 7,5.

Soil samples can usually be stored in a refrigerator al approximately 4 G for pariods of up i three manth s grior
to use (IS0 10361-6). Some soils can anly be kept in a refrigerator for up o bee weeks. Storage of soil samples
in & freazer (-20 “C) i& nod generally recommended.

It has baen shawn far @ nurmer of soils from temgerale climales hat slorage &l -20 °C forup o 12 manthe does
ried inhibil ammanium exigation activity (Refereance [4]L Whena such informabion |8 available for a paricular soil,
slarage under swch condilions is permissibie.

Maasurement of the fallowing variablas iz recemmendad for eharacterization of the sail:
—  parlicle size distribution (IS0 19277)

—  waler content (150 11465);

—  waler-holding capacity 150 14238);

— pH (IS0 10380},

—  aMective calion axchange capatity (130 11260);

— arganic matter content {150 10684);

— tatal nitrogen content (IS0 11261).
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B Procedure

8.1 Testing soils

8.1.1 General

Thee lesl design should include al least thiee repicates of appraximalely 25 g of maist soil. The waber conbanl
of sail for the calculation of dry mass is determined gravimetrically according 1o 130 114585,

B.1.2 Initial incubation

Mix il sarmgles af waste maletals wilh el redium [5.9) b Torm alurries. The velimea of lesl medium ehaik
be adjusted bo give a precise tatal Byuid valume, &.g. 100 L Caleulals the velume of mediam la be addad by
sublracting the velume of walsr in the inilial sei of waste sample fram the desired liguid velume, £.g. 100 ml,
Incubsate the slurries in 250 mi flagks, placed uprghl an the cebital ehaking incubalar (6.2), thermestatically
eontrelied al (25 + Z) "C. Rolalion shoukd be sulficient 1o keep solids suspernded (175 Hin).

A Tigquid valume grealer Ban 100 mi ig required in Bie shrry i he walsr-holding eapacity of the soil is = 200 %
{organie sois).

8.1.3 Sampling of soil slurry

Take samples (2 ml) of the ol gurry after 2 b and B h of Incubalion, provided thal smmenium oxidation is
Eriown o be linear over this pericd. The seil slurry should be wall shaken al sampling lmes 1o engure that
the ralio of aokition to eail is constant during the lest. Dispanse samales irlo test lubes and sdd 2 ml of KCI
{5.7) b slop the ammanium axidation. Then centrifge the samples al, for example, 3 000g far 2 min, ar filsr,
Filler paper should be ol ligh Siration speed, whils its chamical purity may be less than the highest grade
Determine nifribe by a suitable method of chemical analysis (see IS0 142568-2). Al this slage, the selulions can
b slored in 8 relrigarator (4° © to B *C) bud analysis should be carried sut wilhin 24 k,

If necasgary, check the linearily of the ammeanium oxidation over lime by sampling sail slurry a rumber of imes
during the 6 h af incubation. This is lkely ta be necessary i§ laboralories ane rol Tamilias with the il lypes baing
used in the lesl Some cases of non-lineasity can be comecled by srsuring asrobic conditions o supplying a
Garban saunce.

8.2 Testing the effect of chemicals

Determing ammonium axidation according o the pracedure fof sails by adding 1esl chamicals ba the lesl
medium (5.9) al different concentrations. Include controls with no added tesl chermical in the lest design as a
reference. The number of replicatas of the control should be twice the number af replicates chosen Tor each
concentration of lesl chamical.

Conducl a prefminary range-finding 15t 1o selec! Ihe concentralions of leal chemical. In the main lesl, arange
al least five different concentialions in a geomelric progression. The lowesl concentralion lested should have
no efect on ammonium oxidation and the highest shauld inhibit by 50 % 10 100 %,

Wihen a vehicle for dissalution of a chemical is usad, it shauld nal excead 100 mglin the lest medium. Rs aflecl
an ammonium axidation should be lesbed by having additional controls containing the wehicla al the highest
concentration used in the lesl.

NOTE il alibe tas! SUEERANGCAE requine Bpacial Brrangamrsnis which ana nol within e scops of this Inlematienal Ssandaed

8.3 Testing polluted soils

The misl straightiorsward medhcd = O compare the polluted sl wilh an unpolivted reference sail with
comparable soil properties, or o make gradient sludies on soil samples laken ab varous levels of polution.
Take & sullicient quantity of soil in arder lo prepare al least Taur replicates.
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In (he abserce of & sullable unpeluted sed lor reference, of in cases of low polential nitrification aclivity,
the Tallewing lest procedure is recemmended. Pre-incubate the palluled sail and 80 ungalluted sail of knawn
nilrifiealian actvily al 200 ng Mig dm of soil'h b 800 ng Mg dn of sedlh al & waler canlent af 40 % 1o 60 % of
water-halding capatily e —0,01 MPa s 0,03 MPa suclion presaure for two days al 20 *C in darkness. Mix
raigl amaunis of the iwo soils comparable to 75 g of dry mass in a 11 ralo on a dry-mass basis. Store the
prixlure, the peluled soi and he conlral sal Tor 24 b al 20 °C in daskpess. Measure The polential ammanium
axidalion as deseribed in 8.1 using leur replicates of the mixture and of each sal,

8.4 Testing water extracts of biosolids

The effect on soil rifriication by exlracts of biosolids, e.g. sewage sludge, can be lesled. Prepare waber
axtracls by 24 h exiracton with demineralized watsr al a ralio of 110 [3 of biosalid (dry massyml of wates] and
pH 7.5 {see EN 14735). Separale the squecus phase frem the particles by cenfrifugation, e.g. at 1 300g for
1 h. Test the affect of the extract on sol in @ concentration series, incuding cantrals with no exiract. Follaw
the lest procedure given in 5.1, adding the exiract of biesolid jusl befors (he addtion of lesl medium. Includs
extracl samples wilheut soil in the teat design for sublraction of ammenium sodation by nilrtying bactaria in
the extracts.

9 Calculations

Calculale the rate of ammonium axidation (ng MNO-Mig of dry mass of soilh) from the difference batween
NO-N concentrations al different measuring limas.

Calculale the inhibition of ammonium oxidation aclivily by the lesl chemical or extract of bosolid as a change
in the aclivity in reference sail, expressed as a parcaniage.

In mrixctuires of palliled and unpoluted anils, the poluted soil is considered loxie i e mixure shows ammonium
axidation signifieantly |mwer than B0 % of the mean sctivity of the two sails kepl separate. Using four replicates,
this ia caleulated using Equatian (1):

Jmfsmqn,aa@l (1)

wheare
A b the mean ammonium axidalion setivity in the eail mixlure;
sm & he slandard desdalion af ammonium axidation aclivity in he Sail mixiune,
A s the mean ammonium exddation schivity in the cerlral seil;

Ap B lhe mean ammonilim axidation activity in the pellubed sail.

10 Test report

Tha tesl report shall contain the Tollowing infarmation:
a) arefersnce Lo this Intermalional Standand,;

B) sel characteristics;

€ rabe of ammonium oxidation (ng NOz-hig of dry mass of sailh), individusl values, mean values and
standard deviations for each reatment and sail

d) sl af reaction linearily:

— ifreaction linearily was lested al three sampling Gmes of mane, a pled of ritrite-MN concentralion warsus
e g repestd;
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Annex B
(informative)

Micro-scale measurement of potential nitrification rates

B.1 General

The lallewing procedurs, praposed in Relarence [3], is suilable foe the determimalion of patantial nitrileaticn
i small sel samples. All the guantilies of salids and liguid substancas were scaled down lenfold compared Lo
the arginal melhod. Nilsite concentrations ane delsrmined speclrophalomelricaly wsing a microplals raader.

B.2 Reagents

Pregare reagents a8 described in 5.1 bo 5.8

B.21  Test medium
Prepara e lasi madium asdescribed in 5.0 A inal sodium chiorale cancentralion of 5625 mmol] is recommeandead.

B.2.2 Reagents for nitrite determination using a microplate reader

B.2.21 Buffer. ammanium ehloride (MHaCl): dissalve 5,08 g in 400 mi of distilled waler, adjust to pH 8,5 using
ammarium hydroxide (25 % MH4OH) and 1l ug to 500 mi (0,33 mall].

B.2.22 Colour reagent (freshly prepared), sullanilamide (CAS B3-T4-1): dissalve 0,5 g in 25 ml of diglilled
water in a 50 ml volumedric flask, add 5 ml of concentrabed phasphoris acd (HIPOy) (coal) and 0,025 g of
B 1-naphtiyl Fethylenadisminsghydrochionide (CAS 1485-25-4) and 6l ug 1o 50 ml.

B.2.2.3 Sodium nitrite stock selution (1 000 mg MOz-N 77): dilube 4,925 7 g af MaMO2 in 11 of distiled water.

B.2.2.4 Sodium nitrite standard solution (10 pg mil' | add 0.5 mil of slock selution 1o & 50 mi valumetns lask
ard Till up with distilled walar.

Sodurn nitrile slandards [0 0,01; 0,02 0,1; 0,2 0,4; 0,8) ug MOw-N mi-"), add 0 ul; 50 4l 100 pt; 500 4,
1000 pl; 2 000 pl; and 4 D00 4 of standand sslulion (10 pg mi~") and 25 mi of 4 molfl potassium chloride
selulion (5.7} 1o 50 mi velumelric Nagks and 1l up wilh disiled waler.

B.3 Apparatus
B.3.1  Incubstion horizontal shaker [appeaximalely 175 min1, (25 = 1) "C].
B.3.2 Cenfrifuge, for reaction vessels (2.0 mi).

B.3.3 Microplale reader.
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B4 Procedure

B.4.1 General

The tesl design should include four reglicates of approximalely 2,5 g of maist soil. Delarmine the wates conbent
fior caleulalion of dry mass gravimelrically, acearding b 150 11465

B.4.2 Initial incubation

Mix oil samgles witl 10 mil of Be test meadium in 50 il pelyethylene Nasks Lo ferm slurries, The volume of the
teal mediurm should be adjusied lo give a precise volume of 10 mil. Ineubste e slurries an an edbital shaker
{175 min—1, 25 "C).

B.4.3 Sampling of soil slurry

Take sarmples (1 mi) afler 2 b and 8 h of ncubation. Dispensa (he samgles inle lasl lbes (2.0 mi) centaining
1 mil af 4 mall potassium enlaride selulien [5.7) to stop the ammenium axidation, Keep the slurries for 20 min
and peeasienally ehaks by hand. Therealter, contrilige the samples al 3 000g far 2 min. Transler 1,5 mil of the
supernalant inls closable baal lubes which can be stared in a refrigeralor priee la MO analysis fee 24 B,

B.44 Measurement of nitrite proeduction

Transler 150 4 of samples and nitrile standards inlo microplale wells in tree replicates for the measurement
al filsite proguction. Add B0 pl of buller fammanium chlstde 0,19 moll, pH 8,5) and B0 ul of calaur reagen
1o each well, Measure the absarbance in a micreglale reader speelrophalomelrizally a1 a wavelanglh 4 of
{540 + 10) nen aller & 15 min eolaur reaction time. The sbearbance vakies Tor the nitrils standards compute ihe
fitrite cancentration fof sach samale. AL lhe and, calculale the palential mtrilealion rales as ng NO- Ny of dry
miass al sailh as Tollows:

-2-(10 1 00D
hWND‘_ﬁﬂ:u (B.1)

[
52 e

£an -2 (104 m)-1 000
Lo St TR Do (B.2)

£g,5n [T MO, -Hgl= —

Polential nitrification fng MO, - N/ gaf dry mass of ml!n]:ﬁ-“%”ri (B.3)

wihare
cazh i e nilite eoncentratien in the soil sample after 2 b incubation;
cah b Be nilite oncentration i the sail sample after & b incubation;
qan b He nilite conceniralion in g NOw-Mml in the Bquid samples alier 2 h ineubalion;
agn B Be nilkite soncentration i g NO=Mml in the byuid samples aller & h ineubalion;
2 is e dilulion factor resulling from the addition of KCI (5.7,
10 s e valume af lest medium [fal] (5.9)
- i e meass of waler in lhe meisl soil sample:
1000 i the coaversion factor [rgiug):

mge I8 e dry mass of sample [g];

& tha lime differance (B h- 2 h = 4 h).
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