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Prolog

Nitrogen (N) was one of the main limiting mineral nutrients for plant growth before the
Haber-Bosch synthesis for mineral N fertilizer production was industrialized. Therefore,
during evolution various plant species may have developed adaptation mechanisms to
minimize N losses by nitrate leaching or N,O emissions as for example by biosynthesis of
nitrification inhibitors such as some subtropical grasses.

Nowadays with a general high application rate of N fertilizers (urea, ammonium and nitrate
fertilizers) in crop and vegetable fields a rapid nitrification with high storage of nitrate in the
soil profiles, nitrate leaching and N,O emission result in increasing environmental problems.
Application of natural (e.g. crop residues of Brachiaria grass) or synthetic nitrification
inhibitors (e.g. DMPP, N-serve and DCD) could inhibit this rapid nitrification and thus N
losses via nitrate leaching and N,O emissions. In vegetable production systems this may be
associated with a better mineral nutrient acquisition (P, and micronutrients) due to
rhizosphere acidification and improved root growth, and finally improved nutritional value of
these main players of human health.

Thus the main goal of this PhD research was to evaluate and compare the potential of natural
nitrification inhibiting compounds of Brachiaria grasses in comparision to DMPP (ENTEC).
Finally these natural nitrification inhibitors (NNI) should be tested for application in a

vegetable (tomato) production system.






Chapter 1: Introduction

During the last century particularly the recent decades, human activity toward modern
industry has led to severe environmental problems, such as deforestation, salinity and soil
acidification in the main agricultural areas, reduction in plant and animal diversity particularly
in wild life, and global warming. Various attempts which have been undertaken to improve
life standards, simultaneously created side effects which in part result in environmental
problems, and however it seems to be a big challenge to balance both aspects in a better way,
now and in future.

Without any doubt nitrogen plays an important role in feeding world population on one hand,
and on the other hand agriculture production needs to be sustainable over time, particularly in
developing countries, where there is no control on the effect of (N) fertilizer application on
land degradation. Environmental pollutions and arable land degradation are the major
constrains for humans, as direct and indirect consequences of inappropriate agricultural
activities. By far nitrogen is the major pollutant in modern agriculture, and nitrate as a result
of nitrification plays a central role in N losses and environmental pollutions. At the same time
N is the most needed mineral nutrient for crops, which generally limits plant productivity in
agricultural ecosystems. Therefore, a precise or adapted application and management of this

essential element (N) is very important for plant production and global safety.

1.1. Generals on nitrogen

Nitrogen constitutes 78% of earth atmosphere volume. From the total N found in nature,
99.96% is present in the atmosphere, and biosphere contains only 0.005%. Nitrogen has an
electronegativity of 3 and five electrons in its outer shell, therefore it is trivalent in most of
compounds. Oxidation states of N range from +5 for NO;3™ to -3 for NH; or NH,". In the
oxidized (+) state, the outer electrons of N serve to complete the electron shells of other
atoms, and in the reduced (-) state, the electrons required to fill the outer shell of N are
supplied by other atoms (Stevenson 1982).

The triple bond in molecular nitrogen (N3) is one of the strongest bonds between two atoms.
Therefore, converting N» into other compounds requires too much energy, and in nature only
some specific microorganisms such as rhizobium bacteria which possess nitrogenase enzymes
can utilize N, biologically. On the other hand, over converting nitrogen compounds into
elemental Nj, a high release of energy occurs which has important implication in nitrogen

cycle in biosphere, atmosphere and lithosphere.



It is only over industrial or microbial conversion of N, to NHj; that plants can easily absorb
nitrogen. In the process of mineralization and decay of plant and animal residues, N, through
nitrification and denitrification processes is also released into the atmosphere (Majumdar,

2002; Abbasi and Adams 2000; Bateman and Baggs 2005; Ishikawa et al., 2003).

1.2. Forms of nitrogen:

In nature N can be found in different forms. The main neutral hydride of nitrogen is ammonia
(NHj3), and compare to water is 6 times more basic. When ammonia is dissolved in water, it
forms ammonium ion (NH4+). Other products of nitrogen such as N,O and NO are the main
contributors of greenhouse effect and global warming. NO in human physiology, and recently
in plants involves in signalling processes (Klessig et al. 2000, Besson-Bard et al 2008). NO,
or nitrogen dioxide has an unpaired electron (highly reactive) and is an important component
of smog. Nitric acid (HNO3), another nitrogen compound, is one of the strongest acids and
oxidizing agent that generally is used for digestion and analysis of plant materials. Nitrogen is
a main part of all living tissues in form of amino acids, amines, amides, nitro groups, imines,
nucleic acids, proteins, chlorophyll, vitamins and too many other molecules like alkaloids, as

secondary metabolites, which generally have a defensive role in plant biology.

1.3. Nitrogen in the soil

All forms of N, including inorganic and organic N, can exist simultaneously inside the soil.
Organic waste and organic matters with animal or plant origin contain a large portion of
nitrogenous compound which over mineralization can deliver nitrogen to medium. Nitrate has
the advantage of immediate availability for plant and microbes, but it has disadvantages of
high solubility and mobility in the soil. In contrast to nitrate, ammonium is not subjected to
losses, because it can be held by soil clay minerals. Ammonium pools are always larger in the
top 10 cm of soil, but NO;3™ fluctuates throughout the year and soil profile, and always
depleted during periods of rapid plant growth (Jackson et al., 1988). However, volatilisation
of ammonium in dry soils specially with high pH can be significant.

Nitrate may act as a potential for eutrofication when nitrogen is the limiting factor for the
growth of certain bacteria and algae in free waters. Application of nitrogen fertilizers in many
parts of the world, in order to increase the yield, ends in ground water or atmosphere.
However under ideal cultivation systems the utilization rate of applied N fertilizer is only 50—
70%, and in most of cases more than 50% of those fertilizers enters into air or ground water

(Velthof et al., 1998; Ishikawa et al., 2003).



In soil, plant roots compete with different types of microbes for available nitrogen,
particularly in an N-limited ecosystem (Neumann and Rémheld, 2000; Neumann 2007). This
plant-microbe competition for available N, however, is a short-term phenomenon (Jackson et
al., 1989). Therefore, for investigating nitrogen uptake and partitioning in soil-plant-microbe
system, short term experiments should be carried out. Soil microbes absorb substantially more
NH,4" and NO;5™ than plants, and the rate of uptake (immobilization) for NH," is much higher
than NOj3™ (Azam and Ifzal, 2006; Herrmann et al., 2005).

In a short term partitioning incubation, Jackson et al., and (1989) showed that ammonium is
the dominant source of N to both plants and microbes. Microbes are better competents for
NH,4" and NOs™ uptake than plants, so microbial uptake is a major factor controlling NOs3~
availability to plants. Plants however compete better for NOs™ than for NH," (Jackson et al.,
1989).

Ammonium occurs in the soil as free NH4 " ions or bounded to mineral or organic colloids in
the soil. Ammonia volatilization may occur specially with the surface application of NH;"
containing fertilizers, and normally increases with pH and temperature (Stevenson 1982).
Incorporation of NH," fertilizers inside the soil, and application of other ammonium fertilizers
than urea can reduce the extent of this volatilization. Plants are considered both as a sink and
a source for ammonia, however ammonia emission under agricultural systems is high, but on
the other hand, semiarid and natural ecosystems act as sinks for ammonia (Sommer et al.,
2004).

Ammonia and nitrite (NO,"), produced over microbial decomposition of nitrogenous organic
compounds, are capable of undergoing chemical reaction with organic matter, producing
metallo-organic and organo-clay complexes which protect N-compounds against attack by
microorganisms (Stevenson 1982). Oxidation and reduction reactions, however, are the basis
of biological N transformation, which some of them take place in the cells of microorganisms
and some in the tissues of higher plants. The largest N pool in soil is organic matter, which is
mostly unavailable to plants. Over decomposition and mineralization it becomes available to
plant roots. Decomposition of organic matter is mediated by microorganisms, therefore this
microbial biomass is very important in soil physical and biochemical properties. Living
microbes are as a source of enzymes for decomposition, as well as nutrient mobilization and
acquisition in soil. On the other hand, microbial dead biomass represents an important soil N
pool. With mineralization of organic matter, N is released as available form to plants.
Furthermore organic matter decomposition is a continue process with different extents, so

plant residues in soil always are in different decomposition strength. Mineralization-



immobilization turnover is very important in the availability of N for plants and microbes in
soil. N mineralization (amonification) in soil is a result of organic matter decomposition by
non-specific heterotrophic soil microorganisms under aerobic and anaerobic conditions. The
major N mineralization occurs in the soil surface which has higher biological activity as a
result of higher amount of recourses. Mineralization is always acompanied by immobilization
of inorganic N specially NH;", by microbes. Moreover, many microbes can utilize ammonium
or nitrate as a source of energy. Microbial biomass is also able to incorporate low molecular
weight N-containing organic compounds such as amino acids from the soil organic matter
(Barraclough 1997). Soil ammonium may be driven directly from the mineralization of

organic matter and the addition of ammonium-containing fertilisers.

1.4. Nitrification

Nitrification is oxidation processes of organic or ammonium forms of nitrogen to nitrate by
nitrifying organisms, mainly species of Nitrosomonas, which convert ammonia to
hydroxylamine by ammonia monooxygenase (AMO), and then to nitrite by hydroxylamine
oxidoreductase. The later reaction is mediated by bacteria species of Nitrobacter. However,
many other chemoheterotroph bacteria and microorganisms such as Archaea (Leininger et al.,
2006; Adair and Schwartz 2008) are involved in process of nitrification. Nitrate as outcome of
this process is quite vulnerable to leaching and denitrification. Nitrification is one of the main
reasons of soil acidification particularly in tropical region of the world. Most of the applied N-
fertilizer to soil in the form of NH," is usually oxidized quite rapidly to NO;™ by nitrifying
microorganisms (Subbarao et al., 2006b; Ishikawa et al., 2003).

Nitrification in soil has mainly chemoautotrophic origin, specially in agricultural soils, but
sometimes heterotrophic nitrification (by fungi and many other heterotrophic organisms) may
have a high contribution to ammonium oxidation. This is important specially in some forest
soils (Verstraete and Alexander, 1972; Duggin et al., 1991) or acid soils (Brierley and Wood,
2001; De Boer et al., 1991), where autotrophic nitrification can be inhibited. This
heterotrophic nitrification may also occur in agricultural soils under fertilization (Bateman
and Baggs, 2005). Acetylene as a specific inhibitor of autotrophic nitrification can be used in
study of heterotrophic nitrification. Therefore in nitrification incubation of soil, ammonium
oxidation and NO, oxidation can be blocked by acetylene and chlorate, respectively
(Sahrawat et a., 1987; Herrmann et a., 2007).

Incubation experiment can be useful tools to study nitrogen transformation in soil. A soil
water content of about 45% water holding capacity is the best for maximum nitrification.

Moreover, this optimum soil water content differs with various temperatures (Grundmann et
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al., 1995). Mosier (1998) mentioned that a water content of 60% of WHC is considered
optimum for nitrification. Normally nitrite because of its high reactiveability is not
accumulating in significant amounts in soil. Nitrite oxidizers (nitrobacters) are more sensitive
to adverse soil conditions than NH," oxidizers. Therefore under calcareous soils or application
of NH," fertilizers, nitrite may accumulate in detectable quantities. Nitrite is much more
sensitive and simple for detection as an indicator of nitrification, and requires a smaller
sample size (de Boer and Kowalchuk 2001). In soil incubation, chlorate is used for blocking
nitrite oxidizing bacteria, however chlorate has relatively little inhibitory effect on ammonium
oxidation. On the other hand, background nitrate in soils can not interfere with measurements.
In incubation tests or field experiments accumulation of nitrite in the presence of chlorate is
the reason for the presence of autotrophic nitrite oxidation (de Boer and Kowalchuk 2001).

Nitrate is soluble and negatively charged and generally is not held by the soil colloids. It is
therefore subject to leaching under the appropriate conditions. In contrast, ammonium is
positively charged and retained as a cation by the soil cation exchange capacity (CEC).
Nitrate plays important role in both nitrification and denitrification processes. Denitrification
is the opposite process to nitrification, in which NOs™ under anaerobic conditions through
acting as terminal electron acceptor in metabolic reactions for denitrifying bacteria, can be
reduced to N; in optimal condition. However many other intermediates such as N,O and NO
can be released to atmosphere. Nitrate in both nitrification and denitrification processes is in
close relation to NO and N,O emissions. So, controlling the processes of nitrification is a
potential tool to restrict N leaching, NOy emissions and even ammonia volatilisation from
soils in one hand, and increasing N use efficiency on the other hand. Denitrification is done
mainly by facultative anaerobic bacteria (both autotrophic and heterotrophic), and this process
acts as a balance to biological N, fixation. It is well known that in soil both nitrification and
denitrification can occur at the same time and near to each other (Abbasi and Adams, 2000;
Robertson et al. 1988; Bateman and Baggs 2005). The heterogeneity in soil moisture is
mentioned as the main reason for this simultaneously emission (Abbasi and Adams, 2000a
and 200b). Produced nitrate can simply diffuse to adjacent micro sites of denitrification, so
maybe it causes a significant underestimation of mineralization and nitrate production in such
condition (Abbasi and Adams, 2000a and 200b). For these reasons nowadays general idea is
that nitrification more than denittrification participates in NOx emissions. Moreover, under
such conditions, nitrous oxide (N,O) rather than dinitrogen (N;) is produced under aerobic
conditions (Bateman and Baggs 2005; Bremner 1997; Mosier 1998), which has more negative

and destructive properties.



1.5. Nitrification inhibitors

The main N losses in soil through nitrification, leaching and denitrification involve nitrate as
central point, so limiting nitrate in the soil through application of nitrification inhibitors can
alleviate the economic and environmental cost of nitrogen fertilizers. Nitrification inhibitors
are natural or synthetic compounds that delay the bacterial oxidation of NH," to NO,  (first
step of nitrification) for a limited period of time. They generally reduce the Nitrosomas
bacteria activity in soil. These NIs normally have no effect on Nitrobacters which oxidize
NO; to NOj3". Despite huge work and great interest in nitrification inhibitors, only a few
compounds are allowed for agricultural and environmental usage. This is because
development, production and subsequent use of NIs are quite expensive, and even they need
to be environmental friendly as much as possible. During last decades different synthetic
nitrification inhibitors have been developed which block enzymatic pathway, mainly
ammonium monooxygenase (AMO) of bacteria responsible for ammonium oxidation. AMO
has wide range of substrate for catalytic oxidation, and the inhibitory effects of many NI
compounds are due to competition for the active site of enzyme (McCarty, 1999). Oxidation
of compounds such as acetylene by AMO generates highly reactive products which bind to
enzyme and causing irreversible inhibition (Herrman et al., 2007). Many of these compounds,
specially those having thiono-S can bind to Cu in the active site of AMO enzyme and
inactivate it, while others such as heterocyclic N compounds inhibit AMO activity by their N
ring (McCarty, 1999). However, using chemicals in production processes of agriculture
products is going to be more restricted in close future. Natural products to some what can be
suitable alternatives.

As an integral and important part of biological cycle in the soil, nitrification seems to be
beneficial at a natural rate. Disturbance of natural habitants by human activity has lead, direct
and indirectly, to such changes which favour nitrification, in term of temperature, land
management, and soil organic matter. Thus adopting some techniques and approaches in order
to reduce nitrification, and consequently its negative effects specially soil acidification are
necessary.

Many chemicals can have inhibitory effect to specific N transformation processes. In practice
it is critical to increase use efficiency of N fertilizers in one hand and reduce negative impacts
of applied N and nitrification on the other hand. Heterocyclic N compounds have NI effect,
and unsubstituted heterocyclic N compounds such as pyrazole, 1,2,4-triazole, pyridazine,

benzotriazole, and indazole, which have two or three adjacent ring N atoms are potent
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inhibitors of nitrification (McCarty and Bremner, 1989; McCarty 1999). By far Nitrapyrin,
Dicyandiamide (DCD), and 3.,4-Dimethylpyrazole phosphate (DMPP), are three major
commercial NIs (Subbarao et al., 2006b; McCarty 1999). DCD and nitrapyrin have some
disadvantages compare to DMPP. For example, DCD is very soluble in water resulting in
spatial separation of NI and NH,", and for large scale usage is too expensive, as well as its
efficiency is not high. In addition, under certain conditions, it may cause phytotoxic problems.
In contrast, nitrapyrin is adsorbed to soil minerals more strongly than NH,", which also causes
spatial separation from NH,". Moreover this compound is corrosive, explosive and makes
toxicities to plants (Sahrawat et al., 1987; Subbarao et al., 2006b). The effects of Nls, depend
on soil conditions, are too complicated and are most likely to be greater on soils rich in
nitrogen with high risk of leaching and denitrification. Inhibitory effect of NIs and related
plant growth is largely depends on soil N status. Meanwhile, efficiency of these compounds
largely depends on soil N status, soil physiochemical factors (texture, temperature, moisture,
organic matter, pH) and climatic factors (temperature, rainfall intensity and frequency) which
on one side, determine the size of these losses, and on the other side, influence dynamics of
NIs in the soil (Adair and Schwartz 2008). High efficiency at lowest possible concentration
and minimum side effect is very important in selection of a NI. It needs to persist in soil for
longer time, and resist against being washed out from the soil profile, and be environmental
friendly (McCarty and Bremner 1989).

Limiting nitrate production as a result of NIs, may also significantly decrease N>O emissions
(Mosier 1998; Zerulla et al., 2001; Miiller et al., 2002; Hatch et al., 2005). In contrast, Weiske
et al., (2001) showed no significant direct effects of the DMPP or DCD treated plots on NH4"
concentrations, in comparison to the controls. However plant uptake and higher affinity of
NH," for uptake by plant roots could be the possible reasons.

Most of organisms which oxidize NH4", also can use methane (CH,) as an energy source
(Bedard and Knowels, 1989; Bronson and Mosier, 1994; Chaves et al., 2006), so over
inhibition of those bacteria, an increase in CH,4 emission might occur, which is potentially an
important greenhouse gas. Normally higher dosage of NIs increase NH,4 concentration in soil
(Chaves et al., 2006). Furthermore, most of the compounds which have NI activity, also may
affect both AMO and methane monooxygenase (MMO), because structure of these two
enzymes are very similar to each other (Hooper et al., 1997; Bedard and Knowles 1989;
Bronson and Mosier 1994). It is necessary to consider that global warming potential of CH,4

and N,O are 21 and 310 times of CO,, respectively (IPCC 1996). Agriculture represents the



main contributes of global CH4, N,O and CO; emissions, 40%, 70% and 40%, respectively
(Mosier 1998).

With incorporation of NIs into N-fertilizers, depending on soil physical and chemical
properties, NH;" would persist for longer time in soil. This ammonium in soil in part, is
adsorbed to clay minerals and consequently with gradual release plants can benefit better in
less application rates and numbers. Finally it would lead to increased use efficiency and better

plant growth.

1.6. 3,4-Dimethylpyrazole phosphate (DMPP)

3,4-Dimethylpyrazole phosphate (DMPP) is a nitrification inhibitor, highly specific in
inhibiting nitrification at low concentrations of 0.5-1.0 kg active compound ha ' over a period
of 4-10 weeks (Zerulla et al., 2001). ENTEC on the market is a combination of an N-NH4
fertilizer with DMPP (1% of total N) in form of granules. However, compare to other
nitrification inhibitors such as DCD, and N-Serve, it has no toxicity or other side effects, but
instead, it offer potential advantages for cropping systems (Zerulla et al., 2001; Barth et al.,
2001; Pasda et al., 2001). However tobacco and grape farmers in south Germany complained
about negative effects of ENTEC on plants growth (personal communication), in which plants
showing some N deficiency symptoms, and winter injury. This is probably because of its
strong effect specially in light soils and early in spring which prolongate presence of nitrogen
and late season uptake which consequently leads to winter damage. However, it is in
particular importance that the duration of Nls effects depends on climatic conditions, site
characteristics and probably the cultivated crop (Zerulla et al., 2001).

Application of NIs in general, and DMPP in particular, has important consequences including
reduced leaching of nitrate and emission of N,O (Weiske et al., 2001; Zerulla et al., 2001;
Miiller et al., 2002; Hatch et al., 2005), reduced emission of CO, (Weiske et al., 2001), and
increasing yield (Zerulla et al., 2001; Pasda et al., 2001; Linzmeier et al., 2001). However the
decrease of N,O emission by application of DMPP could be related to an inhibitory effect on
the enzymes of denitrification as the non-target process (Miiller et al., 2002). This results in
less application of mineral N fertilizer, saving financially and probably higher crop yields.
Plants receiving ENTEC (DMPP containing fertilizer) show darker green leaf colour, which is
typical symptom of ammonium nutrition in nutrient solution, however plants (leaves) may
have a reduced nitrate content (Hahndel and Zerulla, 1999) which is quite important in fresh
consuming of vegetable crops.

In most cases efficiency of inhibitors depends on their own chemical properties and several

other factors, including soil texture and temperature. For example, effectiveness of both DCD
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and DMPP was progressively decreased when soil temperatures increased (Irigoyen et al.,
2003). So specially in warm climates with application of these inhibitors, it is necessary that
soil temperature must be considered. With DMPP and probably other NIs the oxidation of the
NH,", in sandy soils compare to loamy soils, is more inhibited. The binding behaviour of
DMPP is influenced markedly by soil textural properties (Barth et al., 2001), which in short
term experiments is an important factor in inhibition property. Moreover, DMPP may have no

effect on the N mineralization of the crop residues (Chaves et al., 2006).

1.7. Brachiaria as a source of natural nitrification inhibitor (NNI):

Ecological production as an adaptive measure to biological cycles in the soil requires limited
application of chemicals including synthetic nitrification inhibitors. Depends on conditions,
natural products could be suitable alternatives. Plants due to their phenotypic plasticity and
adaptation properties are able to change their biochemical, physiological and morphological
characteristics in response to environmental variation (Schlichting, 1986). In contrast to
animals, plants through secretion and emission of chemicals respond to any change in their
surroundings. Plants produce secondary metabolites which might be a potential nitrification
inhibitor (Lodhi, 1978; Howard et al., 1991), for example grasslands through production and
accumulation of phenolic acids and flavonoids that inhibit nitrification, display low nitrate
content in the soil (Lodhi, 1978; Rice and Pancholy, 1973; Ellis and Pennington, 1989;
Subarrao et al., 2006 and 2007). Olson and Reiners (1983) suggested that higher phenolic and
terpenoid concentrations are responsible for inhibition of nitrification in the forest soils.
However Stienstra et al., (1994) and McCarty et al., (1991) are not agree with this hypothesis.
Different plant-based substances have been shown to have biological activity specially against
insects, weeds and bacteria. Different parts of tropical tree (Azadirachta indica) known as
neem, have biological activity against bacteria, pests and diseases (Melathopoulos et al.,
2000; Gahukar, 2000), medicinal usage (Schmutterer 1990), and specially for improving
nitrogen use efficiency in agriculture (Kumar et al, 2007; Joseph and Parasad 1993; Sharma
and Parasad, 1995). Neem and karanj seed cakes (Pongamia glabra Vent) (Majumdar, 2002)
as well as plant polyphenols, vegetable tannins and waste tea products (Krishnapillai, 1979),
terpenes and essential oils of ment (Patra et al., 2002; Patra et al. 2006), essential oils from
Mentha spicata, Artemisia annua, and mustard (Brassica juncea L) (Kiran and Patra, 2003;
Patra et al., 2001), and different types of quinines (Mishra et al. 1980) have been shown to
inhibit nitrification in the soil. Carbon-rich secondary chemicals have been found to inhibit
nitrifiers directly (Horner et al., 1988). Monoterpenes can inhibit nitrification but not

denitrification, however, increased respiration activity indicating indirect inhibition of



nitrification by monoterpenes, due to immobilization of mineral N (Paavolainen et al., 1998).
It is worth mentioning that litter quantity as well as quality controls mineralization rate in soil
in most of natural ecosystems.

Most of these natural products also retard soil urease activity as a urease inhibitor. On the
other hand, intensity of inhibition normally increases with the level of application (Patra et al.,
2006). These natural compounds could decrease Nitrosomonas, Nitrobacter, and total
bacterial and actinomycete populations in soil (Patra et al. 2006). Moreover, in contrast to
synthetic nitrification inhibitors, natural products are less persistent, more biodegradable,
economic and environmental friendly (Patra et al. 2006). Therefore, nitrification inhibitory
properties of plant based substances offer better advantages for agricultural production, which
can keep environment more healthy, too. However, there are not enough studies on this topic,
so the biological inhibition of nitrification by crop plants or grasses still is not well
understood.

Brachiaria spicies are C4 grasses grow in tropical and subtropical regions of South America,
Africa and Asia. They are waterlogged tolerant and mostly adapted to infertile and acidic soils
of these tropical region mainly as pastures (CIAT, 1983). These plants are particularly very
susceptible to saline conditions, getting a succulent effect specially in their root systems
(Mergulhéo et al 2002). During the field works with B. humidicola it has been found that soils
under cultivation of this plant have low level of nitrate (CIAT, 1985; Sylvester-Bradley et al.,
1988). It has been shown that root exudates and soil extracts of B. humidicola accession
26159 (BH) suppress ammonium oxidizing bacteria populations, and consequently
nitrification and N,O emissions, which was not observed for other grasses or Brachiaria
species (Ishikawa et al., 1999, and 2003; Subbarao et al., 2005, 2006a, 2006¢, 2007a and
2007c). Compounds released from the roots of BH are mainly responsible for its inhibitory
effect on soil nitrification (Ishikawa et al., 2003; Subarrao et al., 2006a). Moreover, root
tissue extracts of BH have substantial inhibitory effects on nitrification (Subarrao et al.,
2006¢c, 2007a, 2007c). Roots of BH produce two methylated phenolic acids, methyl-p-
coumarate and methyl ferulate, that have inhibitory effects on nitrification (Gopalakrishnan et
al., 2007). There is an estimation of nearly 30% of the root mass turnover annually in BH
pastures, equals to one ton root dry matter per ha (Fisher et al 1994), which could contain
significant amounts of nitrification inhibitors added annually to the soil. This might be one of
the main reasons for the observed low nitrification rates in soils, and this inhibiting effect

appears to be stable as long as the grass stays in the soil (Ishikawa et al., 2003).
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1.8. Nitrogen uptake by plants

In nutritional point of view nitrogen is on the top among all elements which are necessary for
optimum plant growth. In agriculture and other ecosystems, nitrogen is the most limiting
factor for plant growth. However agricultural crops have normally higher demand for it
compare to non-cultivated crops. Nitrogen (10-30 g/kg) after carbon and oxygen is the next
most abundant element in plant dry matter (McNeill and Unkovich, 2007). Despite extensive
fertilization specially for horticultural crops, N deficiency is very common phenomenon,
mainly because of climatic and edaphic conditions, as well as the dynamics of N inside the
soil. This deficiency could appears as yellow colour due to chlorophyll degradation in older
leaves (which may have early senescence), smaller leaves, early flowering, reduced fruit set,
and reduction in growth rate and plant biomass and consequently yield.

Nitrate and ammonium are two major forms of nitrogen which plants can take up by their root
systems in the soil. However plants are able to take up various forms of nitrogen compounds
including, nitrate (NOs), nitrite (NO,), ammonium (NH;'), ammonia (NH3), Urea
(CO(NH3),), amino acids, peptides and low molecular weight organic compounds (Marschner
1995, von Wiren and Merrick, 2004; Chapin 1995). Nitrogen concentration varies with plant
species, developmental stages and plant tissues. Woody plants typically have <5 g/kg for
woody tissue and <20 g/kg for leaves, but N concentration is typically 10-20 g/kg dry matter
for grasses and 20-30 g/kg for legumes, and tends to be higher in younger tissues (Schjoerring
et al., 2002). Shoots usually are stronger sink for N than roots and therefore shoots has higher
N concentration than roots (Schjoerring et al., 2002). Through mass flow via soil water,
diffusion or root extension, ammonium and nitrate can reach to the root surface. However
ammonium movement by these phenomena is limited by NH," fixation in clay minerals.
Energetically point of view NH4 is beneficial for plants, however data from growth
characteristics suggest that over NH;" nutrition plant needs higher amount of energy to exert
H" efflux (Britto et al., 2001a and 2001b; Kronzucker et al., 2001). Plant uptake of NH," and
NOs' is a function of their concentration in soil solution, root distribution, soil water content
and plant growth rate (Schjoerring et al. 2002). Ammonium after absorption must be
assimilated into amino acids, or translocated to other parts than roots, otherwise it makes
NH," toxicity on plants (Schjoerring et al. 2002; Loque and von Wiren 2004), and however in
field condition ammonium toxicity is not common. Glutamine as the first and main
assimilatory products, may has very important role in alleviating NH," toxicity (Schjoerring et

al., 2002). However glutamine synthetase is relatively sensitive to NH,".



Nitrate on other hand, after uptake can be reduced and assimilated in root or shoot by nitrate
reductase enzyme which is synthesised in response to NO;™ uptake. Assimilation of NO;3™ by
plants involves the reduction of NO; to NO; , and reduction of NO; to NH," by nitrite
reductase (another inducible enzyme), which exist in cytoplasm and chloroplasts,
respectively. Then ammonium generally is assimilated into glutamine. Nitrite is a transitory
intermediate in plants with a short life, similar to soil condition. Nevertheless, it is highly
toxic to plants and microorganisms.

Many investigations indicate that ammonium as a sole nitrogen form, or as the main form in
combination with nitrate has inhibitory effects on plant growth (Gerendas et al., 1997; Siddiqi
et al., 2002; Roosta and Schjoerring, 2007; Zhang and Rengel, 1999, and 2003). Reduced
growth due to NH, nutrition has often several justifications such as decreased net
photosynthesis (Neumann and Rémheld 2000; Gerendas et al., 1997), acidification of external
culture medium (Brito and Kronzucker, 2002; Britto et al., 2001; Claussen, 2002), a lack of
osmolites such as cations, nitrate and sucrose, which contribute to the rate of leaf expansion
(Rahaab and Terry, 1995) or hormonal imbalance of plants (Barker and Ready 1994; Gweyi,
2006). Symptoms of NH," toxicity including marginal necrosis and interval chlorosis on
leaves, wilting, and inhibition of root growth are very common. However by moderate supply
and buffering nutrient solution, still there is a rapid inhibition of leaf growth (Walch-Liu et
al., 2000; Rahayu, 2003; Britto and Kronzucker, 2002). This could be mainly due to a 70%
reduction in zeatin + zeatin riboside (the active component of cytokenin) concentrations in the
xylem sap within 24 h of exudation from tobacco under NH4" nutrition. Nitrate, on the other
hand can return this inhibitory effect of NH," on leaf growth (Walch-Liu et al., 2000; Rahayu,
2003; Britto and Kronzucker, 2002; Siddiqi et al., 2002; Britto and Kronzucker, 2001), similar
to cytokenin application effects. NH," supply to plants increases the level of ABA in roots
xylem sap and leaf tissues (Rahayu, 2003), so by its interaction with cytokenins, they regulate
leaf growth, and plant development. Disturbance of hormonal balance of plant may is an
important feature of NH,' toxicity. Sensing of NO; triggers the expression of a series of
genes involved in utilization of nitrate (Forde and Clarkson 1999). However nitrate inside the
plant may has several function as a nutrient, as an osmolite (Blom-Zandstra and Lampe 2007),
or as a signaling molecule (Wang et al., 2000; Forde and Clarkson, 1999). Then it has been
suggested that growth inhibition by NH," is related rather to the absence of NO; as a signal
than to the presence of NH, " (Rahayu et al., 2005; Onyango Gweyi 2006).

Ammonium toxicity can be reduced by rapid conversion of NH;" to amino acids in the roots

or by sequestering NH4" in a vacuolar reservoir (Marschner et al., 1995, Forde and Clarkson
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1999, Schjoerring et al., 2002). Immediate assimilation of NH;" into amino acids is catalyzed
by the enzymes glutamine synthetase and glutamate synthase. So glutamine synthetase has a
very important role in reducing NH," toxicity (Schjoerring et al., 2002; Britto et al., 2001).
Young leaves tended to have higher apoplastic NH," concentrations than older non-senescing
leaves. Aarnes showed high concentrations of NH;" in all parts of spruce seedlings indicating
metabolic control of NH4 ' concentrations in tissues and that NH4 can be stored in acidic
compartments (Aarnes et al., 2007; Aarnes et al., 1995). Conifers and ericaceous plants
adapted to acid soils with low or no nitrification have a preference for NH,4" as the main
nitrogen source. These plants can tolerate high concentrations of NH; " and have been found to
possess a reduced capacity to use NO;3™ (Schjoerring et al., 2002, Britto and Kronzucker 2002,
Forde and Clarkson 1999).

1.9. Why ammonium?

Ammonium energetically and economically point of view, is a preferential form of nitrogen
for plant uptake and assimilation. Under laboratory experiments most of plants show toxicity
symptoms with ammonium nutrition, however these symptoms are not common on field
crops. Ammonium is taken up by plant roots through NH," transporters across the plasma
membrane (Lauter et al., 1996; Loque and von Wiren 2004). There are two high-affinity
transporter systems for nitrate and one for ammonium in roots of higher plants (Glass et al.,
2002). Low affinity NH," transport occurs through non-selective cation channels or K
channels (Howitt and Udvardi, 2000; Kronzucker et al., 2001; Loque and von Wiren, 2004).
Inside the plant ammonium also is generated as a key intermediate in processes such as nitrate
reduction, photorespiration, phenyl propanoid metabolism, degradation of transported amides,
and protein catabolism (Joy, 1988; Schjoerring et al., 2002). So excess uptake of ammonium
might happen which together with the ammonium released from catabolic processes within
the cell, can cause toxicity. Measurement of xylem ammonium is not an easy task, because
interference from other metabolites such as amino acids and amines may cause big
uncertainties about the magnitude of xylem NH;" concentrations (Schjoerring et al., 2002).
Electroastatically, uptake and assimilation of ammonium is a proton generating process. In
order to make an electrical-balanced charge, NH; uptake leads to acidification of
extracellular pH through H' exclusion (Joy, 1988). On the other hand, NOs is taken up by an
H'-cotransport system in the plasma membrane so nitrate uptake and assimilation is a proton
consuming process, leading to alkalination of extracellular pH (Marschner, 1995). These
changes in extracellular pH have important implication for plant nutrition and management

particularly where nutrient deficiency is a major problem such as calcareous soils.



There are different NH4 transporters which differ in their biochemical properties,
localization, and in regulation at the transcriptional level. Nitrogen status of a local root
portion as well as of the whole plant can control ammonium transportation (Loque and von
Wiren 2004). However toxicity symptoms are very common under NH4 which normally is
coupled with a reduction in plant dry weights and root:shoot ratios compare to NO;™ fed plants
(Roosta and Schjoerring, 2007; Siddiqi et al., 2002; Claussen, 2002). In tomato there is a
strong accumulation of ammonium in leaves, stem, and roots at a growth medium
concentration above 1 mM. The increase in tissue NH,; coincided with saturation of
glutamine synthetase activity and accumulation of glutamine and arginine. Low tissue levels
of calcium and magnesium in the NH,  fed plants constituted part of the NH," toxicity
syndrome (Schjoerringet al., 2002; Roosta and Schjoerring, 2007). Glutamine synthetase
incorporates NH," into glutamine, but root glutamine synthetase activity and expression are
repressed when high levels of NHy4" is supplied (Schjoerring et al., 2002). However, in tolerant
species like rice ammonium uptake may have different regulatory control than nitrate adapted
species (Tobin and Yamaya, 2001). Rice has the same number of ammonium transporter
homologs as have been isolated from tomato (von Wirén et al., 2000). Roots of rice have two
ammonium-inducible transporters compared to only one, (AMT1;2) in tomato, showing a
comparable transcriptional regulation in tomato (Sonoda et al., 2003).

There are several explanation for toxic effect of NHy', including: acidification of soil,
acidification of the cytosol (Britto et al., 2001; Britto and Kronzucker, 2002), NH, -induced
cation deficiency (specially Ca) and cation versus anion imbalance (Redinbaugh and
Campbell, 1993) deficiency of carbon sources in the root zone, stimulated nitrogen
assimilatory capacity, and disturbed phytohormone and polyamine status, ((Rahayu et al.,
2005; Onyango Gweyi 2006; Gerendas et al., 1997; Zhang and Rengel, 1999; Br