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Preface

Nitrogen Acquisition and Assimilation in Higher Plants is the third volume in
the Plant Ecophysiology series. The main aim of this volume is to integrate
different research approaches for a better understanding of the regulation of
nitrogen metabolism by environmental signals. The book is divided into three
parts. Chapters 1-5 mainly deal with the processes involved, while chapters 6-8
are more focussed on regulatory aspects. The significance of nitrogen
metabolism for food quality and security is the topic of chapters 9 and 10.

Nitrogen can be acquired by plant roots as nitrate (chapter 1) or ammonium
(chapter 2). In both chapters the physiology and molecular biology of the uptake
processes and regulation of its transporters are addressed. Chapter 1 also deals
with the effect of nitrate in the environment on root development, and chapter 2
with the metabolic regulation of the assimilation of ammonium, including gene
manipulation. Plants can acquire atmospheric nitrogen as well, from nitrogenous
air pollutants (chapter 3) or by N, fixation (chapter 4). Whether atmospheric
nitrogen is a pollutant or a fertiliser is the main topic of chapter 3. Chapter 4
stresses the importance of N, fixation, and deals with the latest developments in
the cloning of genes involved in the legume-RhAizobium interaction. To what
extent modelling can help in understanding the role of nitrogen metabolism in
plant adaptation to the environment is the topic of chapter 5.

The role of light in transcriptional and post-transcriptional regulation of the
genes involved in nitrate uptake, reduction and assimilation is reviewed in
chapter 6. Chapter 7 reviews the modulation of nitrate reductase activity by
environmental and internal signals, and its effect on the production of NO.
Chapter 8 deals with the metabolic pathway of polyamines, molecules involved
in abiotic stress signalling, and includes advanced genomic and proteomic
approaches.

Chapter 9 is focussed on the significance of secondary nitrogen compounds
for food quality. Chapter 10 highlights the implementation of conventional and
recombinant-DNA breeding methods to increase both yield and agronomic N-
use efficiency of rice, the most important cereal for human nutrition.

This volume is of interest for advanced students and junior researchers, and
provides comprehensive information and the latest developments for scientists
working in the field of nitrogen metabolism and readers interested in sustainable
development.

Sara Amancio
Ineke Stulen

xiii



Chapter 1

NITRATE UPTAKE BY ROOTS - TRANSPORTERS
AND ROOT DEVELOPMENT

Bruno Touraine

INTRODUCTION

With the exception of legumes and a few other species (actinorhizal plants)
that develop N,-fixing symbioses, plants acquire N from the soil in the inorganic
form, as NH," or NO5". The subjects of NH," uptake and symbiotic fixation are
addressed in chapters 2 and 4, respectively. Considering that in most soils NO3’
is the predominant inorganic soluble N form, the uptake of this ion by higher
plant roots is the main pathway for entry of N into the global food chain. NO5
uptake and its subsequent reduction in plant cells consume a significant portion
of C and energy. For many plant species including crops, purely ammoniacal
nutrition has unfavourable effects on plant growth, partly due to the fact that
NH," is a cation while NO; is an anion (Chaillou and Lamaze 2001). This
chapter will focus on the determinants of NO;™ acquisition by plant roots.

NITRATE UPTAKE, AN ESSENTIAL STEP FOR HIGHER
PLANT N NUTRITION

Due to the radial root organisation and the apoplasm-symplasm dualism,
NOj™ ions that are acquired from the soil solution have to enter the root
symplasm. “Uptake” or “absorption” refers to this specific step that consists of
transport over the plasma membrane of a root cell. Once in a root cell, NO;™ ions
can diffuse within the symplasm, from cell to cell, through plasmodesmata. NO5’
ions can be used in the root or be loaded into the xylem vessels for transport to
the shoot. Since the vessels lack plasma membranes and protoplasts, the NO3
ions transported in the xylem arrive in the leaf apoplasm, and have to be
absorbed through the leaf cell plasma membrane. Contrary to most other major
ions, NOj™ is not transported in the phloem sap (Allen and Raven 1987, Gessler
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et al. 1998). Therefore, the transport of N from source leaves to root and shoot
sink organs totally depends on the assimilation of NO3™ in roots or source leaves
and subsequent transport of amino-N in the phloem.

In root as well as in a leaf cells, NO;™ can serve both as osmotic compound
and N source for the assimilation of organic molecules. NO; is the main
inorganic anion available for osmotic adjustment and its reduction leads to the
synthesis of organic anions, while NH," assimilation is accompanied by
decarboxylation reactions. Inadequate anion accumulation, and consequently
cation accumulation, results in a higher susceptibility to water deficit of plants
grown on NH," as the sole N source (Salsac et al. 1987). Most plants have a
reduced growth rate in the absence of NO;™ (“ammoniacal syndrome”, Chaillou
and Lamaze 2001). This dual role of NO;3™ depends on the operation of specific
transport systems in the tonoplast, to store NOj;™ in the vacuole and, conversely,
remobilise stored NO;™ for cytosolic NO;™ reduction and further assimilation.
The assimilatory pathway and its regulation are described in chapters 2 and 6.
NO;™ nutrition involves a number of transport steps, including uptake by the
root, transport over the tonoplast, loading into the xylem and absorption by leaf
cells. Since NO; uptake can be the bottleneck between the source in the soil
solution and the assimilatory pathway in plant cells, it is likely to play a key role
in whole plant N nutrition.

By definition NO;™ uptake is a flux and is expressed as pmoles of NO;™ taken
up per unit root surface area, or unit root weight, and per unit of time. Therefore,
the rate of NO3™ acquisition by the plant also depends on the surface area of the
root system and all environmental factors that can affect root growth will also
affect NO;™ uptake capacity. Furthermore, the architecture of the root system
determines the volume of soil foraged by roots and thus the ability of roots to
access soil NO;. The root system is very plastic and NO; availability itself
strongly affects root development. This chapter mainly focuses on NO;™ uptake
and its regulation. In addition the N-related root development response will be
presented. The interactions between N nutrition and a biotic factor of the
rhizosphere, namely plant growth-promoting rhizobacteria (PGPR), will also be
discussed because these microorganisms that colonise the root systems of all
plant species are possibly interfering with both root development and NO;
uptake.

NITRATE UPTAKE - WHERE AND HOW?

Localisation of NO; uptake in plant roots

Regardless of the root system, the taproot system found in dicotyledons or
the fibrous root system of monocotyledons, all roots are essentially similar in
their anatomy and functioning, and participate in nutrient uptake (Fitter 2002).



Within each root tissue heterogeneity is present along two planes: radially, viz.
the different tissues that originate from specific stem cells in the root apical
meristem, organised in concentric cell layers, and longitudinally, from the apex
to the root-stem junction, viz. zones with cells that have reached different stages
of development. Therefore, the localisation of nitrate absorption encompasses
two questions: 1) which tissue(s) is (are) responsible for NOs™ uptake? and 2) is
NO;™ uptake distributed all along the root or is it restricted to specific zones
only?

The radial organisation of the root is dominated by the cortex-stele duality
because of the formation of a hydrophobic barrier in the cell wall of the
endodermis, the innermost cortical cell layer. This Casparian strip functionally
separates the apoplasm of the outer cylinder (the cortex) from the apoplasm of
the central cylinder (the stele). Therefore, water and nutrients, including N, have
to be absorbed in the symplasm of the cortex before they can reach the
symplasm within the stele (Steudle and Peterson 1998). As mentioned above,
NOj’ ions are transported from the root to the shoot in the xylem vessels while
they are not translocated, or in a negligible amount, from the shoot to the root in
the phloem. Therefore, the rate of NOj; transport to the leaves has to be
controlled to prevent an excess of NO;™ ions that would exceed the capacities of
storage and assimilation under high NOj;™ availability and high transpiration rate.
To enter the root symplasm, NO5 ions have to be transported through the plasma
membrane of some cells in the root cortex. This transport step, to which
“uptake” precisely refers, involves specific transport proteins, and it is under the
control of specific regulatory mechanisms. Uptake is the checkpoint where ions
are selectively acquired from the outer medium at a controlled rate.

Which specific cell layers within the cortex are involved in the uptake of
mineral nutrients is still unclear. In the maturation zone of the root downstream
the elongation zone, root hairs are formed in the epidermal cells. With regards to
the large exchange surface area of root hairs, it has been thought that ion uptake
should predominantly occur through these specific structures (Deane-Drummond
and Gates 1987). In fact, to devote the role of nutrient absorption to root hairs
looked so logical that it is still considered as a fact in many plant physiology
textbooks, while there is no clear evidence to support this assumption.
Anatomical observations have shown a low density of plasmodesmata between
the epidermal cell layer and the adjacent cortical cells compared to a higher
frequency of plasmodesmata connecting each cell of the epidermis to
neighbouring epidermal cells or within the cortical parenchyma (Kragler et al.
1998). With fluorescent dyes that are unable to pass the plasma membrane it has
been shown that a barrier exists between root epidermis and cortical parenchyma
for dyes that move from cell to cell within each of these tissues (Erwee and
Goodwin 1995). Anatomical evidence would thus indicate the existence of at
least two different symplasmic domains in the root cortex, one that is restricted
to the epidermis and one that spreads over the cortical parenchyma and the



endodermis. The real uptake step would therefore occur at the site where ions
enter this latter domain that extends to stele tissues and can deliver nutrients to
the whole plant. This hypothesis would explain the discrepancy between the
measurements of the root cytosolic NO; pool made in barley roots using
different methodologies (Siddiqi et al. 1991). This study has suggested that two
distinct pools would exist, the smaller metabolic (nitrate reductase-containing)
pool would possibly be located in the epidermal cells, while the larger pool,
where nitrate absorbed from the external solution enters before following radial
symplasmic transport in the root and xylem conduction to the shoot, would be
located in the cortical parenchyma cells. Unfortunately, this thought-provoking
hypothesis has not been checked by any direct experiment. Finally, only very
scarce, circumstantial, and sometimes contradictory, physiological evidence is
available and the question of which cell layer(s) is (are) responsible for NO3
uptake remains unresolved. Recently, functional promoter analysis in
Arabidopsis thaliana revealed that the Nrt2.1 gene, encoding a transporter
involved in NO;™ uptake (see below), is expressed in the entire cortex of mature
regions of primary and lateral roots, with a higher expression level in the cortical
parenchyma than either the epidermis or the endodermis (Nazoa et al. 2003).
These results suggest that the three cortical tissues have the ability to absorb
NOjs', but they do not allow determining whether they are involved in NO;5
uptake per se or not. Furthermore, this investigation was performed in
Arabidopsis, a plant species in which the root cortical parenchyma consists of a
single cell layer, while this tissue consists of several cell layers in most other
plant species. Whether the transporters involved in NO;™ uptake in such plants
are expressed in both the outer and inner cortical parenchyma cell layers or not
is not known.

The second question about the localisation of NO;™ uptake in the root - does it
occur over the entire root surface or only in specific regions of the root? - has
been sporadically debated. Essentially two methodologies, based upon the
localised supply of "NO;  (Lazof et al. 1992, Nazoa et al. 2003) and the
utilisation of NOj™-selective microelectrodes (Henriksen et al. 1990, 1992,
Colmer and Bloom 1998, Bertrand et al. 2000) respectively, have been used to
measure the general pattern of NO; uptake along roots. Overall, the
experimental evidence obtained with both techniques shows that NO;™ uptake
occurs at all locations of the root surface, from the tip to the base, although a
peak is usually measured in a sub-apical region. Due to the small size of this
zone compared to the whole root surface in an actively growing plant, the older
regions of the root should contribute to the total acquisition of NOj; for an
important part. This conclusion is derived from data obtained with young
seedlings, a few days to two weeks old. However, a similar pattern has been
found for the primary and lateral roots of two-month-old hydroponically grown
soybean plants with a forty-cm long taproot (Philippe Lobit and Bruno Touraine,
unpublished results). Recent investigations revealed that the Nrt2.1 promoter



targets gene expression to the mature regions of the Arabidopsis root, but not to
the apex or elongation zone (Nazoa ef al. 2003). On the other hand, ’NO;™ influx
in this latter zone was as fast as the influx measured in older root parts,
suggesting that different NO;™ transporters might be responsible for NO;™ uptake
in younger and older root parts, respectively.

Because both physiological and electrophysiological approaches require an
easy access at the root surface and a free diffusion of the ion studied in an
unstirred layer near the root surface, all the studies on NO;™ uptake localisation
have been performed with young hydroponically-grown plants. However, due to
anatomical features, the NO;™ uptake pattern along the root in soil-grown plants
may differ from that in hydroponically-grown plants. During secondary growth,
cork cells with suberised and ultimately lignified walls are formed between the
cortex and the central cylinder of the root. In plants with secondary growth
structures, only the young fine roots that have not yet developed a periderm are
able to take up nutrients, including NO; ions, from the soil solution.
Furthermore, even in roots containing only tissues formed by the primary
growth, the epidermis peels off and one can wonder to which extent the quasi-
constant NO;5™ uptake rate observed along the roots of hydroponically-grown
plants is representative of the pattern of NO; uptake along the roots of field-
grown plants.

The component fluxes of NO;™ uptake

Using the short-lived radioisotope °N or the stable isotope '°N, it has been
shown that the rate of NOs™ uptake is not a unidirectional flux, from the medium
to the root symplasm, but the balance of two opposite fluxes: an influx from
apoplasm to cytoplasm, and an efflux in the reverse direction. Because of the
small size of the cytosolic pool of NOs, a significant proportion of the NOj
absorbed is rapidly recycled out of the absorbing cell (Devienne et al. 1994,
Muller et al. 1995). The cost of NO;™ uptake is rather high (see below), so that
the occurrence of such a futile cycle through the plasma membrane may be
somewhat surprising. In principle, a possible physiological role for this leak of
NOj out of the root could be to regulate the net NO;™ uptake rate. Indeed, a very
efficient influx and a concomitant variable efflux might be, theoretically, the
best way to precisely control the net flux and maintain plant N homeostasis
despite large variations of the external NO; concentration. However,
experimental results dismiss this hypothesis. In most instances, the changes in
net NO;s™ uptake, e.g. during the day/night cycle (Delhon et al. 1995) or in
response to modifications of N availability (Muller ef al. 1995), are reflected by
changes in NOj™ influx, while efflux responses are relatively minor. Overall, the
patterns observed in earlier net uptake studies have been confirmed by NO;5
influx measurements, thus supporting the idea that it is the regulation of influx
that plays the major role in the control of NO; uptake in planta. This led to
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efflux being ignored in most of the studies on NO;™ uptake. On the other hand,
no definitive evidence exists to conclude that the efflux has no role in this
regulation, all the more since NO;™ efflux is not invariable (Teyker et al. 1988,
Van der Leij et al. 1998). Moreover, efflux is inherently relatively large in slow
growing species, and this might explain the higher energy cost for NO;™ uptake
in these species compared to fast growing species (Scheurwater et al. 1998,
1999). Quantitative differences in the futile NO5™ cycle across the root plasma
membrane may thus be related to ecological differences. However, although the
occurrence of protein-mediated NO; efflux has been demonstrated using plasma
membrane vesicles (Grouzis ef al. 1997, Pouliquin et al. 1999, 2000), the
transporters involved in NOj™ efflux have not been isolated yet. The transport
mechanisms involved in NO;™ efflux, therefore, remains to be deciphered in
detail. Below we will focus on the influx component of NO5™ uptake.

The transport systems for NO;™ influx

Physiological studies on NOj™ influx in the plant roots provided evidence for
the existence of at least three distinct transport systems for NO;. At
concentrations up to 0.5 mM, the curves representing NO;™ influx vs. the external
concentration of NOj;™ follow a saturable kinetic pattern with a Km value in the
order of magnitude of 10 uM (Siddiqi et al. 1990). Comparing plants grown on a
NOj -free medium prior the influx measurement with plants grown on a NO; -
containing medium revealed that, in fact, two high-affinity transport systems
(HATS) co-exist in the plasma membrane of root cells. Plants that have not been
exposed to NOj™ for several days prior to the uptake experiment absorb NO; at a
low rate within the first hour of exposure to NO;. This rate subsequently
increases to peak at 10- to 30-fold the initial level after a period that varies from
3 hours to a few days depending on plant species (Lee and Drew 1986, Siddiqi et
al. 1990, Aslam et al. 1992, 1993, Kronzucker et al. 1995a). The fact that
transcriptional and translational inhibitors blocked this increase of NO;™ uptake
rate (Tompkins et al. 1978, Lainé et al. 1995) suggested de novo synthesis of
transporter protein. Moreover, precise determination of the kinetic parameters in
the roots of NO;™ induced and uninduced plants have shown that not only the
Vmax value, but also the Km increased after exposure to NO;™ (Lee and Drew
1986, Hole et al. 1990, Siddiqi et al. 1990, Aslam et al. 1992). Based on these
observations, two different transport systems, namely a low capacity constitutive
high affinity transport system (cHATS) and a high(er) capacity inducible high-
affinity transport system (iHATS), are distinguished. The role of the cHATS is
likely to enable the cytoplasmic concentration of NOj" to rise to a level sufficient
for induction of the higher capacity transport system (Behl et al. 1988). It has
been established that NO5 itself, but not NH, " nor any product of its assimilation
pathway is the inducer of the iHATS (King ef al. 1993). NO,", which is not
found in significant amounts under natural conditions, is able to induce NOj
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uptake (Aslam er al. 1993). Induction of the NOj; transport system by its
substrate is unique among the ion absorption systems recognised in plant roots.
Furthermore, NO;  also induces several enzymes involved in N and C
metabolism suggesting that this ion acts as a signal to initiate co-ordinated
changes in N and C nutrition (Crawford 1995, Scheible ef al. 1997a).

At external NO;5™ concentrations above those at which the HATS plateau is
reached, another uptake system, referred to as the low affinity transport system
(LATS), becomes apparent. According to most reports, this transport system
shows a linear correlation with the external NO; concentration, with no
saturation up to 50 mM (Pace and McClure 1986, Siddiqi et al. 1990, Aslam et
al. 1992, Kronzucker et al. 1995, Touraine and Glass 1997). Whatever the
species considered, the significance of Km values cited for NO;” LATS therefore
seems doubtful. The LATS is constitutive in the sense that it does not require
induction by NO;, as shown by both kinetic (Siddiqi et al. 1990) and
electrophysiological (Glass et al. 1992) studies.

The three transport systems that have been identified in the root cell plasma
membrane are likely to operate simultaneously. At any concentration, therefore,
the NO;™ uptake rate is the sum of the three components, cHATS, iHATS and
LATS. However, for external NO;3™ concentrations below 200 to 500 pM, the
LATS is negligible because of a relatively small slope compare with that of the
HATS hyperbola, while at higher concentrations, the HATS rates have reached
their plateau by 90% or more and the LATS rate become a significant
component of NO;™ influx. Although the threshold value for either HATS or
LATS to be predominant varies with the plant species, the 200-500 uM range
applies for most annual plants, monocots or dicots, studied. In woody species,
identical transport systems have been characterised, though with significantly
higher Km value for the iHATS (Kronzucker et al. 1995b).

The energisation of NO;™ uptake

Thermodynamic calculations clearly show that the uptake of NOj™ is uphill,
indicating that NO;™ influx is an active process. Different techniques, including
ion-selective microelectrodes (Zhen et al. 1991, Van der Leij et al. 1998), pool
size determination based on nitrate reductase activity (Robin et al. 1983, King et
al. 1992), tracer influx profiles (Presland and MacNaughton 1984), and
compartmental analysis by tracer efflux (Lee and Clarkson 1986, Siddiqi et al.
1991, Devienne ef al. 1994, Muller et al. 1995, Kronzucker et al. 1999) have
been used in order to estimate the NO;™ concentration in the cytosol of root cells.
The results reported varied, sometimes several-fold, from one study to another.
Especially studies using ion-selective microelectrodes indicate that the cytosolic
concentration of NO;™ is low (3-5 mM) and invariable, whereas most other
studies show that the cytosolic NO3™ pool can vary several orders of magnitude.
The reason for these discrepancies, and hence the actual NO; concentration in
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the cytosol of root cells, is still a matter of debate (Siddiqi and Glass 2002,
Britto and Kronzucker 2003). Whatever the precise values of the cytosolic NO5
concentration, we can assess that the ratio of this concentration to the external
NO;™ concentration is higher than 0.1, for any external NO;™ concentration up to
50 mM. Therefore, given that the electrical potential difference through root cell
plasma membrane is in the -150 to -300 mV range (Thibaud and Grignon 1981,
Glass et al. 1992), NO;5™ ions must be actively transported into the cytoplasm
with a minimum free energy requirement of 9 to 23 kJ mol™.

Classical studies on the effects of anoxia (Neyra and Hageman 1976), low
temperature (Clarkson and Warner 1979) or metabolic inhibitors (Jackson et al.
1973, Rao and Rains 1976, Morgan et al. 1985) have confirmed that NO;
uptake is an energy-dependent process. Consistent with the chemiosmotic
coupling model elucidated by Peter Mitchell in the 1960s, NO; uptake
(predominated by influx) is driven by the pH gradient (Thibaud and Grignon
1981). Conversely, NO; efflux out of the root symplasm is down its
electrochemical potential gradient, which was demonstrated by the finding that
the loading of xylem vessels, which is a net efflux from xylem parenchyma cells,
is passive and is driven by the electrical potential difference between the root
symplasm and the xylem sap (Touraine and Grignon 1982). From root
respiration analysis, it has been calculated that the absorption of 1 mol NO5
consumes 1 to 3 moles ATP, which represents more than 20% of the global cost
of NO;™ acquisition and assimilation in roots, or 5% of the energy supplied by
respiration (Bloom et al. 1992). Such high values for the energy cost of NO3
uptake are likely to be due to both a high cost of NO; influx, and the occurrence
of relatively large efflux (Scheurwater et al. 1998, 1999).

The roots of plants fed with NO;™ typically alkalinise the nutrient solution
(Kirkby and Mengel 1967, Marschner and Rohmeld 1983, Touraine et al. 1988).
Considering the quantitative importance of N intake compared to that of any
other element, this is consistent with the operation of a NO;/H" symport as
hypothesised by the chemiosmotic coupling model. The transient depolarisation
of the root cell plasma membrane observed upon NO;5 supply (Ullrich and
Novacky 1981) suggests that the stoichiometry of this system is 1NOs;/2H"
(McClure et al. 1990, Ruiz-Cristin and Briskin 1991, Glass et al. 1992). The
membrane potential subsequently hyperpolarises (Thibaud and Grignon 1981),
which has been attributed to repolarisation by enhanced H" pumping activity by
the plasma membrane ATPase (Glass et al. 1992). Similar membrane potential
patterns have been obtained for low and high external NO; concentrations,
indicating that both HATS and LATS are mediated by electrogenic INO;/2H"
symports (Glass et al. 1992). Alternatively, NO;™ influx could be mediated by a
INO;/20H" or a 1INO5;/2HCO;™ antiport, since such transport systems would
have identical effects on pH and electrical gradient across the plasma membrane.
No direct evidence is available to favour one or other of these systems, although
the positive relationships between the rates of organic acid decarboxylation in
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roots, alkalinisation of the solution, and NO; uptake suggests that NO;™ ions
may be exchanged against HCO; (Touraine et al. 1992). However, in the
absence of definitive evidence to discriminate among the three transport
systems, they are ascribed to NO;/H" (INO;/2H" when stoichiometry specified)
symport following the usual chemiosmotic terminology.

The nitrate transporters

Two families of genes coding for NO;™ transporters in eukaryotes have been
identified so far, namely the Nrt/ and Nrt2 families. The encoded proteins
belong to the peptide transporter (PTR) and nitrate-nitrite porters (NNP) family
respectively, both being assigned to the Major Facilitating Superfamily (MFS), a
group of membrane proteins with two sets of six transmembrane domains linked
by a cytosolic loop (Forde 2000). Both families are represented by multiple
genes that may encode transporters with different properties and functions,
different localisation, and which expression is differentially regulated. In A.
thaliana, 4 members of the Nrtl family (Tsay et al. 1993, Hatzfeld and Saito
1999, Huang et al. 1999) and 7 members of the Nrz2 family (Glass et al. 2001,
Orsel et al. 2002) have been found, all of them presumably mediating an active
transport of NO;™ across the plasma membrane. However, until very recently the
quasi-totality knowledge on plant NO; transporters was restricted to one
member of each group, namely the Nrtl.1 and Nrt2.1 genes from A. thaliana.
Molecular data on these two genes, in relation to physiological knowledge on
NO;™ uptake, have been extensively reviewed in a number of papers (Crawford
and Glass 1998, Daniel-Vedele et al. 1998, Forde and Clarkson 1999, Forde
2000, Galvan and Fernandez 2001, Glass et al. 2001, Touraine et al. 2001,
Williams and Miller 2001), and the reader interested in a thorough description of
Nrtl.l and Nrt2.1 is referred to these excellent papers. Below, I will give a
rather brief overview that aims at outlining the main features of these two
transporters. In addition, recent data will be reported to update the knowledge on
plant nitrate transporters. Since most of the results have been obtained in A.
thaliana, the presentation is limited to this species.

The NRTI.1 and NRT2.2 transporters

The first NO;5 transporter gene identified in plants, Nrtl.l (originally
designated CHLI), was isolated from a T-DNA insertion mutant line of A.
thaliana which was resistant to chlorate, a toxic analogue of NO;™ (Tsay et al.
1993). Ironically, there is still controversy on the function of the only NO;5
transporter gene that has been found from a functional test in planta (all the
other Nrtl and Nrt2 genes have been identified based upon sequence
homologies, see below). Perhaps this might have been expected from the fact
that chlorate is a poor analogue of NO;™ for uptake processes (Guy et al. 1988,
Kosola and Bloom 1996, Touraine and Glass 1997). In an initial screen for C1O;
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resistant mutants, only one class of mutants, the ch// mutants, was changed in
ClO;" uptake (Oostindier-Braaksma and Feenstra 1973). At this time,
characterisation of the ch// mutants indicated that the NO;” LATS was impaired
(Doddema and Telkamp 1979, Scholten and Feenstra 1986). After isolation of
the Nrtl.1 gene, its product has first been characterized as a low-affinity NO5
transporter by expression in Xenopus oocytes (Huang et al. 1996). However,
further characterisation of the Arabidopsis chll mutants resulted in a more
complex view of the CHL1 (NRTI1.1) function. While it appeared to be
responsible for most of the ClO; uptake, its contribution to NO;  influx is
modest (Touraine and Glass 1997). More precisely, the disruption of the Nrtl. 1
gene leads to reduced NO; uptake in the LATS concentration range, but only
when plants are grown on NH4NO;. In contrast, when plants were supplied with
NOj; as the sole N source, no significant diminution of NOj™ influx, either in the
HATS or LATS concentration ranges, was detected (Touraine and Glass 1997).
These observations indicated that NRT1.1 mediates NO5™ influx via a LATS, but
that it is not a major component of this transport system (even in plants grown
on NH4NO;, a substantial NO;3™ low affinity influx remained) and that other low
affinity transporters compensate for its deletion. Furthermore, Nrtl.] expression
was induced by NO; (Tsay et al. 1993) while LATS was thought to be
constitutive (Siddiqi er al. 1990). Complexity was added by the finding that
NRTI1.1 is also involved in the NO;” HATS under certain growth conditions
(Wang et al. 1998), leading to the proposal that it is a dual affinity NOj
transporter (Liu et al. 1999). In fact, the NRT1.1 function has become even less
clear since the expression of the Nrtl.1 gene has been shown not to be targeted
to the epidermis and cortex, where NO;™ uptake takes place (Guo et al. 2001).
Furthermore, Guo et al. (2001) showed that the expression of Nrtl.l is also
found in shoots. Finally, whether in roots or shoots, the expression of Nrtl./ was
essentially localised in the nascent organs, suggesting a possible role in
organogenesis rather than in NO;™ uptake.

Contrary to Nrtl.1, the first Nrt2 genes have been discovered by virtue of
sequence homology with Aspergillus nidulans and Chlamydomonas reinhardtii
genes (Zhuo et al. 1999) and by differential display (Filleur and Daniel-Vedele
1999). More recently, the isolation of a T-DNA mutant with a complete deletion
of Nrt2.1 and a partial deletion of Nrt2.2 in its 3' end allowed functional
characterisation of these genes in A. thaliana (Cerezo et al. 2001, Filleur et al.
2001). It has been shown that this mutant is severely impaired in the NO;" HATS
but not in the LATS and the authors concluded that NRT2.1 or NRT2.2, or both
of them, are the predominant transporters responsible for the iHATS involved in
NO;™ uptake. The Nrt2.1 gene was expressed at a higher level than Nrt2.2, this
latter being detectable by Northern-blot only in very young Arabidopsis
seedlings (Zhuo et al. 1999). Furthermore, high correlations have been
repeatedly found between the changes in Nr¢2.1 transcript abundance and NO3
influx by the iHATS in response to a variety of conditions (e.g. Lejay et al.
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1999, Zhuo et al. 1999, Nazoa et al. 2003). Based on this evidence, it is
proposed that NRT2.1 is the major transporter contributing to the iHATS
component of NO; influx in roots. The localisation of the Nrt2.1 gene
expression in the epidermal and cortical tissues of Arabidopsis roots is
consistent with the involvement of NRT2.1 in NO;™ uptake (Nazoa et al. 2003).
However, a puzzling result was that Nrz2.1 expression is limited to mature parts
of the root, suggesting that other NO;5 transporters must play its role in the
younger root parts.

Table 1. Expression patterns of the Nrt genes in Arabidopsis thaliana (data from
Okamoto et al. 2003). Regressions of Nrt transcript levels with HATS and LATS influx
have been calculated during a 72 h induction-repression experiment (see text) on 100
puM and 5 mM NOj, respectively. The correlation coefficient (7) had significant
(P<0.05) positive values for HATS and LATS only for Nrtl.1 and Nrt2.1, respectively
(a). Nrt2.3 and Nrt2.5 gave a significant correlation with HATS and LATS, respectively,
but » was negative (b). The root/shoot ratio of transcript abundance is expressed on a
logarithmic scale.

Gene Correlation coefficient (r) Log (root/shoot)
HATS LATS transcript abundance
Nrtl.1 +0.56 +0.88* - 1.1
Nrtl.2 +0.20 +0.40 +0.1
Nrtl.3 -0.10 -0.52 -0.6
Nrtl.4 -0.25 +0.25 -1.5
Nrt2.1 +0.74° +0.78 +3.2
Nrt2.2 +0.46 -0.20 +4.4
Nr2.3 -0.78 -0.41 +3.0
Nrt2.4 +0.10 +0.50 +2.0
Nr2.5 -0.33 -0.85° +3.0
Nrt2.6 -0.47 +0.44 +0.5
Nrt2.7 -0.17 +0.42 - 1.1

Which roles for the other NRTs?

Until recently, hardly any data was available on the other NRT1 and NRT2
members. The situation has changed with the publication of studies comparing
the transcript abundances of the various Nrtl and Nrt2 genes in root and shoot
tissues under different conditions of N supply (Glass et al. 2001, Orsel et al.
2002, Okamoto et al. 2003). Especially, Okamoto et al. (2003) have
exhaustively investigated the time-course changes of the transcript abundances
of the 4 Nrtl and 7 Nrt2 genes in roots and shoots after provision of NOs™ to
Arabidopsis plants previously grown on an N-free solution for 1 week.
Classically, in such experiments, NO; influx increases rapidly due to NOj
induction, peaks after a few hours and then decreases due to repression by the N
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status restored by the current uptake (Siddiqi et al. 1989, Zhuo et al. 1999).
Based on the pattern of the transcript abundance time-course, Okamoto et al.
(2003) attempted to classify the different genes as NOj-constitutive, NO;-
inducible, or NOj-repressible. Furthermore, these authors established
correlations between the transcript levels of the 11 Nrt genes, and the HATS and
LATS NO;™ influx estimated by the "NO; influx from 100 pM and 5 mM
external NO;™ respectively. Finally, they concluded that the NO;” HATS and
LATS involved in NO; uptake are likely to be mediated primarily by NRT2.1
and NRTI.1, respectively, but they were unable to attribute specific functions to
the other NRTs. Table 1 summarises some of the results obtained by Okamoto et
al. (2003) on the expression patterns of the different Nrt genes.

The progress made since the first report of a putative NO; transporter gene in
plants (Tsay et al. 1993) is just beginning to provide new insights on the
complexity of NOs  transport in plants. Indeed, most of the studies published up
to now essentially correlated Nrt transcript abundance to known changes in NO3’
influx under various conditions, most of which concerned either a change in N
status or the day/night regulation. Assigning a role to the various members of the
NRT1 and NRT2 families requires undertaking both additional functional
studies (e.g. characterisation of mutants and transformants with altered
expression of specific Nrt genes, localisation of gene expression using reporter
gene fusion lines) and more mechanistic studies (e.g. promoter analysis,
identification of specific transcription factors). In addition, the biochemistry of
plant NO; transporters is still a terra incognita to be explored.

REGULATION OF NITRATE UPTAKE

The regulation of nitrate uptake by plant nutritional demand

The physiological characterisation of NO; transport systems that led to the
HATS and LATS concept was based on a strict dependence of NO;™ influx upon
external NO;™ concentration. This has been established with plants grown under
identical conditions, including the same external NO; concentration, that were
transferred to a range of NO;™ concentrations for the duration of the NO;3™ influx
experiment (typically 1 to 5 min). Because these investigations aimed at
evaluating the kinetic characteristics of the activity of transport proteins, it was
essential that the transport protein equipment of root cell plasma membrane be
identical in all plants. In contrast, to study the regulation of NO;™ uptake requires
either to analyse its changes in response to changes in an environmental factor
over longer periods, or to compare plants grown under conditions that differ in
one environmental factor. Such studies led to the conclusion that the rate of NO;5
uptake is often independent of the current NO; concentration at the time the
uptake rate is measured. This is shown by two lines of evidence: 1) as long as
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NOj;™ is not the limiting factor for plant growth, feeding plants with higher NO5
concentrations does not result in higher NOs™ uptake rates (e.g. Clement et al.
1978), and 2) changing the plant's growth rate while external NO;™ concentration
remains invariable usually leads to concomitant changes in NO;™ uptake rate and
net photosynthesis rate or biomass accumulation (e.g. Gastal and Saugier 1989,
Touraine unpublished results). These results indicate that NO;™ uptake is under
the control of regulatory mechanisms so that its rate may not change with
external NO;3™ concentration (1), or may change while NO;™ concentration is
constant (2).

Most of the experiments on NO;™ uptake regulation concern the net rate of
NOj™ uptake rather than the influx of NO;". Although the changes observed in net
NO;™ uptake rate could theoretically be due to changes in either of its two
components, it is generally thought that the target of NOs™ uptake regulation is
the NO; ™ influx. Consequently, experiments on NO; uptake regulation where
either the net uptake rate or the influx is measured have been interpreted in the
same way, and any regulation demonstrated for NO;™ uptake has been attributed
explicitly or implicitly, to the influx.

The experiments usually referred as N deficiency experiments provide a well-
documented example of how plants regulate NO; uptake. These experiments
consisted of growing plants on an N-free nutrient solution for periods of days,
and resupplying them with NOj;™ for a few hours (typically 3 h) to ensure iHATS
reinduction. The lack of any N source in the nutrient medium necessarily results
in lowering some internal N pools since biomass production is maintained while
no N can be taken up during the depletion period. However, although the terms
starvation and deficiency are frequently used in these experiments, the time scale
used is generally kept short enough so that no deficiency symptom is visible.
Nevertheless, N depletion always resulted in a higher NO;™ uptake rate than in
control plants continuously fed with NO;’; moreover, the longer the depletion
period, the higher the uptake rate (Doddema and Otten 1979, Lee and Rudge
1986, Bowman et al. 1989, Lee 1993). The diurnal regulation of NO;™ uptake
(Delhon et al. 1995) is another classical example that the demand of N by the
shoot must control the rate of NO;5™ uptake in roots.

Since the activity of the NO; transport systems depends on the external NO3
concentration, the regulation of the rate of NO5™ uptake must involve changes in
uptake capacity, i.e. the number of functional transport systems in the root cell
plasma membrane. This is exemplified by experiments in which the
relationships between the NO;™ uptake rate and the external NO;™ concentration
were established for plants that were previously pre-treated with various NO3
concentrations for several days. Whatever the pre-treatment concentration, the
plot obtained follows the HATS or LATS characteristic pattern, but the higher
the pre-treatment concentration the lower the HATS Vmax and the LATS slope
(Siddiqi et al. 1990). This indicates that the roots of plants grown with high NO;
concentrations must be equipped with a reduced number of NO; transport
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systems per unit weight (or root length) in comparison with plants grown at low
NOj availability. Consistent with this hypothesis, both the NO;™ influx and the
expression of Nrt2 gene were down-regulated in the roots of barley (Vidmar et
al. 2000a) and A. thaliana (Nazoa et al. 2003) grown on high NOj
concentration.

The regulatory process responsible for the control of NO; uptake is very
powerful as shown by the fact that the rate of NO;™ uptake by perennial ryegrass
was unaffected by the NO; concentration in a range from 14 uM to 14 mM
(Clement et al. 1978). Of course, when NO;™ availability is too low (below 14
uM in Clement's study), the synthesis of a larger number of NO;  transport
systems may not be sufficient to compensate for their low activity. In this case,
not only N homeostasis cannot be maintained but also N becomes limiting for
growth when NO; concentration decreases. Conversely when NOj
concentration is too high (above 14 mM in Clement's study), the NO5™ uptake
rate exceeds the requirement for growth so that the plant's N content increases
while the growth rate doesn't when NOs™ concentration increases.

Despite the wealth of physiological data showing the relative independence
of NO;™ uptake rate over NO;™ concentration, the Michaelis-Menten formalism is
still widely used for the NO;™ acquisition term in ecophysiological plant growth
models (Jeuffroy et al. 2002). Clearly this representation is unrealistic and does
not represent the relationships between NO;™ uptake and NOj™ availability on the
long term.

The mechanisms regulating NO;™ uptake

NOj3 uptake is under systemic control

As mentioned above, the restoration of NO; supply to N-depleted plants
results in a rapid increase of NO;™ influx, which peaks within a few hours, and
declines while the nutritional status is restored by current uptake (Siddiqi et al.
1989, Zhuo et al. 1999). This is indicative of two successive steps: the induction
of transport systems by NO;™ (the iHATS), then the repression of NO;™ influx by
increasing N status. Although NO; uptake induction by its substrate is an
interesting feature because of its uniqueness among root transports, its
physiological meaning is unclear. Therefore, only the second mechanism,
namely the nutritional status-dependent repression/derepression, will be
considered below.

The changes in NO;™ uptake rate in response to the changes in light intensity,
or the diurnal regulation of NO;5™ uptake, clearly need interorgan signalling. In
addition, split-root experiments revealed that the regulation of NO;™ uptake by
the plant's N demand is systemic: feeding one part of the root system with an N-
free solution resulted in enhanced NO;™ uptake rate by the other part of the root
system, when compared with plants which both parts of the root system received
NO;" (Edwards and Barber 1976, Burns 1991, Lainé er al. 1995). Different
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processes, involving different phloem-translocated signals, are likely to operate
simultaneously. Some of these processes have been identified through
physiological investigations in the 1970s and 1980s. In the last decade,
molecular data have supported these physiological models, which depend upon
metabolite control.

Organic acid signalling

Historically, the first model that envisaged the involvement of shoot-root
translocation in the regulation of NO;™ uptake was developed in the early 1970s
to account for the impact of N metabolism on ionic and pH balance in plants
(Ben Zioni et al. 1971). The starting point is that NO;5™ reduction results in the
net release of 1 mol OH™ equivalent per mol NO;™ reduced, and that the leaf cells
cannot expel the basic ions (OH™ or HCO5") because of the finite size of the leaf
extracellular space (Raven and Smith 1976) and the reduced transport capacity
of OH" equivalents in the phloem sap (Raven 1977, Allen and Raven 1987). The
pH homeostasis in the cytosol of leaf cells is thus achieved by biochemical pH-
stats that synthesise strong organic acids (mainly malate) in response to small
pH increase (Davies 1986). Ben Zioni ef al. (1971) proposed that the organic
acids that are produced stoichiometrically to amino acids in leaves are
transported in the phloem to the roots, where their decarboxylation releases
HCOx;  ions that are excreted into the external medium. Numerous studies on the
fate of the anion charge generated by NO;™ assimilation have been reported,
which demonstrated the validity of this interorgan circulation pattern in the
species for which leaves are the major site of NO;™ reduction (Touraine et al.
1988 and references therein). This model predicts the co-ordination of NOj
uptake to leaf nitrate reductase activity: the higher the NO; reduction rate in
leaves, the higher the synthesis and export rate of carboxylates to roots, and the
higher the rate of HCO; release in roots after decarboxylation. These ions could
be exchanged with absorbed NOj™ ions. Experimental evidence in favour of this
model has been obtained in soybean (Touraine et al. 1992). Indeed, increasing
the amounts of malate translocated into the phloem led to an increase in the NO5’
uptake rate by roots, the alkalinisation rate of the medium and the release of
inorganic C by roots. It is not known, however, whether the NO;-HCOj;™ ions
exchange is mediated by the NO; transporters or whether these proteins co-
transport NO5~ with H', this latter transport being possibly stimulated by the
decarboxylation of malate in root cells. To investigate this would require
detailed biochemistry studies on NO;  transporters that remain to be done.
Whatever their precise mode of action on NOj transporters, organic acids are
likely to exert a regulation on the activity of these transporters, not on NO;3
uptake capacity. Consistent with this assumption, organic acid treatments failed
to increase the transcript abundances of the two NO; transporters characterised
to some extent in 4. thaliana, Nrtl.1 and Nrt2.1 (unpublished data).
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Sugar signalling

Experimentally, NO;™ uptake can be increased in parallel with the growth rate
by increasing light intensity (e.g. Gastal and Saugier 1989). The diurnal
regulation of NO;™ uptake (higher rate during the light period, lower rate during
the dark period) has been considered as a specific example of its regulation by
light (Delhon et al. 1995). The stimulation of NO;™ uptake by light is attributed
to photosynthesis, since it could be prevented by decreasing the atmospheric
CO; concentration (Delhon et al. 1996). Moreover, the addition of carbohydrates
to the nutrient solution is known to increase NO;™ uptake (Héanisch Ten Cate and
Breteler 1981). Blocking phloem translocation in soybean plants by means of
stem girdling led to a decline in the rate of NO; uptake, which is partially
restored by adding glucose to the nutrient solution (Delhon ef al. 1996). No
consensus exists that an energetic shortage might occur in roots, even at night,
and an increased energisation of the plasma membrane transporters by
carbohydrate availability to roots is unlikely to be the explanation of these
results. Alternatively, sucrose supplied to roots by the phloem would rather act
as a signal that up-regulates NOs™ uptake. Consistent with this hypothesis, the
transcript abundance of both Nrtl.1 and Nrt2.1 genes of A. thaliana undergoes
marked diurnal changes and can be rapidly increased in the dark period if
sucrose is supplied (Delhon et al. 1996); these variations correlated with changes
in NO;5 influx. Contrary to the organic acid regulatory process, therefore,
carbohydrates must be involved in the control of NO;™ uptake capacity, i.e. the
synthesis of new NO; transporters, rather than in the activity of the existing
NOs’ transporters. Consistent with this hypothesis, the role of carbohydrates in
signalling has already been demonstrated for both C and N metabolism. Sucrose
and glucose especially are involved in C sensing and in the regulation of the
expression of a series of genes involved in C and N assimilation (Coruzzi and
Zhou 2001).

Amino acid signalling

The two models described above, involving the organic acids produced
during the leaf reduction of NO; and the carbohydrates produced by
photosynthesis respectively, cannot explain the regulation of NO;™ uptake by N
demand itself. Several definitions of the term N demand can be proposed, but
here I define N demand as the balance between the actual N amount in plant
tissues and N requirement, the latter being defined as the product between
optimal N content and growth rate. Photosynthates are a possible sensor of the
growth rate, but not of specific N requirement, and organic acids are only related
to NO; reduction rate not N needs. For instance, in N-depleted plants NO;5
uptake capacity is up-regulated whilst the current reduction rate is very low and
the growth rate may be reduced compared to N-sufficient plants. The systemic
regulation process by which N demand controls NO;™ uptake must involve other
molecules to inform the roots of the plant N status. It is generally agreed that
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these phloem-translocated signals must be amino acids, which would act as a
sensor of the N status since their export rate from the source leaves must be
determined by the difference between the assimilation rate and proteolysis on the
one hand and the utilisation rate for proteogenesis on the other hand (Imsande
and Touraine 1994). The increased NO; uptake rate observed in N-depleted
plants is considered to be the relief of the feedback control exerted by phloem-
translocated amino acids on root NOj transporters. The existence of an
extensive pool of amino-N that continuously cycles between roots and shoots
has been demonstrated (Touraine et al. 1988, Cooper and Clarkson 1989,
Larsson 1992). This transport pool of amino N is relatively isolated, i.e. the
exchange rate between this pool and the bulk tissue is slower than the exchange
rate within this pool between xylem and phloem (Cooper and Clarkson 1989),
which makes its composition representative of the whole plant N status. The
inhibiting effect of amino acids on NO;™ uptake has been demonstrated by using
various procedures to increase the root amino acid content. Exogenous supply of
amino acids in the nutrient solution led to a decrease of NOj; uptake rate
(Doddema and Otten 1979, Breteler and Arnozis 1985, Muller and Touraine
1992, Muller et al. 1995) and Nrt2 transcript abundance (Krapp et al. 1998,
Zhuo et al. 1999, Nazoa et al. 2003). Providing the amino acids to soybean roots
via the phloem also led to decreased NO;s™ uptake rate (Muller and Touraine
1992, Muller et al. 1995). Consistent with the effects of exogenously supplied
amino acids, treatments with a glutamate synthase inhibitor to increase
glutamine content in roots resulted in decreased NO;™ uptake rate in dwarf bean
(Breteler and Siegerist 1984), and led to a decline in both the NO;™ influx and
Nrt2 transcript abundance in Arabidopsis (Zhuo et al. 1999) and barley (Vidmar
et al. 2000b). Another approach to enrich the amino acid content of the phloem
sap consisted of supplying N directly to the leaves using NO, or NH; fumigation
(Muller et al. 1996, Gessler et al. 1998). Both studies showed a correlation
between increased amino-N translocation from shoot to root via the phloem and
decreased NO;™ uptake rate. One of the main criticisms against exogenous amino
acid application experiments is that, due to amino acid interconversions, it is not
known what pool is actually modified in the root cells. A recent study showed
that alanine, asparagine, aspartate, glutamine and glutamate treatments caused
decreased NO;™ influx and Nrz2.1 transcript abundance, and inhibited the Nrz2.1
promoter activity in the roots of 4. thaliana (Nazoa et al. 2003). Analysing the
amino acid content of these roots revealed that the Nrz2./ transcript abundance
correlated (negatively) best with the glutamine concentration in the roots (Figure
1). These results strongly suggest that glutamine plays the main role in NOj
uptake regulation by the N demand and that this regulation is exerted at a
transcriptional level. Consistent with this conclusion, the Nrt2.1 gene, which
expression is down-regulated by amino acids (see above), but not the Nrtl.1
gene, which expression is unaffected by externally supplied amino acids
(personal data), is derepressed in N-depleted A. thaliana (Lejay et al. 1999).
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Despite the wealth of physiological and molecular data that support the
amino acid signalling model for NO;5™ uptake regulation by N demand, a key
assumption of the model remains to be verified. The model is based on the
hypothesis that changes in leaf N status trigger changes in the export rate of all
or some amino acids, but the difficulty in measuring the composition and
translocation rate of phloem sap prevented accurate measurements of, for
instance, the effects of N deprivation on the phloem transport of amino acids
(Tillard et al. 1998). On the other hand, the experiments by Muller et al. (1996)
and Gessler et al. (1998), already mentioned above, showed that the increase of
leaf N status via NO, or NH; fumigation led to a reduction in NOj;™ uptake rate,
indicating that a phloem-translocated signal conveys the information about shoot
amino-N content to the roots.
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Figure 1. Correlations between the amount of AtNRT2.1 mRNA and either "NO; influx
(A) or Gln content in roots (B). The plots represent data drawn from Nazoa et al. (2003).
The Arabidopsis plants have been supplied with the amino acid indicated for 9 h, except
for control that received no amino acid. The linear correlation in (B) has been calculated
from Control, Asn, Asp, Glu and Gln, but not Ala and Leu, treatments.

Regulation of ion transport by the nutritional demand of the whole plant is
not unique for NO5’, but has been shown to occur for most nutrients, e.g. K
(Drew and Saker 1984), H,PO4 (Clarkson and Scattergood 1982) and SO4*
(Clarkson et al. 1983, Lappartient and Touraine 1996). A few molecular
evidence, the first of which for H,PO, and SO> transporters, that supports the
interorgan signalling model has been obtained. Tomato H,PO, transporter genes
LePtl and LePt2 were up-regulated in split root experiments where half of the
roots were fed with a P-free solution (Liu ez al. 1998). Likewise, the expression
of the APSI gene coding for an ATP sulfurylase and of the 4ST68 gene coding
for a SO,” transporter increased in canola plants when a large part of the root
system was deprived of S (Lappartient et al. 1999). More recently, developing
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the split root system for Arabidopsis, Gansel et al. (2001) showed that Nrz2.1
transcript abundance increased in NO;'-fed roots in response to N deprivation of
the another part of the root system. This change correlated with "NO5™ influx
changes. Consistent with the a positive effect of high plant N demand, or low
plant N status, on NO; uptake, feeding Arabidopsis plants with a low NO;3
concentration results in higher Nrz2.1 transcript level and NO; influx compared
with plants fed with a high NO;™ concentration (Gansel et al. 2001, Nazoa et al.
2003).

Beside its role in the adjustment of the NO;™ uptake rate to the N status when
the latter is modified by some environmental factor, the repression of NOj
influx in roots by phloem-translocated amino acids could also be involved in the
control of NO;™ uptake during plant development. This has been proposed by
Imsande and Touraine (1994) for the transition between the vegetative and the
pod-filling phase in legumes. Consistent with a developmental control of NO5’
uptake capacity, Nrt2.1 expression increased with age in young Arabidopsis
seedlings, then decreased to become about undetectable at flowering stage
(Nazoa et al. 2003). Considering that NO;™ uptake rate is under the control of a
systemic regulation, one may expect that some plant hormone would be
involved, all the more since the main root NO; influx transporter is
developmentally regulated. Furthermore, both the auxin pathway and ABA are
involved in the regulation of root development by N nutrition (see below),
indicating that NO;™ content in root and/or leaf does act as a signal that triggers
hormonal signalling. However, up to now, no experimental evidence that
hormone regulation could be involved in the regulation of NO;™ uptake by N
demand has been reported.

ROOT GROWTH AND DEVELOPMENT - REGULATION
BY NITRATE AND N STATUS

Nitrate availability in soil is highly fluctuating with time, and plants adapt not
only by changing the NO; uptake capacity, as discussed above, but also by
changing the architecture of the root system. This has been established for many
plant species, which have been shown to promote root growth at the expense of
shoot growth in response to nutrient limitation or deficiency, so that exploration
of the soil for more nutrients is given priority, leading to increased root/shoot
ratios (Ericsson 1995). Moreover, NO;, like other nutrients, is frequently
distributed unevenly within the soil, and many plant species can adapt to this
situation by proliferating their roots preferentially within the nutrient-rich
patches (Robinson 1994). In fact, the root plasticity responses to changes in
NOj’ availability and to heterogeneous distribution in the medium exploited by
the root system are likely to be triggered by the same processes, as shown by
split-root experiments (Burns 1991, Lainé et al. 1995).
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Split-root experiments showed that plants attempt to maximise their ability to
capture the available N by two successive processes. The first process, which
begins within a few hours of exposing a root system to a localised NO;™ supply,
consists of a marked increase in NO3™ uptake capacity in comparison with roots
uniformly supplied with NO;". A second response, which becomes apparent after
a few days, consists of an increase in the number of lateral roots initiated in the
NOs'-containing zone and an increase in the growth rate of both new and
existing lateral roots. This leads to a large increase in root density within the
NOs'-containing zone. The proliferation of roots in this zone is accompanied by
a decrease in NO;™ uptake rate (Burns 1991), suggesting that the rapid change in
NO;™ uptake capacity is an early response of plants to adjust NO;™ acquisition to
N demand but that the long-term adaptation to NO;  constraint is obtained
through developmental changes that result in modifications of the root system
architecture.

Occurrence of a dual, localised and systemic response

Split-root experiments showed that the lack of NO; near some roots triggers
the proliferation of roots in another zone where NOj;™ is present in the same
concentration as for control plants that received a uniform supply of NO5™ (Burns
1991, Lainé et al. 1995). In classical experiments, Drew and colleagues used
flowing nutrient solutions to show that localised provision of NO;  stimulated
root branching specifically within the NO; -rich zone (Drew et al. 1973, Drew
1975, Drew and Saker 1975). This could suggest that some signalling
mechanism senses the lack of NO;™ in a root region and stimulate the growth of
root regions that develop in NOs'-containing patches. In fact, a combination of
physiological and molecular investigations in A. thaliana led Zhang and Forde
(Zhang and Forde 1998, Zhang et al. 1999) to show that two different processes
are involved in the root developmental control by localised NO5". Growing A.
thaliana seedlings on vertical agar Petri dishes with medium segmented in three
zones that contained or lacked NO;™ allowed them to reproduce the stimulation
of lateral root elongation in the NOs™-rich zone previously described in barley.
Furthermore, the identification of the ANRI gene and its characterisation (see
below) led Zhang and Forde to propose that two pathways co-exist, a localised
pathway by which exogenous NO; stimulates lateral root growth, and a
systemic pathway by which shoot originating signals repress lateral root
development in response to high N status. According to this model, which
appears very robust, lateral root stimulation in NO; -rich patches is the combined
result of the release of systemic inhibition due to low plant N status and the
localised stimulation due to exogenous NO;. While the localised response
begins to be decrypted, the systemic response remains largely obscure.
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The localised response of lateral roots to nitrate availability

In their work on A. thaliana, Zhang and Forde showed that a localised supply
of NOj™ could stimulate lateral root elongation without any significant increase
in the size of mature root cells, indicating an increased meristematic activity in
lateral root tips (Zhang et al. 1999). Since NOj’, but no other source of N (such
as NH4" or an amino acid) stimulates lateral root growth (Zhang et al. 1999,
Tranbarger and Touraine, unpublished data), the signal that positively affects
lateral root development must originate from NOj itself, and not from an N
metabolite or an effect of NO;™ on the N status. The lateral root response to a
localised NO;™ supply was the same in the nialnia2 mutant, which is deficient in
nitrate reductase, as in the wild-type, confirming that NOs" itself is a signal for
stimulated lateral root proliferation, as it is a signal for NOj;™ transport system
induction (see above).

The first component identified in the signal transduction pathway that links
external NO;™ to lateral root proliferation is the NOjs-inducible root-specific
ANRI gene, which encodes a member of the MADS-box family of transcription
factors (Zhang and Forde, 1998). Transgenic Arabidopsis lines with down-
regulated ANRI expression failed to display the lateral root growth response to
localised NOj;,, which showed that the ANRI gene product is involved in
transducing the NOj; signal to elicit the developmental response leading to
increased lateral root proliferation. Moreover, an analysis of the effect of
localised NO;™ treatments on lateral root proliferation in three auxin-resistant
mutants (auxl, axr2, axr4) provided evidence for an involvement of the auxin
signalling pathway in the NOj'-related control of lateral root elongation (Zhang
et al. 1999). While the aux! and axr2 mutants showed wild-type responses to the
localised NOs’ treatment, no increase in lateral root elongation rate was seen in
the axr4 mutant.

The systemic response of lateral roots to the plant N status

Besides the positive effect of NOs™ on lateral root proliferation, an inhibitory
effect of high NO;  availability on lateral root development has also been
reported (Scheible et al. 1997a, Zhang et al. 1999, Tranbarger et al. 2003a,b).
Tobacco lines partially deficient in nitrate reductase grown on high NO;
concentrations had an increased shoot/root ratio that was at least partly due to a
strong inhibition of root growth (Scheible et al. 1997a,b). Similarly, the lateral
root development in the nialnia? mutant Arabidopsis was more sensitive to
NOjs’ inhibition than was the wild-type, showing that the assimilation of NO5 is
not required for the inhibitory effect of NO;™ (Zhang et al. 1999). The higher
sensitivity of nitrate reductase deficient mutants to lateral root inhibition by NO;
indicates that this effect is triggered by NO5™ accumulated in the plant rather than
by external NO;". Furthermore, when comparing a series of tobacco lines with a
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range of different nitrate reductase activities and grown at different external
NOs™ concentrations, a strong correlation between the leaf NO;™ content and the
shoot/root ratio was found (Scheible et al. 1997b). The results of a split root
experiment confirmed that the signal for inhibition of root growth comes from
the shoot: when one half of the root system was grown in low NO;™ and the other
half in high NOs’, the growth rate of the former root part was 8-20 times less
than it was when the entire root system of the same line was grown in low NO5’
(Scheible et al. 1997b).

The inhibitory effect appears not to affect the lateral root development at the
same step as the stimulatory effect described above. While the latter acts on the
elongation of mature lateral roots, the inhibitory effect blocks the lateral root
primordia at a very early stage around lateral root emergence (Zhang et al. 1999,
Tranbarger et al. 2003a,b). This stage coincides with a critical phase in lateral
root development when the newly formed meristem becomes activated and
elongation of the mature lateral root starts (Malamy and Benfey 1997). How
NO;™ levels are monitored in the shoot, which molecules are the phloem-
translocated signals, and what are the underlying mechanisms responsible for the
inhibitory effect on lateral root development is still not understood. However,
recent studies using ABA insensitive mutants and ABA treatments have
illustrated the central role played by this hormone in the regulation of root
branching by the systemic nitrate inhibitory system (Signora et al. 2001, De
Smet et al. 2003).

INTERACTION BETWEEN N NUTRITION AND BIOTIC
FACTORS OF THE RHIZOSPHERE - PLANT GROWTH-
PROMOTING RHIZOBACTERIA (PGPR)

Plant roots develop in a particular environment referred to as the rhizosphere,
which can be defined as the portion of soil, the composition and structure of
which is altered by root activity. Due to the high concentration of organic
nutrients released as root exudates, the rhizosphere is characterised by the
abundance of actively growing microbial populations. These microorganisms
can be classified in three categories according to their effects on plants, the
neutral microorganisms that have no known effect on plants, pathogens that have
deleterious effects, and microorganisms that trigger beneficial effects. Of
particular relevance for plant N nutrition are the symbiotic associations,
especially the Rhizobium-legume nodules that supply the plant with N fixed by
the bacteroids (see chapter 4). The present chapter will focus on a subset of
bacteria that colonise the rhizosphere and have beneficial effects on plants, and
are, therefore, called plant growth-promoting rhizobacteria (PGPR). In fact, this
term covers two different types of interaction between soil-borne bacteria and
plants. Pseudomonads and some other bacteria control pathogens or their effects
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on plants by various ways, including competition for colonisation sites or
nutrients, antibiosis, degradation of pathogenic factors, and induction of plant
resistance mechanisms (Induced Systemic Resistance, ISR, Bloemberg and
Lugtenberg 2001, Whipps 2001, Persello-Cartiecaux et al. 2003). Historically, the
term PGPR has been proposed to designate these bacteria that indirectly increase
plant growth via protection against pathogens action (Kloepper et al. 1980).
However, Azospirillum spp. and other rhizobacteria (see chapters 4 and 10)
stimulate plant growth more directly, by either developmental or nutritional
effects, which have made them termed phytostimulators and biofertilisers,
respectively (Bloemberg and Lugtenberg 2001). Bashan and Holguin (1998)
proposed to use two different terms, namely biocontrol plant growth-promoting
bacteria (biocontrol-PGPB) and plant growth-promoting bacteria (PGPB) in
order to avoid confusion between two functionally different fields, even if in
some cases the same bacterial strain may both suppress a pathogen and enhance
plant growth more directly. Below I will focus on developmental and nutritional
effects only and omit the biocontrol effects. Finally, because our scope is
narrowed to rhizosphere bacteria, the term PGPR has been preferred to PGPB.

Considering the quantitative importance of N in plant mineral nutrition and
given that both N availability and PGPR are known to trigger changes in both
plant nutrition and root development, it is very likely that plant responses
depend on interactions between these abiotic and biotic factors. Different aspects
of this question have been discussed in a recent paper (Mantelin and Touraine
2003), and will be briefly presented below.

The effects of PGPR on root development

The PGPR elicit remarkable changes in root morphology, namely increased
lateral root number and length, and increased root hair number and length (e.g.
Tien et al. 1979, Pacovsky 1990, Okon and Vanderleyden 1997, Bertrand et al.
2000). It is generally assumed that these developmental responses are triggered
by phytohormones released in the rhizosphere by the PGPR (Bloemberg and
Lugtenberg 2001, Persello-Cartieaux et al. 2003). Azospirillum has been shown
to be capable of producing three types of plant growth factors, auxins, cytokinins
and gibberellins (Tien et al. 1979, Bottini et al. 1989). Some experimental
results suggest that IAA would play the major role in the changes in root
morphology elicited by PGPR inoculation. Firstly, Azospirillum mutants with
decreased IAA production are not as efficient as the wild-type strain (Barbieri
and Galli 1993, Dobbelaere et al. 1999). Secondly, a screen for 4. thaliana
mutants insensitive to Pseudomonas rhizobacteria resulted in the isolation of two
mutants altered in the Aux/ auxin influx transporter (Persello-Carticaux et al.
2001). However, another possible effect of rhizosphere bacteria on the plant
hormonal balance has been proposed based on the finding of an
aminocyclopropane carboxylate deaminase in some PGPR strains (Shah et al.
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1998). Such bacteria are likely to divert ACC, the precursor of ethylene, from
the plant root, hence to reduce the inhibition of root growth by ethylene (Glick et
al. 1998).

Whatever the phytohormones involved, it is assumed that the effects of
PGPR on plant hormonal signalling pathways are responsible for the observed
changes in root morphology, which in turn result in enhanced mineral uptake,
and that the improved nutrition is responsible for the stimulated plant growth
(Okon and Kapulnik 1986). Consistent with this idea, plants inoculated with
Azospirillum take up nutrients, including N, more efficiently from the soil (Okon
and Vanderleyden 1997). However, such observations do not allow determining
whether the enhancement of mineral acquisition by PGPR is a consequence of
the increase in root surface area or whether the PGPR can more directly
stimulate the ion uptake systems (see below).

When considering the relationships between PGPR and NO; acquisition, it is
worth reminding that NO;™ availability affects root branching (see above). Since
NOj™ availability and PGPR both affect the same developmental processes, the
question of the interactions between the responses to NOs™ and those to PGPR is
posed. However, a more detailed observation of NO;™ and PGPR effects on root
morphology makes the possibility that these responses share common pathways
very unlikely. Indeed, as mentioned above, the systemic effect of high NO5
consists of blocking lateral root emergence rather than decreasing the growth
rate of emerged lateral root, while PGPR have been reported to alter (positively)
the lateral root elongation. For instance, the inoculation of A4. thaliana with a
very efficient PGPR strain isolated from the rhizosphere of Brassica napus
(Bertrand et al. 2001) led to a slight increase in lateral root number but mainly a
marked increase in lateral root length (unpublished results). In contrast, external
NO;  concentration affects lateral root development at a stage after the
primordium initiation and before emergence (Tranbarger et al. 2003a,b).
Recently, combining NO;  treatments with Phyllobacterium inoculums at
various doses, we confirmed that high N status and PGPR affect lateral root
development independently from each other: the rhizobacteria promoted lateral
root growth whatever the NO; concentration in the nutrient medium;
conversely, increasing the NO; concentration repressed lateral root growth
whether the plants were inoculated or not (S. Mantelin and B. Touraine,
unpublished results). Morphologically, the effects of PGPR on lateral root
development is more like the localised response to NO; since the increased root
branching is mainly a consequence of an enhanced elongation of lateral roots in
both cases. However, it is very unlikely that PGPR could elicit a pathway
overlapping with the first steps of the signalling pathway involved in the
localised response to NOs'. Indeed, under most experimental conditions used in
PGPR experiments, whether on soil or in vitro, NO;  was present at sufficient
concentrations to trigger ANRI induction (Zhang and Forde 1998). However,
given that the effect of PGPR on root morphogenesis has been attributed to the
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release of auxin by the PGPR and that a link has been found between ANRI and
the auxin pathway (Zhang et al. 1999), the PGPR and NOs could elicit different
sensing mechanisms that converge on the same auxin-related pathway.
Considering the rapid progresses in our knowledge on the complex networks
triggered by auxin signalling, new biological tools (e.g. well-characterised
mutants altered in specific steps of the [AA-related pathways) and realistic
regulatory models should help to decipher the interconnections between such
abiotic and biotic developmental responses.

Plant growth-promoting rhizobacteria and nitrate uptake

It is widely accepted that PGPR enhance “nutrient uptake”, but this effect has
usually been attributed to the observed increase in size of the root system of
inoculated plants. However, this rationale confuses nutrient acquisition rate with
uptake rate: while the former can be estimated as the amount of mineral nutrient
acquired from the soil by a plant per unit of time, the actual uptake is a flux that
has to be expressed per unit of root surface or weight. This distinction is very
important because the controls of uptake and root surface area appeal to totally
distinct processes. With regards to the effects of PGPR, if ever a link has to be
found between NO;™ uptake and root development, the question to be asked is to
determine whether PGPR increase the acquisition rate of NO; (hence N
delivered to shoot) as a consequence of the increased root surface area or
whether they have also a positive effect on NO;5™ uptake itself. Only sketchy data
are available to try to answer this question. Inoculation with PGPR has been
reported to result in either unchanged (Dobbelaere et al. 2002) or higher
(Saudibet et al. 2002) plant N content, leading the authors to conclude at an
unaffected or enhanced NOj™ uptake, respectively. However, one must remember
that NO;™ uptake regulation should normally reduce NO;™ uptake rate when root
growth is enhanced, so that N homeostasis is maintained (Burns 1991, and see
above). Therefore, two possibilities can be evoked: 1) NOj is limiting and
increasing the root surface would result in increased NO; acquisition rate
because no feedback control would operate, and 2) the feedback mechanisms, or
NO;™ uptake itself, are targets of PGPR. Considering the variety of culture
conditions used in the different studies published, plant N nutrition is unlikely to
be always limited when plant growth promotion by rhizobacteria was observed.
Therefore, the second possibility, i.e. that PGPR do have a positive effect on
NOj;™ uptake has to be considered. The effect of PGPR on NOj™ uptake has been
investigated in Brassica napus inoculated with an Achromobacter strain
(Bertrand et al. 2000). As frequently observed with PGPR, this strain led to a
higher increase in shoot biomass than root biomass, implying that the total
amount of NO;™ acquired by the plant has increased more than the root surface
did. Using ion-specific microelectrodes, it has been shown that the uptake rate of
NOj; did increase in response to the inoculation with Achromobacter (Bertrand
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et al. 2000). However, it is remarkable that the uptake rate of the other ion
tested, K*, and the efflux of H" increased similarly. This suggests that the
rhizobacteria affected mineral ion uptake globally due to a stimulation of the
proton pump ATPase activity. Alternatively the Achromobacter strain could
simultaneously enhance the activities of several ion transporters as a
consequence of changes in plant's nutritional demand. In this case, the increase
in shoot/root ratio would be an effect of the inoculation with the PGPR and the
increased nutrient uptake would just be a consequence of this effect. If this is
correct, the mechanisms through which shoot development is enhanced by
PGPR have still to be discovered.

Finally, root hairs are another factor to be considered when looking at
nutrient uptake by PGPR-inoculated roots. Several PGPR strains have been
shown to increase root hair size and number (De Freitas and Germida 1990,
Okon and Vanderleyden 1997, Bertrand et al. 2000), which is likely to increase
the absorbing surface much more than root weight. The difficulty here is that the
specific role of root hair cells in NO;™ uptake is not known (see above). The
progress made in the identification of NOj transporters should provide tools to
determine whether the PGPR can or cannot affect activity and/or regulation of
NOjs™ transporters involved in NO;™ uptake.

CONCLUSIONS

Physiological investigations have provided a wealth of data that gave the
framework to build models that describe how the transport systems responsible
for NO;5™ uptake must work and how they are regulated. Since the identification
of the first gene encoding a NOj;™ transporter in plants, ten years ago, the results
obtained in a series of molecular studies, most of which concerned the Nrtl.1
and Nrt2.1 genes of A. thaliana, supported the physiological models established
before. To get a more detailed insight on the proteins mediating the various NO3’
transport steps in a higher plant, their specific roles and their regulation, it is
now crucial to undertake functional investigations on the various members of the
NRT1 and NRT2 families in A. thaliana. Reverse genetics using knockout
mutants or transgenic plants with altered expression of the Nrt genes should help
reaching this objective. Concerning the regulation of NO;™ uptake, many reports
show that it is largely exerted at a transcriptional level, but there is very limited
information on the mechanisms involved in this regulation. Promoter studies
should be developed in order to identify the cis-element and the transcription
factors for the regulation of NOj; transporters. The transduction pathways
involved in NOj™ uptake regulation may then be deciphered, which should lead
to the identification of the sensors of plant's N demand and the signals involved
in the systemic control of NO; uptake. Although focusing on the NRT
transporters certainly may be very productive, many other important questions
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about NO; uptake and transport in plants remain unresolved, e.g. the
identification of NO;™ efflux transporters.

In comparison with NOj™ transport, the control of root development by NO5
sensing has progressed much recently, leading to new models that integrate N
sensing and hormone signalling. This should help understanding both N
signalling in plants and the basic mechanisms for root development plasticity.
The study on the effects of PGPR on NO;™ nutrition is a widely opened research
field that should provide interesting systems to integrate functional and
developmental plasticity of plants in response to environmental changes.
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Chapter 2

METABOLIC REGULATION OF AMMONIUM
UPTAKE AND ASSIMILATION

Tomoyuki Yamaya and Ann Oaks

INTRODUCTION

Plants take up inorganic nitrogen as NOs™ or NH," ions, or as N, fixed by
symbiotic bacteria. The subjects of nitrate uptake as well as symbiotic N,
fixation will be discussed in chapter 1 and 4, respectively. N-containing
molecules as amino acids, proteins, chlorophyll and nucleic acids, are all
products of NH," assimilation. Aspects of the synthesis and regulation of amino
acids and amides (Lam et al. 1996), the interaction of sucrose, amides and NO5
with the assimilation of NH," (Sivasankar and Oaks 1996) and the role of NO5”
as a signal regulating metabolism and growth (Crawford and Glass 1998, Stitt et
al. 2002) have already been discussed in detail, but will be considered in the
light of current developments in our understanding of NH," assimilation. This
chapter will focus on NH," uptake, its assimilation into glutamine and glutamate
and its metabolic regulation. Recent progress in molecular biology, gene
manipulation, and post-genomic research on NH, " metabolism will be described.

SOURCE OF AMMONIUM IONS

Ammonium ions are the major form of inorganic N in certain soils, such as
flooded paddy rice fields and mature conifer forest soils (Kronzucker et al.
1997). NH; is a weak base that protonates rapidly to form NH, with a
dissociation constant of 10°% (Kleiner 1981). According to the equation
proposed by Freney et al. (1985), 99.4% of NHj is in the protonated form in
water at pH 7.0, and its proportion increases with decreasing pH. NH,,
therefore, is the major species in paddy fields and acid soils. In oxidative upland
soils, on the other hand, NH," is quickly converted to NO, and then to NO;™ by
nitrifying bacteria so that NO; is the major form of N for most upland crops.

S. Amdncio and I. Stulen (eds.),
Nitrogen Acquisition and Assimilation in Higher Plants, 35-63.
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In the plant, NH, is liberated in a number of metabolic processes, as the
reduction of NO;’, symbiotic N, fixation, the conversion of glycine to serine in
photorespiratory N metabolism, the deamination of phenylalanine catalysed by
phenylalanine ammonia lyase in the phenylpropanoid pathway or the
biosynthesis and catabolism of amino acids (Joy 1988, Sechley et al. 1992, Lea
and Ireland 1999). The rate of NH, production through photorespiratory N
metabolism in C; leaves is calculated to be 80 pmol h™' g fresh weight ', which is
10 times that of normal NOj;™ reduction (Sechley et al. 1992, Lea and Ireland
1999). Recent measurements showed that NH," concentrations in leaf tissue
water of oilseed rape and tomato plants ranged from 0.6-1.2 mM (Schjoerring et
al. 2002). Therefore, NH," liberated in photorespiration and other metabolic
processes is apparently efficiently reassimilated. The reassimilation of NH," is
important for optimal functioning of photosynthesis in leaves (Sechley et al.
1992, Good et al. 1966). Re-assimilation efficiency appears to be a significant
factor in the enhanced nitrogen use efficiency (NUE) in C, relative to C; plants
(Oaks 1994).

AMMONIUM UPTAKE

When NH," is taken up by plant roots, a system for its transport across the
cell membrane is required. When NH," is generated by any of the metabolic
processes in cells, mechanisms are required for movement of ions between
organelles, viz. between cytosol and vacuole for temporary storage, between
mitochondria and chloroplasts during photorespiration, and between apoplast
and phloem companion cells or parenchyma cells for long distance transport.
Physiological studies on NH," uptake in plant roots provided evidence for the
existence of two transport systems for NH4", a high-affinity transport system
(HATS) and a low-affinity transport system (LATS) (Wang et al. 1993,
Karasawa et al. 1994, Méck and Tischner 1994, Kronzucker et al. 1996).

Transporters

In Saccharomyces cerevisiae, ammonium transporters (MEP1, MEP2 and
MEP3) have been cloned and characterised (Marini et al. 1997). MEP1 and
MEP2 encode HATS with Km values of 5-10 uM and 1-2 puM, respectively,
while MEP3 encodes LATS with Km values of 1.4-2.1 mM. Ninnemann et al.
(1994) first identified the gene encoding a high-affinity NH," transporter,
AtAMTI1;1, from Arabidopsis thaliana using functional complementation of a
yeast mutant defective in NH," uptake. Since then, the isolation of further AMT1
homologues from A. thaliana (AtAMTI,1, AtAMT1I;2, AtAMT1;3) (Gazzarrini et
al. 1999, Rawat et al. 1999), tomato (Lauter et al. 1996, von Wirén et al. 2000)
and rice (von Wirén et al. 1997, Sonoda et al. 2003) have shown that the AMT]1
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gene family in plants consists of at least 3-5 members. Most AMT]1 proteins act
as functional NH," transporters in yeast mutants, having 10-11 membrane
spanning domains estimated from their sequences. The Km value for AtAMT1;1
was estimated to be < 0.5 uM and its gene was expressed in both roots and
shoots of A. thaliana. Other HATSs, AtAMTI;2 and AtAMTI;3, were
preferentially expressed in root tissues and Km values for NH,  were
approximately 40 uM. In tomato, LeAMT;1 and LeAMT;2 were expressed in
roots, while LeAMT;3 is preferentially expressed in shoots (von Wirén et al.
2000). The AMT1 family in rice has been characterised (OsAMT1,1, OsAMTI ;2
and OsAMTI;3) where OsAMT1I,2 is specifically expressed in roots (Sonoda et
al. 2003). Another type of AMT, which is more similar to yeast MEP than plant
AMTI, has been cloned from A. thaliana and designated as AtAMT2
(Sohlenkamp et al. 2000). Two genes/cDNA for the AMT2 family were also
cloned from rice (OsAMT2,1 and OsAMT3,1) (Suenaga et al. 2003). Transcripts
for AMT2 were more abundant in shoots than in roots. When a database search
was carried out against the amino-acid sequence of OsAMT2;1 in rice, 10
OsAMT homologues were found. Kinetic properties of the AMT2 family and
other AMT1 species should be examined in further detail. At present, no gene
encoding LATS has been detected.

Regulation

Under N-deprivation, transcripts of AtAMTI,1, AtAMTI,;3, and LeAMT]I, I
increased within a few days, while abundance of transcripts for LeAMT1;2 and
OsAMTI,;2 increased after N was supplied. To understand the physiological
function and regulation mechanisms of individual AMT families, a more
detailed examination of the cellular/subcellular localisation and gene
manipulation/knockout mutants is required. Recent studies with in situ mRNA
detection and functional promoter analysis in rice revealed that within 30 min of
supplying NH,", the OsAMT]1,2 is expressed in the surface cells, as well as in the
central cylinder of the root (Sonoda et al. 2003). Cytosolic glutamine synthetase
was detected in all cell types of rice roots including the surface cells (Ishiyama
et al. 1998). Because NADH-glutamate synthase protein, a key enzyme for NH,"
assimilation in rice (see below) accumulated in epidermis and exodermis of rice
root tips within 3 hr (Ishiyama et al. 1998), these compartments could be
responsible for the assimilation of ions taken up by roots. The OsAMTI;2
species is probably important in NH,  uptake in rice. A T-DNA inserted
knockout mutant has recently been isolated from A. thaliana that fails to express
AtAMTI;1 (Glass et al. 2001). Disruption of this gene caused only 20-30%
reduction in NH," influx, although AtAMTI;1 showed the strongest response to
N-deprivation and had the highest affinity for NH,". This suggests that there is a
compensation for the disruption of AtAMTI; 1.
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AN OVERVIEW OF AMMONIUM ASSIMILATION

Glutamine was identified as an early product of NH, assimilation by
Yoneyama and Kumazawa (1974) and as a major metabolite in supplying
reduced N to other reactions. Glutamine synthetase (GS, EC 6.3.1.2) was also
identified as the dominant catalyst mediating this reaction (O' Neal and Joy
1973). Nevertheless, the identification of a reaction for the synthesis of
glutamate, a substrate in the GS reaction, was still missing. When Sims and
Folkes (1964) examined the assimilation of NH, in the fungus Candida utilis,
they identified glutamate dehydrogenase (GDH, EC 1.4.1.2) as being involved in
the incorporation of NH," into glutamate by amination of a-ketoglutarate, and
they postulated a similar reaction in higher plants. The NADH-dependent GDH
catalyses the following reversible reaction:

a-ketoglutarate + NH;" + NADH + H' < glutamate + H,O + NAD"

If GDH were to supply the glutamate required in the synthesis of glutamine a
logistical problem had to be resolved: the level of GDH is higher in plant roots
than in leaves, yet in most plants rates of glutamine synthesis are usually highest
in the leaves. The identification of an NAD(P)H dependent glutamate synthase
in bacteria presented an alternative route for the synthesis of glutamate (Tempest
et al. 1970), the glutamate synthase reaction (GOGAT). Subsequently two
seminal reports from Miflin's group (Lea and Miflin, 1974, Keys et al. 1978)
established that this alternative reaction for the synthesis of glutamate was
present in plants, that in green leaves ferredoxin (Fd) reduced by the transfer of
electrons from the non-cyclic photosynthetic electron transfer chain replaced
NAD(P)H as reductant, and that via a series of reactions NH," released in
photorespiration could be re-assimilated via reactions involving GS and Fd-
GOGAT (EC 1.4.7.1), the GS/GOGAT cycle (Sechley et al. 1992). GS catalyses
an ATP-dependent conversion of glutamate to glutamine with NH," as substrate:

M g2+
glutamate + NH," + ATP — glutamine + H,0 + ADP + Pi

GOGAT catalyses the reductant-dependent conversion of glutamine and a-
ketoglutarate to 2 molecules of glutamate:

glutamine + a-ketoglutarate + 2 Fd,., (NADH + H")
— 2 glutamate + 2 Fd ., (NAD")

According to this cycle one of the two resulting glutamates is shunted back to
the chloroplast to serve as substrate for GS and the other glutamate serves as
N donor for serine production in the peroxisome.
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Experiments with metabolic inhibitors (Keys ef al. 1978) and mutants lacking
GOGAT (Somerville and Ogren, 1980) and GS (Blackwell et al. 1988,
Wallsgrove et al. 1987) established unequivocally that GDH could not replace
GS in the assimilation of NH;" produced in photorespiration. Further research
established that other amino acids, most notably alanine, could supply the N
required for serine biosynthesis in the peroxisome (Joy 1988, Ireland and Lea
1999). These results explained the drainage of C required to support enhanced
protein synthesis in leaves exposed to light or for export of amino acids to other
parts of the plant. Our current understanding of the GS/GOGAT cycle has been
discussed by Somerville and Ogren (1980), Miflin and Lea (1977), and by
Ireland and Lea (1999). Bowsher et al. (1992) also identified a Fd-GOGAT in
plastids in pea roots. Their experiments showed that GS/GOGAT functions in
root plastids and that the reductant for Fd is supplied by the pentose phosphate
shunt. In maize roots most of the GS is in the cytosol (Sechley et al. 1992).
There is a Fd-GOGAT in maize roots (Sakakibara et al. 1992b) and probably
also an active GS/GOGAT cycle. Unlike leaves NH," levels can accumulate in
roots to fairly high levels without adversely affecting viability of the plants.

Strategies for root metabolism differ from leaves in significant ways and this
has not been considered in detail in research papers or reviews (Oaks and Hirel
1985). In legumes for instance, asparagine is accumulated and is the dominant
form of reduced N in the xylem sap (Pate, 1980). In cereals, on the other hand,
nitrate or glutamine is prominent in the xylem sap (Oaks 1992) and in paddy rice
where NH, is the dominant source of N, only glutamine is found in the xylem
sap (Fukumorita and Chino 1982).

GLUTAMINE SYNTHETASE
Characteristics and localisation

Biochemical studies clearly show that GS in higher plants is an octameric
protein with a native molecular mass of 350-400 kD (Ireland and Lea 1999).
Leaves of most plants contain two isoenzymes of GS, which are readily
separated by ion-exchange chromatography (McNally et al. 1983). The two
forms were termed GS1 and GS2 from their order of elution. Tissue
fractionation studies have shown that GS1 is localised in the cytosol while GS2
is in the chloroplasts/plastids (Mann et al. 1979, Hirel and Gadal 1981). Direct
evidence to support the sub-cellular localisation of GS1 and GS2 was obtained
by immunogold labelling techniques in several species (Botella et al. 1988,
Branjeon et al. 1989, Carvalho et al. 1992, Pereira et al. 1992, Peat and Tobin
1996). There is only one gene encoding GS2. The GS2 protein is first translated
into the precursor protein that possesses chloroplast/plastid-targeting sequences
at the N-terminus region. On the other hand, GS1 is encoded by a small
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multigene family, which varies from 2-6 genes, in monocotyledons and
dicotyledons. Each gene synthesises a different subunit, which may be
assembled into either a homooctametric and heterooctameric form (Walker and
Coruzzi 1989, Sechley er al. 1992, Ireland and Lea 1999). The fact that
regulation of GS gene families differs with cell type and environmental
conditions indicates that each GS could have a non-overlapping function
(Tingey et al. 1987, Edwards et al. 1990, Kamachi et al. 1992b, Lam et al.
1996).

GS2, the major isoenzyme in green leaves, is located in chloroplasts of
mesophyll cells. Because mutants lacking GS2 were able to grow normally
under non-photorespiratory conditions (Blackwell et al. 1988, Wallsgrove et al.
1987), GS1 in leaves could be important in the synthesis of glutamine for normal
growth and development. Promoter-deletion analyses revealed that the 323-bp
region in pea GS2 was able to express a reporter gene as a mesophyll cell-
specific and light-responsive protein in transgenic tobacco and A. thaliana
(Tjaden et al. 1995). Cellular localisation studies showed that GS1 is abundant
in vascular tissues. For example, immunolocalisation studies indicate that GS1
protein is localised in phloem companion cells and related vascular cells of
senescing rice leaf blades (Kamachi et al. 1992b, Sakurai et al. 1996) and
sclerenchyma, xylem parenchyma, and guard cells of developing rice leaves
(Sakurai et al. 2001). In tobacco, one of two GSI genes is expressed in the
vascular tissues of the stem and leaf midrib (Dubois et al. 1996). Promoter
analyses also showed that one of three GSI genes in pea (Edward et al. 1990)
and kidney bean (Watson and Cullimore 1996), respectively, directed vascular-
tissue specific expression in the heterologous transformation system. The
localisation studies suggest that GS1 is important in the synthesis of glutamine,
which is the major form of N in phloem sap in rice (Hayashi and Chino 1990),
and for export from mature and senescing leaves (Tobin and Yamaya 2001). In
developing leaves, GS1 is probably involved in assimilating NH;" released from
the reaction of phenylalanine ammonia lyase during lignin synthesis (Sakurai et
al. 2001). Transgenic tobacco expressing antisense RNA for a GS1 (Glni-5)
showed a pronounced stress phenotype associated with a decrease in proline
content, suggesting that GS1 in phloem plays a major role in regulating proline
production (Brugiére et al. 1999). On the other hand, GS1 protein was detected
both in vascular tissues and mesophyll cells of barley primary leaves (Tobin and
Yamaya 2001) and in mesophyll cells in tobacco leaves during senescence
(Brugiére et al. 2000). There are two GSI genes in rice, i.e. GSI preferentially
expressed in leaves and GSr, which is mainly expressed in roots (Sakamoto et
al. 1989). Promoter analysis of the GSI gene of rice showed a preferential
expression in vascular tissues of leaf blade, leaf sheath, roots and ear, but also
expression in the wall-region of anther loculus and embryo in transgenic rice
(Hanzawa et al. 2002). One of the five GSI maize genes is preferentially
expressed in the pedicels of developing kernels (Rastogi et al. 1998).
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Non-legumes using NH," as the major N source, would be expected to have
an efficient NH," assimilation system. Conversely there is an additional
Casparian strip between exodermis and sclerenchyma in rice roots and therefore
apoplastic transport of NH," is unlikely (Ishiyama et al. 1998). NH," taken up by
rice roots is transported through the xylem to the shoots, mainly as glutamine
(Fukumorita and Chino 1982). Immunolocalisation using GS1-specific IgG,
which cross-reacts with both GS1 and GSr, showed that these cytosolic GS
forms are distributed throughout the rice roots with apparent homogeneity within
the epidermis, exodermis, cortex, and central cylinder (Ishiyama et al. 1998). To
distinguish between GS1 and GSr in rice roots, GS1-promoter was fused with a
GUS reporter gene and the chimeric gene was introduced into rice. Preliminary
data showed that the GS1 promoter is active in the central cylinder and cortex of
the main roots as well as in the central cylinder of lateral roots (Hanzawa et al.
2002). Thus, GSr in epidermis and exodermis is probably responsible for the
assimilation of NH," taken up by rice roots.

In contrast to rice, most plants growing on well-acrated soils use NOj™ as
their main N source. In the root NOs™ is partly reduced to NH," before being
assimilated via GS/GOGAT, but the proportion varies with plant species, plant
age, and N availability (Tobin and Yamaya 2001). In roots of hydroponically
grown barley seedlings, a GS1 (42 kD in subunit molecular mass) was
constitutively detected in all root sections. Two additional polypeptides were
detected in mature roots of NH, -grown seedlings and one additional GS1 in
those grown on NO; (Peat and Tobin 1996). Changes in GS1 polypeptides in
response to NH,  were also observed in barley roots (Mick 1995), although
these differ slightly in molecular mass from the observation of Peat and Tobin
(1996). Immunogold localisation studies indicated a higher concentration of GS1
in cortical parenchyma than in vascular stele cells (Peat and Tobin 1996). In
these cell types the apparent concentration of GS1 was highest in N-deficient
plants. In addition, significant labelling of GS protein was detected in plastids of
cortical and vascular parenchyma cells of barley root apical cells (Peat and
Tobin 1996). When barley plants were grown on 15 mM NOj’, there was an
increase in immunogold labelling in the “tubular” and “flat” plastids in the roots
(Tobin and Yamaya 2001).

In maize roots, a constitutive GS1 polypeptide (40 kD) and an N inducible
form (GSr, 39 kD) were detected (Sakakibara et al. 1992a). Two genes, GSla
and GS1b, encoded the GS1, while GSr was the product from GS/c and GS/d.
Rapid accumulation of mRNA for GSIc and GSId was observed when NH,"
was supplied, whereas the mRNA for GS/a and GSIb decreased under these
conditions (Sakakibara et al. 1996). The GSr enzyme had a higher ratio of
synthetase/transferase activities than the GS1 enzyme. Sakakibara et al. (1996)
proposed that the GSr isoenzyme was more important in the assimilation of
external NH,". GS2 mRNA was also detected in maize roots exposed to low
NOj3™ concentrations (Redinbaugh and Campbell 1993). Three putative genes for
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GS1 and one for GS2 were expressed in roots of A. thaliana (Peterman and
Goodman 1991). Ginl-5 from tobacco was preferentially expressed in the root
vascular system, whereas Glnl-3 was detected in all root tissues (Dubois et al.
1996). More conclusive evidence, such as the use of knockout mutants, is
required to establish the function of individual GS1s and GS2 isoenzymes in
roots.

Regulation

Regulation of GS activity within a cell is determined by a number of events,
such as sensing of signals, signal transduction, transcription factors and cis-
elements on the promoter, rate and abundance of transcripts, translation, and
post-translational modification of GS proteins. Genes for GS1 and GS2 and
corresponding cDNAs have been isolated from a number of plant species
(Ireland and Lea 1999). As mentioned above, GS2 is encoded by only one gene
and is expressed in the chloroplast or root plastid. GS1, on the other hand, is
encoded by a small subfamily of genes that varies in number from 2 in rice
(Sakamoto et al. 1989) to 4 (Sakakibara et al. 1992b) or 5 (Li et al. 1993) in
maize.

Exogenous N often results in changes in steady-state abundance of mRNA
and protein for some isoenzymes, but underlying molecular mechanisms are not
clearly understood. Glutamine (Glass ef al. 2002) or other amino acids
(Sivasankar and Oaks 1996, Crawford and Glass 1998, Stitt et al. 2002) may act
as signals of plant-N status, but neither sensor protein nor any member related to
signal transduction has been identified. Homologues of PII protein, which
involve a signal transduction system after the sensing of the glutamine/a-
ketoglutarate status in E. coli, were identified in A. thaliana and Ricinus
communis (Hsieh et al. 1998). A similar system may be involved in the signal
transduction system of GS gene expression.

Steady-state abundance of GS transcripts may not be determining actual
protein contents and activity of GS. For example, the protein content of the GS-0
isoenzyme in kidney bean did not correlate with the abundance of transcripts
from GS-0 during leaf senescence (Cock et al. 1991). No correlation between
mRNA and protein for either GS1 or GS2 was found in rice leaves during
senescence (Kamachi et al. 1992a). Transgenic alfalfa transformed with 35S-
promoter:GS1 accumulated transcripts without an increase in the corresponding
enzyme (Ortega et al. 2001). These results suggest that post-translational
regulation is also important in controlling GS activity in vivo. One mechanism
could be the phosphorylation of GS protein followed by the interaction of
phosphorylated GS protein with 14-3-3 proteins (Moorehead et al. 1999). A
reversible control mechanism of GS1 by phosphorylation/dephosphorylation and
14-3-3 binding was proposed by Finnemann and Schjoerring (2000). When
ATP/AMP is high, such as in the dark, GS1 is phosphorylated and binds to 14-3-
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3 proteins, which protect it from proteolysis. Phosphorylation of GS2 protein has
also been observed in tobacco (Riedel et al. 2001). For more details on post-
translational regulation by light see chapter 6.

GLUTAMATE SYNTHASE

Characteristics and localisation of Fd-GOGAT

There are two molecular species of GOGAT: Fd-GOGAT (EC 1.4.7.1) and
NADH-GOGAT (EC 1.4.1.14) (Ireland and Lea 1999). Fd-GOGAT was first
isolated from pea leaves (Lea and Miflin 1974). Fd-GOGAT is monomeric; the
molecular mass has been determined in a number of species and ranges from 145
kD in pea to 168 kD in pine (Ireland and Lea 1999). The spinach enzyme
contains one FMN, one FAD, and one [3Fe-4S] cluster per molecule (Knaff et
al. 1991). In maize a single cDNA for Fd-GOGAT was first isolated and
sequenced by Sakakibara et al. (1991). The maize Fd-GOGAT is synthesised as
a 1616 amino acid protein, including the 97 amino-acid presequence required for
targeting chloroplasts and only a single copy of the gene was detected. Full-
length cDNA for Fd-GOGAT in A. thaliana has been sequenced by Suzuki and
Rothstein (1997). The enzyme consists of 1648 amino acids including the 131
amino acids of a transit peptide. Recently Hayakawa et al. (2003) sequenced a
5.8 kb ¢cDNA for Fd-GOGAT in rice encoding 1616 amino acids including 96
amino acids as a transit peptide and described the structure of a gene for Fd-
GOGAT. The transcribed region for the rice Fd-GOGAT gene consisted of 33
exons separated by 32 introns. A putative glutamate-binding site based on
similarities of the sequence with pur F-type amidotransferases, as well as flavin
and Fe-S cluster binding domains were identified in all of these Fd-GOGAT
cDNAs. Although only one copy of the Fd-GOGAT gene has been detected in
most plant species (Ireland and Lea 1999), two Fd-GOGAT genes have recently
been identified in 4. thaliana (Coschigano et al. 1998).

In leaves Fd-GOGAT is localised in the chloroplasts (Lea and Miflin 1974,
Wallsgrove et al. 1979, Suzuki and Gadal 1984), and in roots in plastids
(Bowsher et al. 1992). Immunogold labelling showed that Fd-GOGAT protein
was detected in the chloroplast stroma of mesophyll, xylem parenchyma, and
upper epidermal cells of tomato leaves (Botella et al. 1988). In barley leaves,
Fd-GOGAT protein was detected specifically in chloroplasts of mesophyll and
vascular cells (Tobin and Yamaya 2001). Using light microscopy at lower
resolution, immunolabelling showed that Fd-GOGAT protein was
predominantly localised in mesophyll cells in rice (Hayakawa et al. 1994) and
barley (Tobin and Yamaya 2001) leaves and in the bundle sheath cells of maize
leaves (Becker et al. 1993). In rice leaf blades, Fd-GOGAT was also detected in
parenchyma sheath cells and parenchyma cells surrounding protoxylem lacunae
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(Hayakawa et al. 1994). In young rice grains, Fd-GOGAT was detected mainly
in pericarp cross-cells where chloroplasts are localised (Hayakawa et al. 1994).
Protein content and activity of Fd-GOGAT were highest in fully expanded
mature leaf blades of rice and were greatly reduced in leaf sheaths and
developing non-green leaf blades (Yamaya ef al. 1992). Research with mutants
lacking Fd-GOGAT in A4. thaliana (Somerville and Ogren 1980) and barley
(Kendall et al. 1986) established that the major function of Fd-GOGAT in
leaves is the re-assimilation of NHy4" released during photorespiration. The
localisation of Fd-GOGAT in chloroplasts is consistent with these results with
mutants.

Figure 1. Distinct cellular localisation of two GOGAT proteins in rice root tips. (A, B)
Longitudinal sections of roots treated with 1 mM NH4Cl were double-stained with
affinity purified anti-rabbit NADH-GOGAT IgG (Texas Red) and anti-mouse Fd-
GOGAT IgG (FITC). co, cortex; ep, epidermis; ex, exodermis; mz, meristem zone, s,
stele; sc, sclerenchyma. Bar = 50 um in A and 12.5 um in B. (Adapted from Ishiyama et
al. 2003).

Fd-GOGAT was also found in non-photosynthetic tissues (Morigasaki et al.
1990, Matsumura et al. 1997). In such tissues Fd can be reduced in plastids
through the oxidative pentose phosphate pathway (Bowsher et al. 1992). In A.
thaliana, one of the two Fd-GOGAT genes was constitutively expressed,
relatively high in roots and low in leaves (Coschigano et al. 1998). In rice roots
where the Fd-GOGAT protein content changes with root development, it was
highest in tip sections, and  found mainly in the apical meristem and central
cylinder (Ishiyama er al. 1998). Although NADH-GOGAT (see below) protein
in rice roots was detected in the same areas, double immunostaining of both
GOGAT proteins clearly showed that these two proteins were localised in
distinct cell types of root-tips (Figure 1), where NADH-GOGAT protein was in
the root surface while Fd-GOGAT was detected inside (Ishiyama et al. 2003). In
nitrate-grown barley roots, there is an increase in Fd-GOGAT (Tobin and
Yamaya 2001). The importance of Fd-GOGAT in root nitrate assimilation is
indicated by analysis of barley mutants which resulted in increased
concentrations of glutamine in roots and a three-fold increase in the export of
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glutamine to the shoot (Joy et al. 1992). In rice roots, activity and protein
contents of Fd-GOGAT are not influenced by the availability of N (Yamaya et
al. 1995). Although some information on Fd-GOGAT in non-photosynthetic
tissues is available as described, more work is required to argue its precise
function in these tissues.

Characteristics and localisation of NADH-GOGAT

Only a few species have been used to purify NADH-GOGAT protein and to
isolate its cDNA. In alfalfa nodules Anderson et al. (1989) and Gregerson et al.
(1993) purified the protein and isolated the cDNA, respectively; in rice, the
protein was purified by Hayakawa et al. (1992) and cDNA was isolated by Goto
et al. (1998). Since N metabolism in symbiotic root nodules is described in
chapter 4, characteristics of NADH-GOGAT will be limited to our observations
in rice. The protein was purified to homogeneity from rice cells suspension
(Hayakawa et al. 1992). This enzyme is a monomer with a molecular mass of
196 kD and the pure form uses only NADH as a reductant. In rice plants the
antibody for the rice NADH-GOGAT was used for immunological studies. A
7047 bp long clone consisting of full-length cDNA for NADH-GOGAT and
genomic clones for the enzyme were sequenced (Goto et al. 1998). The
presumed transcribed region (11.7 kb) consisted of 23 exons. Rice NADH-
GOGAT is synthesised as a 2166 amino acid protein with a molecular mass of
236.7 kD that includes a 99 amino acid presequence. Only one gene was
detected in rice. The organisation and structure is very similar to the alfalfa
NADH-GOGAT gene (Gregerson et al. 1993, Vance et al. 1995). Several
conserved sequences that are likely to be involved in the binding of glutamine,
[3Fe-4S] cluster, FMN, and NADH were identified in both genes. The
presequence could be involved in targeting of the enzyme to plastids, since we
have shown with immunogold labelling that NADH-GOGAT is localised in
plastids in rice roots (Hayakawa et al. 1999).

In green leaves, NADH-GOGAT activity is very low compared to Fd-
GOGAT (Matoh and Takahashi 1981, Yamaya et al. 1992). During development
of pea seedlings, NADH-GOGAT activity was replaced by Fd-GOGAT (Matoh
and Takahashi 1981). In rice leaves, high activities of NADH-GOGAT and high
levels of its protein are present in non green and developing leaf blades (Yamaya
et al. 1992). In rice spikelets at the early stage of ripening, a large increase in
NADH-GOGAT activity and protein content was found (Hayakawa et al. 1993).
A similar increase in enzyme activity was also found in maize endosperm during
20 days after pollination (Muhitch 1991). High NADH-GOGAT activity has
also been detected in roots of a range of plants (Suzuki et al. 1981, Matoh and
Takahashi 1982, Yamaya et al. 1995, Lancien et al. 2002). N supply enhanced
the expression of NADH-GOGAT in roots. For example, when N-starved rice
seedlings were transferred to 1 mM NH4CI, both activity and protein content of
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NADH-GOGAT increased more than 10-fold within 24 hours (Yamaya et al.
1995). Prior to this, NADH-GOGAT mRNA increased dramatically within 3 hr
(Hirose et al. 1997). Microarray analysis also showed that NADH-GOGAT gene
expression was stimulated by nitrate in 4. thaliana (Wang et al. 2000). In
developing rice leaf blades, NADH-GOGAT protein was localised in phloem
and xylem parenchyma cells and mestome sheath cells of vascular bundles
(Hayakawa et al. 1994). Immunolocalisation also showed a cell-type specific
expression of the NADH-GOGAT gene which was confirmed by using
transgenic rice. The expressing fusion gene consisted of NADH-GOGAT-
promoter:GUS reporter gene (Kojima et al. 2000). Because these specific cell
types where NADH-GOGAT protein was localised could be a route for the
transport of solutes, this enzyme is considered important in the reutilisation of
glutamine transported through vascular systems of developing organs of rice
plants. In rice roots e.g., the content of NADH-GOGAT protein in all sequential
segments along the crown roots was markedly increased after supplying 1 mM
NH,CI (Ishiyama et al. 1998). The NH, -induced NADH-GOGAT protein
accumulation was observed specifically in root epidermis and exodermis
(Ishiyama et al. 1998). Since solute movement from exodermis to the cortex is
symplastic, because of the presence of a Casparian strip between these cell
types, NH,  ions would be taken up by both cell layers and then readily
assimilated by the cytosolic GSt/NADH-GOGAT pathway. A detailed
comparison of rice with other plants is not possible at present, since cellular
localisation has not been studied extensively (Tobin and Yamaya 2001).

Regulation

Although light and N availability are major environmental factors causing an
increase in FAd-GOGAT activity in leaves (Lam et al. 1996, Ireland and Lea
1999, chapter 6), molecular mechanisms that regulate its gene expression have
not yet been examined.

The expression of the NADH-GOGAT gene appears to be, at least in rice
plants, regulated in a cell-type specific, age-specific and N responsive manner.
Deletion experiments showed that a 149 bp region of the promoter sequence was
essential for the specific expression in vascular tissue in rice (Kojima et al.
2000). In this region, there were three putative cis-elements that were able to
interact with nuclear proteins from rice cells (Kojima et a/. 2002). In rice roots,
NADH-GOGAT gene expression is induced by exogenous NH;" (Yamaya et al.
1995). Induction by NH," was probably indirect, since glutamine appears to be
the signal for induction of the NADH-GOGAT gene (Hirose et al. 1997).
However, the use of exogenous glutamine may mask the effect of other amino
acids or metabolites which could act as signals of the N status in plants (Stitt et
al. 2002). Pharmacological approaches suggested that okadaic acid-sensitive
protein phosphatases could have a role in mediating the metabolite regulation of



47

NADH-GOGAT gene expression in rice (Hirose and Yamaya 1999). As
described above, cellular localisation studies indicate that NADH-GOGAT is
important in the re-utilisation of glutamine transported via vascular tissues in
developing leaves and grains. The enzyme appears to be important in primary
NH," assimilation in rice roots, and this observation is supported by results with
NADH-GOGAT gene knockout mutants in A. thaliana (Lancien et al. 2002).

GLUTAMATE DEHYDROGENASE

Characteristics and localisation

When Chlorella sorokiniana cells cultured on NO;™ are transferred to NH,,
there is a rapid loss of GS and GOGAT activities and a concomitant increase in
chloroplast-localised NADPH-GDH activity (Tischner and Lorenzen 1980). This
suggests that the major route of NH," assimilation shifts from the GS/GOGAT
pathway to NADPH-GDH when these cells are transferred from NO; to NH,".
Bascomb and Schmidt (1987) successfully purified the two isoforms of
NADPH-GDH from C. sorokiniana. The o-isoform, which has a Km value
between 0.02 and 3.5 mM for NH,", is induced at low NH," concentrations (< 2
mM), whereas the B-isoform with a Km of 75 mM is induced at high NH,"
concentrations (29 mM). The molecular mass of the a- and -subunits was 55.5
kD and 53.0 kD, respectively. The mature enzyme protein is a hexamer of
randomly associated subunit polypeptides. Recent molecular studies indicated
that these two subunits are the products of alternative splicing of a precursor-
mRNA encoded by the single NADPH-GDH gene (Miller ef al. 1998).

In higher plants, physiological and biochemical characteristics of the NADH-
GDH have been reviewed by Stewart et al. (1980), Srivastava and Singh (1987),
Yamaya and Oaks (1987), and more recently by Loulakakis and Roubelakis-
Angelakis (2001), Miflin and Habash (2002) and Dubois ef al. (2003). The
enzyme is located in mitochondria where the amination reaction is enhanced by
Ca®" (Yamaya et al. 1984) and calmodulin (Das et al. 1989). NADH-GDH in
maize shoots is loosely associated with the mitochondrial membrane. It has an
apparent Km of 4.8 mM for NH," when the assay levels of NADH are similar to
those normally detected in mitochondria (Yamaya et al. 1984). Mitochondria
prepared from maize shoots contained 3.6-5.0 mM NH," (Yamaya et al. 1984).
Using in vivo concentrations of NH,", NADH, NAD, and Ca®" in the presence of
5 mM each of glutamate and o-ketoglutarate, the amination reaction was
observed in isolated mitochondria at a pH range of 6.0-9.0 (Yamaya ef al. 1984).
When respiration was tested, malate and succinate supported a good rate of O,
uptake, but citrate, a-ketoglutarate, and glutamate were also oxidised (Yamaya
and Matsumoto 1985). With the transamination inhibitor, aminooxyacetate,
glutamate was no longer a suitable substrate (Yamaya and Matsumoto 1985,
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Yamaya and Oaks 1987). These results suggest that a transamination is
important in the synthesis of a-ketoglutarate. This conclusion has recently been
corroborated by Shultz et al. (1998) using transamination mutants of 4. thaliana.
In mature maize leaves, NADH-GDH activity is detected in bundle sheath
strands (Yamaya and Oaks 1988). Recent immunolocalisation studies showed
that the GDH protein in rice leaves (Maki et al. 2002), in grapevine leaves and
flowers (Paczek et al. 2002) and in maize and tobacco leaves (Dubois et al.
2003) was mainly found in companion cells of vascular bundles. Since these cell
types contain little or no chloroplasts, one would expect little direct interaction
between GDH and either photorespiration or nitrate reduction.

There are two alleles for NADH-GDH in maize (Pryor 1974) and in 4.
thaliana (Melo-Oliviera et al. 1996). In each species one allele is mutated
suggesting that the second allele has some essential function in plant metabolism
(Melo-Oliviera et al. 1996). Native gels show seven activity bands in wild type
maize (Ju et al. 1997) and in grapevine callus (Loulakakis and Roubelakis-
Angelakis 1991). The fast moving a-band is enhanced when NH," levels are
high as a result of external application or endogenous shifts in metabolism such
as senescence (Loulakakis et al. 2002). Cd treatment results in an accumulation
of NH4" and increased GDH activity, together with an enhanced synthesis of y-
glutamyl peptides (Ju et al. 1997, Boussama et al. 1999). In the GDHI1-null
mutant of maize only the fast moving activity band was detected and the level of
its activity increased with Cd treatment. Cd had no effect on GDH protein bands,
but pyruvate carboxylase (PEPC) protein levels increased (Ju et al. 1997). These
results suggest that the effect of Cd on GDH activity appears to be mediated by
the activation of the GDH protein and not by its synthesis. When maize
seedlings are supplied with NO; the levels of synthetic reactions involving the
TCA cycle are activated and there is de novo synthesis of PEPC (Takei et al.
2002). The results of Ju et al. (1997) point in the same direction. Since Y-
glutamyl peptides are being made, NH," levels are high, and the fast form of
GDH is present, it appears that GDH is mediating the synthesis of glutamate
destined for y-glutamyl peptide formation, which takes place in root tissue (Ju et
al. 1997). This point will be considered in the next section. Melo-Oliviera et al.
(1996) also suggest that the amination reaction was favoured in their mutants
under conditions of ammonia and carbohydrate excess.

Function of GDH in vivo

The GS/GOGAT cycle in plant tissues is well documented (Ireland and Lea
1999). In vitro, GDH can catalyse the amination of a-ketoglutarate to form
glutamate and the deamination of glutamate to form o-ketoglutarate and NH,".
Since NADH- or Fd-GOGAT is located in chloroplasts in leaf tissue or plastids
in roots, it is unlikely that GDH could replace the GOGAT function as it does in
bacteria. Mitochondria in photorespiring leaves generate large amounts of NH,".
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If there were an adequate supply of a-ketoglutarate, it might be expected this
NH," could be re-assimilated (Hodges 2002, Mooney et al. 2002). Experiments
with N-glycine or "N-NH," in isolated mitochondria, showed only minor
synthesis of '"N-glutamate. Since the mitochondria were actively respiring and
had an adequate supply of both citric and malic acids, it appears that the
amination reaction of GDH was not active (Yamaya ef al. 1986).

Evidence to support the deamination reaction of GDH in vivo has been
presented and discussed in two short articles (Fox er al. 1995, Oaks 1995).
Pahlich (1996) also contributed to the discussion and emphasised that the
localisation of GDH in mitochondrial membranes could have a profound effect
on the amination/deamination reaction. Results obtained by Robinson et al.
(1991, 1992) and recently by Aubert et al. (2001) in their NMR and labelling
studies indicated that GDH catalyses the deamination reaction. ’N-NH," feeding
studies coupled with the use of inhibitor studies in GDH-null mutants of maize
suggest that GDH does not catalyse the amination reaction (Magalhdes et al.
1990). Experiments with GDHI-null mutants of 4. thaliana (Melo-Olivera et al.
1996) suggested that GDH1 functioned in the assimilation of NH4 under
conditions of excess of inorganic N and C, and in the direction of glutamate
catabolism under C-limiting conditions. There are several results that support the
operation of the amination reaction of GDH under stress conditions. The
deduced amino acid sequence for grapevine GDH 1is homologous to
archeabacterial GDH, indicating the evolutionary relationship in plant GDH to
the stress-related function of GDH (Syntichaki et al. 1996). For example, in Cd-
stressed maize (Boussama ef al. 1999, Ju et al. 1997) and herbicide-treated
peanut (Osuji 1997), GDH activity was increased and a glutamate derivative was
synthesised. These experiments would have been clearer had the researchers
been able to perform N feeding experiments as performed by Magalhaes et al.
(1990). To clarify the situation, knock-out mutants, particularly the GDH1-null
and GDH2-null double mutant, would determine whether GDH has an essential
role in plant metabolism or serves only as a redundancy shunt. In addition °N-
feeding experiments under stress conditions might supply a definitive answer to
the role of GDH in roots.

NITROGEN USE EFFICIENCY (NUE)

Interactions between photosynthesis and nitrogen

Since the eighties of the last century it is well known that growth conditions
leading to higher levels of endogenous NH, and/or relatively low levels of
carbohydrates result in relatively high levels of GDH. At that time the regulation
of nitrate reductase appeared to be fairly straight forward, but regulation of NH,"
assimilation appeared to be complex (Oaks 1986). That photosynthesis supplies
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the C, energy and reductant to drive this assimilation and that light is required
for the synthesis of glutamate but not glutamine is also a well-established fact.
The easy explanation for this is that cytosolic GS derives its ATP from
mitochondrial energy production and that Fd-GOGAT is dependent on
photosynthesis to supply the reductant to reduce Fd. The nagging question was,
and perhaps still is, that GDH could be a light activated enzyme in leaves. From
the previous section it is clear that root GDH is active in the amination reaction
under certain growth conditions. Reactions with leaf mitochondria or N
feeding experiments, on the other hand, do not support this idea. Thus it appears
that the GS/GOGAT system is operational in the assimilation of NH," in leaves.

Assimilation of NH," is complicated by photorespiration which leads to a
reduced C flow from pyruvate to citric acid and a-ketoglutarate and to the
accumulation of NO; in C; plants (Oaks 1995). When photorespiration is
eliminated by the use of specific metabolic inhibitors, by high levels of ambient
CO; or by low levels of O,, C flow through citrate resumes, NO;" levels decline
and flow of N into leaf proteins is more efficient. Under these conditions, NUE
in C; plants is similar to that in C, plants. One advantage of C,4 plants is that
reactions mediating photorespiration are localised in the bundle sheath cells,
whereas the reactions involved in NH," production via nitrate reduction are in
the mesophyll cells. It appears therefore that levels of NH," influence NUE, 1)
by altering C flow through citrate, an effect reduced in C, plants by virtue of cell
structure, and 2) possibly by an effect on N flow from NO; to protein. This
point needs to be explored further.

Genetic manipulation for the improvement of NUE

Recent progress on genetic manipulation allows us to attempt the
improvement of NH," assimilation by the overexpression of GS, GOGAT, or
GDH genes. Transgenic experiments are, however, sometimes complicated,
because the positions in genome as well as the number of transgenes
incorporated are not yet controlled by the current transformation procedures. In
addition, differences in promoters used and in host plants can reform in a very
complex situation. Furthermore analysis at TO generation (regenerated plants
just after the transformation) can be influenced by “somaclonal variation”, from
which various phenotype and characteristics can result, in particular lines, while
segregation occurs in the T1 or T2 generation. Therefore, it is recommended to
focus on a progeny of transformants, which contain a minimum number of
homozygously fixed transgenes.

Nevertheless, in the literature mixed results have been reported for the
overexpression of GS isoenzymes. For example, transgenic Lotus corniculatus
overexpressing soybean GS/ under the control of 35S promoter accelerated their
growth rate and leaf senescence (Vincent et al. 1997). Growth improvements
have been reported for poplar trees expressing a conifer 355:GS1 (Gallardo et al.
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1999), for tobacco expressing RbcS:GS2 (Migge et al. 2000), and for tobacco
expressing 355:GS1 (Fuentes et al. 2001, Oliveira et al. 2002). In contrast,
transgenic alfalfa expressing 35S:GS/ (Ortega et al. 2001) had no difference in
growth and transgenic rice expressing 355:GS2 enhanced salt tolerance without
changing growth properties (Hoshisa et al. 2000). Localisation and biochemical
studies led to the hypothesis that NADH-GOGAT might be important in the
reutilisation of glutamine, transported via vascular tissues in rice plants. This
hypothesis has been tested by gene manipulation techniques. To maintain the
specificity of NADH-GOGAT gene expression in the transformants, the cDNA
was fused with the promoter for NADH-GOGAT gene from Sasanishiki (a
Jjaponica cultivar of rice) and transformed into Kasalath (indica cultivar), which
has less NADH-GOGAT protein in developing leaf blades (Obara et al. 2000).
Several TO transgenic lines overproducing NADH-GOGAT showed an increase
in grain weight of maximal 80% (Yamaya et al. 2002). The results indicate that
NADH-GOGAT is a key enzyme for N utilisation and grain filling in rice.
Overexpression of alfalfa nodule NADH-GOGAT under the control of 35S
promoter in transgenic tobacco also showed an increase in shoot dry weight
associated with increased total C and N contents (Chichkova et al. 2001).

Amenziane et al. (2000) introduced the gdhA gene from Escherichia coli
encoding a NADPH-GDH into tobacco plants and expressed under the control of
35S promoter. The introduced NADPH-GDH was apparently able to assimilate
some of the excess NH,', resulting from the increase in free amino acids,
carbohydrates, and biomass production in the transgenic plants grown under
controlled conditions or in the field. Transgenic wheat plants expressing the a-
isoform of the Chlorella NADPH-GDH gene (aminating GDH) showed an
increase in grain yield (Schmidt R., personal communication). Since the gene
product contains a chloroplast-targeting transit peptide, the translated a-isoform
GDH is localised in chloroplasts in the transgenic wheat. It has been shown that
NH; emission from barley leaves (Mattsson and Schjoerring 1996) and oil seed
rape (Mattsson et al. 1997) occurs in plants grown hydroponically with 2 mM
NH," in the light, but not with NO;". An inhibitor of GS increased the emission,
while an inhibitor of photorespiration reduced it. These results suggest that GS2
in chloroplasts is just enough to reassimilate photorespiratory NH,;" in the NO5-
grown plants. These plants are, however, not able to (re)assimilate excess NH,"
that is probably caused by low GS/GOGAT or C limitation to generate
glutamate for the assimilation of NH,". Better growth or biomass production
found in transgenic plants overexpressing GS1 or GS2 as described above or in
transgenic tobacco or wheat expressing aminating NADPH-GDH could result
from an increase in the capacity for the assimilation of NH;". Overexpression of
GS or the NADPH-GDH in C,4 plants may not result in higher yields, because C,4
plants have greater NUE than C; plants, which is probably caused by the
presence of two compartments, i.e. mesophyll cells and bundle sheath cells
(Oaks 1994).
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Quantitative-trait loci mapping for NUE

The connection between N metabolism and yield is poorly quantified
(Lawlor 2002). This is mainly because changing N assimilation requires
modifications in too many processes to effect improvements in the whole
system. Genetic engineering alterations to single steps are unlikely to achieve
this, because of the complexity of the interactions between processes and
environment at different developmental stages of plants. A new genetic approach
assisted with DNA marker technologies is now available to analyse crop traits
and link them to regions in the genome (Tanksley and McCouch 1997).
Agronomic traits, such as the size of seeds and time for heading, and
physiological traits, such as N content and activity of GS1, could be determined
by multiple gene functions. In maize, Hirel et al. (2001) have analysed
recombinant inbred lines for physiological traits. Comparison of the variation in
physiological traits and yield components showed a positive correlation between
nitrate content, GS activity and yield. Quantitative trait loci (QTL) were
determined on the map of the maize chromosomes. Coincidences of the QTLs
for yield components, GS1 gene and leaf GS activity were detected. In addition,
six QTLs for leaf GS activity were detected on chromosomes 1, 5, and 9. QTLs
associated with GS1 protein contents in senescing leaf blades have also been
detected using backcross-inbred lines developed between japonica and indica
cultivars of rice (Obara et al. 2001). Immunoblotting analysis showed a
continuous distribution of GS1 contents with one peak showing transgressive
segregations toward lower or greater contents in these lines. Seven QTLs for
GS1 protein contents were mapped on chromosomes 2, 4, 8, and 11. Some of
these QTLs, especially on chromosome 2, were co-located in QTL regions for
various agronomic traits, such as a spikelet weight and panicle weight. These
results suggest that GS1 could be a key component for NUE and yield in maize
and rice. QTL regions, which do not coincide with structural GSI gene, could
contain genes important in the regulation of GS1. If these genes are identified
they could provide novel information on GS1 regulation.

Genetic approaches were also employed to detect putative QTLs associated
with NADH-GOGAT protein content (Obara ef al. 2001) in rice. Oryza sativa is
widespread and there are three types or subspecies identified for cultivated
plants, i.e. japonica, indica and javanica. In general, total biomass production of
indica cultivars is greater than that of japonica, whereas grain yield is lower
(Yamaya et al. 2002). Based on total leaf area N, Obara et al. (2000) showed
that most indica cultivars contained less NADH-GOGAT protein content in
developing young leaf blades than japonica. Transgressive segregations of
NADH-GOGAT protein content in developing leaf blades were detected in
backcross-inbred lines developed between japonica and indica cultivars (Obara
et al. 2001). Six chromosomal QTL regions for NADH-GOGAT protein content
were detected. One QTL on chromosome 1 was located close to a marker
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encoding the structural gene of NADH-GOGAT. Therefore, other 5 QTLs
regulate NADH-GOGAT protein content in developing rice leaf blade. One QTL
on chromosome 2 was co-located in the QTL region for agronomic traits, such
as spikelet number on the main stem and spikelet weight. Thus, as in QTLs for
GS1, this region could contain genes important in regulating both NADH-
GOGAT contents and agronomic traits. Identification of such genes and survey
of genetic resources containing more NADH-GOGAT protein will probably
contribute to the improvement of NUE in rice.

Using a series of maize recombinant inbred lines, Dubois et al. (2003)
successfully mapped three QTLs (two for the aminating and one for the
deaminating reaction) for GDH activity in source leaves on maize chromosomes.
The three QTLs for GDH activity co-localised with QTLs for grain yield and its
components. The results suggest that GDH is involved in controlling the
translocation of assimilates during the remobilisation phase. This possible role
of GDH is also supported by localisation studies showing that GDH protein is
mostly concentrated in the vascular tissues of a number of species (Maki et al.
2002, Paczek et al. 2002, Dubois et al. 2003).

NITROGEN METABOLISM COMES OF AGE -DO
BIOCHEMISTRY AND MOLECULAR BIOLOGY MAKE
A DIFFERENCE?

Since the proposal of the GS/GOGAT cycle 30 years ago, studies related to the
pathway, compartmentation and regulation of NH," assimilation, have been done
by many groups using different plant species. Most of these studies clearly show
that GS/GOGAT is the major pathway in the primary assimilation of NH," in
both leaves and roots. However, when the demand for glutamate increases as
under stress conditions, GDH particularly at least appears to act in the amination
reaction in roots. Distinct metabolic functions of isoenzymes of GS, GOGAT
and GDH have been suggested. Characteristics of GS, GOGAT and GDH in
different organs of rice are summarised in Table 1. There are still many "?" in
the column of putative functions, which must be solved in order to understand
the whole system of N metabolism. Recent progress in transgenic techniques,
either decreasing or overexpressing the target gene, should help in understanding
the complex metabolism. However, transgenic experiments can be of low
reproducibility due to the lack of control of the insertion site and copy number of
transgene. Genetic approaches will be important in the complete understanding
of NH," assimilation. In addition, there is only limited information on transcrip-
tional factors and cis-elements for the regulation of NH, -assimilating genes.
Recent development of exhaustive analyses, i.e. transcriptome, proteome, and
metabolome, will certainly provide useful information. To obtain conclusive
evidence, knockout mutants of a target gene, by insertion of either T-DNA or
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(retro)transposon into the gene, will be important tools to use. Finally, as a post-
genomic approach, QTL analysis should indicate which reactions to manipulate
in order to archieve an enhanced NUE and an enhanced crop inprovement.

Table 1. Localisation and regulation of GS, GOGAT, and GDH in rice.

Enzyme

Localisation

Putative function

Developing leaves
GSl1

NADH-GOGAT

GS2/Fd-GOGAT

cells active in secondary
metabolism

—  xylem parenchyma

—  sclerenchyma

cells active in solute transport
—  vascular parenchyma

—  mestome sheath

cells active in photosynthesis

coupled with PAL

reutilisation of Gln from senescing
organs

reassimilation of photorespiratory
+

—  mesophyll NH4

NADH-GDH companion cells ?

Mature/senescing

GS1 cells active in N export remobilisation of Gln through
—  companion cells phloem
—  phloem parenchyma

NADH-GOGAT not detected -

GS2/Fd-GOGAT

cells active in photosynthesis

reassimilation of photorespiratory
+

—  mesophyll NH4
NADH-GDH companion cells ?
Developing spikelets
GS1 promoter active in embryo ?
NADH-GOGAT cells active in solute transport reutilisation of Gln from senescing
—  dorsal vascular bundles organs
—  nucellar projection/
epidermis cells
Fd-GOGAT cells containing chloroplasts ?
—  cross cells in pericarp
GS2 not examined -
NADH-GOGAT companion cells ?
Roots
GSr+ GS1 all cell types primary assimilation
GS1 promoter active in central -
cylinder and cortex cells
NADH-GOGAT cells active in N uptake primary assimilation
—  epidermis/exodermis induced by Gln or metabolite
Fd-GOGAT central cylinder and cortex cells  ?
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Chapter 3

ATMOSPHERIC NITROGEN - POLLUTANT OR
FERTILISER?

Lucy J. Sheppard and Hakan Wallander

INTRODUCTION

The nitrogen cycle operates on a pan-continental scale, and the issues
concerned with maintaining homeostasis are global (Thomas 1998). Nature
functions as a balancing act. Human activities disrupt this balance by uncoupling
the availability of N from the users of N, both temporally and spatially. Long-
distance transport of N from industrial, agricultural and densely populated
conurbations has the potential to transform biological communities in remote
areas that have evolved under low N availability, through eutrophication.
Locally the increasing intensity of farming activities can pollute forests within
close proximity. This chapter is concerned with the effects of human
manipulation of the N cycle on forest productivity and vitality, and on the
environmental conditions that modify the impact of N.

Understanding the role of N as a pollutant has paralleled the rise in wealth
and demand for energy in western societies. Humans, domesticated/farm animals
and crop plants of the developed world metabolise protein for energy on a scale
comparable with the increased mobility and use of combustion energy (Thomas
1998). Public perception is that N is a fertiliser, and thus N deposition must be
beneficial. In many cases the positive or neutral impacts of acid rain on forests
were considered to be due to the ameliorating fertiliser effect of N (Nihlgard
1985, Sheppard et al. 1993). N deposition, except at very high
concentrations/doses, will tend to retain or improve the overall lush “healthy”
visual impression. The main threats from N deposition are associated with the
combination of its fertilising and acidifying effects (Skeffington and Wilson
1988, van der Eerden et al. 1998, Cannell and Thornley 2000, Sverdrup et al.
2002). However, the consequences for forest resilience and stability arising from
the loss of biodiversity e.g. forest floor species (Kellner and Redbo-Torstenssen
1995) in response to eutrophication, which favours faster growing nitrophilic
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species, are unknown (UNECE 2003). Because understorey species are effective
competitors for N in the early stages of forest growth they do influence the
internal N cycling of an ecosystem (Buchmann ez al. 1996).

Today the N threat to forest health and yields in Europe is widely believed to
equal or exceed that from acid rain (Aber et al. 1989, 1998). Most temperate and
boreal forests were historically N limited (Aerts and Chapin 2000, Kérner 2003)
and are particularly at risk from N eutrophication. The indigenous species are
adapted to low resource supply and thus have inherently low growth rates even
under conditions of high resource supply (Chapin et al. 1990). Low growth rates
can compromise the ability to utilise N in high concentrations. This means that
there is the potential for overload i.e. accumulation and ultimately damage. We
have focused on such forests because they are the principal recipients of the N
fertiliser effect (UNECE 2003) although, if experimental evidence is to be
believed, the enhanced growth is not sustainable. We examine the conditions
that determine the direction of the N deposition impact and why growth
enhancement may slow down, stop or reverse.

Unsurprisingly, given that the demand for N outstrips that for other nutrients,
almost 10-fold for P and 2- to 4-fold for K, trees like most plants have evolved
mechanisms (physiological, biochemical, developmental) and life histories in
order to optimise N acquisition. N as a fertiliser is a nutrient that underpins
autotrophic C fixation. Thus one of the main responses to N is to accelerate
ontogeny and ageing and complete the life cycle pre-senescence more quickly.

N acquisition presents a major but necessary C expense for plants. The
largest proportion of assimilated C is utilised for N uptake, translocation and
assimilation: 25-45% is used for NH,", 20-50% for NOs", and 25-50% for
mycorrhizal formation (Chapin et al. 1987). N is a constituent of amino acids
and thus protein, nucleic acids, enzymes and energy transfer materials. Trees
need to take up more N than is needed for dry matter accumulation, to fuel the
annual growth flush (Millard and Proe 1993). However, and despite their
tendency to grow in low N environments, trees have evolved a highly integrated
system for regulating N uptake. In this world of increasing N deposition trees
face a challenge: how to link long-term demand to short-term uptake strategies?
We shall explore some of these contradictory aspects of N nutrition in an effort
to understand how and why N deposition can be both good and bad for forests.

The impact of N on crops has dominated research. Only experience will show
how useful an insight they provide into how natural forests respond to N
deposition. Crop plants have been bred to respond positively to N supplements
and other growth limitations are corrected by human intervention (P, K and
micro nutrient fertilisers, irrigation, pathogen and pest control, matching plants
or cultivars to climates). By contrast, for most forests the increase in N
availability by N deposition is variable, and may cause, indirectly, a decrease in
availability of other nutrients. Thus it may or may not stimulate growth.
Secondary effects of enhanced growth such as the increased demand for light
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and water are also less likely to be met by comparison with the agricultural
cropping situation. In addition interactions with stresses, e.g. frost and winter
desiccation may be heightened together with pathogen and pest attacks, which
too are unlikely to be mitigated or controlled (NEGTAP 2001). Finally,
coniferous forests grow in cold climates where temperature may, but not always
(Bergh et al. 1999) exert a ceiling on growth and the potential to use/detoxify N.
Although, their slow growth rates will increase the time taken to exhaust other
nutrients.

NITROGEN DEPOSITION

Sources of N pollution

Most oxidised N is generated through fossil fuel combustion (Dignon and
Hameed 1989). The main sources of oxidised N are linked to human
transportation. The majority of NO is formed by the combination of N and O
from the air within the flames (Palmer and Seery 1973). Oxidised N emissions
are dominated by NO and NO,, highly reactive gases that are subject to
transformation to nitric and/or nitrous acid respectively (Levine et al. 1991).
NO,; produced in the urban environment also contributes to the N load of rural
systems and may be deposited wet or dry. Annual average concentrations of NO,
in Europe range from less than 0.5 to 2 g m™ and for NO are below 0.2 pg m™.

Atmospheric reduced N (NH,) is predominantly an agricultural by-product,
increasing in direct proportion to animal numbers and body mass (Asman et al.
1998). NHy dominates N deposition in Europe and dry deposition of NHj
dominates the NH, inputs close to emission sources. Annual average NH;
concentrations range from 20 to 63 pg m~ down to less than 1 pg m™
(Fangmeier et al. 1994, Fowler et al. 1998a,b, Krupa 2003). Emissions are
linked to farming practices and may vary seasonally and between countries. The
fitting of catalytic converters to vehicle exhausts has provided an additional
source of NH,. NH," ions can travel as aerosols of (NH4),SO4 that have an
atmospheric residence time of 4 tol5 days and contribute significantly to the N
deposition load to remote ecosystems. NH; and NOy have relatively short half-
lives of less than 3 days and for HNOj; the half-life is less than a few hours
(Harrison et al. 2000).

Expected N deposition

Anthropogenic N can be deposited wet, as in rain, cloud droplets or aerosols
or dry as in gaseous form or solid particles. N is removed from the atmosphere
and deposited to the plant/soil surfaces in precipitation through the process of
nucleation scavenging whereby aerosols of the pollutants provide condensation
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nuclei on which cloud droplets form. Forests, especially older ones, tend to be
tall and aerodynamically rough, facilitating efficient exchange of heat and
momentum with the atmosphere. Old forests may be more vulnerable than
young forests, because they receive higher N loads, including the largest
deposition rates of gaseous N and N in aerosols and cloud droplets of all
vegetation types. Forests effectively filter the atmosphere for N and are therefore
vulnerable to excessive uptake from gaseous sources. Forests growing at high
altitude sites also see enhanced N deposition from orographic cloud and via
occult deposition, where the vegetation is capped by cloud for long periods
(Fowler et al. 1998a,b).

N deposition in Europe has changed little over the last 20 years. Locally
elevated N deposition levels, however, are now a feature of countries in Western
Europe (Asman et al. 1998). Historically N inputs to European forests were only
10-20% of the 1990 values. Deposition loads vary across Europe with the
highest values in the Netherlands (ca. 50 kg NH,-N ha™ yr'") compared to ca. 1
kg NH,-N ha'' yr' in northern Sweden. The average N deposition to forests
between 1995 and 1999, measured at 234 plots was 19 kg N ha” yr' with the
lowest inputs in Scandinavia and the highest (more than 22.4 kg N ha™ yr) in
Central Europe (UNECE 2003). Wet deposited NH;" and NO; ions, are the
major N source experienced by forests except where these occur within 1 or 2
km of localised sources of reduced N. Europe is typified by having a patchy
landscape, so that agricultural areas and forests occur in close proximity. This
means that some forests in the Netherlands, Germany and Denmark can receive
up to 60 kg N ha™ yr'' (Asman et al. 1998). Trees growing downwind within 100
m of intensive livestock units may be exposed to maximum average exposure
concentrations of 90 ug m> NH; (Fowler et al. 1998c).

Annual deposition of NO, to forests has been estimated between 0.08 and 1.9
kg N ha” yr' rising to 12 kg N ha™' yr' in the vicinity of urban areas (Hanson
and Lindberg 1991). The rate of dry deposition of nitric acid to the vegetation is
fast, quadruple that of wet acidic deposition (Dollard et al. 1987). However,
conifer cuticles provide effective barriers that minimise uptake of HNO;
(Marshall and Candle 1989).

Cautionary note on quoted N deposition values

We have avoided quoting too many concentration and dose values because
experience has shown these to be clouded in uncertainty. Gaseous concentrations
mostly represent monthly averages, collected by passive sampling and provide
no indication of actual concentrations, ambient conditions, duration and
frequency of exposure and length of the potential recovery intervals, all factors
that influence plant response. Dry deposition velocities that attempt to quantify
the dose are also subject to modification by meteorological conditions in the
ambient environment and at the leaf surface. With respect to the annual wet
dose, wet deposition is often quoted as the N concentration in throughfall but for
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conifers this can be greatly modified by dry deposition and reactions on or with
the leaf. Lastly, it is not always clear how authors deal with ambient deposition:
is it based on actual measurements or is it derived from model studies? For more
discussion see Sutton et al. (2003).

Critical Loads

Irrespective of the eutrophication and toxicity (see below) associated with N
deposition, the contribution of N to acidification in Western Europe is
increasing. In 1990 it was 53% and by 1999 it had risen to 72% (Tarrason and
Hjellbrekke 2001). Fortunately this increase mostly reflects a drop in the
contribution from S based pollutants in response to effective abatement
strategies. However, despite projected falls in N emissions by 2010, recent
estimates show little change (NEGTAP 2001). NOy levels peaked in Europe ca.
1990 but the reduced N budget (NHy) is proving difficult to describe, with the
variations in farming practice contributing to large uncertainties (NEGTAP
2001). Cheaper options for N abatement have been exhausted and the more
expensive ones may require government legislation to implement.

In order to protect European forests from the polluting effects arising from N
deposition Critical Loads (CL) have been set. A CL represents a quantitative
estimate of exposure to a pollutant below which significant harmful effects on
specified sensitive components of the ecosystem do not occur according to
present knowledge (UNECE 2003). CLs are not exceeded as long as an
ecosystem remains in ecological equilibrium. With respect to acidification by N
however, the level of N accumulation has reached levels that indicate CLs have
been exceeded for a large proportion of the 6000 monitoring sites laid out in a
systematic 16x16 km grid over Europe. CLs aimed at preventing further N
accumulation are exceeded in 92% of monitoring plots and represent an annual
deposition of 8 kg N ha" yr'. CLs for acidity are calculated from steady state
soil models based on a mass balance approach, though appreciation of the
impact of acidity on forest vitality, an empirical approach, is now under
consideration (Tech Report UNECE 2003). At the recent Empirical Critical
Loads Expert Workshop in Berne 2002 a CL of 10-15 kg N ha yr' was set to
protect coniferous forests in Europe (UNECE 2003).

TREE GROWTH RESPONSES TO NITROGEN

Assessing the impacts of N deposition on forests has drawn on long-term
fertiliser studies (Sweden particularly), gradients of N deposition, N
manipulations, including removal of N and latterly measurement of deposition in
relation to forest vitality indicators. Oden (1968) suggested that while N inputs
should enhance forest growth in northern Europe, effects might be counteracted
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by the acidifying impact of these compounds. Tamm and co-workers put this
hypothesis to the test. In the short-term, acidification can increase both base
cation and N availability, possibly as a result of the depressed activities of
microorganisms in response to increasing acidity. Effects of N on tree growth
were generally neutral or positive (Tamm and Popovic 1995). Height growth is
sensitive to K availability, so if height or volume increments are the measure of
growth they are less likely to register significant effects compared to basal area,
which is more coupled to N (Tamm and Popovic 1995, Sheppard et al. 2000,
2001). Values for Norway spruce reported in Germany between 1958 and 1987
showed an increase in volume increments in response to 100 kg N ha yr™' of 2-
22% and even higher for basal area increments (Kenk and Fischer 1988).

N saturation experiments (NITREX, Wright and Tietema 1995) and
experimental manipulation studies (EXMAN, Kreutzer et al. 1998) throughout
northern and central Europe have provided limited evidence that simulated N
deposition can drive increases in growth. The magnitude and nature of the
effects of N deposition were shown to be strongly dependent on site type (soil
chemistry and climate) and the developmental stage of the stand. In Nordic
countries responses to N have been mixed depending on the availabilities of P, K
and micronutrients. An 11-year old project for forest research in these countries
has concluded that forest ecosystems show a relatively slow response and high
resilience to elevated N inputs (Sigurgeirsson 2003). Most of the N was retained
by the soil so that inputs of 50-55 kg N ha™ yr' did not significantly increase
growth though positive effects could be seen at one of the two sites.

Emmett (1999) summarised tree growth responses to known inputs. One
important observation was that inputs below 60 kg N ha™ yr™' took several years
before changes in growth were recorded and given the short-term nature of
experimental programmes often failed to register significant growth effects. In
southern Germany average deposition of 25 kg N ha™ yr' appears to have
almost eliminated N deficiency and increased yields (Kenk and Fischer 1988).
Binkley and Hogberg (1997) concluded, from a review of Swedish literature,
that N deposition had not caused any negative effects on forest productivity, or
vitality, and that there was no evidence of damage from N induced acidification.
Spiecker et al. (1996) reported an overall improvement in forest growth rates
throughout Europe based on a comprehensive survey. More recently UNECE
(2003) published data from their comprehensive monitoring network
(International Cooperative Programme, ICP) showing significant correlations
between N deposition and forest growth. Atmospheric inputs when assessed
with meteorological data and soil and foliar chemistry strongly suggest that N
deposition has fuelled this increased growth. However, other growth enhancing
factors have also changed over the same time period, namely the increase in
temperature and CO, emissions (Briffa et al. 1998). Thus, it is almost impossible
to state categorically that N deposition alone has caused the growth
enhancements seen over the latter half of the 20™ century.
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Limitations and lag time

N driven growth enhancement may not be sustainable because other nutrients
or resources required for growth are not enhanced in relation to N. Indeed P, and
base cations are often reduced as result of these inputs (see later). Increment
cores from more than 31,000 Norway spruce are smaller now than those
recorded 50 years ago in Norway, except where modelled inputs indicate N
deposition is less than 7 kg N ha” yr' (Nellmann and Thomsen 2001). At forest
sites with a recent history of high N deposition, cf. forests in the Netherlands and
Denmark, removal of N from the precipitation, using roofs, increased growth
(Beier 1998). However, predicting the amount of N that forests can absorb, and
process without detrimental effects is providing quite a challenge (Nésholm
1998).

In contrast to pot experiments, conducted in controlled environments where
temperature and water are generally more optimal than in the forest, and pests
and diseases are kept to a minimum, responses to N inputs under field conditions
are slow (Tamm and Popovic 1995). The short 3-5 year experimental period,
representing less than 5% of the life span of most forests, may be insufficient to
realise a significant growth response. Tamm and Popovic (1995) concluded that
while field manipulations afford the opportunity to evaluate N deposition effects
they must be run for many years before meaningful results can be derived. One
of the main findings from the NITREX experiments was the small response of
diameter increment to N inputs (Gunderson ef al. 1998). Aber et al. (1999) did
not measure growth increases for at least 5 years. The reasons for this are many,
but one fundamental difference between pots and the field is the ratio of plant to
soil so that in the field the plant is competing with the complexity of the soil, its
chemistry and biota. In addition, the biomass in seedling studies is relatively
small but deposition is expressed on a unit area basis, irrespective of the size and
thus dilution capacity of the receiver. Sheppard ef al. (1997) concluded this was
an overlooked factor when making extrapolations from pots to the field.

At the soil level additional N must satisfy the “immobilisation” capacity
before N concentrations in soil solution can increase (Aber 1992). A cascade
effect following on from increased soil water N leading to higher foliar N, which
in turn stimulates growth, describes the N effect. Gunderson et al. (1998)
concluded that response times were strongly related to soil N pool sizes and that
soil solution N, which reflects the dissolved and adsorbed inorganic N pool,
responded within one year whereas needles and litter could take 4 years and
changes in the forest floor C/N ratio might take more than 5 years. A recent
summary from the European monitoring sites confirms a strong positive
correlation between N deposition and foliar N for Scots pine that has now fed
through to yield. The relationship between yield and N deposition is strongly
temperature and stand age dependent. In Sweden Sverdrup et al. (2002) showed a
strong north south axis between the amount of N used and temperature.
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EFFECTS ON SOILS AND N UPTAKE BELOWGROUND

Soil acidification

N deposition can acidify the soil directly through inputs of HNOj in rain, or
as wash off of dry deposited NO,, which can be subsequently oxidised on plant
surfaces. Inputs of H' ions associated with oxides of N have fallen by 30-50%
over the last 20 years in line with improvements in fossil combustion (NEGTAP
2001). However, acidification can also occur via base cation leaching following
cation displacement in response to inputs of H" and NH,". Soil acidity reflects
the relative proportions of base cations (Ca*", Mg*", K" and Na") to H" and Al
species occupying the soil exchange complex. Most forest soils supporting
conifers tend to be acidic. If they are organic their exchange sites are dominated
by H' ions whereas mineral soils tend to be dominated by Al species (AI’*, Al
(OH)*" and Al (OH),").

N deposition in rain or throughfall (precipitation that has interacted with the
canopy and is modified by bi-directional exchange) generally contains both NO3’
and NHy4" in varying proportions depending on the source of the air. When NH,"
ions adsorb to exchange sites they displace base cations, which are then carried
down the profile. Acidification occurs when exchangeable base cations are
removed faster than they can be replaced by weathering (Sverdrup and
Warfvinge 1995, Jonsson et al. 2003). In Wales, N transformations contribute 1
keq ha™' yr' acidity compared to the 0.37 keq ha” yr' generated from SO,
(Reynolds 1997). The significance of N deposition for base cation cycling in
forests should not be underestimated since NO; and NH," inputs affect both the
sink for base cations, tree growth, their source, cation exchange sites and their
availability (mobile anion effect, see later). Too much N will increase the sink
size while also reducing the source. Removal of base cations occurs when the
incoming N stimulates tree growth and concomitantly the demand for, and
uptake of, base cations. Thus whether N acts as a fertiliser or pollutant will
largely be determined by interactions with base cations and pH regulation both
inside and outside the tree.

In organic soils uptake by the forest is met through litterfall recycling and
precipitation. The atmosphere can also supply base cations. For forests growing
close to the sea, deposition can be large, so that deficiencies are less likely than
they would be in forests growing in continental Europe (Kreutzer et al. 1998).
Large inputs of a single growth-limiting nutrient must eventually perturb the
system because of the demand made on other nutrients and the law of the
limiting (Liebig 1840) and more recently demonstrated for conifers by Ingestad
(1979). In natural systems the N cycle is closed and nutrients cycle in balance
with each other, with minimal losses via denitrification or NO;™ leaching (Garner
1984). N deposition perturbs this balance but the extent and implications will
depend on soil type i.e. geology and weathering rates.
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N-stimulated growth is normally matched by the production of additional
litter (Berg and McClaugherty 2003). This can increase the cation exchange
capacity of the system, so that it exceeds the amount of base cations returned in
the additional litter. This is because organic matter consists largely of weak
acids, which provide cation exchange sites (Berg and Matzner 1997). Younger
forests, with a high nutrient demand, may be particularly sensitive to increases in
cation exchange capacity, depending on the rate of organic matter breakdown.
Increasing amounts of N in the litter have different effects on breakdown
processes dependent on the decomposition stage (Berg and Matzner 1997,
Schulze et al. 2000). Effects on the decomposers appear mixed especially for
encytraeids, minuscule pale worms that physically and chemically break down
the size and composition of the litter (Standen 1982). Boxman et al. (1998)
concluded that the microfaunal decomposers were generally not very sensitive to
N deposition. Further stages of breakdown involving saprophytic fungi,
ectomycorrhiza and other microorganisms are initially stimulated in response to
the decline in C/N ratio but thereafter breakdown is retarded (Berg and Staaf
1981). This is because higher available N represses the formation of lignolytic
enzymes by white-rotting fungi and lignin retards the rate of decomposition
(Berg and McClaugherty 2003). N can also be incorporated into lignin during
the humification process to form recalcitrant compounds that further retard
decomposition. At very high N loads disintegration of humus may occur. This is
probably the effect of the replacement of white rotting fungi by soft rotting fungi
which tolerate high N levels resulting in increased production of soluble organic
matter (Berg and McClaugherty 2003).

Nitrification

The most important consequence of N deposition for forest soil acidification
occurs via the mobile anion effect associated with NO;'. Nitrate ions are
negatively charged and as such are highly mobile in the soil, being “repelled”
from exchange sites. Unless they are removed by uptake or chemical
transformation these mobile anions migrate through the soil profile taking base
cations with them. Depending on soil pH, nitrification can also generate
significant amounts of H" so much so that the process can become self-limiting.
Nitrification is temperature and moisture dependent, which is important in its
own right and via its effect on oxygen availability. In the cold acid soils with a
pH lower than 4 where many conifers grow only a varying proportion of the
deposited NH;~ may be nitrified to NO;". Thus in acid soils, pH < 4, negative
impacts of N are more likely to arise from the effects of NH," than via the
impact of nitrification.

Nitrification occurs mainly via the activities of autotrophic nitrifying bacteria
that can fix CO, (dark fixation) or heterotrophic bacteria that rely on external C
sources (Sverdrup et al. 2002). Nitrification rates also depend on the NH,"
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concentration, which reflects tree demand for N and the ease of uptake. In
forests with high N input the tree N demand will decline, as will the amount of
ectomycorrhizal mycelia (Nilson and Wallander 2003), which results in less
NH," uptake into trees and more for nitrifiers. The capacity of the microbial pool
to immobilise NH," (incorporate into microbial tissue) may also decline in soils
saturated in N since soil microbes are usually C limited (Magill ez al. 2000). A
decline in their activities will slow down nitrification and mineralisation. Thus
the N cycling processes become self-limiting, homeostasis breaks down and the
forests start to leak N either into stream water or in gaseous form (NO, N,0) via
denitrification (Gunderson ef al. 1998, Tietema 1998, Skiba et al. 1999).

Changes in soil N pools - fertilisation effect

The main sink for N deposition is the soil. In an N deposition simulation
Buchmann et al. (1996) found that 87% of reduced N and 79% of oxidised N
deposited, remained in the soil. The availability of the deposited N and its
potential to immediately fertilize the forest is mediated through the chemical,
physical and biological environment, a product of geology, climate and landuse
history. These factors influence the speed at which N becomes available via 1)
effects on the microbial population involved in N transformations (Skiba et al.
1999), 2) influence over the soil N reserves (Emmett et al. 1998), and 3)
previous crops and management may have removed a large proportion of the
base cations (Spiecker 1999). Thus the fate of N deposited to soil cannot be
predicted on the basis of inputs alone.

N inputs to soil under forests are significantly modified by interaction with
the canopy (Cape ef al. 2001). Rainfall N content can be significantly enhanced
from the removal of dry deposited N from the canopy surface. Inorganic N ions
may be absorbed via foliage and bark or leaf microflora and transformations
between organic and inorganic N occur on the leaf surface (Chiwa et al. 2003).
These biological transformations vary from day to day, so that the chemistry of
throughfall and stemflow may be very different from bulk precipitation. The
potential for these N inputs to fertilise the forest will depend on the strength of
the relative sinks for N, the forest itself and competing organisms as leaf and soil
microorganisms and ground-layer vegetation (Aber et al. 1998). The strength of
trees to act as sink is a function of growth potential (light, water, temperature,
length of growing season and the availability of other macro and micro
nutrients). Young forests provide the largest sink strength and thus repository for
N, having the smallest internal reserves and largest demands for N and other
nutrients in order to realise their growth potential.

The fate of NH," inputs is largely determined by soil pH and organic matter
content, both organic soils and organic horizons - the O horizon or forest floor
have large capacities to take up NH, " and effectively immobilise it. At Aber (N.
Wales), one of the NITREX experiments, 40-50% of the NH," was retained in
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the organic layer (Gunderson et al. 1998). In Sweden it is estimated that more
than 95% of incoming N is immobilised (Sverdrup et al. 2002). Immobilisation
prevents loss from the system through leaching but does not ensure its
availability as a nutrient. Deposition and availability are often temporarily
uncoupled and during this time the N form may be transformed. The death of
microorganisms will release mineral N, often in flushes. Cell lysis can occur in
response to rapid changes in temperature (winter freezing) or moisture (summer
droughts). A large proportion of NH," is utilised to support microbial growth
and activities. In this instance NH," can increase the capacity of the system for N
mineralisation. However, too much NH," can reduce mineralisation via toxic
effects on soil microbes. The “binding” of N by interaction with lignin can also
increase the potential for soils to immobilise N without immediate consequences
for living systems (Sverdrup et al. 2002). The time taken for N deposition to
significantly enhance soil water N concentrations can be rapid (Gunderson ef al.
1998) or extend into years depending on the capacity of the soil to absorb N.

Our understanding of N immobilisation is incomplete particularly with
respect to the role of fungi (see below) and the significance of C availability
(Aber et al. 1998). Suffice to say in many of the N manipulation and fertiliser
studies the soil has, and continues, to provide the largest sink for N, buffering
forests against the effects except where the aerial uptake pathway is significant.

Ectomycorrhiza

In north temperate forests tree roots are usually colonised by ectomycorrhizal
(EM) fungi, which supplement nutrient uptake. Globally this relationship
evolved when organic matter began to accumulate in certain soils 200 million
years ago, in the Ordovician period and increased toward current levels globally
in the late Devonian/Carboniferous, (John Raven, personal communication). The
tree host benefits through improved nutrient acquisition, since the fungus
explores the soil efficiently for nutrients (especially N and P) in return for host C
(Smith and Read 1997).

EM mycelia can contribute up to 33% of soil microbial biomass (Hogberg
and Hogberg 2002). There are more than 6,000 known EM species (Smith and
Read 1997) with a range of growth strategies in the soil. The mycelia of some
types extend far out from the root tips (long distance exploration types) while
other types extend very small distances (contact exploration types) both,
increasing the absorptive surface (Agerer 2001). Root systems of adult trees may
be associated with numerous EM fungi possessing a range of abilities to use
different N forms (Eltrop and Marschner 1996), providing the host with the
capacity to capture many froms of N and maximising the potential for N uptake
(Martin and Lorillou 1997). The distance between individual EM hyphae in
forest soil may be as little as 20 pm (Olsson et al. 2002). EM fungi have a large
capacity for sequestering N in their extensive external mycelia. Nitrogen can
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also be stored in the fungal mantles that enclose the mycorrhizal roots in
osmiophilic vacuolar bodies, whose occurrence increases after N additions
(Wallenda and Kottke 1998). These N stores can be mobilised rapidly and
utilised by the plant under conditions of high demand, e.g. during bud burst in
the spring (Wallander et al. 1997).

Most stored fungal N is allocated to the host plant (Smith and Read 1997) but
a significant proportion is retained in structural components such as chitin,
where the C/N ratio exceeds that in protein, in the EM cell wall. Glutamate is the
preferred transport medium but sometimes NH,  ions are passed to the root
(Finlay et al. 1988). France and Reid (1983) suggested that plants exercise a
considerable influence over the N assimilating enzymes of their fungal partners.
The different steps in the N assimilation pathways are spatially compartmented
in the different tissues making up the EM, but a description of regulation is some
way off (Martin and Lorillou 1997). Down-regulation of amino acid uptake in
response to the host’s improved N status and by high endogenous NH," levels
has been seen, with up-regulation of uptake in response to increased
carbohydrates (Persson and Ndsholm 2002). Uptake of N via mycorrhizal roots
appears to be less acidifying for the rhizosphere than uptake by non-mycorrhizal
roots (Martin and Lorillou 1997). This may follow because 1) different N forms
are accessed by EM c¢f. tree roots, and/or 2) the same N forms are used but the
symbiosis generates less H during growth and fewer organic anion salts in the
end product than does the tree alone (John Raven, personal communication).
Little is known about the role of EM in the plant acid base balance but given that
acidification is already an issue with N, symbiosis with EMs may have “hidden”
benefits for the tree.

Changes in EM communities and mycelia

N additions both in the form of N fertilisation and N deposition influence the
composition of EM communities. Several studies have shown a reduction in
sporocarp (fruit body) formation in response to N addition, both as N deposition
(Termorshuizen and Schaffers 1991, Lilleskov ef al. 2001) and in N fertilised
plots (Wiklund et al. 1994, Brandrud 1995). The magnitude of the effect is
greatest for sporocarp numbers, in particular for specialist fungi e.g. Tricholoma,
Cortinarius and Suillus, which decline. Inputs of (NH,),SO, appear to be more
detrimental than NH4sNO; (Brandrud 1995). Brandrud and Timmermann (1998)
postulated three phases of N enrichment effects on mycorrhizal flora: 1) rapid
decrease in diversity and production of sporocarps of most species except
Lactarius spp., 2) loss of sensitive species-rich key groups e.g. Cortinarius and
the retreat of more stress tolerant groups e.g. L. rufus, and 3) near complete
disappearance of sporocarp production with decreased density of mycorrhiza and
fine roots. Morphotype diversity is restricted with loss of thick mantled types
formed by sporophore producing macro-fungi. Arnebrant and Soderstrom (1994)
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showed that changes in EM communities after N fertilisation could persist for
more than 13 years.

Investigation of EM fungi belowground is complicated because extramatrical
mycelia of EM fungi are difficult to distinguish from those of saprotrophs.
Boxman et al. (1998) observed from the NITREX experiments on more than 35-
year old trees that N reduced mantle thickness and the amount of external
mycelium although inter-annual differences confounded effects. In laboratory
experiments it has been shown that the growth of EM mycelia is severely
inhibited by N additions (Wallander and Nylund 1992) with differences in
species sensitivity (Arnebrant 1994). Most EM species that have been used in
laboratory experiments are rather tolerant of N addition and this may have led to
underestimates of the negative influence of N on growth of external EM mycelia
that occur in the field.

New methods for studying mycelia involving their molecular identification
(Dickie et al. 2002, Landeweert et al. 2003) and the use of ingrowth mesh bags
to quantify EM mycelia (Wallander et al. 2001) have greatly added to our
understanding of belowground effects. Using the mesh bag method, Nilsson and
Wallander (2003) showed that growth of external mycelia decreased by ca. 50%
with the addition of 100 kg N ha™ yr' for 11 years in the Skogaby experimental
forest in southern Sweden.

Effects of N additions on the EM communities on root tips have been studied
in N fertilisation experiments and along N deposition gradients in the field
(Kérén and Nylund 1997, Wallenda and Kottke 1998, Fransson et al. 2000,
Jonsson et al. 2000, Taylor et al. 2000, Peter et al. 2001, Erland and Taylor
2002). The general conclusion from such studies is that almost all root tips
remain colonised by mycorrhizal fungi after N additions but the species
composition is usually altered and morphotype diversity is reduced (Taylor et al.
2000). Belowground communities are less N sensitive than is the production of
above-ground sporocarps (Peter ez al. 2001).

The consequence of such changes in species composition for nutrient cycling
and tree growth is difficult to predict because little is known about nutrient
uptake capabilities in different species. EM species with a high capacity to
utilise complex organic N sources have decreased in abundance in ecosystems
exposed to N additions along an N gradient in Europe (Taylor et al. 2000) and
along an N deposition gradient in Alaska (Lilleskov et al. 2002). This type of
adaptation probably occurs because the production of N mobilising enzymes
uses assimilate and would be of less benefit when inorganic N sources increase
in the soil.

High N inputs to forest ecosystems can lead to a reduction in the amount of C
allocated to the roots (Vogt et al. 1982) and thus to reduced carbohydrate
concentrations in the roots, which may have a negative effect on the growth of
EM fungi (Wallenda ef al. 1996). Increased N supply causes a switch from
gluconeogenesis to glycolysis in the host and a reduction in the C allocation to



78

EM, which leads to a fall in the amount of living hyphae via starvation (Hampp
et al. 1999). In addition, Wallander (1995) suggested that increasing N
availability resulted in a larger proportion of available carbohydrate in the fungal
tissue being used for NH, assimilation rather than growth of the external
mycelium or sporocarp production. Assimilation of NH,  into amino acids
consumes large amounts of C (Martin and Canet 1986), the majority of which is
returned to the host as amino acids. High C consumption during uptake of NH,"
was also demonstrated as increased respiration in microcosms (Ek 1997,
Bidartondo ef al. 2001) when it was shown that the N tolerant Paxillus involutus
had a much larger capacity to obtain C from the host tree than N sensitive
Rhizopogon and Suillus species. Growth of the EM mycelia appears to respond
to host C allocation rather than soil N status.

Consequences of changes in EM communities and mycelia

The reduced capability of EM infected root tips to utilise organic N sources
commensurate with N additions may be dramatic. Lilleskov et al. (2002)
calculated that the capability was 70% with low N deposition falling to 7% at the
highest N deposition along an N deposition gradient in Alaska. The impact
however, may not be instantaneous for nutrient dynamics and tree growth
because the increasing availabilities of inorganic N will reduce the benefits of
using organic N sources by the trees. But, if the capability to utilise complex
organic N sources is not re-established and N deposition declines it may have
serious consequences for the N cycling of the forest in the longer term (Nédsholm
et al. 2000). Preferential use of inorganic N sources consumes more C which
may be detrimental for the growth of EM mycelia and consequently for tree
growth.

Reduced growth of the EM mycelia can reduce uptake of elements other than
N that could be in low supply. Since it is likely that other nutrients will
supersede N as the limiting element in forest ecosystems exposed to high N
input this will accelerate the speed at which these other nutrients start to restrict
the N-driven growth response. Hagerberg et al. (2003) showed that EM fungi
could compensate for a P deficiency situation that developed in a Norway spruce
stand under high N availability. The EM fungi intensified the colonisation of
apatite (P containing mineral) added in mesh bags, which in turn led to
dissolution of the mineral and a higher availability of P. Colonisation of deeper
soil layers with higher amounts of weatherable minerals by mycorrhizal roots
may be one way to compensate nutrient deficiencies that develop in N-saturated
stands (Landeweert et al. 2001).

Non-mycorrhizal roots

Although N uptake by EM exceeds that by roots, most trees also have non-
mycorrhizal roots that may contribute to N uptake (Marschner 1991, Eltrop and
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Marschner 1996). Effects of N deposition have generally started as positive
changing to negative only when inputs exceed demand and soil water N
concentrations increase (Boxman et al. 1998). A threshold of more than 2 mg N
L' (NO; and NH,") has been identified (Matzner and Murach 1995). Reduction
in N inputs to Scots pine, which caused a fall in soil water N, saw a recovery in
root growth (Persson and Ahlstrom 2002). Loss of EMs from roots will increase
the risk from heavy metal and AP’ toxicity via adsorption to the fungal cell
(Jentsche and Godbold 2000) and such ions will be increased by N inputs (see
below). Negative effects on root growth will have serious implications for
drought tolerance, since N additions also increase the aboveground transpiring
surface.

NITROGEN UPTAKE ABOVEGROUND

Wet deposition

N deposition offers trees many routes for N uptake. Wet N (NH," more than
NOj™ ions) can be absorbed through the aerial tree parts as well as the roots. In
the 80’s Abrahamsen (1984) observed that Norwegian forests supplemented
their poor N supply from the atmosphere. Canopy uptake via foliage is well
documented for spruce trees (Skiba et al. 1986, Lovett and Lindberg 1993,
Macklon et al. 1996). Bark (Katz et al. 1989) is estimated to have a 5-fold
higher uptake potential than needles possibly reflecting the higher contact time
(Boyce and McCune 1992), though it represents a smaller overall surface area.
Lovett and Lindberg (1993) estimated that Spruce-fir forests in the US satisfy
less than 15%, approximately 1-12 kg N ha” yr' of their N requirement from
canopy uptake. Boyce et al. (1996) using °’N-labelled NH,;NO; estimated 2-8%
of tree N demand was met via the foliage, which took up 5 times more NH, than
NOj ions. Chiwa et al. (2003) showed that up to 40% of NH,;NO; at 48 kg N ha’
yr'' sprayed 50 times at 2mm precipitation equivalent, over a 10-m high Sitka
spruce canopy at Deepsyke in the Scottish Borders could be retained during the
growing season. The fate of this N was not followed using °N and some may
have been utilised by the phylloplane microflora. Three years of throughfall
measurements under this spruce canopy have also shown that canopy uptake
varies unpredictably and significantly from year to year ranging from 15 to 40%
of the added N.

Uptake of NH," via the foliage and bark appears to respond to diffusion
gradients (Wilson 1992) but in addition electrical gradients are also active.
These, and the “negativity of the cuticle”, demand that uptake of positive (+ve)
ions be accompanied by the equivalent charge loss. They also explain how ions
of similar charge compete with each other for uptake sites. At Deepsyke the
presence of H' ions modified the proportion of NH," to NO5™ that was absorbed
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from this equimolar solution favouring NO;™ uptake. Leaching of base cations
from cuticular exchange sites may offer the potential for recycling by root
uptake from the soil. The efficiency of this mechanism compared with internal
recycling is not known.

Ionic strength does not appear to influence uptake (Macklon et al. 1996).
This may be due to fact that as liquid evaporates from the leaf surface the ionic
strength increases. N concentrations measured in throughfall suggest that uptake
of N by the canopy decreases with age (unless dry deposition increases with
age). If this is the case it suggests foliar uptake is regulated and related to
growth. In the study by Cape et al. (2001) N uptake was not significantly
enhanced when the trees were supplied twice as frequently. The absence of
growth enhancement appears to suggest that uptake through foliage/bark may be
linked to growth via N assimilation. Young trees, having a high requirement for
N would be expected to assimilate the N more quickly and thus increase the
potential for diffusion. Uptake rates are tree species specific (van der Eerden et
al. 1992) and variable.

Uptake is dictated by the charge on the ion and the cuticular material and
most importantly the ionic strength of the apoplastic free space. Klemm et al.
(1989) concluded that the N concentration gradient from outside the leaf to the
interior favours uptake. Transport across the cuticle is the rate-limiting step for
NH," (Macklon and Armstrong 1994). It appears that trees can influence foliar
uptake of N via the ionic strength of the apoplastic space and coupling to N
assimilation. However, while N uptake may be linked to the availability of
reductant and C skeletons these alone are insufficient to promote growth and
thus utilisation of N.

Dry deposition

The impact of gas phase NH; depends on the physical and chemical
properties of the leaf surface that influence the rate of diffusion through the
stomata. Thus uptake is influenced by stomatal density, environmental factors
that control opening, outside gas concentration and internal gas concentration.
The internal concentration will reflect pollutant solubility and decomposition
rate (potential for interaction with the cell wall enzymes) and the rate of removal
i.e. N assimilation. The physical properties of the leaf may be auto correlated
thus, high conductance is incompatible with a low stomatal density, and
transpiration rates are coupled to the radiation regime and vapour pressure
deficits. Trees cannot prevent gaseous uptake per se (Gebauer and Schulze
1997). Assimilation rate is probably the most important step, regulating uptake.
Thus young foliage with its high potential for assimilation exhibits the greatest
uptake potential (Bruckner-Schatt et al. 1995). Tree N status also affects uptake,
which is highest in N poor trees, although this must be balanced against their
poor growth, assimilation rates.



81

NH; can be both absorbed and emitted by foliage, depending on the
concentration gradient between the leaf interior and ambient air and the pH of
the substomatal fluid. NH; gas shows alkaline tendencies in a protogenic solvent
but its dissolution effect on pH is counterbalanced by H" ions extruded from
cytoplasmic assimilation (Husted and Schjoerring 1995). The gas phase NHj;
concentration is in equilibrium with the NH," concentration in the substomatal
apoplastic fluid, which forms a physical, albeit not chemical, continuum with the
liquid phase of the leaf apoplast and the xylem. NH; will be deposited as long as
this internal equilibrium concentration, known as the compensation point, which
is associated with a particular partial pressure, is below that of ambient air. The
partial pressure controls the solubility of NH; in the apoplast in accordance with
Henry's law.

The size of the apoplastic NH, pool is regulated via the balance between
uptake and metabolism. Deposition is the highest in summer when assimilation
keeps reducing the internal N concentration. Trees growing in N enriched soil
will have higher compensation points and potentially absorb more NH; (Gessler
et al. 2002). However, these trees are also more likely to emit NH; when the
atmospheric concentrations fall, such as with a change in wind direction from a
local NHj; source. The ability to emit NH; provides forests with a mechanism for
restricting N accumulation, were this not the case uptake via stomata could be
difficult to control (Gessler et al. 2002). Re-emission prevents toxic
accumulations of NH3/NH," in the needle apoplast and can increase in response
to root N uptake (Husted and Schjoerring 1995). Detoxification of NH; has been
reviewed by Givan (1979). When the humidity is high NH; can also be
deposited to water films, so long as the pH is acidic, on the leaf surface and
access the sub stomatal cavity by this route, which is largely independent of
stomatal opening (Krupa 2003).

It has been suggested that uptake of gaseous NH; occurs more readily than
that of other N forms that use the combined cuticular and root uptake pathways.
Pérez-Soba and van der Eerden (1993) showed that Scots pine seedlings exposed
to 50 ug m~ NH; or fertilised with 65 kg (NH,),SO,4 had a 40% higher needle N
concentration with NH3 compared to 8%, with root applied fertiliser. Given the
potential uptake pathways of stomata, water films, cuticle, bark and roots, trees
receiving their N as NH; should respond to N deposition more quickly than
those supplied with wet NH,. Trees that rely on belowground uptake will derive
their N more slowly because they have to compete with the powerful
soil/microorganism sink. This means that effects of dry deposition of N should
be observed more quickly than if the same amount of N had been deposited wet.
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N DEPOSITION AND PHYSIOLOGICAL PROCESSES

N uptake across the plasmalemma

Regulation of N uptake across the plasmalemma requires information on N
status of individual organs to be conveyed bi-directionally so that physically
separate functions e.g. photosynthesis and mineral uptake can be co-ordinated
and integrated. Mechanisms have evolved that enable uptake rates to be linked to
“demand” which changes with growth and developmental stage, rather than to
the N concentration in the growth medium (chapter 1). N uptake kinetics display
seasonality linked to the temperature dependence of enzyme activities. In
addition trees can alter the amount and the morphology of the root system, and
the extent and type of EM association via changes in C partitioning. Trees also
need to be able to integrate and coordinate N acquisition from several sources
i.e. roots and shoots. However, short-term NO, fumigation experiments (Muller
et al. 1996) suggest the internal control operating in response to demand is not
perfect, i.e. does not operate beyond certain limits and probably would not offer
protection from an “overload” situation.

NO;™ uptake represents a thermodynamic challenge; being negatively charged
it has to move against an electrical potential gradient (Crawford 1995, chapter
1). Uptake is active and coupled to metabolism. Most northern conifers growing
in acid soils will have to process less than 10% (approximately) of their N in the
oxidised state (Stewart et al. 1989). NH," moves in response to the negative
electrical gradient generated from the hydrolysis of ATP by the plasmalemma
H" ATPase pump (Nisholm 1991, chapter 2). In Scots pine amino acid uptake
was down regulated by NH," and up regulated by the presence of amino acids,
suggesting that the organic N form is the preferred because it consumes the least
energy in assimilation (Persson and Nasholm 2002). N is also taken up as amino
acids. There is an excellent review of N acquisition and assimilation in EM by
Martin and Lorillou (1997). However, the physiological processes involved in
the transfer of N across the fungal plasmalemma or the interfacial matrix and the
root plasmalemma, are still poorly understood as is their regulation (Chalot et al.
2002). Chalot and Brun (1998) suggested that amino acids may move from the
EM to the host by diffusion, but such a route in the absence of membrane
channels would be slow.

Molecular studies, predominantly undertaken with crop plants, have
increased our understanding of N uptake and regulation. In such crops NH," and
NOs uptake by roots appears to be carefully controlled by several high affinity
transporters (HATS) (chapters 1 and 2), one or two of which have been
demonstrated in a few forest trees (Kronzucker et al. 1995, 1997, Suarez et al.
2002). Glutamine is an important signalling factor, which for crops, though still
to be irrefutably demonstrated in trees, can serve to down- regulate N uptake via
effects on genes encoding the respective HATS (chapters 1 and 2). HATS for
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NOj™ operate over a wide concentration range from uM to mM, compared to
those for NH,". The ability to operate over a wide range provides flexibility to
up or down regulate the flux, in relation to demand and the concentration in the
soil solution. Communication of foliar N status to the roots is well demonstrated
(chapter 1). In Norway spruce one mole of NH; uptake by foliage led to the
reduction of root NO;™ uptake by one mole (Rennenberg et al. 1998). Root to
shoot signalling by long distance transport of amino acids is now starting to gain
credibility as mechanism for regulating the N nutrition of mature trees (Weber et
al. 1998).

N functions and demand

The photosynthetic capacity of leaves is related to their N content mostly
because the proteins of the Calvin cycle and thylakoids represent the greatest
fraction of the leaf N content. Amounts of chlorophyll and the major enzyme of
photosynthesis (RuBP carboxylase) are proportional to the leaf N content (Evans
1989). Because N is a component of amino acids and protein it is both
structurally and metabolically important (Marschner 1995). In addition N can act
as a signalling agent, e.g. for stomatal opening (Raven 2003). Signals derived
from NOj are involved in triggering widespread changes in gene expression that
affect the intimate programming of C and N metabolism. Internal and external
NO;™ concentrations signal adjustments in root growth and architecture to the
physiological state of the plant in relation to external N sources (Zhang et al.
1999, chapter 1) Excess or insufficiency will compromise any or all of the
functions (see above). N demand, which tends to reflect the potential for
assimilation/detoxification, is determined by species, age and environmental
conditions that affect growth (light > temperature > water availability). Thus
demand varies both seasonally and diurnally. At night or in winter N
assimilation, which prevents accumulation and the potential for toxicity, will be
slower although stomatal closure will restrict gaseous uptake.

Nitrogen assimilation

The N and C cycles are intimately linked so that pollutant N effects on N
cycling will feed back to C assimilation and use (Lawlor 1994). NH; absorbed
via the stomata or trans-cuticular route is assimilated in the foliage and
corresponds to an increase in glutamine synthetase activity (Pérez-Soba et al.
1994). Light is a pre-requisite as it provides the C skeletons via photosynthesis
and is the electron donor for reducing ferredoxin. Light is also the source of
reducing power for NO;™ reduction and modulates nitrate reductase by enzyme
phosphorylation (chapter 6). NO; assimilation can utilise up to 25% of the
reductant used in photosynthesis (Gebauer and Schulze 1997). Both NO;™ and
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NH," levels will tend to accumulate under low light intensities increasing the
likelihood of toxic effects (see below).

In the roots N assimilation rate is influenced by soil temperature and the rate
of supply of C from the shoots, which may be relatively slow in northern
conifers. Glutamine, glutamic acid and aspartic acid occupy central positions in
N metabolism, but the amino acid most associated with N deposition is arginine
(Nésholm 1991). Arginine is known to accumulate at high N concentrations and
its production was seen as a mechanism for sequestering NH,". Now, it is
accepted that arginine accumulation is indicative of nutrient stress, imbalance,
which lowers growth rates but does not inhibit nutrient uptake and may or may
not lead to a surplus of NH," (Chapin 1980, Rabe and Lovatt 1986, Niisholm and
Ericsson 1990). Arginine has the lowest C/N ratio (6C/4N) so that storing N in
this form requires the least C to remove the potentially toxic NH4 ion
(Marschner 1995). Arginine concentrations in the root can serve to down
regulate NH; uptake (Nisholm et al. 1997). The likelihood of measuring
elevated arginine levels increases with decreasing site productivity (Edfast et al.
1990). Arginine represented 4% of total N in response to elevated N but the
proportion was 27% when nutrient imbalance was evident. Scots pine at
Norrliden, Sweden, that had received 5 to 8 times ambient N deposition (max.
20 kg N ha” yr') accumulated arginine, up to 10-27% of the 1.7-2.2% N total
dry weight', except when P and K were added, when accumulation represented
only 7-16% (Nésholm and Ericsson 1990). Not withstanding this the correlation
between N deposition and vacuolar arginine accumulation can be high (Huhn
and Schulz 1996). N deposition can stimulate nutrient deficiency by enhancing
growth and concomitantly reducing P and base cation availability via effects of
acidification (Jonsson et al. 2003). Growth reduction is associated with arginine
levels exceeding 30% of the total foliar N (Krause et al. 1986). In pristine areas
of northern Scandinavia arginine measures less than 0.06% foliar dry weight,
whereas in N polluted areas of the Netherlands values of 0.65-0.9% can occur.

CONSEQUENCES OF NITROGEN DEPOSITION

Foliar nitrogen

Foliar N concentrations (usually reported for current year) in Scots pine from
the ICP forest plots (De Vries et al. 2002) and in Norway spruce from
Switzerland (Fluckiger and Braun 1998) are correlated with N deposition and
have increased over recent decades. Responses in foliar N concentrations to the
N deposition dose may be neither linear, nor immediate. Foliar N concentrations
are influenced by tree age, reflecting the balance between metabolic activity and
assimilation rate, needle age, via sequestration and carbohydrate status at the
time of sampling in respect to non-structural carbohydrate levels (Linder 1995)
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phenology and branch position in the canopy, which affects sink strength and
chlorophyll-N content (Rosengren-Brinck 1994). Responses are affected by the
source of N, air or soil, and whether it is wet or dry. The N status of the tree
affects how quickly foliar N changes and thus the potential for accumulation.
For NH; deposition this is implemented via the compensation point (Sutton et al.
1993a).

At Aber (N. Wales), changes in foliar N in more than 30 year-old Sitka
spruce were generally insignificant, despite additions of up to 75 kg N ha™ yr’!
irrigated at 1 m above the forest floor. NO; leached but almost no N was
absorbed through the roots and the % N dry weight was about 1.8% (Gunderson
et al. 1998). There were no growth responses but the N was not taken up by the
roots to accumulate above the optimum for Spruce (Innes 1995). Seven years of
treating a Sitka spruce canopy approximately twice weekly with N, with or
without acidity, at 48 kg N ha"' yr' where significant amounts of foliar uptake
were observed (Cape et al. 2001) failed to significantly increase foliar N status
in the 15-year old trees (at canopy closure) even though foliar N at 1.2% dry
weight (Sheppard et al. 2001) was verging on deficient. In fertiliser studies
where N applications as a solid to the surface of the soil are in the range of 75-
150 kg N ha™ yr', irregular and infrequent increases in foliar N tend to be large
in the first year but thereafter show little change as the trees readjust to their
earlier homeostatic state (Dutch 1995). Many of the NITREX N manipulation
experiments have failed to change foliar N (Gunderson ef al. 1998). However at
Skogaby, (Sweden) Norway spruce, post canopy closure growing on an N
deficient site, exhibited very large increases in growth which were soon
accompanied by increases in foliar N, which are now at or exceed the
recommended value of 1.8% N for optimum tree growth (Nilsson and Persson
2001). These results appear to confirm links between growth responses and the
likelihood of foliar N changing in response to wet N deposition but it is not
always clear why foliar concentrations have responded in the ways they have. In
response to dry N deposition as NH;_ foliar N concentrations appear to increase
more per unit N (Pérez-Soba 1995); however, extrapolation from concentration
to deposition dose is quite difficult (Sutton et al. 1993b).

While we have some of the explanations for changes, or lack of them, in
foliar N status in response to N deposition or N manipulation experiments, many
of the changes are still unpredictable and inexplicable. Foliar N concentrations
higher than 3% dry weight are rarely measured except in the Netherlands in
senescing needles. Symptoms of N effects, white/yellow needle bases on young
Scots pine that were associated with % N dry weight of 2.3-3.1 are restricted to
damaged trees on acidic, nutrient poor heathland (van Dijk and Roelofs 1988).
Conifers would appear to be relatively successful at matching uptake to demand
so damage is uncommon except where N deposition is very high or other factors
are weakening the trees.



86

Nutrient imbalance

It is generally believed that the imbalance of nutrients with respect to N is
more likely to impair growth than high foliar N per se (Linder 1995). Thus we
tend to discuss nutrients as ratios rather than concentrations, which also means
that inter-annual comparisons are not biased by differences in stored
carbohydrate. Target ratios for Norway spruce are 10, 4, 35 and 25 for P/N, K/N,
Mg/N and Ca/N respectively (Sternquist et al. 2002). Lower values indicate N
excess with the potential for reductions in stem growth, which are usually
accompanied by needle loss and changes in C balance not withstanding increases
in susceptibility to stress, pests and disease. Young trees are less affected by
high N inputs since they are less sensitive than older trees to suboptimal P and K
status because the strength of their growing sinks maximises the likelihood of
internal remobilisation and retranslocation of nutrients (Marschner 1995, Thelin
2000). However, once these needles have been shed, and if defoliation is severe
(more than 50%) such trees will suffer (Marschner 1995). High concentrations
of soil water NH," can interfere with K” uptake via antagonism, as the K channel
is approximately the same size as the NH," ion (Lips et al. 1987). Uptake of
other cations may also be directly impaired in the presence of high NH,", thus
exacerbating the likelihood of nutrient deficiency (Krupa et al. 2003).

Potential for N toxicity

The uptake kinetics of nutrients other than N can be rapidly adjusted to
function at very low concentrations to maintain supply commensurate with the
demand imposed by N (Sverdrup et al. 2002). However, N can accumulate as
the supply of other nutrients fails, because these restrict growth but do not
appear to restrict N uptake. This might reflect past evolutionary strategies. N has
historically been in short supply, so that strategies for restricting N uptake were
probably less desirable than the evolution of strategies for maximising uptake.
Where deficiencies restrict anabolic processes, i.e. protein synthesis and growth
or restrict glucose production or enhance its depletion e.g. in cold stress, there is
the potential for toxic NH; to accumulate (Rabe and Lovatt 1986, Rabe 1990).
Tolerance of high NHj levels appears to be quite good under optimum growth
conditions (Pérez-Soba et al. 1994), but these rarely occur in forests. Direct
injury, attributed to NHj3, has been observed in the proximity of intensive animal
units (Fangmeier et al. 1994, Krupa 2003) and N fertiliser factories (De
Temmerman et al. 1988). Damage was observed in Flanders to Austrian pine
where deposition was unprecedented at 300-700 kg N ha' yr'. High
atmospheric NH; concentrations have also led to enhanced foliar N, which
increases the risk from pests and pathogens. One of the highest foliar N
concentrations (3%) for pine needles occurred in response to monthly means
between 45-65 ug m> NH; (Heinsdorf and Krauss 1991). Direct foliar damage is
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not usually observed with wet deposition, which suggests toxicity may be linked

to increased uptake of N in gaseous form. Summarising, NHj; can:

— adversely affect acid base regulation, and uncouple photo phosphorylation
(Raven 1985),

— inhibit starch synthesis and glucose accumulation (Hampp et al. 1999),

— saturate membrane lipids and increase permeability (Ndsholm 1991)

— inhibit protein synthesis and increase the proportion of free amino acids
(Nasholm 1991),

— inhibit chlorophyll synthesis,

— attack and degrade the cuticle, which can adversely affect water loss and ion
uptake (van der Eerden ef al. 1992).

Damage is most common in winter when the potential for assimilation

(detoxification) is low and the potential for interaction with cold stress is high.

In many cases the damage is transient and restricted to some needle shedding.

Sensitivity to stress

N eutrophication has been linked to increased sensitivity to stress,
particularly frost hardiness (Aronsonn 1980). While it is known that N can
extend the growing season in the autumn and thus increase the risk of frost
injury, mechanisms by which N increase winter damage are controversial
(DeHayes et al. 1989) and experimental data from manipulation studies are
inconclusive (Sheppard et al. 2003). N is more likely to improve winter
hardiness in shoots (Sheppard 1994, Pfanz and Sheppard 2001). In spring the
risk of frost injury to newly flushed shoots is real, through earlier budburst,
brought on by accelerated carbohydrate assimilation in response to the improved
foliar N status (Pfanz and Sheppard 2001). More recently N deposition has been
linked to secondary stresses following freezing damage (Jonsson 2002).

There does appear to be a link between local NH; emissions and frost
damage (Dueck et al. 1991, van der Eerden et al. 1992). Frost damage and
fungal attacks were associated with foliar N concentrations of 1.6-2.0% in Scots
pine, 1.5-1.8% in Douglas fir and 1.1-2.0% in Austrian pine, trees where the
“norm” is between 1.0-1.5% N (De Temmerman et al. 1988). However, when
Clement (1996) investigated the impact of NH; on frost hardiness in Scots pine
he found no effects on current year shoots. Chlorophyll concentrations,
photosynthesis and protein contents were increased, while carbohydrate content
was decreased. One-year old needles did show reduced winter hardiness and
Clement (1996) concluded that NH; per se had not reduced the hardiness but
rather the imbalance between N and K and subsequent effects on cryoprotectants
were to blame.

Excess N has also been linked to reduced water use efficiency and increased
risk from drought, but our understanding is far from clear, especially for trees.
For further reading on the effects of different N forms and the interaction with
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pH regulation and water use see Raven (1985), Yin et al. (1996) and Yin and
Raven (1997). Simply, N increases the shoot/root ratio so that the uptake area is
reduced at the expense of the increasing transpiring area (van Dijk et al. 1990).
High NH," can also restrict root growth and restrict K uptake with implications
for osmoregulation (Marschner 1995).

Growth of epiphytic green algae on leaf surfaces protected from frequent
desiccation, in response to N eutrophication is a cause for concern for forests as
light penetration may be impeded (Poikolainen et al. 1998). Evidence for
increased vulnerability to pests, disease and herbivores, both small and large
grazers, is convincing in response to nutrient imbalances with respect to N
(Fluckiger and Braun 1998, 1999). This is probably because of lower
concentrations of phenolics and higher concentrations of free amino acids. N
fertilisation increased aphid population numbers and litterfall in Sitka spruce
(Parry 1974). In spruce, both N and S treatments, especially in combination
increased aphid numbers (Stadler et al. 2001). Damage to pines from fungal
pathogens (Brunchorstia pinea and Sphaeropsis sapinea) associated with
increased N content has increased in the Netherlands (Roelofs ef al. 1985, van
Dijk et al. 1990).

CONCLUDING REMARKS

Conifers, particularly those growing in northern latitudes face a dilemma: if
they control N uptake too tightly they may have insufficient N to sustain the
annual growth flush. Northern conifers have mainly evolved under conditions of
restricted N supply so it seems unlikely they will have evolved mechanisms to
restrict N storage. Root N uptake is regulated, foliar uptake of gaseous NHj is
controlled through the compensation point phenomenon and cuticular pathways
operate control via concentration gradients. So, can trees fine-tune N uptake
sufficiently to prevent accumulation or is the fate of our forests outside the trees’
control? Field manipulations suggest trees cannot cope when the availability of
N exceeds that of other nutrients. Nutrient imbalance restricts growth and N
starts to accumulate in the tissue, increasing susceptibility to stress, pests and
diseases.

Successful trees expand their canopy quickly, as light can soon limit the
potential for C fixation. In response to N trees invest their new assimilate above-
ground in light capture and partition less to the roots. This would seem to be
counter-intuitive in our increasingly N rich environment, given that N is not the
only nutrient required. Thus trees face a paradox, at a time when they need to
maximise nutrient uptake to meet the N driven growth demand they partition
less C to roots and mycorrhizas. The restricted ability to forage for nutrients and
loss of mycorrhizas will leave roots vulnerable to AI’” in the acidifying soils,
and pathogens. In addition reduced root growth means reduced water uptake - a
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decoupling of root and shoot balance so that their increased evaporative canopy
surface is supported by a smaller water absorbing capacity.

The extent to which trees are affected by N deposition would appear to be
mostly outside the trees’ control since the availability of N for uptake is
predominantly under the control of soil microbes via retention and
transformation (Garner 1984, Bengtsson and Bergwall 2000). It is the
characteristics of the soil and its biota that determine if and when a forest
ecosystem will saturate in response to N deposition (Garner 1984). Nésholm
(1991) concluded that estimating the potential of a soil to retain N presents the
largest uncertainty in the setting of Critical Loads (CL) for N. The activities of
the soil microflora control the capacity for N immobilisation and the speed of
release. Soils, particularly those rich in organic material, have a high capacity to
immobilise N. However, this capacity is not exhaustible and many forests are
already N saturated. When this occurs N moves away from being a fertiliser to
becomming a pollutant.

The speed at which the above happens is also influenced by the availability
of nutrients other than N. NH," and H" released during nitrification temporarily
enhance base cation availability, ultimately leading to their removal via the
mobile anion effect. Where weathering rates fail to match the losses the system
will no longer be able to sustain the accelerated demand for nutrients. In
agricultural systems enhanced growth is met through fertilisers processed to
match the demands of the growing crop. In the case of anthropogenic N
deposition to forests only N increases.

Experiments have revealed that at N additions, 5-10 times higher than
current N deposition, many soils can buffer a large proportion of the incoming
N. They also show that younger forests generally benefit from these N inputs.
However, there are already soils that because of their low levels of available
nutrients cannot sustain the N driven growth and in these soils N deposition has
exceeded the CL and will need to be reduced before forests can recover.

Direct injury from N would appear unlikely. However, the balance of
literature suggests that forests growing near local sources of NH; will be
negatively affected more quickly than forests receiving wet N, especially under
dark and cold conditions. Damage to such forests is most likely to be indirect via
interaction with cold, pests or pathogens.

The answers lie belowground

— N availability and loss is regulated exclusively through belowground
microbial processes.

— The potential for N to act as a fertiliser or pollutant will depend on its
availability in relation to the relative availability of other nutrients especially
P and base cations. The speed at which N moves from being a fertiliser to
pollutant will depend on forest age and growth rate.
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Chapter 4

SYMBIOTIC NITROGEN FIXATION

Javier Ramos and Ton Bisseling

INTRODUCTION

Nitrogen is one of the most abundant elements on earth and occurs in three
main reservoirs: lithosphere, atmosphere and biosphere. The complex
relationships between these reservoirs constitute the nitrogen cycle. The
lithosphere contains the largest reserves of nitrogen, but only a small part is
accessible to plants e.g. as NO; and NH,". The N content of most surface
mineral soils is about 0.02-0.5%. However, most of the soil N is in organic form
associated with humus and silicate clays and only about 2-3% of this is
mineralised each year (Brady 1990). Thus, the amount of readily available N in
the form of NO; and available NH," compounds is generally only about 1-2% of
the total soil N, with the exception to areas where large amounts of fertiliser
have been added.

About 80% of the atmosphere is composed of N,. The latter is the substrate
of nitrogen fixation and the products of this process are the primary source of
fixed N, in fact for all living organisms including humans. The quantity of
nitrogen fixed in nature is about 230 x 10° Tm annually. Of this, approximately
13% is fixed by electric storms (into nitric acid), whereas 87% is the result of
biological fixation of nitrogen. Of the latter, 80% is fixed via symbiotic
associations and 20% by free living organisms (Gutschick 1980, Vance 1988).
The biological costs of fixing N, is substantial, being equivalent to about 2.5%
of the energy generated by primary photosynthesis on the earth (Gutschick
1980).

In agriculture, in addition to N sources created by biological nitrogen
fixation, N-fertilisers are used. The current annual world industrial production of
ammonia exceeds 130 x 10° Tm per year (Bakemeier et al. 1997), mostly
produced by the Haber-Bosch process. The production of artificial fertiliser is
expensive due to high energy costs. Further, the excessive application of
fertilisers, contributes to environmental hazard by leaching of nitrate into the
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ground. Thus biological fixation of N, has considerable advantages from an
ecological as well as an economical point of view (Galloway et al. 1995,
Socolow 1999, Sainju et al. 2003).

DIAZOTROPHIC ORGANISMS

The nitrogenase enzyme complex is at the core of biological nitrogen
fixation. Only some microorganisms, diazotrophic prokaryotes, possess this
enzyme complex and are able to fix nitrogen. Several microbes are able to fix
nitrogen in a free-living form.

The biological fixation of nitrogen is the most important way by which
organisms have access to N sources. This process requires a fairly high
proportion of the ATP, which is generated by oxidative phosphorylation. The
nitrogenase enzyme complex, however, is sensitive to O,, that irreversible
inactivates the enzyme. Therefore diazotrophs must employ mechanisms, which
permit the supply of O, required for energy regeneration and simultaneously
nitrogenase has to be protected from the deleterious effect of O,. The most
efficient nitrogen fixing systems are those in which the microbe has established
a symbiosis with higher plants. The symbiosis between Gunnera and Nostoc,
legumes and rhizobia and actinorhizal plants and Frankia have in common that
the nitrogen fixing prokaryote becomes internalised in the cells of their
angiosperm host. Cyanobacteria and gram-negative rhizobia are related to the
microbes that are endosymbiotic ancestors of chloroplasts and mitochondria,
respectively (Andersson et al. 1998, Douglas 1998). However, in contrast to
these organelles they are genetically completely independent from the host. On
the other hand Frankia is a gram-positive bacterium without such relationship
with ancient endosymbionts (Allen and Raven 1996).

Plant endosymbioses are characterised by microbes that are hosted by the
plant in intracellular manner. However the microorganisms are separated from
the host cytoplasm by a plant membrane, the symbiosome membrane (SM) (see
below for details). Thus, the microsymbiont may be intracellular, but it is always
extracytoplasmic because of the integrity of the SM. In the following paragraphs
of this chapter the actinorhizal and cyanobacteria-Gunnera symbiosis will
briefly be summarized whereas the rhizobial-legume interaction will be
described in more detail.

In addition to these intimate and specialised symbiotic associations, there are
several free-living nitrogen-fixing bacteria that grow in close association with
plants. For example, Azotobacter, Acetobacter and Azospirillum species have
been shown to fix nitrogen when growing in the rhizosphere of tropical grasses,
as root surface-colonizing bacteria, or as endophytic diazotrophs (Steenhoudt et
al. 2000). Often they are found in association with economically important
Gramineae as sugarcane (Elbeltagy et al. 2001, Sevilla ef al. 2001).
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Gunnera hosting cyanobacteria

Cyanobacteria have co-evolved with the changing oxidation state of the
ocean and atmosphere to accommodate the machinery of oxygenic
photosynthesis and oxygen-sensitive N, fixation. Therefore they are unique in
the sense that they produce oxygen and have to protect the nitrogenase from
oxygen damage (Berman-Frank et al. 2003). In the most advanced cases this is
solved by the synthesis of nitrogenase in specialized cells, the so-called
heterocysts. These cells have a thicker cell wall, that contains polysaccharides
and glycolipids, which restricts O, diffusion. Heterocysts import disaccharides
from vegetative cells and export fixed N as glutamine (Adams 2000). Nitrogen-
fixing cyanobacteria can be either free-living or as partners in a variety of
symbioses and hetrocysts can be formed by both (Rai et al. 2000). Some
cyanobacteria (particularly Nostoc) are able to establish symbiotic nitrogen
fixation associations with lichens, bryophytes (notably leafy liverworts, Adams
2002), aquatic ferns (Braun-Howland and Nierzwicki-Bauer 1990),
gymnosperms (coralloid tips in cycads, Chang ef al. 1988) and the angiosperm
Gunnera. Gunnera sp. can contain nitrogen-fixing cyanobacteria in specialized
gland organs located at the base of petioles (Bergman et al. 1992). Gunnera is
often referred to as the only angiosperm that forms a nitrogen-fixing symbiosis
with cyanobacteria, however, this is not strictly true since some tropical
angiosperms have cyanobacterial films on their leaf surfaces. Nevertheless
Gunnera is unique since the bacteria (Nostoc) enter the Gunnera cells, where
they form many heterocysts (Meeks and Elhai 2002). Nostoc strains are
compatible with several Gunnera species and further cyanobacterial isolates
from the same Gunnera species are genetically diverse (Rassmussen and
Svenning 2001). This suggests that the host specificity of the Nostoc/Gunnera
symbiosis is not very strict. In the case of Gunnera/Nostoc symbiosis no new
structures are developed for supply and protection from oxygen, as the microbes
are hosted by an already existing gland of the plant and nitrogen fixation takes
place in heterocysts. In legumes and actinorhizal plants, new organs, e.g. root
nodules, are formed.

Actinorhizal nodules

Another group of microbes able to establish endosymbiotic associations are
actinomycetes belonging to the genus Frankia. Frankia, normally grows in
hyphal form. They are slow-growing, aerobic heterotrophs (Schwencke 1991,
Benson and Sylvester 1993). They are able to form nitrogen-fixing root
structures known as nodules (sometimes called actinorhizae) with more than 200
woody plants species, belonging to eight different non-legume angiosperm
families (Bond 1983, Baker and Mullin 1992, Pawlovski and Bisseling 1996,
Wall 2000). In contrast to the rhizobial legume interaction the host range is
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rather broad. These host plants are named actinorhizal plants. Actinorhizal plants
are generally bushes or trees of ecological relevance (examples are Alnus,
Casuarina, Coriaria, Myrica), and further they are grown together with other
trees to improve soil fertility and forestry production. Alder and the other woody
hosts of Frankia are typical pioneer species, important in the colonization of
poor soils or coastal dunes. These plants probably benefit from the nitrogen-
fixing association, while supplying the bacterial symbiont with photosynthetic
products (Pawlowski and Bisseling 1996).

Molecular phylogenetic studies revealed that all actinorhizal plants belong to
a single clade named Rosid I. Further, legumes as well as the only non-legume
rhizobia-host, Parasponia, belong to this clade. The phylogenetic relationship of
the species belonging to this clade and their (dis)ability to nodulate has led to the
hypothesis that the ability to establish a nitrogen fixing symbiosis has evolved
(and got lost) several times within this clade. Although predisposition/ability to
establish a nodule symbiosis is restricted to plant species belonging to a single
clade it is unlikely that species belonging to this clade have a large set of
symbiosis specific genes. This idea is supported by studies showing that genes
and processes underlying nodulation are in fact recruited from processes that are
widespread among the higher plants, so there are perhaps a few symbioses
specific genes that determine the predisposition to nodulation (Gualtieri and
Bisseling 2000). Maybe this set of genes has already been identified by genetic
screens and (part) of these will be discussed below (Figure 2).

Actinorrhizal nodules are composed of lobes, which are modified lateral
roots. Woronin described in 1866 the microbe in these nodules as a parasitic
fungus having hyphae. Later, the microbe was correctly identified as belonging
to the order Actinomycetales, family Frankiaceae, genus Frankia (Becking et
al. 1964, Lechevalier and Lechevalier 1979). Like rhizobia, some Frankia
species infect the root system by penetrating root hairs (Berry and Torey 1983,
Berry et al. 1986). In these cases root hairs deform, getting twisted and branched
(van Ghelue et al. 1997). When Frankia enter the root hair, they become
embedded in a layer of cell wall-like material (Berry and Torey 1983)
surrounded by pectinaceous matrix, creating a tubular structure comparable to
the rhizobial infection thread (see below). In general, several root hair infections
are involved in the infection of one nodule (Diem ef al. 1983). In case Frankia
enters the plant by infection thread like structures, a pre-nodule, is formed by
cortical cell division near the infection site, before Frankia actually enters the
plant root (Berry et al. 1989).

A second mode of infection involves intercellular penetration of the root
epidermis, and colonization of the intercellular spaces of the root cortex. In these
cases a prenodule is not formed. After initial extra-cellular growth, Frankia
eventually penetrates hosts cells. This mode of infection occurs among others in
hosts of the Eleagnaceae (Miller and Baker 1985). Which type of infection used
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is primarily determined by the host plant, as particular Frankia strain can use
both modes of infection, depending on the host species.

Ultimately Frankia invade lateral root primordia which development is
subsequently altered and a nodule like structure is formed (Angulo et al. 1975).
Since actinorhizal nodules are formed from root primordia they posses a central
vascular bundle. Around the vascular tissue Frankia infects the cortical cells.
The expansion of those cells produces the swelling of the root nodule. Within
these cells Frankia hyphae branch and multiply, while the hosts cells surround
them with a plasma membrane and cell wall material. Eventually in several
cases terminal swellings are formed at the hyphae extremes (vesicles) where
nitrogen fixation will take place. Microscopic studies showed that the cell
envelope surrounding the vesicles resembles the glycolipid membranes of
cyanobacteria heterocysts (Torrey and Callaham 1982), forming a diffusion
barrier to oxygen and therefore protecting the nitrogenase complex. In some
species the composition of the plant cell wall (Myrica, Zeng and Tjepkema
1994) as well as a haemoglobin (Casuarina, Gherbi et al. 1997) also contribute
to the protection against oxygen.

NITROGEN FIXATION OF THE RHIZOBIAL - LEGUME
SYMBIOSIS

Rhizobia is the common name given to a group of small, rod-shaped, gram
negative bacteria which collectively have the ability to infect the roots (or, in
some cases, the stems) of leguminous plants and produce nodules (van Berkum
and Eardly 1998). Once the nodule is formed, the differentiated bacteria
(bacteroids) living in the infected plant cells, reduce atmospheric nitrogen to
ammonia which is excreted to the plant cell and is, in turn, assimilated to organic
nitrogen by the plant. The plant provides the bacteroid with carbon skeletons
(photosynthate) which are needed by Rhizobium, a strict aerobe, to provide the
energy that is needed for nitrogen fixation.

Because of their great diversity legumes are widely adapted to different
climates and soils. Many legume species are able to establish a root nodule
symbiosis with rhizobial bacteria, which enables the plant to fix atmospheric
nitrogen and become less dependent on nitrogen sources from the soil. This
property has been studied in about 60% of legume species, and the percentage of
species that can be nodulated in the three legume families is: 23% in
Ceasalpinioideae, 90% in Mimosoideae and 97% in Papilionoideae (de Faria et
al. 1989, van Berkum and Eardly 1998). Legumes are among the world's most
important agricultural crops, being a major source of protein, oil, and forage for
human and animal consumption (Phillips 1993). Therefore from the start of
agriculture legumes have been used as rotation crop together with cereals (Lev-
Yadun et al. 2000). Humans also indirectly benefit from nitrogen fixation as
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legumes are cultivated as forage and pasturage for cattle, that assure the supply
of meat, milk and other products (Harwood 1990). Furthermore, legumes are
beneficial to soil enrichment, contributing to about 80% of biological nitrogen
fixation in agriculture (Vance 1996).

With one notable exception, namely Parasponia of the elm family (Trinick
1979), the ability to form nitrogen-fixing symbiosis with rhizobia is restricted to
the legume family. The nodulation process has been studied in detail in a few
legume species, therefore it can not give a complete picture on the existing
diversity (chemical communication, invasion routes etc.). Nevertheless the
observed mechanisms are most likely involved in most associations of rhizobia
and legumes.

Molecular studies of the symbiosis are greatly facilitated by selecting
Medicago truncatula and Lotus japonicus as model legumes, respectively, for
indeterminate or determinate nodulation (see below; Cook, 1999, Stougaard,
2001, Udvardi, 2001). Both legume species have a small diploid genome, are
autogamous, have a short generation time and large seed production, and are
amenable for transformation and mutants have been generated. In addition, the
chloroplastic genome of L. japonicus and the genomes of Sinorhizobium meliloti
and Mesorhizobium loti (the bacterial partners of these model legumes) have
been entirely sequenced. Further the nuclear genomes of M. truncatula and L.
Jjaponicus are being sequenced at a fast pace and will be most likely available by
2006 (VandenBosch and Stacey 2003).

Taxonomy of rhizobia

In 1888, Beijerinck first isolated a bacterium from legume root nodules,
which he named Bacillus radicicola. Since then, the taxonomy and
nomenclature of the root nodule bacteria, has been in constant review. After
Frank (1889) named the bacterium Rhizobium leguminosarum, it was observed
that no strain could nodulate all legumes, but that each could only nodulate some
legumes. This led to the concept of cross-inoculation groups, with organisms
grouped according to the hosts they nodulate. Some were described as having a
narrow host range whereas others have a broad host range. Species description
was then primarily based on the cross-inoculation groups. Fred et al. (1932) first
recognized the taxonomic diversity of root nodule bacteria and classified them
based on growth rates, and also established their relationship with agrobacteria.

The taxonomic classification based on cross-inoculation groups was
maintained till 1980 (Skerman, 1980) and Rhizobiacea were divided in 8 groups:
those nodulating Medicago, Melilotus and Trigonella (R. meliloti); clover (R.
trifolii); pea, lentil, Vicia (R. leguminosarum); bean (R. phaseoli); lupine (R.
lupini); soybean (R. japonicum); cowpea, acacia, peanuts (Rhizobium spp.) and
Lotus (Rhizobium spp.). Thus, rhizobia isolated from one species of clover
would usually nodulate other species of clover, and were therefore collectively
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called R. trifolii, while rhizobia isolated from lucern would also nodulate
Melilotus and Trigonella and were called R. meliloti. Changes in the methods
used in bacterial taxonomy (Graham et al. 1991) and advances in molecular
biology have currently resulted in a rhizobial taxonomy based on DNA
sequences and a wide range of other characteristics This has resulted in six
genera that can nodulate legumes (Young and Haukka 1996, van Berkum and
Eardly 1998).

— The genus Rhizobium (Jordan 1984), forms nodules on legumes from areas
with temperate climates. They are rather fast growing bacteria with a generation
time of about 2 hours. They have a narrow host range and nodulation and
nitrogen fixation genes are located on rather large plasmids. R. leguminosarum
has been subdivided in biovars, bv. viciae, trifolii.

— Allorhizobium (de Lajudie et al. 1998) efficiently nodulates Neptunia natans, a
stem nodulated tropical legume found in waterlogged areas of Senegal. It is
debated if it should be part of Rhizobium (Tighe et al. 2000).

— Bradyrhizobium (Jordan 1982) can be distinguished from other rhizobia by
their slow growth rate in culture and the alkalinisation of the media in which
they grow. Their genes related to symbiosis are located on the chromosome.
They have a broad host range and form nodules on legumes of tropical and
subtropical origin. The symbionts of soybean (formerly Rhizobium japonicum)
are included in this group. They also nodulate the non-leguminous Parasponia
(Ulmacea). The taxonomic relationships inside the group are still little studied,
but it seems very heterogenous (Jordan 1982).

— Mesorhizobium (Jarvis et al. 1997) is a genus recently described (formerly
Rhizobium). The intermediate growth speed compared to Rhizobium and
Bradirhizobium has been the basis for its name. Their symbiotic genes are
located in their genome. Hosts include Lotus, Astragalus and chickpea.

— Sinorhizobium (de Lajudie et al. 1994) has phenotypic characteristics similar
to Rhizobium, but it is genetically distant. This genus includes the
microsymbiont of Medicago, Trigonella and Melilotus, which is named S.
meliloti, (Crow et al. 1981). This genus also includes species that nodulate
Sesbania, Acacia and Leucaena.

— Azorhizobium (Dreyfus et al. 1988) is able to form nodules on the stems of
Sesbania rostrata. Molecular data clearly demonstrated that this genus is distinct
from other members of the rhizobia (Willems and Collins 1993) and a close
relative of Xantobacter.

The publication of the full sequence of the symbiotic plasmid of
Sinorhizobium sp. NGR234 (Freiberg et al. 1997), and the full genome sequence
of Mesorhizobium loti (Kaneko et al. 2000) and Sinorhizobium meliloti (Galibert
et al. 2001) has provided a wealth of data that most likely will lead to further
refinement of the rhizobial taxonomy (Downie and Young 2001).

The above named genera that are able to form nodules on legumes will be
named rhizobia in the rest of this chapter. All rhizobia are gram-negative aerobic
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bacteria, they have usually a rod-shaped form and do not form spores. Most
rhizobia only fix nitrogen within nodules. However a few are known to fix
nitrogen as free living bacteria. Rhizobia can actively move by the use of a polar
or subpolar flagella, or 2 to 6 peritrichous flagella’s (Yang and Lin 1998). In
cultures, bacterial colonies have a mucilaginous nature because of extracellular
polysaccharides. Rhizobia live as saprophytes in soil, competing with
chemiheterotrophic bacteria. Root exudates stimulate growth of specific rhizobia
and other microbes by which the host “optimises” the composition of the
microbe population in the rhizosphere (Bladergroen and Spaink 1998).

Early events in legume nodule formation

Colonization of legume roots by Rhizobium starts when the bacteria move
chemotactically to the roots and there compounds present in the root exudate
stimulate bacterial growth. Legume roots secrete flavonoids, such as luteolin and
naringenin (Charrier et al. 1995, Shirley 1996, Bladergroen and Spaink 1998),
that serve as chemoattractant to rhizobia (Caetano-Anolles et al. 1988). This is
interesting as these compounds also activate a set of rhizobial genes that are
involved in the synthesis of a compound molecule that sets in motion the process
of root nodule formation (Zuanazzi et al. 1998). This set of rhizobial genes is
named nodulation (nod) genes and the secreted signal molecule is the so-called
Nod factor. Rhizobia produce Nod factors with a similar basic structure. This
basic structure is made up of a backbone of three to five  1,4-linked N-acetyl-
D-glucosamine residues and a fatty acyl chain attached to the non-reducing
sugar residue. Based on their structure Nod factors are also named
lipochitooligosaccharides (Dénari¢ et al. 1996, Downie 1998). The variation in
Nod factor structure is caused by specific substitutions at the terminal sugar
residues as well as by the structure of the acyl chain. Some nod genes have a
regulatory function, like nodD that is constitutively active and encodes the
protein that together with a plant factor as coinducer, often a flavonoid, will
activate the transcription of the other nod genes (Schlaman et al. 1998). Thus,
NodD acts as a sensor of a plant signal and also as an activator of transcription
of nod loci. Some nod genes are involved in the synthesis of the chito-
oligosaccharide (nod4, nodB, nodC) which is acylated by the products of the
nodF and nodE genes (Carlson et al. 1994). Other nod genes are responsible for
specific substitutions on the reducing or non-reducing terminal sugar residue,
respectively. For example, the major Nod factor of S. meliloti, contains a
backbone of four glucosamine units, an acyl chain of 16 C-atoms in length with
two unsaturated bonds (determined by nodE and nodF), an acetyl group at the
non-reducing terminal sugar residue (determined by nodL), and a sulfate group
at the reducing terminal sugar residue (determined by nodH, nodP and nodQ)
(Lerouge et al. 1990, Carlson et al. 1994, Figure 1).
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As described above host specificity is a typical characteristic of the rhizobial
legume interaction. Nod factor structure is one of the levels at which host
specificity is regulated (Perret et al. 2000). A comparison of Nod factor structure
and host and microbe phylogeny provided interesting clues about the mechanism
by which rhizobia obtained the ability to establish a symbiosis with legumes.
Rhizobia interacting with members of the Leguminosae are taxonomically very
diverse and do not form a discrete family/genus (Berkum and Eardly 1998).
Furthermore, several closely related legume species are infected by distantly
related bacteria and conversely closely related rhizobia can interact with legume
species belonging to different tribes. However a comparison of the structure of
rhizobial Nod factors shows that the phylogeny of Nod factor structure coincides
with that of host phylogeny. In other words, if closely related legumes interact
with unrelated rhizobia these bacteria produce Nod factors with a similar
structure. This suggests that rhizobia obtained nod genes by horizontal gene
transfer, which is consistent with the fact that in most cases nod genes are
present on a plasmid (Farrand 1998).

CH

HC
(CHz)s

NN\ N\

(CHz)s
CHa/
Figure 1. The major Nod factor produced by Sinorhizobium meliloti. 1t is characteristic
the specific decoration at the reducing terminal sugar unit and the structure of the acyl
chain (Lerouge et al. 1990). n can be 4 or 5. Pentameric Nod factors can be partially
acetylated at their reducing terminal sugar residue.

INFECTION ACTIVITY AND MODE OF ACTION OF NOD
FACTORS

The availability of purified Nod factors made it possible to answer the
question to what extent these compounds induce responses in the host that
normally are induced by the rhizobia. Such studies have been done with several
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legume species. Legumes turn out to be very sensitive to Nod factors as they can
recognize very low concentrations, in some cases at a picomolar level.
Therefore, it is often suggested that Nod factors are recognized by a high affinity
receptor (Dénarié et al. 1996, Heidstra and Bisseling 1996). Further, the
amphiphilic nature of Nod factors, with their hydrophobic lipid tail and
hydrophilic sugar backbone, suggests that Nod factor receptors are located in the
plasma membrane. The latter is supported by in vitro studies showing that Nod
factors rapidly insert into membranes (Goedhart ef al. 1999).

When roots are treated with Nod factors this induces responses in epidermis,
cortex and pericycle. Like rhizobia, purified Nod factors induce ENOD40
expression in the pericycle within a few hours after “inoculation” (Yang et al.
1993). Further, in all legume species tested so far Nod factors are sufficient to
induce cortical cell division that develop into primordia. In some species, e.g.
alfalfa, complete nodules are formed (Truchet et al. 1991, Hadri and Bisseling
1998). The latter have the same tissue organization as rhizobia induced nodules
although, of course, cells are not infected by bacteria. When rhizobia induce
nodules these are preferentially formed opposite protoxylem poles. Strikingly,
when roots are submerged in a solution containing Nod factors primordia are
still preferentially formed opposite protoxylem poles. This implies that the plant
provides positional cues by which the primordia are formed at specific places in
the roots. This is most likely achieved by the local production of ethylene
(Heidstra et al. 1997) and uridine (Smit et al. 1993) that act as a negative and
positive regulator, respectively (Hadri and Bisseling 1998).

Nod factors also induce several responses in the root hairs and other
epidermal cells. For example Nod factors at picomolar concentrations are
sufficient to induce root hair deformations. (Heidstra et al. 1994). Purified Nod
factors are in general not sufficient to induce root hair curling or infection thread
formation. The latter require the presence of the bacteria. However, as rhizobial
mutants that do not produce Nod factors are unable to induce root hair curling or
infection thread formation it seems probable that Nod factors are essential for
the induction of these processes (Heidstra et al. 1994). In addition to root hair
deformation Nod factors induce various other responses in the epidermis.
Examples are alkalinisation of the medium, calcium influx at the root hair tip,
calcium spiking, and membrane depolarisation (Ehrhardt et al. 1992, Felle et al.
1995, 1996, Kurkdijan 1995, Shaw and Long 2003). Also genes are induced in
the root epidermis within a few hours after of which the best studied example is
ENOD12 and ENOD11 (Horvath et al. 1993, Journet et al. 1994, Heidstra et al.
1997, Catoira et al. 2000). In most cases the biological significance of the
response is not clear, nevertheless such responses turned out to be very good
assays to unravel Nod factor perception and transduction mechanisms.

At cortical cells, purified Nod factors induce cell division and preinfection
thread formation (see below), but infection threads are not formed unless
rhizobia are present (van Brussel et al. 1992). So cortical cells re-enter the cell
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cycle and form a primordium but cortical cells preparing for infection thread
penetration (preinfection thread formation) do not divide, and get arrested in G2
phase (Yang et al. 1993 and see below).

In temperate legumes, the inner cortical cells, specially those located
opposite prototype poles, divide (Kijne 1992). In tropical legumes the outer
cortical cells are the ones mitotically activated. The Nod factors that induce
responses in the first group have highly unsaturated fatty acyl groups, while the
Nod factors of rhizobia that nodulate tropical legumes generally contain a C18:1
acyl group.

Nod factor perception

After Nod factors had been identified and it became clear that these
molecules were active at very low concentrations and in a structure dependent
manner it seemed probable that Nod factors are recognized by receptors. Several
studies have been initiated aiming to identify such receptors. First biochemical
approaches were used to identify Nod factor binding proteins. More recently
these biochemical studies have been complemented with genetic approaches in
model legumes aiming to dissect the Nod factor perception/signalling cascade.
First we will summarize the biochemical approaches to identify Nod factor
binding proteins (Cullimore et al. 2001, Oldroyd et al. 2001, Geurts and
Bisseling 2002).

Biochemical approach

Radiolabelled Nod factors were used to identify binding proteins in
Medicago species. Two different Nod factor binding sites, NFBS1 and NFBS2,
have been identified (Cullimore et al. 2001). These molecules efficiently bind
Nod factors. However, they do not discriminate between biologically active S.
meliloti Nod factors that contain the O-sulfate at the reducing end or an inactive
molecule that lacks this substitution. The finding that biological activity and
binding properties do not perfectly match makes it unlikely that NFBS1 and/or
NFBS2 are specific Nod factor receptors. However, it is still well possible that
they are part of a Nod factor binding complex in combination with other
components (Cullimore et al. 2001).

To identify Nod factor binding proteins educated guesses have been made as
well. A promising candidate is a lectin-nucleotide phosphohydrolase (LNP) first
identified in Dolichos biflorus that can bind Nod factors. DbLNP does not show
any sequence homology to conventional lectins and has an apyrase activity
(Etzler et al. 1999). Support for its involvement in Nod factor perception came
from studies in which roots where pre-treated with an antibody against LNP.
This pre-treatment blocked root hair deformation as well as nodulation by
rhizobia (Etzler et al. 1999).
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Figure 2. Genetic dissection of the Nod factor signaling pathway. M¢tNFP is blocked in
all Nod factor induced responses, but the AM symbiosis is not affected. NFP is a good
candidate to be directly involved in Nod factor perception. Mtdmil,2 and 3 mutants still
respond to Nod factors with root hair swelling but they fail to reestablish tip growth.
Since Mtdmil and 2 mutants can not respond with calcium spiking they are placed
upstream of Mtdmi3. Mtdmil,2 and 3 mutants fail to establish the AM symbiosis and
therefore are part of a common signaling pathway activated by both microsymbionts. In
nsp mutants tip growth can be reestablished but in a rather inefficient manner. Further
the induction of gene expression is blocked. HCL acts downstream of NSP and in this
mutant curling and infection are disturbed. (From Limpens and Bisseling 2003).
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Genetic approach

To unravel the mechanisms underlying Nod factor perception and
transduction a genetic approach has recently been applied. Especially in the two
model legumes, Lotus and Medicago (Stougaard 2001, Cook et al. 1999) and in
pea (Borisov et al. 2000), several genetic loci have been identified that are
essential for the early steps in nodulation. In most cases it is still unclear whether
these are orthologous. Nevertheless we will name such loci according to the
Medicago nomenclature (for example DOES NOT MAKE INFECTIONS, DMI).

A set of mutants (dmil, dmi2 and dmi3 in Medicago) is blocked in almost all
early steps of nodulation. In addition these mutants are also blocked in their
interaction with endomycorrhizal fungi (see below, Catoira et al. 2000). The fact
that the dmi mutants are disturbed in both the Rhizobium and arbuscular
mycorrhiza (AM) symbiosis, shows that a part of the Nod factor signalling
pathway is shared with a pathway induced by a molecule (Myc factor) secreted
by AM fungi (Albrecht et al. 1999, Catoira et al. 2000, Stougaard 2001). This
turned out to be a useful property to dissect the signalling cascade The root
surface of dmil, dmi2 and dmi3 mutants can be colonized by AM fungi but the
interaction is blocked at the appressorium stage. Upon Nod factor treatment or
inoculation with rhizobia the only detectable morphological response is the
swelling of root hair tips showing that root hair deformation depends only in part
on DMI1, DMI2 and DMI3 This conclusion is drawn because swellings are
induced, whereas efficient induction of tip growth leading to deformed hairs
depends on these proteins. The signal molecule of AM fungi has not yet been
characterized, but recent studies demonstrate that they indeed produce a
diffusible signal molecule (Myc factor) that can induce responses in the legume
host (Kosuta et al. 2003).

As described above Nod factors induce calcium spiking in root hairs of
legumes (Ehrhardt ez al. 1996, Long 1996, Wais et al. 2000, Walker et al. 2000).
This response has been very useful to position the DMI genes in the signalling
pathway. In the dmil and dmi2 mutants calcium spiking is not induced by Nod
factors, whereas this response is induced in the dmi3 mutant (Wais et al. 2000).
This indicates that DMI1 and DMI2 act upstream of DMI3 in the signalling
pathway.

Since DMI1 and DMI2 act in an early step of both nodulation and
mycorrhization, it seems possible that they could play a role in Nod and Myc
factor perception. DMI2, and its orthologs from pea, alfalfa (NORK) and Lotus
(SYMRK), has recently been cloned (Endre et al. 2002, Stracke et al. 2002). It
encodes a receptor-like kinase (RLK), containing a characteristic extracellular
domain with three leucine-rich repeats (LRRs), a transmembrane domain and an
intracellular serine/threonine kinase domain. This is in line with a function in
perception and transduction of an extracellular signal. However, it seems
unlikely that a DMI2 like receptor is sufficient for the perception of both Nod
and Myc factors. First of all the morphological responses induced by
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mycorrhizal fungi and rhizobia are different (Albrecht et al. 1999). Second, Nod
factors induce MtENODII in the epidermis, whereas Myc factors induce the
expression of this gene in the root cortex (Kosuta et al. 2003). These
observations strongly suggest that these factors are recognized by different
receptors. Therefore it seemed probable that a mutation in a Nod factor receptor
gene, active upstream of DMII and DMI2, would not affect the mycorrhizal
interaction, whereas it would eliminate all Nod factor induced responses
including calcium spiking and root hair deformation/swelling. Such loci were
found in Medicago (NOD FACTOR PERCEPTION, NFP) and in pea, and Lotus
(Kistner and Parniske 2002, Geurts and Bisseling 2002, Stougaard 2001, Walker
et al. 2000, Amor et al. 2003). NFP loci have recently been cloned from Lotus
(LjSym1 and LjSymJ5) and pea (Sym10) and these are receptor kinases containing
a LysM domain (Radutoiu et al. 2003, Madsen et al. 2003) and have a similar
structure as the Nod factor uptake receptor described below.

Genetic studies have also identified a set of mutants that are blocked in Nod
factor signal transduction downstream of the calcium spiking response and
DM]I3. All these mutants play a role in a nodulation specific signal transduction
pathway as they are still able to establish a normal mycorrhizal association.
These mutants have in common that root hair deformation is induced but proper
curling does not take place, and as a result, infection is blocked in all these
mutants. An example is the Lotus NIN gene which was the first gene involved in
Nod factor signalling that was cloned (Schauser et al. 1999, Borisov et al. 2003),
NIN is a putative transcription factor with a typical DNA binding/dimerisation
domain in the carboxy-terminal half of the protein and two putative membrane
spanning helices.

Several studies indicate that Nod factor perception involves more than one
receptor. Especially the infection process requires Nod factors with a very
specific structure. For example in the S. meliloti-Medicago interaction the
acetate substitution at the non-reducing end, and the specific lipid are essential
for the induction of infection whereas responses like root hair curling and early
nodulin gene induction are not affected. Based on these observations the
existence of a Nod factor signalling and a Nod factor entry receptor has been
proposed. The latter has a specific function in the infection process (Ardourel et
al. 1994). Similarly, in the pea ecotype Afghanistan a Sym2 allele has been
identified whose presence requires an acetate substitution at the reducing end of
the Nod factor. In the absence of this substitution the infection process is
specifically blocked. Therefore SYM2 is a good candidate to be a Nod factor
entry receptor. Recently, Medicago genes that have been cloned from the Sym?2
orthologous region of M. truncatula have a similar specific function in the
initiation of infection as the pea SYM2. These are LysM domain receptor
kinases (Limpens et al. 2003), showing that the Nod factor signalling receptor
and the entry receptor have a similar structure.
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Infection

The formation of a root nodule requires that two major processes are set in
motion. On one hand cortical cells have to be dedifferentiated to form a nodule
primordium and further the bacteria have to enter the plant, a process under strict
control of the plant.

Rhizobia colonize the surface of plant roots forming microcolonies or
biofilms. Adhesins and lectins play a role in this process, as well as the
formation of cellulose fibrils as a second step (Matthysse and Kijne 1998). In the
best studied infection type, rhizobia invade small emerging root hairs. In some
way rhizobia are able to redirect the growth of a root hair by which a curl with a
shepherd’s crook morphology is formed (van Batenburg et al. 1986, Esseling et
al. 2003). During the curling process, the bacteria become entrapped in the
pocket of the curl. Subsequently, this microcolony induces the hydrolysis of the
plant cell wall in a very local manner and the plasma membrane invaginates
(Bauer 1981). New plant material is deposited and a tube-like structure is
produced within the root hair cell, the so-called infection thread (Brewin 1998).
The bacteria proliferate in the infection thread, that progresses towards the base
of the root hair. The infection thread is external to the cell, as it is surrounded by
a plant membrane and it contains a matrix of bacterial origin and glycoprotein of
vegetal origin (Brewin 1998). When the infection thread reaches the base of the
hair the bacteria are released in the intercellular space and a new infection thread
is formed in a cortical cell (Figure 3).

In some legumes infection does not start with the formation of infection
threads. Instead the bacteria enter in an intercellular manner by growing through
the middle lamella between contiguous epidermal cells or enter the root at a site
where a lateral root emerges and the cortex and epidermis are damaged
(Chandler et al. 1978, de Faria et al. 1988). The latter is a rather primitive
infection process as the intracellular mode of infection seems to provide the
plant a better control on the growth of the microsymbiont.

Prior to infection thread growth into the cortex the outer cortical cells
undergo morphological changes by entering the cell cycle which arrests at G2
(Yang et al. 1994). It has in common with dividings cells that DNA is duplicated
but these cells do not get arrested at G2. In this way cytoplasmic bridges are
formed, that provide the path through which the infection thread can grow.
These radial aligned cytoplasmic bridges are called pre-infection threads (Rae et
al. 1992, van Brussel et al. 1992).

In addition to Nod factors, rhizobial surface polysaccharides are essential
factors in the root infection process. The term exopolysaccharide (EPS) is used
for polysaccharides with little or no cell association (Leight and Walker 1994,
Becker and Piihler 1998). They contribute to bacteria protection, antigenicity,
nutrient gathering and attachment to surfaces. The ability to establish an
effective symbiosis is severely affected in many rhizobial mutants deficient in
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EPS production, inducing nodules devoid of bacteria due to abortion of infection
threads or no infecting at all (Rolfe et al. 1996). Another complex bacterial cell
wall molecule, lipopolysaccharides (LPS) is also often required for proper
infection. For example S. meliloti carrying an /psB mutation induces infection
thread formation but these are defective in the invasion of plant nodule cells,
which in part might be due to an effect on endocytosis (Perotto et al. 1994,
Campbell et al. 2002, Campbell et al. 2003).
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Figure 3. The infection process through the root hairs and the simultaneous formation of
the nodule primordium.

Nodule ontogeny and tissue organisation

When the infection thread reaches the nodule primordia, differentiation into
a nodule starts. Legume nodules can be divided into two types, determinate and
indeterminate nodules. Which nodule type is formed is a characteristic of the
host plant (Nap and Bisseling 1990, Mylona et al. 1995, Hadri ef al. 1998). The
overall tissue organization of both forms is similar in having a central tissue,
with infected cells that harbour the bacteroids and uninfected cells that are
interspersed in between the infected cells. These so-called uninfected cells have
a specific function in the nitrogen assimilation process. The central tissue is
surrounded by a nodule cortex, endodermis and nodule parenchyma. The latter
tissue contains the nodule vascular bundles (van de Wiel et al. 1990). The
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difference between the two nodule types is that indeterminate nodules have a
persistent meristem at their tip whereas in determinate nodules meristematic
activity ceases at an early stage of development. Another major difference
concerns their ontogeny as indeterminate nodules originate from primordia
formed in the inner cortex. Primordia formed in the outer cortex are the start of
determinate nodule development.
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Figure 4. Structures of nodules. A) - Lobe of an actinorhizal nodule. The lobe is
surrounded by a periderm (pd). Analogous to indeterminate legume nodules, a zonation
of the cortex can be defined (Ribeiro et al. 1995). Zone 1 is formed by the meristem.
Zone 2 contains cells that become infected by and gradually filled with Frankia hyphae,
which subsequently form vesicles. In the course of vesicle differentiation, nif gene
expression and nitrogenase production are induced (Ribeiro ef al. 1995). The onset of nif
gene expression marks the shift to nitrogen fixation in zone 3. In the senescence zone 4,
nitrogen fixation has ceased, and plant cytoplasm and bacteria are degraded. B) -
Indeterminate legume nodule. The central tissue can be divided into five zones (Vasse et
al. 1990). Directly below the meristem (I), in the prefixation zone (II), cells become
infected. Rhizobia are enclosed by peribacteroid membranes (PBMs) and start to
differentiate into their symbiotic form, the bacteroids. In the interzone (II-III), bacterial
nitrogen fixation starts and takes place throughout the nitrogen fixation zone (III). In the
senescent zone (IV), bacteria are degraded. The oxygen diffusion barrier is formed by
the nodule parenchyma (np). C) - Determinate legume nodule. The central tissue is
surrounded by a nodule parenchyma (in which the vascular bundles are located), an
endodermis and the outermost tissue is the nodule cortex. The central tissue is
surrounded by the same tissues as in the indeterminate nodules. All cells of the central
tissue are more or less in the same developmental stage. This figure was kindly provided
by K. Pawlowsky (Pawlovsky and Bisseling 1996).
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The presence of a persistent meristem in an indeterminate nodule produces
the continuous addition of new cells at the apex, and therefore the tissues are
composed of cells at different stages of development with the youngest cells
near the meristem and the oldest cells near the root attachment point. The nodule
acquires a cylindrical-shape, and it is possible to classify different zones of the
central tissue (Vasse ef al. 1990, Franssen et al. 1992). As shown in Figure 4 B
the meristem at the nodule apex is called zone I, consisting of non-infected small
cytoplasmic rich cells. This is followed by the prefixation (or infection) zone II,
there bacteria are released from the infection threads. At the proximal part of this
zone, plant cells elongate and bacteria start the differentiation into bacteroids
and proliferate. Nitrogen fixation takes place in zone III. A senescent zone IV is
present in older nodules and is located in the most proximal part - the base - of
the nodule.

In plants with determinate nodules, cells are at similar stage of development.
Their mitotic activity stops at an early stage. The nodule grows then only by
enlargement of cells due to the absence of an apical meristem. These nodules
have a spherical form (Cermola et al. 2000, Figure 4 C).

An infected root nodule cell may contain several thousand rhizobial
symbionts. To avoid a defence response and to facilitate the communication
between the symbionts the bacteroids are located in a new kind of compartment
in the plant cell, the symbiosome (SM). (Verma 1992, Verma and Hong 1996).
Bacteroids are surrounded by a peribacteroid membrane (PBM) originating from
the plant plasma membrane that also shares properties with the vacuolar
membrane and contains several nodule-specific proteins (nodulins) performing
unique functions for symbiosis (Whitehead and Day 1997). In indeterminate
nodules there is a single bacteroid per SM, and this bacteroid can be up to 30-
fold larger than free living bacteria (Vasse et al. 1990). In determinate nodules,
the number of bacteroids per SM varies due to merging of SM rather than by
bacterial division (Cermola et al. 2000).

Since an infected cell contains many bacteria, endosymbiosis is accompanied
by a massive membrane proliferation: an infected root nodule cell harbours a
plasmamembrane area of 2,800 pum® but an SM area of 21,500 pm’ (Roth and
Stacey 1989). The PBM and the peribacteroid space, the space between the PBM
and the bacteroid membrane, mediate the exchange of metabolites between the
symbionts (Udvardi and Day 1997). Before discussing nodule metabolism the
autoregulatory mechanisms by which nodule number is controlled will be
described.

Autoregulation

The legume/rhizobia interaction has a symbiotic nature since both partners
profit from this intimate relationship. This requires that the host strictly controls
nodule number by which a good balance of costs (e.g. carbon sources) and profit
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(fixed nitrogen) is maintained. When sufficient nodules have been formed on a
root system the plant inhibits the formation of new nodules by a systemic
response. This mechanism is called auto-regulation (Caetano-Anollés and
Greshoff 1991). Also when plants have access to sufficient fixed nitrogen
sources in the rhizosphere they do not form root nodules (Zahran 1999, Forde
2002). The mechanisms underlying auto-regulation and inhibition of nodulation
by fixed nitrogen are at least in part similar, since legume mutants that have lost
the ability to auto-regulate nodule number also form nodules in the presence of
fixed nitrogen sources. The molecular mechanism underlying auto-regulation is
intriguing since it involves a communication between shoot and root. This was
demonstrated by grafting experiments with certain legume mutants that are
disturbed in auto-regulation. When a mutated shoot was grafted on a wild type
root, this root continued to form new nodules becoming completely covered with
nodules as in the mutant.

One of the auto-regulatory genes active in the shoot has recently been cloned
from several legume species (Lotus, pea, soybean and Medicago) (Krusell et al.
2002, Penmetsa et al. 2003, Searle et al. 2003). It is a receptor kinase with an
extracellular domain containing LRRs (leucine rich repeats) and an intracellular
serine/threonine kinase domain. This auto-regulatory gene has a similar structure
as DMI2 (see Nod factor perception) and is homologous to a Arabidopsis
CLAVATA gene that controls the activity of the shoot meristem (Clark et al.
1997). How this receptor like kinase functions within the long-distance
communication by which nodule number is regulated remains to be solved.

In actinorhizas, an active feedback control of nodulation also prevents
excessive nodulation of the root hair system (Wall and Huss-Danell 1997).
However it is unknown whether in this system a CLAVATA-like gene plays a
role in auto-regulation.

NODULE METABOLISM

Nitrogenase complex

The reduction of N, to NHj is catalysed by the nitrogenase enzyme complex.
In general this protein complex is not made by free-living rhizobia but instead
by the symbiotic bacteroids. The proteins that form this complex are structurally
and functionally quite conserved among the different N,-fixing organisms
(Igarashi and Seefeldt 2003, Zehr ef al. 2003). Although nitrogenase functioning
has been studied predominantly in free-living fixing microorganisms due to the
structural conservation of its subunits, such studies are of importance to
understand the activity of bacteroid nitrogenase (Burris 1991, Lanzilotta and
Seefeldt 1997). NH,", the final product of N, reduction, is secreted by the
bacteroid/symbiosome into the surrounding plant cytoplasm where it is further
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assimilated by the plant enzymes glutamine synthetase and glutamate synthase
(chapter 2). The nitrogenase complex catalyses the reaction:

N,+ 16 ATP+10H" + 8¢ — 2 NH, + H, + 16 ADP + 16 Pi

Since this reaction uses high amounts of ATP it has high-energy costs (960
kJ/mol of fixed N,). The nitrogenase enzyme can use instead of N, other
substrates like cyanide, azide, NO and acetylene. The latter is used in the
acetylene reduction test to quantify the nitrogenase activity.

Nitrogenase is composed of two ferrosulphoproteins. Component I,
dinitrogenase or FeMo protein, is an o,f3, heterotetramer of 4 (FesS,) clusters
plus a cofactor containing Fe and Mo, where the catalytic site is located. Its total
molecular weight is of about 220 kDa. Component II is a homodimer of about
60 kDa containing a single FesS, cluster (Kaminski et al. 1998). The a and 3
apo-subunits of component I are encoded by the nifD and nifK genes,
respectively, whereas component II polypeptides are encoded by nifH. Three
other genes, nifB, nifE and nifN are required for the biosynthesis of the FeMo
cofactor (Fischer 1994), the latter two encoding proteins that are used as scaffold
for assembly of the cofactor, that will include the product of nifB (Paustian et al.
1989, Lanzilotta and Seefeldt 1997, Igarashi and Seefeldt 2003). The Fe protein
is reduced in vivo by low-potential electron donors, electrons are then transferred
one at a time to the FeMo protein, involving the hydrolysis of two ATP
molecules at each electron transfer.

nifA and nifL have a regulatory function, and control the expression of the
other nif genes (David et al. 1988, Noonan ef al. 1992). In general the regulatory
activity is controlled by oxygen. The Fe-protein and the FeMo-protein are
extremely sensitive to O,, and they become irreversible inactivated in air.
Therefore the nitrogenase is only made in the nodule with its microaerobic
environment. For the nodule oxygen metabolism see below.

Nitrogen fixation and assimilation

The high-energy costs of the nitrogen fixation process are paid by the plant
by photosynthesis products. It has been estimated that nitrogen fixation in the
nodules of clover and other leguminous plants may consume as much as about
20% of the total photosynthate (Haystead et al. 1980). To provide this energy
sacharose is transported from the leaves via phloem to the nodules. There it is
hydrolysed to monosaccharides and subsequently phosphoenolpyruvate is
formed. The high metabolic activity of the nodule is reflected by the abundance
of phosphoenolpyruvate carboxylase, which is about 1 to 2% of total soluble
nodule protein (Pathirana et al. 1992). It catalyses the formation of oxaloacetate,
which is subsequently reduced to malate. This dicarboxylic acid is the major
energy source for the bacteroids and plant mitochondria and is used for
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ammonium  assimilation as carbon skeleton in the glutamine
synthetase/glutamate synthase pathway (Poole and Allaway 2000, Stitt et al.
2002).

Ammonium is a primary product of the nitrogen fixation reaction which is
excreted by the bacteroids/symbiosomes. Ammonium is poisonous to plant cells,
and is immediately incorporated into amino acids (Day er al. 2001). So an
essential part of the symbiosis is the suppression of ammonium assimilation by
the bacteroids and its accessibility to the host. Recently it has been shown that
an amino acid shuttle between the symbionts is essential. Rhizobia have some
amino acid transporters on their membrane; a double mutation in these amino
acid transporters markedly affects symbiotic nitrogen fixation capacity in the pea
Rhizobium symbiosis. These mutations do not affect the level of N fixation by
the bacteroids, but the fixed N is no longer accessible to the host. These studies
suggest that the host provides the bacteria with amino acids (in addition to
dicarboxylic acids). These can suppress ammonium assimilation by the rhizobia.
Further they cycle amino acids back to the host for e.g. asparagine biosynthesis.
In this way a mutual dependence of amino acid exchange has evolved (Lodwig
et al. 2003).

In addition to this amino acid secretion also ammonia is secreted which is
assimilated by the host mainly by the GS/GOGAT cycle (Miflin and Habash
2002, chapter 2). The glutamine formed in this cycle can transfer its amide
group to aspartate to form asparagine, and several other N containing
compounds are made (Lea and Miflin 1980). Part of the ammonium assimilation
process takes place in the uninfected cells that are part of the central tissue. For
example in soybean, uricase is specifically formed in these uninfected cells and
it catalyses the formation of allantoin.

Assimilated ammonium is exported from the nodules to the aerial part of the
plant through the xylem. Legumes with indeterminate nodules (temperate
legumes; pea, clover, alfalfa) transport N in the form of amides, like glutamine,
and asparagine. Legumes with determinate nodules (tropical and subtropical;
soybean, cowpea, Lotus), transport N as ureides, like allantoine, allantoic acid
and citruline (Smith and Atkins 2002).

The oxygen dilemma

Bacteroids produce ATP by oxidative phosphorylation and therefore have a
high demand for O,. However, on the other hand high O, concentrations repress
the genes encoding nitrogenase and it also inactivates this complex within a
minute (Dixon and Wheeler 1986). To solve this dilemma nodules need
mechanisms to keep the levels of oxygen in the infected cells at a low
concentration, and able to facilitate the supply of O, to bacteroids at such a low
O, concentration. The mechanisms that contribute to this are a high metabolic
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activity, a controlled oxygen influx and an efficient O, transport to the
bacteroids.

In legume nodules, the O, concentration is controlled by a variable O,
diffusion barrier (Witty et al. 1986). By measuring O, concentrations at various
positions in the nodule it was shown that the nodule parenchyma forms this
barrier to O, influx. Further by varying the atmospheric O, concentration it was
shown that this tissue could adapt rather fast to such changes. Since O, diffusion
through a water phase is markedly slower than through a gas phase, it is
supposed that O, diffusion takes place through the intercellular spaces.
Therefore it is supposed that the size or content of these intercellular spaces can
be regulated in this tissue although the underlining molecular mechanisms are
not yet elucidated.

The oxygen concentration in the central infected cells (10-50 nM, Kuzma et
al. 1993) is about 10™* of that at the nodule surface (250 mM). Although
leghemoglobin (see below) may have a role in the fine-tuning of this O,
concentration (Thumfort et al. 1999), the physical barrier to gas diffusion in the
nodule parenchyma seems to be the primary mechanism to control gas diffusion
(Hunt and Layzell, 1993). At least three proteins have been localized specifically
to the nodule parenchyma, which suggests that they may play a role in the
regulation of the diffusion barrier. One of these proteins is a glycoprotein
(VandenBosch et al. 1989), another is an hydroxyproline-rich protein named
ENOD2 (Nap and Bisseling 1990) and a third protein is a lectin that has been
localized to the intercellular spaces of peanut nodule parenchyma cells
(VandenBosch et al. 1994).

So how does the nodule provides sufficient O, to the bacteroids at such a low
concentration? The infected cells of the nodule contain high levels of
leghemoglobine (Lb) which is a myoglobin-like protein. Like myoglobin in
muscles, it facilitates transfer of O, to the bacteroids (Appleby 1992). Lb is a
monomeric protein of about 16 kDa with a prostetic protoheme IX group, that
binds O, in a reversible way. Lb has a high affinity for O, (Km = 48-60 nM).
Since about 20% of the Lb in vivo is bound to O, it is calculated that the amount
of O, bound to Lb is 50,000 fold higher than that of free O, in the cytosol of
infected cells. This means that almost all O, that reaches the bacteroids is carried
by Lb. Leghemoglobins were the first nodule-specific proteins identified in
legumes, and have also been found in some actinorhizal and Parasponia
nodules.

The special nodule properties also contribute to the generation of reactive
oxygen species (ROS) and since several nodule proteins are sensitive to
oxidation special requirements are needed. Despite the fact that the
concentration of free O, in the infected zone is only of 5-50 nM (Kuzma et al.
1993), due the high respiration rate of bacteroids and mitochondria, ROS are
formed and their targets are proteins that can easily be oxidized like nitrogenase,
leghemoglobine, ferredoxine, hydrogenase and uricase (Dalton 1998,
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Matamoros et al. 2003). Plant cells have several mechanism for antioxidant
protection, and they are present in nodules and have been shown to be essential
for maintaining effective nitrogen fixation (Bashor and Dalton 1999).

The nitrogenase enzyme complex is at the core of biological nitrogen
fixation. Only some microorganisms, diazotrophic prokaryotes, possess this
enzyme complex and are able to fix N. A main feature of nitrogenase is that it is
highly sensitive to O,. Since nitrogen fixing organisms arose more than 3 billion
years ago in evolution this oxygen dilemma has not always been a problem. At
this stage of evolution the composition of the atmosphere was markedly
different in comparison to the current atmosphere. O, was present at very low
concentrations whereas the toxic HCN was present at rather high levels. Based
on the lack of substrate specificity of the current nitrogenase complexes it has
been postulated that nitrogenase evolved from enzymes with other functions. An
attractive hypothesis is that enzymes involved in detoxification of cyanides are
the ancestral enzymes of nitrogenase.

Since the origin of biological nitrogen fixation the abundance of anaerobic
environments declined with the oxygenation of atmosphere. However oxygen
insensitive forms of nitrogenase did not evolve indicating that oxygen sensitivity
is an intrinsic property of this enzyme. As a result a plethora of strategies have
evolved to cope with this, the oxygen dilemma.

CONCLUDING REMARKS

Only a small group of prokaryotes have the ability to reduce atmospheric
nitrogen into ammonia. This process of biological nitrogen fixation is a primary
source of nitrogen for all living organisms on this earth. Especially the
diazotrophic microorganisms that can establish a symbiosis with higher plants
make a major contribution to global N fixation. The symbiotic interaction of
legumes rhizoid and legumes is most important for agriculture and is also the
best-studied interaction. The Rhizobium legume symbiosis involves several steps
from root colonization up to a senescent nodule when rhizobia again become
free living organisms. Our knowledge of the contribution of the symbionts is
most detailed for the microsymbiont. This is due to very well developed genetic
studies by which a rather complete picture has been obtained of the genes
involved in e.g. nodulation, infection and nitrogen fixation. In contrast research
on the host has been hampered for a long time by the lack of plant systems that
would allow the cloning of plant genes that by genetic screens were shown to be
essential for this symbiotic interaction. The development of the legume model
systems Lotus and Medicago has now markedly changed the perspective of
legume research.

The developed molecular tools turn out to be effective for the cloning of
legume genes. The last couple of years the international efforts have especially
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been focused on legume genes involved in Nod factor perception /transduction
and early steps of nodulation. Several genes indicated in Figure 2 have in the
meanwhile been cloned and it is probable that at the time this book will be
published all genes indicated in this figure are cloned. These genes will provide
major new opportunities to study the legume-Rhizobium interaction. Further,
new genetic screens can now be designed by which also host genes involved in
other steps of nodulation or other aspects of legume biology can be identified
and subsequently cloned. This will create a new area in legume research that
could markedly contribute to legume breeding and to a better integration of
legumes into future agriculture.
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Chapter 5

NITROGEN METABOLISM AND PLANT
ADAPTATION TO THE ENVIRONMENT - THE
SCOPE FOR PROCESS-BASED MODELLING

Marcel van Oijen and Peter Levy

INTRODUCTION

Nitrogen is the fourth most common element in plant tissues. It is an essential
component of enzymes and structural proteins, nucleic acids, pigments and other
secondary metabolites. If a plant’s access to N is interrupted, its longevity is not
directly endangered, but growth becomes impossible within days. The
importance of N for plant growth has been understood well since the pioneering
work of Von Liebig (Liebig 1840) on plant nutrition. Since his work, many
treatises have been written on plant nutrition in general and N in particular. The
present book is an example.

Every process occurring in plants can be characterised as either transport or
conversion of material. Because of the long history of plant N research, we now
have a large body of knowledge on the flows of N into, within and out of plants,
as well as the conversions between different N compounds. Moreover, we have
learned about the key role that N compounds like enzymes play in the
interconversion of non-N compounds. The quantitatively most important
example is the carboxylation of ribulose-bisphosphate mediated by the Rubisco
enzyme, which is but one example out of many. Wall-charts representing plant
biochemistry show a myriad of reactions, most of which are enzymatically
regulated and many of which involve nitrogenous reactants. Much of this
physiological knowledge is reviewed in depth in other chapters of this book. In
the present chapter, we will focus on efforts to integrate such information in
dynamic, process-based models of plant growth. Process-based models describe
the behaviour of systems in terms of the underlying processes (Van Oijen 2002).
For example, weather forecasters use process-based models to predict changes in
air flow and cloud distribution from air pressure differences. We will discuss
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modelling approaches that try to explain whole-plant behaviour on the basis of
the underlying processes, with emphasis on the N relations.

Our knowledge about the N pools in plant tissues, the flows between them,
and interconversions of N compounds is increasingly quantified. A beautiful
early example is the work of Pate and co-workers (Pate et al. 1979), who
quantified N pools and flows in Lupinus albus. A very much-simplified
representation of the type of data that Pate gathered is shown in Figure 1B.
Measuring pool sizes is generally easier than measuring rates of transport or
conversion because the latter processes are interrupted by destructive
measurement. However, Pate and many others before and after him have found
methods, including the use of isotopes, to quantify the rates. Once pools and
flows were known to some extent, their interaction and regulation became the
focus of interest. This is where models were of some use. A dynamic model of
plant growth is in essence nothing more than a set of so-called state variables
that represent the pools, and a set of rules that determine rates of transport and
conversion between and within the pools. The state variables and rules are
expressed in mathematical form - often differential equations - or, nowadays
more commonly, in the form of a computer program. The only way we can
know that the rate-determining rules in a model are realistic, is by having
information about transports and conversions.

Various types of rules are used in dynamic plant growth models. Mechanistic
rules are common. For many of the processes occurring in plants, physical or
chemical mechanisms are known or proposed. Transport often involves physical
mechanisms (water-potential gradients, osmosis, diffusion, etc.) and conversions
follow chemical mechanisms (mostly enzyme kinetics). Modellers have often
represented such mechanisms explicitly in their models, following the belief that
the mechanism underlying a process determines its rate.

However, what we need is knowledge of how processes are controlled, rather
than how they are mechanistically implemented. The rules that we want to put in
our models should reflect control, which only sometimes coincides with
mechanism. A non-plant biological example is riding a bicycle. The force
applied by the cyclist drives the bicycle forward, so the mechanism is simple
mechanics, but the cyclist controls the rate. The mechanism does impose
constraints on the rate: cycling is slower than driving a car. In plants, transport
by diffusion is a common mechanism in which at any time transport rate is
proportional to concentration difference, but this knowledge is irrelevant if the
plant has means to control the concentration gradient or to change the diffusivity
of the pathway.

If the plant has no means to affect a mechanism, then the mechanism itself
does constitute an appropriate rule for the model. Various examples of this
distinction between mechanism and control, and the consequences for
implementing rate rules in models, will be discussed in this chapter. The four
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steps in modelling, from observation, via measurement to identification of
mechanisms and controlling factors, are shown in Figure 1.
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Figure 1. The four stages in the development of plant physiological models. A.
Observation; B. Measurement of flows (numbers indicate fluxes of C and N in arbitrary
units); C. Processes and mechanisms; D. Controlling factors.

When considering control in any system, a key question is whether the
control is local or global. To what extent are processes in different cells or leaves
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(or in roots versus shoots) independent? How is integration of activity in the
whole plant realised? Do plants have means to ensure that processes in different
organs respond in a well-coordinated way to changes in the growing
environment? This is of course the central problem of plant physiology, which
cannot be solved by modelling. However, modelling can contribute to the
science by demonstrating whether, for example, local control may be sufficient
to produce adaptive behaviour of the whole plant. In this respect, adaptive
behaviour is defined as a form of control that makes the plants behave “better”
after a change in the growing environment. This is of key importance for plants,
which are sessile and cannot, like animals, keep their growing environment
constant by moving away when local resources are depleted.

Although process-based models of plant growth can be useful to explain how
plants adapt to their environment, they are generally used for more applied
purposes. Models predict the response of vegetation to environmental change
such as pollution and climate change. However, this predictive task of modelling
can only be executed well if the models incorporate adequate understanding of
adaptive processes, and that is what we focus on in this chapter. We will begin
by reviewing the modelling of individual N-related plant processes, before we
move on to integration at the whole-plant level and the modelling of adaptation
to the environment.

MODELLING N TRANSPORT AND CONVERSION

Plant physiological modelling started in the 1950s and 1960s and originally
focused on C relations. Plant growth was largely equated with C assimilation in
photosynthesis followed by allocation of the assimilates to different organs.
Water relations started to become included from the 1960s, and N relations from
the 1970s (Bouman et al. 1996). However, even today many plant models do not
consider N, and much work remains to be done. In this section, we will review
N-related processes that have been implemented in models, beginning with
transport processes and then conversions. For each process, we will discuss
modelling approaches in relation to availability of data and to knowledge of
mechanisms and controls.

Uptake and loss of N from the plant

Von Liebig (Liebig 1840) stated that N is taken up by the roots, whereas C
enters via the leaves. However, it is becoming increasingly clear that plants can
take up N from the air as well, and we will begin with this process. The influx of
NH," into leaves can be modelled as diffusion from the ambient atmosphere into
the substomatal cavities at a rate proportional to stomatal conductance. Riedo et
al. (2002) showed that this mechanism accounted well for observed rates of
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stomatal uptake and loss of ammonia in grasslands. However, as for
photosynthesis, the control is shared between the stomata and the processes
determining the internal concentration of the diffusing compound, i.e. apoplastic
ammonia.

Uptake of N compounds by the roots, on the other hand, is an active process
(chapters 1 and 2). A vast literature exists on the measuring and modelling of
NO;" and NH," uptake by plant roots (e.g. Nye and Tinker, 1977, Apel et al.
1985, Tinker and Nye 2000). Recent literature suggests that plant roots may also
take up N in organic form (Nasholm et al. 1998), but for this only few data are
available and no modelling attempt seems to have been made. Data on the
uptake of mineral N by roots do exist in abundance, but precise data on short-
term flow rates exist only for controlled conditions, like plants growing on
solution. Experiments with well-stirred culture solutions have shown that the
rate of N uptake is largely independent of the concentration in the medium until
the concentration drops below very low levels. However, the relevance of such
observations for understanding uptake under realistic conditions in soil is
debatable. The most detailed models of mineral N uptake in soils include
transport of ions to the root surface by means of mass flow and diffusion through
the soil pores, followed by uptake according to asymptotic kinetics (Nye and
Tinker 1977, Tinker and Nye 2000). This combined process of soil flow and root
uptake has been worked out in great detail for individual roots growing in
homogeneous soils (De Willigen et al. 2002). The role of the three-dimensional
architecture of the root system has generally not been incorporated in uptake
models. One exception is the modelling work by Fitter et al. (1991) who used a
model to show that the herring bone and other root system architectures tend to
be optimum solutions to the trade-off between exploration and exploitation:
exploration of large volumes of soil to find new nutrient-rich patches is balanced
with exploitation of the rich patches already found. However, root architecture is
generally more asymmetric than the herringbone and other structures suggest. It
has been shown that roots grow preferentially into nutrient-rich soil patches
(Hutchings and De Kroon 1994, chapter 1). Over the lifetime of the plant, uptake
rates may depend more on such adaptation of the root system to soil
heterogeneity than on uptake kinetics. Models that offer a mechanistic
explanation of preferential root growth exist (Van Oijen ef al. 1986) and will be
discussed below.

There are various elements missing from the uptake models described above.
First, it has become clear that what we measure as N uptake is in fact the net
result of simultaneous influx and efflux (Bouma and De Visser 1993, chapter 1).
The relevance for whole-plant physiology is that energy expenditure is
proportional to gross uptake rather than to net uptake. Bouma and de Visser
(1993) used a process-based model to quantify and analyse the efflux kinetics.
This work showed that the net rate of N uptake is partly controlled by the
concentrations within the root, rather than solely by the root surface
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concentration. However, at longer timescales than minutes, control of the uptake
rate is more likely to rest with the use of N within the plant after uptake.
Therefore many physiological models disregard the fine details of the uptake
mechanism, and model uptake as being proportional to the demand of the whole
plant for N, as long as demand is less than the supply capacity of the soil. The
supply function may be a simple function of bulk soil N content but can be made
dependent on soil water flow and pore size distribution as well. Demand is often
quantified by multiplying photosynthetic C uptake with an appropriate N/C
ratio, or some similar approach dependent on tissue N concentration.

Besides losing N through efflux from the root apoplast, plants lose N by
discarding senesced leaves and roots. The mechanisms underlying senescence
are poorly known, as are the controlling factors. For turnover of roots, we do not
even have good data on the rate of the process (Swinnen et al. 1994). Because of
these deficiencies, senescence and redistribution are generally simulated
empirically with constant or temperature dependent organ turnover rates.

A weakness of current models of N uptake is that the availability of N in the
soil is assumed to be determined by abiotic processes only. The effects of root
exudates on soil chemistry and weathering is poorly known and usually ignored,
as is the role of mycorrhizae (chapter 3).

Transport of nitrogenous compounds within the plant

The two main transport systems within the plant are the xylem and the
phloem. N compounds are transported in both, with transport in the phloem
being limited to organic N. The two systems are connected in shoot and root
(Van Bel 1993), so N can cycle between plant parts (Lambers ef al. 1982). The
mechanisms underlying the two transport systems are highly different. Xylem
flow is driven by the water potential gradient imposed by transpiration, whereas
phloem flow is driven by pressure differences between source and sink, which
are maintained by phloem loading and unloading respectively as explained by
Miinch’s hypothesis (Munch 1930). Active loading and unloading of N
compounds into and out of the vessels requires energy but the transport itself
occurs passively.

Although the description of plant transport systems just given is only very
sketchy, many models of plant growth simplify transport even further and apply
diffusion-like equations according to which N-transport rate is proportional to
differences between organs in non-structural N concentration. The
characteristics of the transport systems are then reduced to one single number:
the diffusion coefficient. Models that disregard N transport altogether, and
assume that every plant organ has access to one common N substrate pool, are
also employed.

The validity of the different approaches depends on how transport is
controlled. If transport of N within the plant is ultimately controlled by the rates
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of N uptake in roots and N use in meristems, then simplification of the transport
mechanism is valid. The simplification may be invalid if we consider short-term
responses of plant growth to changes in the environment, when the speed of
plant response may be limited by the capacity of the transport systems.
However, N availability is not likely to change abruptly except under artificial
experimental conditions.

Conversions of nitrogenous compounds within the plant

Whole-plant physiological models, which we focus on in this paper, usually
do not include any details of biochemical pathways. Generally, at most three
types of N compound are distinguished: mineral N (nitrate, ammonium), mobile
organic N (amino acids, amides) and non-mobile organic N (proteins). Greater
detail is found in organ-level models, such as Hikosaka’s (Hikosaka and
Terashima 1995) model for the optimal allocation within leaves of N among
Rubisco, other Calvin cycle enzymes, electron carriers, photosystem I and II
core complexes and light-harvesting chlorophyll-protein complexes I and II. The
key problem for physiological models that represent conversion of N compounds
in some detail is how to maintain an appropriate balance between the rates of
formation and turnover of N and non-N compounds. The chemical composition
of plant tissues can vary, but within bounds. For example, if N uptake is
hampered, plant-N concentration may decrease, but the decrease will be limited
because C assimilation and growth will be hampered as well, and enhanced old
leaf turnover followed by N redistribution may keep N concentration in young
leaves high. How these processes are controlled is poorly known and models
therefore maintain stable chemical composition by empirical approaches such as
fixed C/N ratios in growing tissue.

INTEGRATION OF PROCESSES IN THE WHOLE PLANT

Bottom-up

In the previous section, we discussed transport and conversion processes
separately. Here, we discuss how the processes are integrated in models.
Transport and conversion are interlinked: conversion processes require import of
substrate and export of products, and transport processes tend to be inhibited if
the transported compounds accumulate at the sink without being converted. How
are these couplings between transport and conversion realised in models?

The discussion of N-related processes has already highlighted various ways
in which N, water and C relations are coupled. The flux of N in the soil towards
the roots depends on soil water flows. Transport of N in the plant depends on the
transpiration stream in the xylem, and on the carbohydrate pump maintaining
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pressure gradients in the phloem. The stepwise conversion of mineral N, from
nitrate reduction to protein formation, requires C substrates. All this leads to
nearly constant stoichiometry of elements in structural plant tissue, but possibly
varying concentrations of substrate. Simple models in which organ growth rates
are proportional to concentrations of both C and N substrate (Cooper and
Thornley 1976) are able to explain the functional equilibrium between roots and
shoots, in which the growth of roots is predominant when N is deficient, and
shoot growth is favoured when photosynthetic rates are low (Brouwer 1983).

Similar models, but of slightly greater complexity, are also able to explain
observations of preferential root growth into nutrient-rich soil patches. Van
Oijen et al. (1986) implemented the following mechanism in their model: The
root system was divided into two parts, one in N-rich medium, and the other in
N-poor medium. Growth rate of each root part, and of the shoot, depended on
the concentrations of N and C substrate in that plant part, and transport between
root parts was only possible via the shoot. N uptake of the root in poor medium
was obviously hampered, so growth of this root depended fully on organic N
received from the shoot in the phloem. This allowed some growth, but at low
rate, leading to accumulation of unused carbohydrates and subsequent inhibition
of the Miinch-type phloem inflow. High rates of phloem import, and growth,
were maintained in the root part growing in rich medium. This model was able
to account with great accuracy for observations on maize roots in split-root
experiments that showed preferential growth into rich medium, but some
continued root growth in medium without any N at all (Spek and Van Oijen
1988).

Top-down

The previous section described efforts to model integrated plant activity
without explicitly incorporating whole-plant level control mechanisms
(Cheeseman 1993, Cheeseman et al. 1996). The idea was that integration of
activity would arise automatically from the interactions of many low-level plant
processes. This is a bottom-up approach. In the present section, we will look at
top-down approaches, in which integrated plant behaviour is achieved by
constraining the lower-level processes in some coordinated way.

Mechanistic modelling of whole-plant level integration

Earlier we made a distinction between mechanism and control, with the first
referring to how something works and the second to how something is affected
by external factors. We can of course try to model control itself as a mechanism,
for example by inspecting how control is effectuated in plants. One possible
method through which plants can achieve whole-plant communication is through
molecules that function as signals, e.g. hormones (Trewavas 2003). Modellers
have tended to shy away from explicitly modelling hormone production,
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transport, sensing and signal transduction because of the lack of quantitative
data. An exception is the work by Tardieu et al. (1993) who modelled root-shoot
transport of abscisic acid and subsequent stomatal closure. We know of no
examples of models on hormonal control in N relations, but see Van der Werf
and Nagel (1996) for suggestions on how to extend an allocation model with
signalling by sucrose and cytokinins. However, besides the lack of quantitative
data, there is another reason why modelling hormonal control of plant processes
has been attempted only rarely. The idea exists among modellers that hormonal
control mainly affects plant behaviour in the very short-term (up to days), and
that integration of plant activity over longer periods is primarily determined by
the availability and within-plant transport and use of resources. Hormones thus
are seen as accelerators of plant responses to changes in the growing
environment, rather than as essential agents causing specific responses (De Wit
and Penning de Vries 1983).

Empirical modelling of whole-plant level integration

Early models of plant growth used empirical functions of thermal time (i.e.
the number of degree-days since the start of the growing season) to modify the
allocation of assimilates and N compounds between plant organs. Annual plants,
for example, were started off with high fractional allocation to root growth, with
later shifts towards foliage growth and finally reproductive growth. The
advantage of such methods was their simplicity, and the ease with which
observations of plant growth over calendar time could be translated into the
required allocation functions of thermal time. The obvious downside of such
methods was their rigidity: the flexible response of plants to changes in their
growing conditions could not easily be accommodated with such methods.

Phenomenological modelling of whole-plant level integration

To model the flexible adaptive responses to environmental change that we
observe in plants, without attempting to model poorly known control
mechanisms, phenomenological methods are increasingly being used. In
particular, optimality approaches are becoming more frequent. Studies with
simple models have shown how plant photosynthesis is maximised if the vertical
distribution of N compounds associated with photosynthesis is the same as the
vertical distribution of light (Goudriaan 1995). The same models suggest that
such a distribution of N will make overall plant light-use efficiency (LUE),
defined as carbon assimilated per unit intercepted light, relatively independent of
light intensity itself (Dewar 1996). More recently, these N-profile models have
been extended with the assumption that plants shed those bottom leaves whose
predicted N level is below a minimum level required for photosynthesis (Yin et
al. 2000). This method allowed successful prediction of leaf senescence in rice
and barley. The predicted exponential distribution of N with height, and the
consequent robustness of the LUE have also been confirmed empirically, but not
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always completely (Dreccer et al. 2000). Often the vertical N distribution has
been found to be slightly more uniform than the assumption of maximum
photosynthesis would suggest. Such a state-of-affairs, with good but not perfect
simulations, poses particular problems for phenomenological modellers. Faced
with an imperfect model, a mechanistic modeller would say: let’s add more
biological detail about how the plant works, and sooner or later we will get it
right. The empirical modeller would simply incorporate the observed N profiles,
and possibly some statistical relationships between profile and environmental
conditions, into the model. The phenomenological modeller has no such clear
way forward. His optimality approach might have failed because the plant may
in reality not have any means to optimise N distribution. Furthermore, even if an
assumption of optimality is made, the problem may be that the plant does not
maximise overall photosynthetic rate but something else, such as overall C
economy.

MODELLING PLANT ADAPTATION TO THE
ENVIRONMENT

In the previous two sections, we described the different methods that
modellers have employed to simulate integration of activity in higher plants. In
the present section, we discuss how the models can be used to analyse how
plants adapt their N relations and overall behaviour to their growing
environment.

Adaptation at different scales

For simplicity, we may distinguish adaptation at three different scales: the
whole-plant level, the level of the foliage or the root system, and the level of
individual leaves or roots.

At the whole-plant level, the best known example of plant adaptation to its
environment is the functional equilibrium between root and shoot, in which
changes in availability of nutrients, water, CO, or light cause allocation to shift
towards the organ system that has to absorb the increasingly limiting resource.
We have seen above how the functional equilibrium can be explained by
mechanistic models. Phenomenological models for partitioning, in which the
optimal root/shoot ratio is calculated directly as a function of resource
availabilities, can be and have been made as well. However, the
phenomenological models cannot predict how fast partitioning adapts - they
therefore commonly assume that adaptation is instantaneous and root/shoot ratio
thus always optimal - so they are less useful than the mechanistic models for the
analysis of the dynamics of adaptation.
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At the level of the foliage or the root system, examples of adaptation are
redistribution of photosynthetic N between leaf layers when light conditions
change, and preferential root growth into nutrient-rich patches. Both processes
have been modelled mechanistically and by means of optimisation approaches.

We know of no models that attempt to simulate adaptation of individual roots
to their growing environment, even though it is known that along the length of
individual roots, anatomical differences may exist that result from adaptation to
local soil conditions, e.g. extra suberisation in dry patches (North and Nobel
2000). Models do exist that account for the adaptation of individual leaves to
their environment. We have mentioned the model of Hikosaka and Terashima
(1995) that accounts for the optimal allocation within leaves of N among
different compounds. Another example is the coordination theory of Reynolds
and Chen (1996), according to which N is distributed to keep the capacities for
photosynthetic electron transport and carboxylation in balance. However, both
models are phenomenological; we lack the physiological understanding to
attempt mechanistic modelling of leaf adaptation.

Quantifying adaptation processes

In the previous section, we have shown by examples that plants adapt to their
environment at various scales. However, we have also seen that our
understanding of adaptation processes is fragmentary. Much of our knowledge
derives from experiments that compare plants growing under different, but
constant, conditions from seedling to harvest. Such experiments do not reflect
the ever-changing environments in which plants live naturally. We need to study
the dynamics of adaptation.

It may be that the study of adaptation has been hampered by the absence of a
conceptual framework, which allows to compare different adaptation processes.
Mechanistic modelling might provide this framework. Mechanistic modelling of
adaptation requires quantifying the following four characteristics of adaptation
processes: 1) speed, 2) metabolic costs, 3) reversibility, and 4) physiological and
morphological constraints.

1) Speed. Is the adaptation process fast or slow? Does its speed match the
rate at which the environment changes? There may be a general rule here that
the speed of reaction decreases when going from leaf to canopy to whole-plant
processes. However, within one scale level, different adaptation processes may
also have different time constants. Sage and Reid (1994) showed how Rubisco
activation status of Pueraria lobata leaves decreased within one day of initiation
of shading, whereas Rubisco concentration decreased more slowly over a period
of weeks. Adaptation of chlorophyll content may be slower still.

2) Metabolic costs. Few adaptation processes are completely passive, without
energy demand. Energy demand may be low for reactivating previously
deactivated enzyme, but much higher for synthesising new enzyme. Even more
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expensive will be processes like N redistribution which involve local breakdown
of compounds, followed by transport across membranes via energy-requiring
carriers to other organs and reassembly. Is there a general rule here that slow
adaptation processes are generally expensive? We need to have more
quantitative information about the economics of adaptation.

3) Reversibility. Few plant processes are truly irreversible - anabolic
processes usually come paired with catabolic ones - but we can define
reversibility in an economic sense as low cost of undoing and redoing a previous
action. We thus need to quantify not only the metabolic costs of adaptation
processes themselves (the preceding item) but also the costs involved in
reversing any adaptation. Rubisco formation is strictly reversible (as observable
in senescing tissues) but plants do not break down all Rubisco every night
because it would have to be reassembled the next morning incurring the high
costs of protein synthesis. An economic definition of reversibility may help us
understand the different strategies plants employ to adapt to unstable
environments.

4) Physiological and morphological constraints. All plant activity, including
adaptation, is subject to constraints. Changes in the environment may cause
changes in allocation patterns, but allocation to stems, branches and petioles
must continue to satisfy the demands of biomechanics. Similarly, shade-leaves
tend to have higher specific leaf area than sun-leaves, but all leaves must be thin
enough to permit efficient within-leaf CO, diffusion, and thick enough to allow
leaf blade angles that are appropriate for light interception. Adaptation involving
N redistribution cannot proceed faster than what the capacity of the transport
system allows. It is in the constraints to adaptation that differences between
genotypes are likely to be most clear.

If we quantify the above characteristics for adaptation processes, it will not
only be possible to construct mechanistic models of adaptation, but it will also
be possible to compare the advantages and disadvantages of different plant
adaptation strategies in a structured manner.

DISCUSSION AND OUTLOOK

In this chapter, we have tried to show how process-based modelling of plant-
N relations may benefit our understanding of plant adaptation to the
environment. We have given examples that show how models can explain
observed plant responses at various scales, from leaves and roots to the whole
plant. The modelling work has shown that integration of activity at the whole-
plant level need not necessarily depend on explicit integrating mechanisms, like
plant hormone systems, although such systems play at least a facilitating role.
However, we should not overstate the modelling state-of-the-art. We have given
examples of plant responses to changes in the environment that can be
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understood, and modelled, using ideas from optimal control theory, but for
which we do not have mechanistic models. Without mechanistic underpinning
such phenomenological explanations remain tentative at best. In other words, the
modelling work has not yet led to a full biological theory of adaptation; it has
only contributed some building blocks for such a theory.

We have discussed plant adaptation to the environment, but omitted
discussion of the equally important adaptation of the environment to the plants.
In particular, soil structure and composition is affected by root activity and
litterfall. For the effects of plants on soils, and the impact of air pollution, see
chapter 3.

The focus of this chapter has been on modelling N relations. However, it
must be emphasised that physiological models of plant-N relations as such do
not and cannot exist. Nitrogen relations are intertwined with C metabolism and
water relations at various scales within and around the plants. The uptake of N
from the soil, the functional equilibrium between root and shoot, the turnover of
photosynthetic enzymes — in fact all of N physiology is tightly linked to C and
water metabolism. We hope to have shown how modelling can help demonstrate
the importance of these linkages, and how they are key to whole-plant integrated
behaviour. However, there is a major gap concerning the modelling of the
coupling between plant N relations and other nutrients. Models of uptake of P, K
and other nutrients exist, but very little quantitative work has been done on the
role of non-N nutrients in whole-plant physiology. We may well have
overemphasised the importance of N relative to other elements.

Models can only operate if they are internally complete and consistent, with
all their cause-effect relations properly quantified, and they can only be tested
against quantitative data. Because of this dependency on an adequate
knowledge- and database, plant models often are useful in identifying gaps in
our physiological knowledge. In particular, whenever processes are integrated in
a physiological model, there is a need to quantify the rate at which each process
proceeds, the consequences of the process for the C and energy budget of the
plant, and the constraints that affect the process. So, to explain adaptation we
need to quantify the speed, metabolic costs, reversibility and physiological and
morphological constraints of adaptive processes. To some extent this task will be
made easier by the rapid advances that are being made in molecular biology.
There is an emerging discipline which calls itself “systems biology” (Kitano
2002), which aims to measure the simultaneous activity of different genes in
cellular systems and to model the activity of a set of genes/proteins as a
functional network (Raikhel and Coruzzi 2003). Systems biology may be
misnamed - what are plant physiology and ecology if not systems sciences? - but
it may help us understand and quantify the genetic constraints to plant
adaptation.
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Chapter 6

LIGHT REGULATION OF NITRATE UPTAKE,
ASSIMILATION AND METABOLISM

Cathrine Lillo

INTRODUCTION

Evolving from a germinating seedling, dependent on a stored restricted
energy supply, into an active photosynthetic plant capturing the energy from
sunlight is obviously a vulnerable time period in the life of a plant. Expression
of genes involved in nitrogen reduction and assimilation during this time span is
strongly influenced by low intensity red and blue light acting through special
light receptors, phytochromes and cryptochromes. After greening and
establishing of the photosynthetic apparatus, light acts on nitrogen metabolism
through photosynthesis and the products thereof, sugars and certain carbon
compounds. The ratio between products of nitrogen and carbon metabolism
regulates transcription of genes in the nitrogen pathway and acts post-
transcriptionally on these gene products. Later in a plant's life, day length,
measured with the help of the red and blue-light absorbing receptors and
circadian rhythms, are important for transition into different developmental
stages, like reproduction or dormancy. Abundant nitrogen supply is known to
sometimes counteract transition into flowering or dormancy, while on the other
hand scarce nitrogen supply may induce flowering or dormancy. These
interactions between nitrogen metabolism and development in the mature plant
are well known but poorly understood and will not be covered in this review.
The subject of this review is the influence of light on transcriptional and post-
transcriptional regulation of genes involved in nitrate uptake, reduction and
incorporation into organic compounds during greening and the vegetative stage.

Photomorphogenesis

There are two general means by which light modifies plant growth. Long-
term growth requires a sufficient supply of energy via photosynthesis, which
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provides essential raw material, i.e. organic carbon, as well as energy for all
biochemical reactions and growth. Light also influences growth via special
photomorphogenetic pigments. These include the red/far-red light absorbing
phytochromes and blue/UV light absorbing pigments. These pigments detect one
or more conditions in the environment such as quality, quantity, direction and
duration of light (Cosgrove 1993).

greening growth development
— ﬁ@ —_— —_

Figure 1. Deetiolation, growth and development. Greening: Low intensity red and blue
light, in combination with nitrate induces expression of genes involved in nitrogen
assimilation during deetiolation and greening. Growth: Photosynthetic active light
sustains further growth. Nitrate and products of both photosynthesis and nitrogen
assimilation regulate expression of genes involved in nitrogen metabolism.
Development: Transformation into different developmental stages like flowering or
dormancy can be induced by day length perceived by red and blue-light receptors.
Nitrogen limitation may promote flowering and dormancy.

In the dark, plants develop in a special manner, stems become long and thin,
leaves remain folded and small and the apical part of the stem often forms a
hook (in dicotyledons). Furthermore, chloroplast development is suppressed and
pigmentation reduced. Such appearance is referred to as etiolated and is a useful
form of development for bringing a seedling or other propagules buried in the
soil to the surface as rapidly as possible and without damage (Cosgrove 1993).
On reaching the surface and light exposure, the developmental pattern changes,
with leaves becoming green and photosynthetically active.

Efficiency in the greening process is obviously important for survival since
the plant needs to capture energy and carbon through photosynthesis in order to
replace the supply rapidly consumed from stored resources in seeds and
propagules. This critical transformation in the plant's life is much studied and
reveals changes in metabolism preparing the plant not only for photosynthesis,
but also for assimilation of nitrogen. The red and blue-light absorbing pigments
are crucial for this transformation from etiolated into green, photosynthetically
active plants.
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The same groups of pigments are important for induction of flowering and
dormancy, shading response etc. Promotion of flowering by nitrogen limitation
in otherwise day-length-influenced plants is well known (Tanaka 1986, Ishioka
et al. 1991). However, the interaction with nitrogen metabolism in processes like
flowering induction or dormancy is not well understood at the molecular level.

Plants react differently to light during development. For example exposure to
light often alters the sensitivity to further treatments of light exposure. The
concentration of different light receptors changes as a result of illumination.
There are certainly also species differences as well as tissue differences in
response to light treatments. Action spectra related to a special process, for
instance hypocotyl elongation, show some variations concerning effects of red
and blue light among species (Cosgrove 1993). Similarly, effects from red and
blue light on expression of enzymes in the nitrogen pathway also vary among
species.

Photoreceptors

Three sensory photoreceptor families are known: the phytochromes,
cryptochromes, and phototropins (Quail 2002). In Arabidopsis 5 different
phytochrome genes PHYA-PHYE have been identified, and the overall picture is
that PHYB has a role at all stages of the life cycle, whereas PHYA, PHYD and
PHYE exert their principal functions at selected stages (Smith 2000).
Phytochromes have a tetrapyrrole chromophore, absorb light in the red and far-
red spectrum, and undergo light-induced interconversion from a biologically
inactive form into an active form. The phytochromes are cytosolically localised,
but translocate into the nucleus upon irradiation where they may directly interact
with transcription factors (Smith 2000). PHYB is activated by red light and
inactivated by far-red light and is the form present in green tissue. PHYA is the
abundant form in dark-grown tissue and responds to very low-fluence red light
and high irradiance far-red light. Phytochromes also absorb in the blue-light
region, which therefore results in overlapping action spectra of phytochromes
and blue-light receptors (Casal 2002). The second class of photoreceptors, the
cryptochromes, are blue-light receptors carrying two different chromophores, a
flavine type and a pterin type. Two cryptochrome genes are found in
Arabidopsis, CRYI and CRY2. Both cryptochromes are localised to the nucleus.
The photochemical signal capture of CRY is not known, but is likely to involve
a redox reaction (Quail 2002). The third class of photoreceptors, phototropins,
are also flavoproteins and hence blue-light receptors. Phytochromes and
cryptochromes are generally found to be involved in morphogenetic processes,
for example germination, de-etiolation and flowering, whereas the phototropins
are involved in movements, like bending of the stem towards light or
movements of chloroplasts in the cell and opening/closing of stomata (Briggs
and Christie 2002). Phytochromes and cryptochromes are generally found to be
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involved in regulation of the nitrogen pathway in plants. The picture may still
not be complete concerning photoreceptors, another UV-B receptor with spectral
properties different from cryptochromes and phototropins appears to be present
in plants as well (Briggs and Christie 2002).

The signal transduction chains connecting light perception by the various
photoreceptors to regulation of gene expression is far from clear.
Phosphorylation steps have been suggested to be involved, and a handful of
proteins interacting with phytochromes or cryptochromes have been identified.
COP1 is a protein found to interact directly with blue-light receptors (CRY and
PHY) by protein-protein contact. COP1 has a role in mediating the regulated
proteolysis of another protein, HYS5, which is a bZIP transcription factor that
promotes the expression of light-induced genes (Wang et al. 2001). PHY and
CRY interact with COP1 and direct the migration of COP1 to the cytoplasm
thereby reducing the activity of COP1. Mutations in COPI and HY) influence
expression of nitrate reductase (see below) as well as genes involved in
photosynthesis. Another example of a transcription factor interacting with light
is PIF3 (phytochrome interacting factor), which is constitutively expressed and
member of the basic helix-loop-helix class of transcription factors. PIF3 binds to
a G-box motif present in promoters of various light-regulated genes. It has been
suggested that the active form of PHY translocates into the nucleus and bind to
already promoter-bound PIF3 and thereby facilitate transcription (Quail 2002).

Light responsive elements (LRE)

When studying photosynthesis-associated nuclear genes a number of cis-
acting elements involved in the control of transcription by light were identified
(Argiiello-Astorga and Herrera-Estrella 1998). These elements were classified
into different types, according to their nucleotide sequence and binding of
transcription factors. Put simply, certain core sequence units are recognised in
the DNA motifs, although not strictly identical in different plants or promoters.
Examples of such motifs are: G-box (core unit ACGT), GTI-box (core unit
GGTTAA), GATA-box (core unit GATA) and a special GATA motif, [-box
(core unit GATAAGA/G). A single motif can not function as a light responsive
element (LRE), at least two different motifs have been found to be involved
(Martinez-Hernandez et al. 2002). A minimal LRE containing an I-box
(GATAAGA) and G-box (CACGTGGC) linked to a reporter gene was studied
in Arabidopsis (Martinez-Hernandez et al. 2002). Such an LRE resulted in
reporter gene activation by both PHY and CRY, and red, blue or white light all
were active in inducing a response. The minimal LRE also confined tissue
specificity in adult plants, and expression of the reporter gene was only found in
cells containing chloroplasts, like mesophyll cells of leaves, stems and petioles
as well as stomata, but not in epidermis, vascular tissue or roots. The reporter
gene was strongly expressed in copl mutants, as expected, since COP1 mediates
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proteolysis of a factor (HY5) involved in transcription of light activated genes.
Decreased expression was found in /Ay5 mutants as predicted. However, 50%
activity was retained in the 4y5 background showing that some other factor
could partially replace HYS (Martinez-Hernandez et al. 2002). Although
putative light-responsive motifs are present upstream of many of the genes
involved in the nitrogen pathway, very few elements have been examined for
their function and shown to be involved in light-activation of the nitrogen
pathway. Much, almost everything remains to be clarified concerning light
reactive elements in promoters and enhancer regions of genes in the nitrogen
pathway of plants.

Light activation by thioredoxins

Thioredoxins are small, ubiquitous, proteins found in both prokaryotes and
eukaryotes. The highly conserved active site, Trp-Cys-Gly-Pro-Cys, contains a
disulphide group that undergoes reversible redox changes between S-S and 2SH
(Ruelland and Miginiac-Maslow 1999, Schiirmann and Jacquot 2000).
Thioredoxins serve as electron donors in a variety of cellular redox reactions.
Plants contain multiple forms, two in the chloroplasts (m and f), one in the
cytosol and one in the nucleus. In chloroplasts and cyanobacteria, reduction of
thioredoxins are coupled to light-driven photosynthetic electron transport and
mediated through reduced ferredoxin. It is known for long that several Calvin
cycle enzymes are activated by the ferredoxin-thioredoxin system. In addition to
these enzymes related to CO,-fixation, also other chloroplastic enzymes are
regulated by thioredoxins, such as the coupling factor CF1 providing ATP for
biosynthetic reactions, and NADPH-malate dehydrogenase which is important
for the export of reducing equivalents (malate) to the cytosol. Also some
chloroplast-located enzymes involved in nitrogen metabolism are activated by
thioredoxins, i.e. glutamine synthetase, ferredoxin-dependent glutamate
synthase, and the first enzyme in the pathway of aromatic amino acids (Ruelland
and Miginiac-Maslow 1999, Schiirmann and Jacquot 2000).

PII

PII signal transduction proteins are widespread, being present in eukaryotes,
bacteria and archaea and are essential for regulation of nitrogen metabolism. In
bacteria and archaea, PII proteins serve as the central processing unit for the
integration of signals of carbon and nitrogen status (Ninfa and Atkinson 2000).
A homologous gene has been identified in plants, and there is evidence that the
same metabolites as in bacteria, o-ketoglutarate and glutamate, are crucial for
regulation of nitrogen metabolism in plants. This points to the possibility that PII
may have a similar function in plants as in prokaryotes.
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In Escherichia coli the PII protein is covalently modified by uridylylation of
a conserved tyrosyl residue (gives PII-UMP). High concentration of glutamine
triggers this uridylylation of PII. The carbon-status indicator molecule a-
ketoglutarate binds directly to PII. Overall, in E. coli PII is converted into
different forms in response to the concentration of nitrogen and carbon
compounds, and acts post-translationally upon the activation and inactivation of
an enzyme in the nitrogen assimilation pathways, i.e. glutamine synthetase
(Ninfa and Atkinson 2000). PII also affects regulation on the level of
transcription, and does so by influencing the phosphorylation status of a protein
necessary for transcription of the glutamine synthetase gene in E.coli.

In cyanobacteria (Synechococcus), P11 regulates uptake of nitrate and nitrite,
possibly by direct interaction with a component of the uptake system.
Modification of PII in cyanobacteria is via phosphorylation of a conserved seryl
residue. When PII is unphosphorylated the uptake processes are inhibited. This
seryl residue is conserved also in plant PII proteins, whereas the tyrosyl residue,
which is uridylylated in E. coli, is replaced by phenylalanine in plants (Hsieh et
al. 1998). PII like proteins have so far been identified in Arabidopsis thaliana
and Ricinus communis (Hsieh et al. 1998). The plant PII is a nuclear-encoded
chloroplast protein. Intriguingly, expression of PII is influenced by the same
factors that are supposed to be sensed by the PII protein itself. PIl mRNA was
induced by light in dark-adapted green Arabidopsis leaves, and sucrose
stimulated mRNA accumulation in both darkness and light, whereas asparagine,
glutamine and glutamate partly reversed the positive effect of light or sucrose.
Red light did not lead to the accumulation of PII mRNA, hence phytochrome did
not appear to be involved in PII expression. Ferrario-Méry et al. (2000)
presented clear evidence with transgenic tobacco plants that the balance between
the important modulators of PII proteins, glutamine and a-ketoglutarate, are
essential for regulation of nitrogen metabolism also in plants. The Arabidopsis
PII has recently been cloned and overexpressed in FE.coli, and polyclonal
antibodies have been produced towards the Arabidopsis P11 (Smith et al. 2002).
Expression patterns, post-translational modifications and a role of PII in control
of nitrogen metabolism are expected to be revealed soon also for plants.

Fungi

Although PII is found in bacteria, archaea, algae and plants and may have a
crucial role in regulation of nitrogen metabolism in these organisms, there are no
reports or Blast hits found for fungi or yeast when searching for this protein.
However, another common principle concerning regulation of nitrogen
metabolism is widespread among fungi and yeast. In these organisms
compounds like ammonia, glutamine, glutamate, and asparagine are
preferentially used as nitrogen source. As long as these compounds are present,
expression of genes for nitrate uptake and reduction are repressed. However,
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when these favoured nitrogen sources are not available, other sources, for
instance nitrate can be used. The necessary genes are then transcribed (Marzluf
1997). Positive acting, global regulatory genes are found in yeast and fungi, Nit-
2 in Neurospora, Ared in Aspergillus, and Gin-3 in Saccharomyces. These genes
all code for GATA-type zinc finger transcription factors. These global factors
bind to promoters of various genes regulated by nitrogen. For example the
promoter region of the Neurospora nitrate reductase gene has three binding sites
for NIT2 all containing GATA elements. When glutamine and other preferable
nitrogen sources are scarce NIT2 becomes active, binds to the promoter region
of nitrate reductase and, together with a pathway specific transcription factor,
NIT4, activate transcription. Glutamine is a critical metabolite, which exerts
catabolite repression in Neurospora; however, a still unknown feature is the
identity of the element, or signal pathway that senses the presence of repressing
levels of glutamine (Marzluf 1997). The repression of gene expression by
glutamine and other reduced nitrogen compounds has a parallel in plants since
glutamine and NH," are known to repress transcription of several genes in the
nitrogen pathway also in plants. This raised the question of whether the
regulatory mechanism is conserved between fungi and plants, and attempts have
been made to identify a similar system in plants as in fungi. The NIT2 protein of
Neurospora was found to bind upstream of the NR structural gene from tomato
in vitro (Jarai et al. 1992), and a gene homologous to the NIT2 gene was
identified in tobacco. This gene was called NTLI (for nit-2-like) and the amino
acid sequence of the Zn-finger domain showed 60% identity to the NIT2 protein.
It still remains to be shown if the NTL1 protein is involved in regulation of NR
or other genes in plants (Daniel-Vedele and Caboche 1993). GATA motifs are
present in several of the genes involved in nitrogen uptake and metabolism in
plants, hence putative targets for a NIT2 like transcription factor are present.

A complementation approach in yeast was undertaken, using a
Saccharomyces mutant deficient in the global regulatory protein GLN3. Three
Arabidopis cDNAs were found that restored growth of the yeast mutant on
certain nitrogen sources, and led to the isolation of RGA and GAI cDNA.
Surprisingly, these were the same genes already known to be involved in the
response to gibberellins in plants. Loss of function (rga2, gai-t6) and gain of
function (gai-1) mutants were also studied. These studies did not, however,
identify genes involved in nitrogen metabolism or regulation thereof in plants
(Bouton et al. 2002).

NITRATE TRANSPORTERS

Recently genes from two different families of nitrate transporters named
NRTI and NRT2, were cloned from a wide range of higher plants (Forde 2000).
For details on nitrate transporters see chapter 1. Physiologically different types
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of nitrate transporters have been identified. Some transporters have low affinity
for nitrate (Low Affinity Nitrate Transporters, LATS) while others have high
affinity for nitrate (High Affinity Nitrate Transporters, HATS). Generally, LATS
were associated with the NRT] family, and HATS were related to the NRT?2
family. However, the picture is more complex. For instance the Arabidopsis
NRTI.1 transporter contributes to high as well as low affinity transport
(Touraine ef al. 2001, chapter 1).

Nitrate transporters and phytochrome

There is some evidence that red light may influence uptake of nitrate in algae.
Red and blue light pulses for 5 min stimulated nitrate uptake in the red alga
Corallina elongata, and the light effects were reversed by far-red light in
accordance with phytochrome being involved (Figueroa 1993). Also in a green
alga, Ulva rigida, positive effects of red and blue light pulses on nitrate uptake
reversed by far-red light were found (Lopez-Figueroa and Ruediger 1991).
Spirodela polyrhiza (Lemnaceae), a monocot water-plant, has been much used
for studying nitrogen metabolism in relation to phytochrome; however, no
influence on nitrate uptake by the phytochrome system was found (Appenroth et
al. 1992). The literature gives very little information on phytochrome effects on
nitrate uptake in higher plants, and when examined generally no or very small
effects on nitrate uptake as influenced by the phytochrome system have been
found (Sasakawa and Yamamoto 1979).

Interestingly, oligonucleotide arrays revealed a nitrate transporter gene
regulated by PHYA in Arabidopsis. One hour of far-red light induced the
expression of this nitrate transporter gene NTP3 (CAB38706) (Tepperman et al.
2001). The NTP3 gene codes for a protein predicted to contain the 12 putative
trans-membrane helices found in other transporters of the NRT! family.
However, there is as yet no information on the transport function of the NTP3
protein. Four other nitrate transporters present on the Affymetrix oligonucleotide
arrays were not identified as targets of PHYA signalling. It should be noted that
plants were grown on half-strength MS-medium, and the high concentration of
NH," and NO; experienced by the plants for several weeks may inhibit
expression of nitrate uptake genes. In addition to nitrate transporters providing
uptake of NOj3™ into the roots, other nitrate transporters are involved in allocation
of NOj to the vacuole, or loading of NOj into the xylem. Since phytochrome
effects on nitrate uptake into the roots is not generally found, possibly the NTP3
transporter may be involved in NOj™ translocation inside the cell, or loading of
NOj’ into the xylem to provide NOj' to other parts of the plant. The effect of far-
red light on a nitrate transporter gene actualises results obtained several years
ago showing that non-photosynthetic light reactions were important for
intracellular NO;” movement in etiolated pea and barley leaves (Jones and
Sheard 1979).
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Figure 2. Overview of the nitrogen assimilation pathway in (green) cells. Nitrate is
transported into the cell by the help of special nitrate transporters (NRT). Nitrate is then
reduced in the cytosol by help of NAD(P)H and nitrate reductase (NR) to nitrite, which
is further reduced in the chloroplast by reduced ferredoxin and nitrite reductase (NiR).
Ammonium is then incorporated into amino acids by glutamine synthetase (GS) which
converts glutamate and NH," to glutamine, and this reaction requires ATP. Glutamine
and o-ketoglutarate are converted to two molecules of glutamate by glutamate synthase
(GOGAT). Several amino acids are formed from glutamate and keto acids by
transaminases, and form the basis also for further synthesis of other amino acids. Amino
acids are used for building proteins, and different nitrogen compounds as well as being
the start point for synthesis of secondary compounds. All the enzymes shown in brackets
are known to be up-regulated by light in most plants tested.

Nitrate transporters and blue light

In various algae, blue light was often found to have a positive effect on
nitrate uptake. Low irradiance blue light has been found to stimulate nitrate
uptake in the green algae Monoraphidium braunii (Aparicio and Quinones 1991,
Ullrich et al. 1998), and Ulva rigida (Lopez-Figueroa and Ruediger 1991). Also
in Chlorella blue light stimulated nitrate uptake independent of photosynthesis
(Maetschke et al. 1997). The blue-light effect appears to act through a signal
transduction chain involving phosphorylation since the blue-light effect was
sensitive to protein kinase inhibitors (Tischner 2000). In higher plants, i.e. rice
seedling, different light qualities, including blue light, were tested, but neither 5
min nor 6 h illumination with blue light stimulated nitrate uptake (Sasakawa and
Yamamoto 1979).
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Nitrate transporters and white, photosynthetic active light

Photosynthesis and carbon metabolism were recognised as important for
nitrogen assimilation already in the early days of research on nitrogen
assimilation back in the 50's using unicellular algae as the experimental system
as reviewed by Huppe and Turpin (1994). An early observation was that
nitrogen-sufficient algae required light to assimilate nitrogen, but nitrogen-
limited cells rapidly assimilated nitrogen in the dark. Intracellular carbohydrate
stores decreased during dark assimilation and assimilation ceased when these
stores were depleted (Huppe and Turpin 1994). From experiments on
photosynthesis and uptake of "NO;™ in maize seedlings, Pace e al. (1990)
concluded that NO; uptake and reduction were regulated by the supply of
energy and carbon skeletons required to support these processes. Also in
ryegrass NO; uptake was closely related to photosynthesis with a time lag of
about 5 h between photosynthesis and uptake (Scaife 1989). Furthermore diurnal
regulation of nitrate uptake was found in several plants (Delhon et al. 1995,
Cardenas-Navarro et al. 1998). In Arabidopsis roots, the transcript levels of both
AtNRTI1.1 and AtNRT2.1 were found to undergo diurnal variations, with
transcript levels in the light reaching more than 5-fold of those in the dark (Lejay
et al. 1999). Onset of darkness was accompanied by a rapid decrease in mRNA
transcript levels as well as a decrease in "NO;™ influx. Supply of 1% sucrose at
the time of light to dark transition hindered the decrease in transcript levels and
nitrate influx, supporting the view that the positive effect of light is due to
products of photosynthesis being translocated to the roots. It is well known that
nitrogen uptake genes are regulated by the N status in the plant, a demand for N
will enhance expression of these genes and increase uptake of nitrate. The effect
exerted through products of photosynthesis or N deficiency appears to be
differently mediated because AtNRTI.I and AtNRTI.2 are affected in the same
way by light and sucrose supply, but are differently affected by nitrogen
deficiency (Lejay et al. 1999). The Arabidopsis genome project reveals a range
of potential cis-regulating elements upstream of nitrate transporter genes, like
GATA, ACGT (G-box core), AG/CTCA (nitrate element) and for some also
GATAAGA/G (I-box). However, the significance for regulation of transcription
by these elements remains to be examined. The mechanism of signal
transduction from carbohydrates and nitrogen compounds leading to changes in
expression are still unknown, as are the transcription factors and cis-elements
actively involved.

Tissue specific expression
Since the nitrate transporter genes are differentially expressed in leaves and

roots, specific tissue factors, as well as interaction with light are expected to be
involved in achieving the specific expression of these genes. One of the AtNRT?2
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genes, i.e. AtNRT2.7 was expressed in leaves but not in roots (Orsel et al. 2002).
A minimal promoter with an I-box and a G-box which confined light
responsiveness to a reporter gene, and at the same time restricted expression to
cells containing chloroplasts had previously been described (see above).
However, the mechanism for tissue specificity of A¢tNRT2.7 is not known, and
the I-box is not present in the promoter area of this gene. Interestingly AtNRT2.7
is the only nitrate transporter (-like) gene known to code for a putative
chloroplast targeted peptide, and therefore this transporter is a candidate for
being located in the chloroplast membranes. NR72.3 is the other NRT2 gene
strongly expressed in leaves. The gene was expressed in the shoots of young
plants, but at the reproductive stage stronger expression was found in the roots
(Orsel et al. 2002). The function of all the NRT genes is not known, and some
may be involved in transportation of other anions than NOs’, for instance ions
that need to be transported into chloroplasts. Most nitrate transporters are
preferably expressed in roots, and generally, not much is known about root-
specific expression. A member of the NRTI family, NRT1.1, was expressed in
young leaves as well as in roots, and auxin, was found to be important for
targeting NRT.1 expression to nascent organs (Guo et al. 2002).

NITRATE REDUCTASE (NR)
NO; + NAD(P)H + H" — NO, + NAD(P)" + H,O

NR catalyses the reaction where electrons from NAD(P)H reduce NO;™ to
NO,". In Arabidopsis two different genes coding for NADH:NR have been
identified, NIA1 and NIA2. Most higher plants examined have been shown to
possess two or more genes coding for NR; however, Solanaceae species such as
Nicotiana spp. and tomato have only one NIA gene per haploid genome (Rouzé
and Caboche 1992). NR using NADH as an electron donor (EC 1.6.1.1) is the
dominant form in higher plants. A NADH/NADPH bispecific form (EC 1.6.1.2)
is found in addition to the NADH specific form in N, fixing plants like soybean,
and also in monocot species including maize, rice and barley (Miyazaki et al.
1991). In birch only a bispecific form is present (Friemann et al. 1991).
Monospecific NADPH:NR (EC 1.6.1.3) occurs in mosses and fungi but is not
found in higher plants. Only small changes in the structure of NR are required to
change the enzyme from a NADH specific to a NADPH (bi)specific form. In
birch, altering only one amino acid changed the enzyme from a bispecific to a
NADH specific enzyme (Schondorf and Hachtel 1995). The reason why plants
possess NRs with different specificities for NADH and NADPH is not clear.
Those plants that have both forms tend to express the bispecific form in the
roots. For details on the modulation of NR activity see chapter 7.
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NR and phytochrome

Light has been known to influence nitrate reductase expression for several
decades. NR induction mediated by phytochrome was first reported in etiolated
peas in 1972 (Jones and Sheard). Since then the involvement of phytochrome in
NR induction was established for a large number of dicot and monocot plants
(Sopory and Sharma 1990, Lillo and Appenroth 2001). Light absorbed by
phytochrome generally leads to increased levels of NR mRNA, protein and
enzyme activity in etiolated plants. Often, the light effect was found to be
dependent on availability of nitrate (Appenroth and Oelmiiller 1995, Li and
Oaks 1995, Migge et al. 1997), although this was not always the case (Sopory
and Sharma 1990).

Interestingly, different NIA genes within a species may show different
responses to irradiation as demonstrated for Arabidospis NIAI and NIA2 in the
wild type (Cheng ef al. 1991), and the ¢»88 mutant (Lin and Cheng 1997). Cr88
is a chlorate resistant mutant of Arabidopsis that exhibits the etiolated phenotype
in darkness but also in continuous red light; with long hypocotyls and closed, or
partially expanded cotyledons, and delayed greening. At the seedling stage NR
activity was low in ¢r88, and NIA2 was not induced by light as in wild type
seedlings. In mature cr88 plants light effects were as for wild type, thus
demonstrating that light effects in mature plants are mediated very differently
from light effects in etiolated seedlings. Stimulation of NR expression by
sucrose was similar in ¢#88 and wild type plants, and is consistent with light
effect in mature plants being mediated through products of photosynthesis such
as sucrose or other carbohydrates. Although light absorbed by phytochrome
increased NIA expression in a vast number of species, NI4 expression and NR
activity generally continued to increase to a much higher level when plants were
placed under conditions allowing photosynthesis, or when given sucrose. For
instance in etiolated barley and wheat, NR activity increased approximately 2-
fold in response to red light pulses, although, the activity was still only 5 and
35%, respectively, of the activity found in plants grown in photosynthetic active
light (Lillo and Henriksen 1984, Melzer et al. 1989). In tomato cotyledons, NR
protein after red or far-red light treatments was 20 to 30% of NR protein in white
light grown seedlings. The NR mRNA level was, however, nearly the same in
response to red light or photosynthetic active light. White light apparently acts
post-transcriptionaly by stabilising, or increasing synthesis of the NR protein in
tomato (Migge et al. 1997).

NR and photosynthesis

Products of photosynthesis, i.e. various carbohydrates are well known to
stimulate NIA expression and NR activation. The products of nitrogen
assimilation on the other hand, and especially glutamine, are known to exert a
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negative feedback on NI/A expression (Sivasankar and Oaks 1996, Coruzzi and
Bush 2001). In leaf discs of wild type tobacco plants the NR mRNA level was
low when discs were fed with glutamine, whereas feeding sucrose or o-
ketoglutarate resulted in a high NR mRNA level. In transgenic plants expressing
antisense GOGAT, and thereby possessing only 10% of wild type GOGAT
activity, the NR mRNA level was high in spite of high in situ concentrations of
glutamine (Ferrario-Méry et al. 2001). However, in these transgenic plants the
concentration of a-ketoglutarate was also high. It appears that the expression of
NR depends mostly on the ratio between glutamine and a-ketoglutarate, and the
inhibiting effect of glutamine on transcription is overcome by high concentration
of a-ketoglutarate. The experiments of Ferrario-Méry and co-workers are
strongly supportive of PII (see above) being involved in regulation of nitrogen
metabolism in plants, and PII may be a “missing link” between photosynthesis
and regulation of NR expression. However, sucrose, which increased the NR
mRNA level, did not lead to increase a-ketoglutarate concentration in situ, as
would have been expected if a-ketoglutarate were a component in the regulatory
system. It still remains to be established that PII really is a sensor for products of
photosynthesis and reduced nitrogen in plants. In E. coli, PII influences the
phosphorylation status of a protein that interacts with transcription factors. In
plants this would necessarily be more complicated since PII is a plastidic protein
and hence separated from active transcription factors in the nucleus. Depending
on C/N status PII may influence the translocation of certain factors across
chloroplast membranes and subsequently influence the components in the
nucleus, which then influence transcription. Such a signal transduction pathway
from PII to the transcription level remains to be revealed.

NR promoters and light regulation

Deletion analysis of the 1.5-kb 5'-flanking regions of the Arabidopsis NIAI
and NIA2 genes showed that 238 and 188 bp, respectively, were important for
nitrate induction of a reporter gene (CAT) in transgenic tobacco (Lin ef al. 1994).
A 12 bp conserved sequence with a core consensus AG/CTCA, a “nitrate
element”, was necessary for nitrate dependent transcription (Hwang et al. 1997).
Sequences involved in light regulation of Arabidopsis NR have not been
reported as investigated so far.

In bean (Phaseolus vulgaris) two NADH:NR genes were identified and their
promoters studied in transgenic tobacco with the help of a GUS reporter gene.
The one NIA promoter studied in more details showed that a 900 bp region
proximal to the transcription initiation site was necessary for high expression in
leaves and roots. Surprisingly it was not possible to find any significant effect of
nitrate on the expression of GUS. Circadian rhythms of the GUS mRNA were
retained, and this may indicate that light responsive elements were present
within the construct since light responsive and circadian elements may be
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inseparable (Lillo et al. 2001). Many light and circadian regulated genes contain
GATA motifs in their promoters (Teakle and Kay 1995). Five GATA motifs
were found within the 700 bp upstream of the transcription start site, but their
role in regulation of transcription of the bean N/4 genes has not been clarified
(Jensen et al. 1996).
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Figure 3. Working model for blue and red light effects on NIA transcription.

Deletion analysis of the 1.6-kb 5'-flanking sequence of the birch NI4 gene
were performed by fusing promoter sequences with the GUS reporter gene and
introducing them into Nicotiana plumbaginifolia (Strater and Hachtel 2000).
Interestingly, the promoter length conferring maximal light stimulation was
different in roots and leaves. Light responsiveness was retained within 237 bp
and 320 bp proximal of the transcription start site for roots and leaves,
respectively. Only high intensity, white light was tested. Nitrate responsiveness
was found for the 643 bp promoter fragment, but not for the 535 bp, indicating
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that important sequences for nitrate responsiveness were between 535 bp and
643 bp. As for bean, a leaf specific, negative cis-element was found around 1000
bp upstream from the transcription start site. Both the nitrate motif AG/CTCA
and GATA motifs are present in the birch NR promoter, but their function has
not been further evaluated. When NI4 promoters from birch, bean or Nicotiana
linked to a reporter gene or NIA structural gene were introduced into the N.
plumbaginifolia genome only a small number of transgenic plants were obtained
expressing that gene. Furthermore, expression was often very low (Strater and
Hachtel 2000, Warning and Hachtel 2000). This points to the importance of
location of the NIA gene in the genome for expression, a factor not yet fully
understood.

Specific transcription factors or proteins mediating light effects on
transcription of NIA genes are largely unknown. The HY'S protein appears to be
the only example so far of an identified transcription factor likely to be involved
in regulation of NIA expression. The HY5 locus encodes a bZIP transcription
factor known to be important for deetiolation and expression of several genes
related to photosynthesis. In Arabidopsis the HYS5 protein binds to Light
Responsive Elements (LRE) in promoters, for instance a G-box (Chattopadhyay
et al. 1998). HYS degradation is stimulated by another protein, COPI. In
darkness COP1 binds to HY'S and this leads to rapid degradation of HY5, hence
HY5 is not available for activation of promoters (Figure 2A). When leaves are
illuminated, cryptochromes bind to COP1 and thereby releasing HYS, which
becomes free to bind to promoters. Phytochromes influence binding of HYS to
LRE as well although the mechanism is still unclear (Quail 2002) (Figure 2B).
In the copl mutant, seedlings deetiolate in total darkness as if they had perceived
a light signal. Genes involved in photosynthesis are induced in darkness, as is
also NIA2 in this mutant (Deng ef al. 1991). Since COP1 protein is not present,
HYS5 is free to bind to the promoters of these genes and support initiation of
transcription (Figure 2C). Other, still unknown transcription factors and
components are likely also to be involved in NI4 expression.

Light and post-transcriptional regulation of NR

Post-translational regulation of NR is also strongly influenced by light (Lillo
1994, Lillo and Appenroth 2001). Most of what is known about post-
translational NR regulation, with few exceptions (Appenroth et al. 2000), has
been deduced from experiments using green leaves in which mainly effects of
photosynthetic active light have been studied. NR in higher plants is
phosphorylated at a special serine residue in the hinge between the molybdenum
co-factor binding domain and the heme-binding domain (serine 534 in
Arabidopspis). Generally NR is inactivated in darkness by phosphorylation, and
activated by dephosphorylation in the light (Kaiser and Spill 1991, MacKintosh
1992). However, the system is more complex than simply phosphorylation and
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dephosphorylation because members of the 14-3-3 protein family also bind to
phosphorylated NR (reviewed by Kaiser and Huber 2001, Lillo and Appenroth
2001, MacKintosh and Meek 2001). 14-3-3 proteins belong to a highly
conserved protein family with regulatory roles in plant, fungal and mammalian
cells (MacKintosh and Meek 2001). It is after the binding of these 14-3-3
proteins that phosphorylated NR is actually inhibited, and inhibition is only
observed in the presence of cations. The most important cations for this
inhibition are Mg®" and polyamines (Provan et al. 2000).

In etiolated barley leaves the inactive (phosphorylated) form of NR was
dominant, and red light absorbed by phytochrome did not influence the
activation state of NR. The potential for activation of NR was present in
etiolated leaves since acid loading, a well known treatment to activate NR, is
efficient for NR activation also in etiolated leaves (Appenroth ef al. 2000). Post-
translational activation of NR is triggered by photosynthesis, and mediated
through the balance of kinases and phosphatases acting on NR. Photosynthesis
may lead to a decrease in Ca®" in the cytosol and an increase in phosphorylated
sugar compounds, with both changes leading to decreased NR kinase activity
and hence activation of NR. The significance of these factors for regulating NR
in situ is not clarified. Phosphatases are involved directly by dephosphorylating
NR, and also indirectly by dephosphorylating and thereby inactivating, NR
kinases. Still, little is known about regulation of phosphatases in plants. In
prokaryotes PII is involved in transcriptional as well as post-translational
regulation of enzymes in nitrogen metabolism (see above). In plants this has not
yet been deeply studied, but so far no indications of involvement of PII in post-
translational regulation were found. In fact, high concentration in sifu of the
signal component, a-ketoglutarate, had no effect on the phosphorylation state of
NR (Ferrario-Méry et al. 2001).

Light activates transcription of NR, and light activates NR post-
translationaly. Light acts on yet another level, which became clear when
examining expression of the NR gene linked to the 35S CaMV promoter
(Vincentz et al. 1993). As expected, NR was constitutively expressed and NR
mRNA levels were high in darkness (after 56 h) as well as in the light.
Accumulation of NR protein and activity were, surprisingly, still promoted by
light. This could be explained by increased rate of NR synthesis or decreased
rate of degradation in the light, or both. Since light favours dephosphorylation of
NR it is tempting to assume that the non-phosphorylated form, which dominates
in the light is more stable than the phosphorylated form. Post-translational
modification of proteins has often been found to be a signal for degradation
(Callis 1995). Experiments with spinach did indeed support this as
phosphorylated NR was shown to be more rapidly degraded than non-
phosphorylated NR (Kaiser and Huber 2001). However this did not appear to be
the case in Arabidopsis cell cultures (Cotelle et al. 2000) or in Nicotiana species
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(Lillo et al. 2003). The findings for Nicotiana species are in agreement with
light having a positive effect on the translation process.

Toxic products and by-products of NR: nitrite, peroxynitrite
and nitric oxide

The very complex means of regulation of NR may have evolved not only to
optimise NR activity in response to nitrate and energy (light) supply, but
evolution may also have been driven by the importance of down-regulating NR
activity under certain conditions. For instance in darkness, further assimilation
of the product from NR, NO,', is slow, because this step is usually closely linked
to photosynthesis. Unless NR activity is rapidly down-regulated, NO,” may
accumulate in darkness. Nitrite is mutagenic and accumulation of NO, may be
detrimental to the plant in the long run. Furthermore, NR reduces not only NO5’
to NO,” (Ruoff and Lillo 1990), but under certain conditions reduces also O, to
form O, (superoxide anion) and NO, to form NO (nitric oxide) (Yamasaki
2000, Rockel et al. 2002). Nitric oxide may have both detrimental and beneficial
effects in plants, and the subject is far from fully understood. Peroxynitrite
(ONOO’), a highly reactive and very toxic compound, is made non-
enzymatically from NO and O,. A strict regulation of NR may, therefore, be
necessary to avoid by-products causing oxidative damage and mutations in the
plants (chapter 7).

Nitric oxide also plays a key role in atmospheric chemistry and is important
for atmospheric radical balance and for generation of photooxidants (Wildt et al.
1997). Previously, vegetation was not taken into account as a source of NO in
the atmosphere, probably because NO emission from plants was firstly only
measured under certain conditions. More recently, NO emission from a variety
of nitrate nourished plant species was observed under normal growth conditions.
During daytime the NO emission was closely correlated to CO, uptake.
Furthermore, when nitrate content of the nutrient solution was enhanced, NO
emission was observed also in darkness. On a global basis NO emission from
plants was calculated to be 1-5%, only, compared to the NO evolved from soil
due to microbial activity. However, over areas with dense plant cover the
emission from plants is not negligible (Wildt et al. 1997).

NITRITE REDUCTASE (NiR)
NO, + 6 Fd,q + 8H+ — NH;" + 6 Fd,, +2 H,0
After reduction of nitrate to nitrite in the cytosol, nitrite is translocated into

the chloroplasts/plastids where further reduction takes place with the help of
nitrite reductase (NiR, EC 1.7.7.1). Plant NiR uses reduced ferredoxin formed in
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photosynthesis as electron source. In darkness or in non-green tissue, ferredoxin
or a ferredoxin-like protein can be reduced by NADPH from the oxidative
pentose phosphate pathway. NiR is a nuclear-encoded protein with an N-
terminal signal peptide that directs it to the chloroplasts (Meyer and Stitt 2001).
Some higher plants contain only a single NI/ gene (gene encoding NiR) per
haploid genome, whereas other plant species contain two or more copies (Wray
1993). The amphidiploid Nicotiana tabacum contains four genes, two from each
ancestor. Because nitrite is toxic, cells must possess enough NiR to reduce all
the nitrite produced by NR. As for NI4 genes, nitrate and light are the two basic
factors necessary for strong expression, and NI/ and NIA genes are generally
regulated in co-ordination. In etiolated plants with no nitrate source, expression
of NII genes is often very low, or not detectable. Variations among species and
different organs and tissues are, however, clearly seen.

NiR and light effects in various plants

There are not many reports on light effects on NiR in Arabidopsis, but NIl
expression was examined in the chlorate-resistant c#88 mutant. At the seedling
stage cr88 was altered in the regulation of NIA2 expression compared to wild
type plants. NIA2 expression was not induced following 8 h (white) light
exposure, nor were the photosynthetic genes coding for RBCS and CAB, but the
seedlings still expressed NI as in the wild type. The work with cr88 therefore
showed that the signal transduction chains leading to activation of N/4A2 and NI/
expression are different in Arabidopsis (Lin and Cheng 1997).

A phytochrome deficient tomato mutant, the aurea mutant, was used to study
expression of both NIA and NII genes. This mutant has less than 5% of
spectrophotometrically active phytochrome compared with wild type tomato.
Both NIA and NII expression was impaired in the mutant when testing etiolated
seedlings (Becker et al. 1992). This clearly showed that phytochrome was
important for inducing both NI4 and NII expression in young etiolated seedlings.
Analysis of wild type tomato plants revealed the presence of two NII genes. One
gene being mainly expressed in etiolated leaves, whereas the other gene was
expressed in green leaves (Migge et al. 1998). Red, blue or UV-A irradiation
induced NII expression, consistent with the involvement of phytochrome and
possibly a blue-light receptor (Goud and Sharma 1994, Migge et al. 1998). Blue
light especially stimulated accumulation of one of the NiR proteins (NiR2). As
pointed out by Migge et al. (1998), a UV-A effect does not necessarily imply
involvement of a specific blue/UV-light receptor because phytochrome may also
be converted, to some extent, into its active form by UV-A light. In fact Goud
and Sharma (1994) found that the positive effect of blue light on NiR in wild
type tomato disappeared in the aurea mutant, indicating that phytochrome was
indeed the important photoreceptor. In mature, green leaves of the aurea mutant
activities of NR and NiR were identical with activities in wild type on a per mg
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chlorophyll basis. Levels of NR and NiR mRNA and their diurnal variations
were also very similar in leaves of the mature green aurea mutant and wild type
plants (Becker et al. 1992). This indicates that different signal transduction
chains from light to expression of NIA and NII are operating in seedlings contra
mature plants. An interesting difference observed for tomato in comparison with
other species was a strong, positive light effect on expression also when nitrate
is removed from the growth medium and replaced with an alternative nitrogen
source, such as glutamine.

Effects of different light sources on NII expression have also been studied in
Nicotiana tabacum and N. plumbaginifolia. Both red and blue light enhanced
NII expression in etiolated tobacco cotyledons, and light effects were only seen
when nitrate was present in the growth medium. Light intensity was also
important, and increasing light intensity had a positive effect on expression
(Neininger et al. 1992). Four NII genes are present per haploid Nicotiana
genome. The two genes more thoroughly tested, were found to be differently
expressed in roots and leaves; one gene mainly in leaves and the other mainly in
roots. Expression of both genes was induced by nitrate, and diurnal variation
followed the same pattern in leaves and roots (Kronenberger et al. 1993). NIA
and NII genes were similarly regulated in Nicotiana with respect to inhibition by
glutamine and glutamate. An interesting difference was that in green leaves
glucose apparently could replace light for the enhancement of NIA expression,
while a positive effect on NI/ expression was much less pronounced (Vincentz et
al. 1993).

In barley, where only one NII gene is present, nitrate was strictly necessary
for detection of NiR activity and protein. In leaves, induction also depended on
light, whereas in the roots expression was just as strongly induced in darkness
(by nitrate). This showed that the gene was derepressed in the roots by nitrate
only, whereas some factor in the leaves apparently hindered its expression
(Duncanson et al. 1992). In soybean at least three different NII genes were
present, and one of these genes were constitutively expressed in the cotyledons,
the others were induced by nitrate as in other plants (Kim et a/. 2001).

NII promoters

As for NIA genes, nitrate and light are the most important factors known to
enhance transcription of NII genes. Promoter analysis of bean (Sander et al.
1995), spinach (Rastogi 1993, Neininger et al. 1994, Sivasankar et al. 1998)
tobacco (Dorbe et al. 1998) and birch (Warning and Hachtel 2000) has revealed
cis-acting elements involved in nitrate induction of NI/ transcription. Promoter
analysis was performed by linking the promoters, or promoter fragments, to a
reporter gene and introducing this into tobacco, or in Arabidopsis (Dorbe et al.
1998). For the NIA genes, reporter genes linked to the promoter very often
showed only low expression in transgenic plants. For the NII promoter no such
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problems with gene extinction were encountered (Stitt and Meyer 2001). For all
promoters tested, cis-acting elements providing nitrate induction of NII
transcription were found to be present within 0.7 kb upstream of the
transcription start site. In the fungus Neurospora crassa special GATA elements
in the promoter have been shown to bind a regulatory protein, NIT2, resulting in
induction of transcription by nitrate (Marzluf 1997). GATA elements were
identified in the spinach, tobacco and birch NII promoters. However, apparently
the GATA elements were not strictly necessary for nitrate induced transcription,
because transcription was induced by nitrate also when these elements were
deleted.

Neininger et al. (1994) found that the -200 to +131 bp (relative to
transcription start) provided phytochrome mediated induction of transcription of
the spinach NII gene. Warning and Hachtel (2000) identified light sensitive
regions in the birch promoter between -155 and -267. Analysis of fragments of
the birch NII promoter indicated that an inhibitor would bind to this region in the
dark and thereby preventing transcription. When testing various promoter
fragments linked to the GUS reporter gene it was also clear that a specific
promoter fragment resulted in unlike activities in roots and leaves, possibly due
to different concentrations of transcription factors present in the tissues.

Argiiello-Astorga and Herrera-Estrella (1998) found that a single motif can
not function as an LRE (see above). Since the presence of nitrate was often a
prerequisite for obtaining light effects on NI/ expression, possibly also one motif
involved in nitrate activation could act in co-operation with one motif for light
activation. Certainly both cis and #rans-acting elements still need to be explored
for fully understand light regulation of NII genes.

GLUTAMINE SYNTHETASE (GS)
glutamate + NH," + ATP — glutamine + ADP + P; + H,0

In primary nitrogen metabolism the product of the nitrite reductase reaction,
ammonium, is further assimilated into amino acids by glutamine synthetase (GS,
EC 6.3.1.2). Importantly, the nitrite reductase reaction is certainly not the only
source of ammonium in plants (chapter 2). Ammonium is released from amino
acids by deamination during nitrogen remobilisation. Ammonium is also
released in special metabolic pathways as in the link between aromatic amino
acid synthesis and secondary metabolism catalysed by phenylalanine ammonia
lyase. Ammonium is formed in the glycine decarboxylase step during
photorespiration, a process that may exceed primary nitrogen assimilation 10-
fold. Thus over the life span of a plant, nitrogen is released as ammonium and
refixed several times (Miflin and Habash, 2002). For details on the
characterization and regulation of GS expression and activity see chapter 2.
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Red and blue-light effects on GS gene expression

Regulation of GS mediated by phytochrome has been found in a wide range
of higher plants: Scots pine (Elmlinger and Mohr 1991), Spirodela (Teller and
Appenroth 1994), lettuce (Sakamoto 1990), mustard (Weber et al. 1990), pea
(Edwards and Coruzzi 1989), tomato (Migge et al. 1998) and Arabidopsis
(Oliveira and Coruzzi 1999). Generally GS2 is strongly induced by light while
GS1 is more developmentally regulated. Following illumination of etiolated
leaves, an increase in both GS2 transcript and GS protein have been observed in
a majority of plant species, and both red and blue-light receptors were involved
(Cren and Hirel 1999).

Effects of sugars and amino acids on GS gene expression

As for other enzymes in the nitrogen assimilation pathways strong positive
effects of carbohydrates are found. Light-induced changes not fully accounted
for by phytochrome, were observed in pea (Edwards and Coruzzi 1989). A study
performed with Arabidopsis showed that in addition to phytochrome-mediated
red light effects, which enhance expression of the GS2 gene, different sugars
stimulated accumulation of GS2 mRNA. Sucrose, fructose and glucose all
mimicked the effect of light and enhanced GS2 gene expression when added to
the growth medium in the dark. A moderate stimulation by sugars on GS1 gene
expression was evident. Several amino acids, aspartate, asparagine, glutamate,
glutamine added to the growth medium showed an antagonistic effect to sugar
(Oliveira and Coruzzi 1999). The effects of sugars and amino acids on
Arabidopsis GS are thus reminiscent of the regulatory mechanism found in E.
coli where the PII protein is known to be a key component in regulation of GS
(see above).

Promoters

Analysis of the GS gene promoters of soybean, Phaseolus, rice and tobacco
revealed promoter fragments responsible for organ specific and developmental
expression (Hirel and Lea 2001, Morey et al. 2002). Light responsive GS2
promoters were demonstrated for Phaseolus vulgaris (Cock et al. 1992) and pea
(Tjaden et al. 1995). The GS2 pea promoter contains an AT-rich 33 bp region at
807 bp upstream of the transcription start site, and when this AT-rich region was
deleted, GS2 expression was reduced 10-fold Similarity to AT-rich elements in
light-regulated photosynthetic genes in various species has been pointed out. A
trans-acting factor binding to this AT-rich sequence was identified, and found to
be similar to AT-binding factors for other plant promoters (Tjaden and Coruzzi
1994). Interestingly, a phosphorylation step inhibited binding of the trans-acting
factor to the AT-rich region. Important elements for light responsiveness were
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confined to a short promoter fragment 323 bp upstream from the transcriptional
start site and sequences already known to be important for light responsiveness
in other genes, like [-box and GT-1 were identified.

The upstream region of the Arabidopsis GS2 (At5G35630) also has I-boxes,
but these are about 2000 and 2400 bp upstream from the transcription start site.
Two nitrate elements within an AT-rich region are also present between -1645
and -1607 bp upstream of the transcription start site in Arabidopsis GS2. But no
detailed promoter analysis or interacting trans-acting factors have been reported
for Arabidopsis.

Post-translational regulation of GS

Cytosolic and chloroplastic GS from cauliflower were found to bind 14-3-3
proteins. Phosphorylation of GS may be important for its stability as found in
Brassica napus (Finnemann and Schjoerring 2000). However, 14-3-3 binding
did not influence the activity of GS (Moorhead et al. 1999, Riedel et al. 2001).
As for NR, 14-3-3 proteins may be important for the regulation of GS; however,
this point is still not clarified.

A redox change was found to modulate GS2 activity in Canavalia lineata and
two cystein residues necessary for this activation was identified. In various
plants these cysteine residues were present in GS2, but not in GS1. GS2 was
activated by the sulthydryl-reducing agent DTT like enzymes of the
photosynthetic electron transport were activated by the ferredoxin-thioredoxin
system (Choi et al. 1999). Regulation of GS2 by a redox change was further
confirmed by identification of Arabidopsis GS as a binding target for
thioredoxin (Motohashi et al. 2001).

GLUTAMATE SYNTHASE (GOGAT)

glutamine + a-ketoglutarate + 2 Fd ., (NADH + H")
— 2 glutamate + 2 Fd,, (NAD")

Glutamate synthase (GOGAT) catalyses the conversion of glutamine and a-
ketoglutarate to two molecules of glutamate. For the characteristics, localisation
and regulation of enzyme expression and activity see chapter 2.

Light and sugar effects on GOGAT expression

Light acting through phytochrome has been shown to enhance expression of
Fd-GOGAT in several plants whereas the NADH-GOGAT activity generally
was not influenced by light. Arabidopis has two genes coding for Fd-GOGAT
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(GLUI and GLU2). GLUI was expressed at the higher level in leaves, and its
mRNA level was specifically enhanced by light (only high intensity white light
was tested). Sucrose could partly replace light in inducing expression of GLUI
when light-grown seedlings were dark-adapted for 3 days before testing effects
of light and sucrose (Coschigano et al. 1998). In contrast, GLU2 was expressed
at a lower, constitutive, level and accumulated primarily in roots (Coschigano et
al. 1998).

Fd-GOGAT was expressed in etiolated tomato cotyledons, but expression
increased by exposure to light. Phytochrome was involved in light perception.
UV-A light also increased Fd-GOGAT expression, and the effect of UV-A was
mediated through a special blue-light receptor or phytochrome (Becker et al.
1993, Migge et al. 1998). As for Arabidopsis, no light effects were seen on
NADH-GOGAT expression.

When etiolated barley seedlings were exposed to light (white, high intensity)
for 48 h a 3-fold increase in Fd-GOGAT was observed. Although light did have
a positive effect on Fd-GOGAT expression in barley a substantial level of Fd-
GOGAT activity was present in the absence of light and also in the absence of
nitrate. Early work on Fd-GOGAT activity in barley showed no effects of daily
day/night shifts on Fd-GOGAT activity, whereas NR activity varied during the
same period (Lillo 1983, 1984). In contrast to the situation in Arabidopis, light
could not be replaced by sucrose or glucose added to the nutrient solution. No
positive effect of sugar was found for Fd-GOGAT, although NR activity
increased 2-fold in the same experiment. Hence in barley, Fd-GOGAT and NR
did not react in parallel in response to the sugar treatment or circadian control
(Lillo 1984, Pajuelo et al. 1997).

In maize, exposure of etiolated seedlings to white light led to a 3-4-fold
increase in Fd-GOGAT activity and mRNA levels. Red light also stimulated Fd-
GOGAT expression, and far-red reversibility confirmed that phytochrome was
involved. NADH-GOGAT activity was not affected in these experiments. Again
a relatively high Fd-GOGAT level was found also in etiolated seedlings
confirming that light was not strictly necessary for Fd-GOGAT expression
(Suzuki et al. 1987, 2001).

Phytochrome was important for appearance of Fd-GOGAT activity in
etiolated pine seedlings. Apparently also a blue-light/UV-A receptor like
cryptochrome was involved. Blue or red light had no effect on NADH-GOGAT
(Elmlinger and Mohr 1991). Fd-GOGAT was induced by red light and blue light
in etiolated turions of Spirodela, and apparently both phytochrome and a blue-
light receptor were involved. NADH-GOGAT was not influenced by red or blue
light. Again a relatively high background activity of Fd-GOGAT was seen also
in darkness (Teller et al. 1996).



f
Eﬂv}rane it L1 CcYTOSOL
S-Adenosylmethionine

GHLOROPLAS Flavonoids

NHa+ Lignins
J

\

Figure 4. Overview of metabolism from the amino acid glutamate, and pathways leading
to secondary metabolites. Glutamate and glutamine serve as nitrogen donors in
important metabolic pathways. Glutamate is an amino donor in transaminase reactions
generating for instance alanine, and aspartate from keto acids. Glutamate or glutamine
also donate an amino group to chorismate in the pathways leading to
tyrosine/phenylalanine or tryptophane, respectively. The first enzyme in the pathway for
synthesis of amino acids in the aspartate family, aspartate kinase (AK) is stimulated by
light. Asparagine synthetase (AS) activity is generally decreased in light, and is the main
route for synthesis of asparagine, using aspartate and glutamine as substrates.
Phosphoenolpyruvate and erythrose-4-phosphate are condensed by the 3-deoxy-
arabinoheptulosonate-7-phosphate synthase (DAHPS) enzyme which is stimulated by
light in many plants, and is the first step in the shikimate pathway leading to chorismate,
and then aromatic amino acids. The first enzyme in the pathway converting aromatic
amino acids to flavonoids and lignin is phenylalanine ammonia-lyase (PAL). PAL is
influenced by many environmental factors, also light. The PAL reaction is a main point
for release of NH,".

Promoter analysis has been carried out for alfalfa NADH-GOGAT indicating
four regulatory elements involved in the expression within the nodules (Trepp et
al. 1999). Promoter analysis is otherwise scarce for NADH and Fd-GOGAT.
The GLUI promoter of Arabidopsis has two AGTCA within AT-rich stretches
(nitrate elements) in the 1200 bp region upstream of the transcription site but
involvement of these elements in regulation remains to be analysed.
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LIGHT INFLUENCED AMINO ACID SYNTHESIS

The pathways proposed for amino acids synthesis in plants are largely
derived from those known in Escherichia coli and yeast, but show more
complexity and additional ways of regulation. Amino acids are usually divided
into families related to a common precursor compound, and amino acids of one
family share a common pathway in their scheme of synthesis.

The majority of the amino acids can be synthesised within the chloroplasts;
hence synthesis may be positively influenced by photosynthetic light. It has been
known for a long time that the concentration of free amino acids in plants show
diurnal variations and varies in response to light and darkness (Matt 1998,
Coruzzi and Last 2000).

Asparagine

Asparagine is often present in very high concentrations in both xylem and
phloem sap, and is used to carry nitrogen away from source tissue. Asparagine is
more soluble, less reactive and has a nitrogen to carbon ratio higher than
glutamine, all of which make it a better transport and storage compound.
Asparagine synthetase (AS, EC 6.3.5.4) is considered as the major route for
asparagine biosynthesis in plants. In an ATP-dependent reaction AS catalyses
the transfer of the amino group from glutamine to aspartate generating glutamate
and asparagine (Coruzzi and Last 2000):

glutamine + aspartate + ATP — glutamate + asparagine + AMP + PP;

Three AS genes (4SN) have been identified in Arabidopis (Lam et al. 1996,
1998). The expression of ASNI was repressed in leaves by light or presence of
sucrose. The repression was reversed by asparagine, glutamine and glutamate.
The two additional ASN genes were regulated in a reciprocal manner to ASNI,
i.e., their mRNA levels were increased by light or sucrose. These latter genes
were, however, expressed at much lower levels, and belonged to a different class
of ASN genes. These genes may be involved in NH, -detoxification (Lam et al.
1998). In pea leaves, two ASN genes were identified and the expression of both
was stimulated by darkness. 4SN genes from various plants have been cloned
and in the majority of cases light and /or carbohydrates were shown to repress
gene expression (Hirel and Lea 2001). Light up-regulates genes which are
involved in assimilation of ammonium into glutamine and glutamate, and
phytochrome is involved in this process. In contrast, light generally down-
regulates ASN genes. Interestingly, this negative effect of light is also mediated,
at least partially, by phytochrome. The negative effect of sucrose on ASN
expression can be antagonised by amino acids. A model has been proposed
where GS2 is enhanced by light, or when carbon skeletons are abundant. Thus in
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the light, nitrogen is assimilated into and transported as glutamine, which is a
substrate for numerous reactions. In darkness, when no photosynthesis can take
place, ASN expression increases, and nitrogen is directed into the ideal storage
and transport compound, asparagine.

ASN promoter and light repression

Using complementary loss and gain of function experiments, a 17 bp cis-
element with a core unit TGGG (reverse) was identified at -43 upstream of the
transcriptional start site in the ASNI pea promoter. This element was both
necessary and sufficient for down-regulation by light. Other light depressed
genes, like PHYA from several species, and NPR genes from Lemna also possess
the TGGG element (Ngai ef al. 1997).

The tomato aurea mutant, that has only 20% of wild-type levels of PHYA,
was used to study the signal transduction chain leading from light to change in
transcription. The results were in agreement with PHY A being the light receptor,
and the ASNI gene was light repressed, rather than dark activated (Neuhaus et
al. 1997).

Aspartate-derived amino acids

The amino acids lysine, methionine, threonine and S-adenosylmethionine
belong to the aspartate family of amino acids. Important regulatory compounds
like ethylene and polyamines are derived from S-adenosylmethionine. S-
adenosylmethionine itself is the donor of virtually all the methyl groups in
biosynthetic reactions. The aspartate-derived amino acids are of special interest,
and their synthesis has been much studied, because these amino acids may be
present in too low concentrations in food to support optimal growth and health
of domestic animals, or humans confined to imbalanced diets.

Experiments with '*C-labelled aspartate have shown that chloroplasts are
capable of synthesising lysine, threonine, isoleucine and homocysteine in light-
driven reactions, and all the enzymes required are present in the chloroplast.
Comparison of the DNA sequences also confirms that plastid-target sequences
are present within the N-terminal extensions of these enzymes. The final
methylation step involved in the conversion of homocysteine to methionine has
been shown to take place in the cytosol. It has long been known that the pathway
is regulated by feedback mechanisms on the protein level. The different end
products regulate enzymes at the branch point and beginning of the pathway
(Coruzzi and Last 2000). For instance, aspartate kinase (AK), the committing
enzyme in the pathway for synthesis of aspartate-derived amino acids, is
regulated by threonine, lysine, and S-adenosylmethionine (Aarnes and Rognes
1974). More recently, examination of AK expression has revealed that this key-
enzyme is also light-regulated at the transcriptional level. The threonine-
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sensitive AK isoenzyme is a bifunctional protein that also contains homoserine
dehydrogenase activity (HSD). In Arabidopis, a single AK/HSD gene was
detected, and the promoter was linked to the GUS reporter gene and introduced
into tobacco. Light stimulated expression of this reporter gene in cotyledons
upon germination (Zhu-Shimoni et al. 1997). Red light acting through the
phytochrome system was found to increase the AK mRNA level in etiolated
chickpea (Dey and Guha-Mukherjee 1999) and barley (Rao et al. 1999).
Expression of another key-enzyme, cystathionine y-synthase, at the branchpoint
leading to methionine, was also stimulated by light (Hughes et al. 1999).

Aromatic amino acids and phenylpropanoids

The shikimate pathway is the first part of aromatic amino acid synthesis and
comprises 7 enzymatic reactions whose endproduct is chorismate. After
chorismate the pathway divides for synthesis of tryptophane, or tyrosine and
phenylalanine (Figure 4). At this branch-point, feedback inhibition by the
aromatic amino acids regulates the flow into the different branches. The
shikimate pathway is found only in microorganism and plants, not in animals.
The pathway is, therefore, an important target for herbicides and antibiotics. An
well known example is the herbicide glyphosate, which inhibits the second last
enzyme of the pathway. In bacteria, the pathway is almost entirely used for
making aromatic amino acids for protein synthesis. In higher plants these amino
acids are not only important constituents of proteins, but are also precursors of
many important secondary compounds like: lignin, pigments, defensive
phytoalexins, and alkaloids. Certainly this additional function of the pathway
demands special regulation and capacity. Twenty per cent of the carbon fixed by
plants may flow through the aromatic amino acid pathway (Coruzzi and Last
2000).

The shikimate pathway is strongly influenced by environmental stimuli such
as light, pathogens and wounding. The first reaction of the pathway is the
condensation between phophoenolpyruvate and erythrose-4-phosphate catalysed
by the 3-deoxy-arabinoheptulosonate-7-phosphate synthase (DAHPS) enzyme.
Activity of DAHPS is increased following wounding and correlates with an
increase in secondary metabolites. In bacteria DAHPS is feedback inhibited by
the aromatic amino acids, but this is not the case in plants. Early work revealed
that aromatic amino acid biosynthesis can occur in isolated spinach chloroplasts.
Molecular analysis also shows that all enzymes involved have N-terminal
extensions characteristic of chloroplast transit sequences. The localisation to
chloroplasts makes light and photosynthesis plausible candidates for regulation
of the pathway, and in plants light may be the main regulator of the DAHPS.
Light has been shown to upregulate DAHPS at the transcriptional level in
parsley cell cultures (Henstrand 1992). However, although the shikimate
pathway is located in the plastids, non-green tissue, like roots and flowers,
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contain the greatest amount of mRNA for the inducible isoenzymes of the
pathway (Weaver and Herrmann 1997). Recently Arabidopsis DAHPS has been
shown to be activated by the ferredoxin/thioredoxin system (Entus et al. 2002).
The activity of Arabidopsis DAHPS expressed in E. coli and purified needs
reduced thioredoxin, which could be replaced to some extent by DDT. This
indicates a likely way of linking carbon fixation and aromatic amino acid
synthesis, since DAHPS and enzymes of the Calvin cycle share reduced
ferredoxin as an activator (Entus et al. 2002).

Phenylalanine is the startpoint for synthesis of phenylpropanoids, which
include, lignins, anthocyanins, flavonoids, coumarines, and small phenolic
molecules like salicylic acid. These compounds have multiple functions in
structural support, pigmentation, defence, and signalling. Taking into account
the function of these compounds, it is likely that the evolution of the
phenylpropanoid pathways played a key role in the ability of plants to colonise
land (Douglas 1996). Manipulation of the phenylpropanoid pathway has
important implications for instance with respect to pulping and forage
digestibility. Since these factors are of great economical importance the subject
continues to be an active area of research. All phenylpropanoids are derived
from cinnamic acid, which is made from phenylalanine by the action of the key-
enzyme phenylalanine ammonia-lyase (PAL). PAL represents the branchpoint
between primary (shikimate pathway) and secondary (phenylpropanoid)
metabolism (Dixon and Palva 1995) (Figure 4). PAL is a cytosolic enzyme,
however, it may be attached to membranes in response to phosphorylation.
Many of the subsequent enzymes in phenylpropanoid synthesis are localised to
he endoplasmic reticulum. The amino group cleaved from phenylalanine by PAL
is released as ammonium and recaptured by glutamine synthetase. PAL is
encoded by a single gene or a multigene family, depending on the species, and is
subjected to a number of control mechanisms. For example, transcription of the
PAL gene is enhanced by light, plant growth regulators and different types of
stress. In tomato leaves, PAL activity is induced by wounding (excision) of the
leaves, and reaches maximum activity 24 h after excision. In response to
stressful light conditions, for example high UV irradiation, PAL expression and
concentrations of phenylpropanoids like anthocyanins and flavonoids increase
(Dixon and Palva 1995). These UV- absorbing compounds then act as a
sunscreen and protect the plant against UV damage (Hirner et al. 2001).

Glycine and serine

Glycine and serine are two interconvertible amino acids present in many
different compartments of the cell. There are two major pathways leading to
serine and glycine synthesis. The first pathway is linked to glycolysis and leads
to serine formation from 3-phosphoglycerate. The second route is linked to the
C, cycle (photorespiratory cycle). As part of the C, cycle glycolate produced in
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the chloroplast by the oxygenase activity of Rubisco is exported to the
peroxisomes where it is converted to glycine by transamination. Glycine is
further transferred to the mitochondria where GDC (glycine decarboxylase)
catalyses the oxidative decarboxylation of glycine to produce CO,, NH;, NADH
and methylenetetrahydrofolate.  Serine  hydroxymethyltransferase  then
synthesises serine from the methylenetetrahydrofolate and a second molecule of
glycine. It is assumed that (part of) the photorespiratory pathway is the major
route for synthesis of glycine and serine in photosynthetic active tissue. It is still
not clear if this pathway is active in all tissue or during non-photosynthetic
conditions (Morot-Gaudry et al. 2001).

GDC is a complex enzyme that may constitute as much as 40% of the protein
in the mitochondria, hence this is one of the most abundant proteins in green
leaves, and a major metabolic route is directed through GDC. The cycle liberates
large amounts of NH; that needs to be refixed. Leaves in the dark have low
activity of the GDC enzyme complex, but expression is stimulated upon
exposure to light and development of the photosynthetic apparatus (Douce ef al.
2001).

CONCLUSIONS

Light acts on nitrogen uptake and metabolism through special red- and blue-
light receptors. This has been well documented at the seedling stage and for
dark-grown tissue. The red and blue-light receptors are important also in mature
plants. Low light irradiance absorbed through the special receptors may trigger
for instance flowering, but not much is known concerning the interaction
between these signals and nitrogen metabolism in the mature plant. Generally,
many of the genes involved in nitrogen uptake, and metabolism are activated by
light. A certain enzyme or transporter protein is often coded for by several
genes, which are differently regulated by light. This diversity assures rational
expression in different tissues, cell compartments or developmental stages. In
the green plant light acting through photosynthesis stimulates nitrogen uptake
and metabolism. There has been considerable progress in defining components
in the signal transduction chains leading from light to regulation of transcription
or post-translational modifications. However, complete comprehension and
identification of all components in any such chain is still lacking. The
Arabidopsis genome project gives a powerful tool to identify putative regulatory
elements, but characterisation of specific transcription factors and interacting
cis-acting elements involved in nitrogen metabolism is still scarce.
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Chapter 7

MODULATION OF NITRATE REDUCTION -
ENVIRONMENTAL AND INTERNAL FACTORS
INVOLVED

Werner M. Kaiser, Elisabeth Planchet, Maria Stoimenova and
Masatoshi Sonoda

INTRODUCTION

The major purpose of the cytosolic enzyme nitrate reductase (NR, EC
1.6.6.1) is to catalyse the reduction of nitrate to nitrite at the expense of
NAD(P)H. In addition to that, however, NR also catalyses, though with much
lower capacity, two side reactions: 1) the reduction of nitrite to nitric oxide (NO)
and 2) the reduction of molecular oxygen to superoxide (Ruoff and Lillo, 1990,
Barber and Kay 1996), which can both react chemically to give the highly toxic
compound peroxynitrite (Figure 1, Yamasaki and Sakihama 2000). The
production of such potentially toxic products (of which NO may also act as a
signalling molecule in plants) is probably one reason why NR expression and
activity are so tightly controlled.

For regulation of NR expression and activity by light see chapter 6, Lillo
(1994) and Lillo and Appenroth (2001). In leaves, NR becomes more active
upon illumination within minutes, and is as rapidly inactivated in the dark.
Based on these short response times it was suggested that NR activity would not
be modulated via changes in transcription or translation, but via modulation of
the catalytic activity of the existing NR protein. More recently, in plants
expressing NR under the control of the constitutive 35S-promoter, rapid
light/dark changes in extractable NR activity from leaves were still observed,
although mRNA levels expectedly did not vary in dark/light (Vincentz et al.
1993). Such observations strongly confirm that the existing NR molecule
undergoes a reversible modulation in catalytic activity. In the past decade, the
mechanism of the post-translational modulation has been investigated in detail.

Below we will summarise the present knowledge on the modulation
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mechanism, and on various external (environmental) and internal factors
involved. Further, we will consider implications of NR modulation on the
production of nitric oxide by NR. This long-known side reaction of NR is
presently gaining much attention, motivated by the hope that - in analogy to
animals - plants would use the NO radical as a short-lived signal for controlling
growth, development and interactions with other organisms.

Peroxynitrite

02 Oz
NADH + H+ \ (nitric oxide)
NAD+ <=
( > NOJ +NOF
NO5

Figure 1. Reactions catalysed by NR. Broad arrows indicated the main reaction pathway,
which is the two electron transfer from NAD(P)H to nitrate to yield nitrite. Narrow
arrows mark two side reactions, which are both one- electron transfer reactions to reduce
molecular oxygen to superoxide, and nitrite to nitric oxide (NO). Both compounds
probably react rapidly to form peroxynitrite. In air and at substrate saturation, the
capacity for NO formation is only 1 to 2% of the main reaction (Rockel et al. 2002).

MODULATION OF NR ACTIVITY BY REVERSIBLE
PHOSPHORYLATION AND 14-3-3-BINDING

Evidence that NR inactivation requires NR-phosphorylation
and 14-3-3-binding

When extracts were rapidly prepared from illuminated or darkened leaves
and NR activity was measured in the presence of excess divalent cations, activity
was usually twice as high in extracts from illuminated leaves than from darkened
leaves. These changes in NR activity were not affected by desalting of extracts;
thus they were not due to some direct allosteric effects of metabolites on NR
(Kaiser and Brendle-Behnisch 1991). Importantly, these activity changes were
observed only in buffers containing divalent cations in excess, but were absent in



187

the presence of excess EDTA. Apparently divalent cations were required to keep
NR in its “inactivated state”. NR activity from “light extracts” could be rapidly
decreased in vitro by incubation with MgATP. Based on such observations, we
suggested already in 1991 that NR was probably inactivated by protein
phosphorylation (Kaiser and Spill 1991). Subsequently, Huber et al. (1992) and
MacKintosh (1992) presented direct evidence that NR was indeed more
phosphorylated in dark than in light, consistent with the activity measurements.
Some years later, a Ser-543 residue in the hinge 1 region was identified as the
site of regulatory phosphorylation (Douglas et al. 1995, Bachmann et al. 1996a,
Su et al. 1996).

On a first attempt to fractionate a leaf extract into a protein kinase free NR
fraction and a kinase fraction, we realised that just mixing a kinase fraction with
the NR fraction was sufficient to phosphorylate NR upon addition of y->*P-ATP,
but without inactivating it (Glaab and Kaiser 1995). Inactivation of
phosphorylated NR (P-NR) occurred only after addition of yet another protein
fraction which lacked protein kinase activity. Similar observations were
independently reported by MacKintosh’s group, and the unknown protein was
subsequently termed “IP” or “NIP”, which stand for “inhibitor protein”.
Characterisation of that “IP” showed that it belonged to a family of binding
proteins known as 14-3-3, for which 14 isoforms have been found in
Arabidopsis (Bachmann et al. 1996b, Moorhead et al. 1996, Bachmann et al.
1998, MacKintosh 1998) (Figure 2).

Role of 14-3-3 proteins and cations

The obvious requirement for divalent cations in the NR inactivation cycle
was originally interpreted to indicate that they were mediating the formation of a
complex between 14-3-3 and P-NR. Later, the metal ion was shown to bind to
14-3-3 and activate it to bind to P-NR (Athwal et al. 1998, 2000). Metal cations
could be replaced by polyamines, and spermidine was the most effective
polyamine (Provan et al. 2000). As polyamines are usually accumulated in
plants in response to excess-N nutrition (but also to mineral cation deficiency or
to salt stress), this polyamine effect may represent a regulatory link “telling”
plants to decrease nitrate assimilation in times of low demand or excess supply.

14-3-3-proteins are homodimers with two binding grooves which can be both
filled by relatively small molecules (Petosa et al. 1998). A 3D-model (Campbell
2003) suggests that only one of the two 14-3-3 binding sites can bind to NR at
once, but that two independent 14-3-3- molecules could bind to dimeric NR. It
was not ruled out, however, that the docked 14-3-3 binds to another NR-dimer
or another protein with a 14-3-3 recognition sequence. It is also interesting that
replacement of the regulatory Ser by Asp, which also introduces a negative
charge, did not result in 14-3-3-binding and in NR inactivation. Yet additional
substitutions of Arabidopsis NR at second sites resulted in 14-3-3-binding and
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NR inhibition independent of Ser-543 (Kanamaru ef al. 1999). Interestingly, an
estimation of the ratios of NR, P-NR and 14-3-3-P-NR in illuminated spinach
leaves by site-specific antibodies revealed that about one third of the total NR
may exist as free P-NR not bound to 14-3-3. Upon darkening, the
phosphorylation state of NR increased, and much more 14-3-3s appeared bound
(Table 1, Weiner and Kaiser 2001). Thus, it seems possible that not only the
relative NR phosphorylation state, but also binding affinity of 14-3-3s to pre-
existing P-NR may vary in light/dark. Whether that is related to a light/dark
modification of 14-3-3s themselves is not known yet.

Table 1. Relative amounts of different NR-forms in extracts from illuminated (5 h) and
subsequently darkened (30 min) spinach leaves, as determined with an immunological
approach. NR activation state is given for comparison. Total NR was determined by
immunoprecipitation with antibodies against the C- and against the N-terminus. In both
cases, total NR protein did not change (not shown). NR and P-NR were
immunoprecipitated with antibodies raised against synthetic peptides containing the
motif around ser 543, either with ser (S-peptide) or with an asp instead (D-peptide) in
order to insert a stable negative charge mimicking P-ser. The amount of 14-3-3 was
obtained by coimmunoprecipitation with NR, gel fractionation and Western blotting with
14-3-3-antibodies. Methods and experimental details in Weiner and Kaiser (2001). Note
that the relative amount of 14-3-3-P-NR in the light is much lower than expected from
the activation state.

% NR form % Activation state
Free NR P-NR 14-3-3-P NR
Light 65+5 33+4 <5 50+3
Dark 10+£2 19+£3 69 £3 202

NR degradation

It was thought that inactivation of NR made the enzyme more accessible to
proteolytic degradation (Kaiser and Huber 1997), and 14-3-3-binding to NR has
been suggested to be the trigger for specific proteolysis (Weiner and Kaiser
1999, Figure 2). In the light of more recent results, this appears now less clear,
however. As mentioned, the replacement of the regulatory Ser by Asp left the
NR completely active (see above), which indicates the absence of 14-3-3
binding; yet NR degradation in the dark was not affected (C. Lillo, personal
communication). This suggests (Figure 2) that NR degradation is eventually not
initiated by 14-3-3-binding, but just by inserting a negative charge at the
regulatory Ser (either via Ser phosphorylation or by replacement with Asp).
Certainly, more work is required to fully understand the way in which NR is
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prone to specific degradation and how this is connected to the
activation/inactivation cycle.

Consequences of NR inactivation on NR Kinetics

Binding of 14-3-3 to P-NR has been shown to interrupt whole-chain electron
transfer from NADH to nitrate, and the partial activity from the electron donor
methylviologen (MV) to nitrate was also blocked (Bachmann et al. 1996a). Most
probably, 14-3-3-binding causes a conformational change which inhibits
electron transfer from the heme-Fe of the Cyt b moiety to MoMPT. That
conformation change may prevent the cationic MV electron donor to interact.
Interestingly, the Km values for NADH (1 to 7 uM) and nitrate (20 to 40 uM)
are not changed by the above inactivation mechanism (Kaiser and Spill 1991).
Thus, phosphorylation and 14-3-3 binding do not change kinetic properties of
the enzyme, but only the ratios of free NR (active) to P-NR-14-3-3 complexes
(inactive). Neither in leaves nor in roots was NR activity ever completely
abolished or fully activated by the above modulation. In fact, as a general rule, a
very low activation state in darkened leaves is about 20% (of total NR activity
measured with an excess of EDTA), and a maximum activation state in
illuminated leaves supplied with high CO, is 80%.

Protein kinases and phosphatases involved in NR modulation

The regulation of NR by phosphorylation requires, at the very end, a
regulation of the participating protein kinases and/or protein phosphatases.
Definite answers on how these enzymes are regulated are still lacking. Spinach
leaf extracts contained several protein kinase fractions that can phosphorylate
NR or synthetic peptides based on the Ser-543 sequence. Two of them are
calcium dependent kinases belonging to the large family of CDPKs (Bachmann
et al. 1996a, Douglas et al. 1998). One calcium independent kinase has been
shown to belong to the SNF1-related kinase family (McMichael et al. 1995,
Douglas et al. 1998), which are called SnRK1 (Sudgen ef al. 1999). SnRK1
protein kinases are related to animal and yeast protein kinases which are
activated by AMP. These kinases appear to be also involved in the regulation of
enzymes of carbon metabolism (sucrose phosphate synthase, HMG-CoA
reductase and sucrose synthase) (Sudgen et al. 1999), and may thus present a
link between C- and N-metabolism. It is still not known which of these kinases
contribute to NR phosphorylation in situ. Calcium-dependent kinases play a
significant role as suggested by the observation that treatment of darkened leaves
with EGTA + the ionophore A23187, which causes an efflux of calcium and
magnesium, resulted in NR activation (Kaiser and Huber 1994). Little is known
to date about potential signals that control PK activities (see below).
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P-NR is dephosphorylated by a type 2A protein phosphatase, PP2A,
(MacKintosh 1992), as e.g. indicated by the fact that PP2A-specific okadaic acid
blocked NR light activation in situ. PP2A’s are heteromeric proteins, usually
composed of a catalytic C subunit and two regulatory subunits (Deruere et al.
1999, Shenolikar 1994). Little is known about the structure and regulation of
plant PP2A’s, but inorganic phosphate appears to be a PP2A inhibitor (Weiner et
al. 1993).

INTERNAL SIGNALS CONTROLLING NR
ACTIVATION/INACTIVATION

Whatever the external (environmental) triggers are that modulate nitrate
assimilation in plants (see below), they have to be transformed into internal
signals that act directly or indirectly (e.g. via phosphorylation cascades) on the
protein kinases or protein phosphatases which, in turn, control the NR activation
state. Thus, before discussing such environmental effectors, we will briefly
summarise our (poor) knowledge on potential internal signals.

AMP

It is not known yet whether the abovementioned plant SnRK1 type protein
kinases are activated by 5’-AMP (like in animals and yeasts). Actually, this
seems not very probable. Activation of NR-kinases by AMP should render NR
inactive. However, inactive NR in darkened leaves has been shown to be rapidly
activated by feeding the cell-permeable AICAR (5-aminoimidazole-4-
carboxyamid ribonucleoside) (Huber and Kaiser 1996). After entering cells,
AICAR is phosphorylated inside to the 5°-AMP analogue ZMP (the
monophosphate derivative of AICAR). Thus, in plants 5’-AMP either turns the
NR kinases off, or the PP2As on, but it is not known whether ZMP may affect
the NR activation state indirectly via changing other metabolite levels.

Sugar phosphates

The SnRK1 involved in regulation of sucrose phosphate synthase is inhibited
by glucose-6-phopshate (Toroser et al. 2000). Thus, high cytosolic sugar-P
levels should decrease NR phosphorylation, leading to a higher activation state.
Indeed, in darkened leaves, levels of free hexoses, of hexose phosphates and the
NR-activation state dropped rapidly, and sucrose feeding partly activated NR,
and increased concentrations of sucrose and of free hexoses, but also of hexose-
monophosphates (Kaiser, unpublished results). Thus, the positive effect of sugar
feeding on NR activity may be in part due to increased sugar-P-levels and to a
concomitant inhibition of protein kinases (but compare results on anoxia,
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below). As sugar feeding also increases NR transcription, it is obvious that
carbon metabolism exerts a tight control over nitrate assimilation at different
levels of regulation.

Cytosolic ion concentrations

Cytosolic ions may be further factors involved in the control of NR activity.
Artificial acidification of darkened leaf or root pieces with permeating weak
acids and low external pH activated NR, and alkalinisation with permeating
bases and high external pH reversed this effect (Kaiser and Brendle-Behnisch
1995). Further, treatment of darkened leaf discs with EDTA and the ionophore
A23187, also activated NR (Kaiser and Huber 1994). Unfortunately, this does
not necessarily prove direct Ca>" effects e.g. on protein kinases (CDPKs). Efflux
of divalent cations may be connected to a proton influx, and NR activation may
thus also be related to cytosolic acidification.

DNA DEGRADATION
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Figure 2. Scheme depicting the modulation of NR by reversible Ser phosphorylation and
14-3-3- binding. Only the 14-3-3-P-NR complex is completely inactive in the presence
of divalent cations or polyamines. Also indicated are sugars and sugar-phosphates as
suggested signals for control of NR transcription and NR phosphorylation, respectively.
It is also shown that either the insertion of a negative charge by Ser phosphorylation, or
the binding of 14-3-3 to P-NR might be the signal for NR proteolysis. For further
explanations see the text.
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ECOLOGICAL IMPLICATIONS - NR ACTIVATION STATE
AND NITRATE REDUCTION RATES

Nitrate

NR transcription and synthesis are strongly affected by NO;™ (chapter 6).
Today, there is very little evidence that NO;s™ exerts any direct effect on the
phosphorylation state of NR. Only in rare cases when plants had only a very low
NR expression level, as e.g. under low NO3™ supply, was the NR activation state
increased in such a way that the low NR protein content was partly compensated
by increased NR activation (Man et al. 1999, Scheible et al. 1997). However,
even in those cases the signal for NR activation was most probably not nitrate
itself, but rather the carbon metabolite levels, which are usually higher in N-
deficient than in N-sufficient plants.

Besides effects on NR induction, NO;™ in the cytosol might become a factor
limiting nitrate reduction. The Km of NR for nitrate is low (40 puM), yet
cytosolic NO5™ concentrations in roots have been reported to be in the mM range,
and some reports indicate that cytosolic NO;™ concentrations are homeostatically
controlled (Miller and Smith 1996, Van der Leij ef al. 1998). This may indeed
hold as long as vacuolar NO;™ can be delivered to the cytosol. But basically it is
obvious that cytosolic NO;™ has to respond to NO;™ supply. Otherwise it would
be extremely difficult to understand how nitrate deficiency could decrease NR
expression, and how nitrate supply could lead to a rapid increase in NR
transcription and translation. In fact, compartmental analysis by tracer efflux
(CATE) has contrasted electrode measurements, showing that the cytosolic NO3”
pool can vary up to 80-fold, depending on plant N status (Britto and Kronzucker
2001, 2003).

Photosynthesis

The control by light of N-metabolism at the transcriptional and post-
transcriptional level has been described in chapter 6. Rapid activation of NR in
leaves as by light, and inactivation as in the dark is also achieved in continuous
light by removing or adding CO, to the atmosphere around leaves (Kaiser and
Forster 1989, Kaiser and Brendle-Behnisch 1991), and thus it is obvious that this
modulation depends mostly on photosynthetic products rather than on light
itself. As mentioned above, possible candidates for transducing the
photosynthesis signal to NR are sugar phosphates. In the light, sugar phosphate
concentrations increase and that may partially inhibit NR kinase, leading to an
activation of NR (Figure 2).

However, the activation of NR by photosynthesis may be a transient, effect.
Bloom and colleagues have shown that elevated atmospheric CO, over periods
of hours or days decreased nitrate assimilation of leaves and led to lower NR
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activity in leaves and less shoot protein than with plants grown under ambient
CO, (Bloom et al. 2002). One conclusion out of this work was that
photorespiration would be required to maintain high nitrate assimilation rates
(Bloom et al. 2002), and that this should be somehow related to the export of
reducing power out of the chloroplast. Indeed it has been suggested that under
conditions of high NR activation and sufficient nitrate supply, rates of nitrate
reduction are strongly limited by NADH, even under anoxic conditions where
the NADH/NAD" ratio should be high (Kaiser et al. 2002) and where nitrite
accumulates.

Drought and salinity

As NR induction and NR activation are both affected by photosynthesis, it is
obvious that nitrate assimilation will respond to any condition causing stomatal
closure. Indeed, field studies have shown that plants accumulate NO; under
drought conditions and consume it after rain periods (Leclerc 1985), which may
be caused at least in part by decreased rates of nitrate assimilation. It has long
been known that NR activity in leaves also decreases under drought (Morilla et
al. 1973, Heuer et al. 1979). In detached spinach leaves, water deficit prevented
nitrate reduction in the light, and this inhibition was overcome by very high
external CO, concentrations, indicating that it was probably due to stomatal
closure (Kaiser and Forster 1989).

At least in non-halophytes, salinity also decreases stomatal aperture and may
thereby cause similar effects as drought. In addition, salinity may interact with
nitrate metabolism at various other stages. Nitrate uptake and transport within
the plant appear especially sensitive to high chloride concentrations, and loading
of NOjs™ into the root xylem has been defined as a very salt sensitive step (Speer
et al. 1994, Peuke et al. 1996), leading to a strong decrease in shoot nitrate
concentrations and an inverse chloride accumulation under salinity (Abd-El Baki
et al. 2000). The consequences of decreased NO;  contents for NR induction
have been outlined above. Surprisingly, in salt-stressed maize seedlings, NR
activation state remained as high as in control plants, only the total NR activity
and NR mRNA levels decreased, mainly during the night phase (Abd-El Baki et
al. 2000). As a consequence of all these changes, the contribution of roots to the
total nitrate reduction of the plants appeared higher than under non-saline
conditions.

Water logging

While the consequences of “not enough water” for plant nitrate assimilation
have been briefly discussed above, “too much water” is often as detrimental for
plant growth, except for some specialists among higher plants. Water logging
drastically decreases gas diffusion through soil pores and makes below ground
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organs (roots or shoots) hypoxic or anoxic. As a consequence of O, deficiency,
respiration rates decrease and the energy state of cells is impaired, as indicated
by low ATP levels. Cellular acidification occurs almost inevitably, where the
cytosolic pH may drop from about 7.4 to 6.3, in an extreme case. Acidosis may
have several reasons, like an ATP-limitation of proton pumps or a switch to a
more acidifying metabolism, e.g. fermentative formation of lactic acid. For
recent reviews on the anoxia problem consult Drew (1997) and De Sousa and
Sodek (2002).

Early observations suggested that high nitrate supply has beneficial effects on
waterlogged plants and helps them to survive hypoxic or anoxic phases (Drew
1997). Much effort has been invested to understand the physiological basis of
this positive nitrate effect. In a recent approach, we have compared the response
to anoxia of WT tobacco roots and roots of a transformant that has no NR in the
roots, yet almost normal NR expression and activity in leaves. Under short term
anoxia, roots of nitrate-fertilised WT plants (with NR in their roots) produced
only low amounts of ethanol and lactate, whereas the NR-deficient transformant
roots had much higher rates of fermentation, accumulated and excreted
dramatically more ethanol and lactate, and showed a slightly stronger cytosolic
acidification than WT roots (Figure 3, Stoimenova et al. 2003a,b). Since in WT
roots fermentation rates were much higher than extractable NR activity, one
conclusion was that NAD(P)H-consumption by nitrate reduction was actually
too low to account for the decreased fermentation as compared to the
transformant roots. Although the mechanisms behind that response are still
obscure, it seems that simple substrate (NADH) competition between nitrate
reduction and fermentation only insufficiently explain the phenomena.

In that context it appears interesting that in all plant organs examined so far,
NR was rapidly activated under anoxia (Glaab and Kaiser 1993, Botrel et al.
1996, Botrel and Kaiser 1997). As pointed out above, anoxia causes cytosolic
acidosis, and artificial acidification of cells also led to an activation of NR. Thus,
it is tempting to suggest that the anoxic activation of NR is directly related to
acidification. Whether that NR activation is due to dephosphorylation of NR or
to pH effects on 14-3-3-binding has not yet been examined. However, when NR
activity was determined in desalted crude extracts at different pH, activity at pH
6.5 was usually higher than at pH 7.5 (Kandlbinder et al. 2000), and that pH
effect was reversible, indicating that the phosphorylation state had not changed
(unpublished results).

Anoxic cells with activated NR accumulate NO,". While this may be partly
due to NR activation, NO, accumulates mainly because nitrite reduction in non-
green plastids (roots) is almost completely blocked under anoxia (Lee et al.
1979, Botrel and Kaiser 1997). The reason is not known with certainty. In non-
green plastids, reductants are mainly produced by the oxidative pentose
phosphate cycle (OPPC). As under anoxia hexose monophosphate (HMP) levels,
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just like ATP, are drastically decreased, this might be the decisive factor for the
inhibition of the OPPC and of nitrite reduction.

According to what has been pointed out above on the regulation of NR-
kinase(s) by HMP, one should actually expect that under anoxia, NR kinase is
very active and therefore, NR should be largely inactivated. In reality, the
opposite is true, as mentioned. We assume that 1) either the modulation of NR-
kinase(s) by HMP is not as important as thought, or 2) PP2A’s are strongly
activated under these conditions, thus counterbalancing the high protein kinase
activity. The question is still open.
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Figure 3. Ethanol and lactate production of submerged root segments from tobacco WT
and from a transformant that has no NR in roots but almost normal NR activity in leaves
(LNR-H). Anoxia was started at time 0 by flushing roots for 10 min with nitrogen.
Subsequently the vessels were sealed with parafilm. Aerobic controls were continuously
flushed with air. Loss of ethanol (15% after 2 h) by flushing with air was corrected. For
experimental details compare Stoimenova et al. 2003a,b. Bars indicate SD (n= 6-8).
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NITRATE REDUCTASE AND THE PRODUCTION AND
EMISSION OF NITRIC OXIDE (NO)

Nitric oxide (NO) is a gaseous free radical that in vertebrates acts as a
molecule with multiple biological functions. In animals it is mainly produced by
various isoforms of nitric oxide synthases (NOS), which are partly constitutive
and partly inducible. They all catalyse the five electron oxidation of the
guanidine nitrogen of L-arginine to yield L-citrulline. The reaction requires a
number of cofactors including NADPH, flavin and tetrahydrobiopterin. Whether
tetrahydrobiopterin is synthesised in plants is not clear.

How is NO produced in plant shoots?

Until recently, evidence that NOS-type enzymes exits in plants was mostly
based on activity measurements using *H-arginine, or immunological tests with
commercial anti-NOS-antibodies, or on inhibitor studies in vivo using NOS-
inhibitors which are mainly structural analogues of L-arginine. On the other
hand, no mammalian type NOS sequence has been so far identified in
Arabidopsis, and anti-NOS-antibodies have been shown to unspecifically cross-
react with many plant enzymes (Butt et al. 2003). Most recently, however, a
variant of the P-protein of the glycine decarboxylase complex (GDC) has been
shown to have NOS activity and to be induced by plant pathogens (Chandok et
al. 2003), and this finding may be a breakthrough in plant NO research.

Although the existence of a plant NOS is now well confirmed, plants - quite
in contrast to animals - contain alternative enzymes catalysing NO production
(Neill et al. 2003). Nitrate reductase is certainly the source for NO best studied.
First reports on NO production and emission from plants date back almost 30
years now. They were obtained with soybean plants treated with photosynthetic
inhibitor herbicides or other chemicals (Klepper 1979, 1990). It was suggested
that this NO production was due to chemical reactions of accumulated nitrite
with plant metabolites such as salicylate derivatives or to the chemical
decomposition of HNO,. NO was also observed to be the predominant
compound evolved from accumulated nitrite during a purged in vivo assay with
purified soybean NR (Klepper 1979). Experiments with '“N-labelled nitrate
showed that NO, was produced form nitrate (Dean and Harper 1986). More
recently it was shown that purified NR from maize also produced NO from
nitrite plus NADH (Yamasaki et al. 1999, Yamasaki and Sakihama 2000), and
unicellular green algae are also able to release NO when supported with nitrite
(Mallick et al. 2000). Another potential source for NO production from nitrite is
xanthine oxidase/dehydrogenase (XDH), which is also a MoCo-enzyme (Zangh
et al. 1998, Godber et al. 2000). However, since XDH also depends on nitrite as
a substrate, and since its NO production is limited to anoxic conditions, at least
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in above ground plant organs it probably plays no role for NO production under
natural conditions.

And in roots?

Roots may receive nitrite not only from their endogenous NR, but also from
soil microorganisms. Also, roots may become easily hypoxic or anoxic under
water logging conditions, which favours nitrite production (Stoimenova et al.
2003a,b) and NO formation from nitrite (see above). So far, however, NO
production by plant root systems has hardly been investigated. In preliminary
experiments with tobacco we found that NO emission from aerated roots was
below the detection limit of chemo-luminescence. However, under anoxia, NO
emission rates from nitrate-fed roots were at least as high as from leaves (on a
fresh weight basis). Interestingly, when feeding the roots with nitrite, we
observed NO emission even when roots contained no detectable NR activity (not
shown), confirming that in roots other reactions may participate in NO
production. At least under anoxia, XDH may be one possible candidate for
producing NO. However, in addition to XDH, roots appear to have yet another
system able to produce NO. Stohr and collaborators (summarised by Meyer and
Stohr 2003) showed that this NO production was catalysed by a newly described
enzyme bound to the root PM, which was termed NI-NOR (nitrite:NO
oxidoreductase) and which also depends on nitrite as a substrate. Whether an
NOS-type enzyme exists also in roots is completely unknown.

NO emission from nitrate reductase

In leaves, NO emission from NR closely followed the NR activation state
(Figure 1). NO emission was low in the dark (aerobic) and much higher in the
light. Upon sudden light off, leaves often (but not always) produced a further
transient increase in NO emission (“light-off peak”, Figure 4). NO emission
from leaves was at maximum under anoxia in the dark.

The factors that activated NR, like the 5’-AMP analogue AICAR, increased NO
emission, whereas PP2A-inhibitors, which lead to a largely inactive NR
prevented NO emission (Rockel et al. 2002). Thus, NO emission appeared to
closely follow the NR activation state and the nitrite concentration in the tissue.
As nitrite reduction was always blocked under anoxia, and NR was highly
activated under these conditions, NO emission was always at maximum under
anoxia because of the highly activated NR and the absence of nitrite reduction,
which together led to massive nitrite accumulation in anoxic tissues (Rockel et
al. 2002). Other reasons for the very high NO emission of plant tissues under
anoxia might be the absence of reactive oxygen species (ROS), which can
rapidly oxidise NO. Further evidence that NR (or nitrite) is a prerequisite for any
NO formation in plants is based on the observation that plants grown on
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ammonium (which do not express NR and NiR) and which, accordingly, do not
accumulate nitrite, would not emit NO even under anoxia (Figure 4). The same
holds for NR-deficient mutants (not shown). On the other side, a tobacco
transformant having normal NR activities but expressing NiR in antisense
orientation so that less than 5% of the normal nitrite reduction capacity
remained, always accumulated nitrite and produced very high NO emission
(Morot-Gaudry-Talarmain et al. 2002).
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Figure 4. Typical pattern of NO-emission from detached tobacco leaves. The upper
curve shows data from nitrate-fed plants. NO emission is low in the dark (grey or black
bars on top of the figure), up to 10-fold higher in the light and increases transiently after
light off. This is due to a transient overshoot of nitrate reductase leading to some nitrite
accumulation, which stops after NR has been down regulated in the dark, requiring 5 -15
min. In contrast to NR, nitrite reduction stops immediately after light off. NO emission
in the dark is drastically stimulated under anoxia, (black bar) because NR is activated,
NiR does not work, leading to a strong accumulation of nitrite. Probably, the absence of
reactive oxygen species under anoxia also contributes to the high NO-emission under
dark-anoxic conditions (compare to Figure 5). Also shown (lower curve with open
symbols) is the complete absence of NO-emission from leaves of ammonium-grown
hydroponic tobacco plants, which contain no measurable NR-activity (W.M. Kaiser,
unpublished data).

Reduction of nitrite to NO (Figure 1) is not the only side reaction catalysed
by NR. Indeed, it has been shown that NR also catalyses the reduction of
molecular oxygen to superoxide (Ruoff and Lillo 1990, Barber and Kay 1996,
Yamasaki et al. 1999, Yamasaki and Sakihama 2000), but the capacity of that
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reaction appears as low as that for NO formation (Figurel). Still, NO emission
from an aerated solution of NR is decreased upon addition of H,O, (Figure 5)
and is increased upon addition of catalase and SOD or under anoxia (not shown).

This indicates that upon simultaneous production of reactive oxygen species
and of NO, both products react with each other, probably by forming the highly
toxic peroxynitrite. This leads to a partial “quenching” of apparent NO emission
from the solution. The observation is also important because in cells, many other
reactions can produce reactive oxygen species and can thus interfere with the
measurement of apparent NO production.

Although we are just beginning to explore the secrets of NO formation in
plants, it seems obvious that they possess multiple NO-producing systems (Neill
et al. 2003). With the exception of NOS, all of them depend finally on nitrite as
a substrate, and therefore on NR or on exogenously produced nitrite from soil-
borne microorganisms (see above).

control

2 0 2 4 6 8 10 12 14 16
time (min)

Figure 5. A stirred solution of purified NR (maize) emits NO into the gas phase after
addition of NADH and nitrite at time zero. The apparent NO production is inhibited by
addition of H,O, (100 uM). It should be noted, that normal NR activity is not inhibited
by H,O; (not shown). (W.M. Kaiser, unpublished data).

Physiological roles of NO in plants

In spite of its relatively short half-life and high reactivity, NO appears to
have multiple functions in plants, which are summarised in Table 2.

In animals, the physiological effects of NO result mainly from the activation
of guanylate cyclase and the subsequent accumulation of cGMP. In plants, NO-
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treatment also lead to increased cGMP levels (Pfeiffer et al. 1994, Durner et al.
1998). NO appears involved in certain signalling cascades provoking the
hypersensitive response (HR), which is a form of programmed cell death in
plants serving to prevent growth and spread of the invading pathogen. Treatment
of plants with NO-donors induced the expression of defence genes (Durner et al.
1998). In the HR, NO may have to be formed in parallel with reactive oxygen
species (ROS) to fully express the symptoms (Delledonne et al. 1998). In all of
the published literature on a role of NO as a second messenger in plant pathogen
interactions, an NOS-like enzyme was considered as the source for NO, but clear
evidence pro or contra a participation of NR or other NO-producing systems is
still missing (see above).

In addition, NO appears as a signal affecting seed germination, deetiolation
and hypocotyl elongation (Beligni and Lamattina 2001), cell growth and
ethylene production (Leshem 2000). It binds to heme groups, e.g. of
phytoglobines, and inhibits the iron sulphur centre of aconitase, preventing the
conversion of citrate to isocitrate (Navarre et al. 2000). NO is also a potent
inhibitor of the cytochrome oxidase pathway, but not of the alternative oxidase
pathway in plant mitochondria (Millar and Day 1996, Millar et al. 2002), and
may therefore affect energy metabolism.

NR-mediated NO formation appears also required for the abscisic acid-
induced stomatal closure in Arabidopsis, Pisum sativum and Vicia faba (Desikan
et al. 2002, Neill et al. 2002, Garcia-Mata and Lamattina 2003). Further
suggestions concerning the role of NO in plants have been presented recently
(Millar et al. 2002, Neill et al. 2003).

Table 2. Biological activities of nitric oxide in plants (adapted from Beligni and
Lamattina 2001).

Seeds Induction of germination
Induction of respiration after imbibition
Inhibition of aleuron cell death

Roots Elongation
Induction of lateral and adventitious roots
Tuber Tuberisation
Hypocotyls Inhibition of elongation under low light
Stems Inhibition of internode elongation under low light
Leaves Induction of deetiolation

Delay of senescence
Stomatal closure
Leaf expansion

Plant-pathogen interactions Induction of defence responses
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OPEN QUESTIONS

Although NR is probably one of the best studied plant enzymes, details of its
post-translational regulation are still unclear. We still do not know with certainty
how the “auxiliary” enzymes which phosphorylate or dephosphorylate NR are
regulated and whether this regulatory mechanism holds for all higher plants. So
far, only one apparent exception has been described (Kandlbinder et al. 2000,
Tsai et al. 2003). Details on the structure of the 14-3-3-P-NR complex and on
the control of NR degradation are also unknown. Further, the mechanism of the
one- electron transfer reactions from NADH to molecular oxygen or nitrite has
not been studied in detail. With respect to the physiology and ecophysiology of
nitrate reduction, it will be important to find out why and how nitrate reduction
is beneficial for the survival of anoxia and how this is connected with the
regulation of anaerobic metabolism. Last but not least, we still do not know how
plants control NO production by several potentially interacting (at the product
level) enzyme systems in order to channel NO into the right (signalling)
pathways under various environmental conditions.
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Chapter 8

INTEGRATED MOLECULAR ANALYSIS OF THE
POLYAMINE METABOLIC PATHWAY IN
ABIOTIC STRESS SIGNALLING

Alejandro Ferrando, Pedro Carrasco, Juan Cruz Cuevas, Teresa
Altabella and Antonio F. Tiburcio

INTRODUCTION

Land plants experience constant fluctuations in the availability of water, thus
they have evolved adaptive features to mine and absorb water through the root
system, to prevent excessive transpiration water loss using cuticles and stomata
on the shoot, and to adjust physiology and metabolism for continued growth and
survival in the case of osmotic stress (Levitt 1972). Osmotic stress is broadly
used to refer to situations where insufficient water availability limits plant
growth and development; it can result from drought or from excessive salt in
water. Chilling and freezing may also lead to osmotic stress due to reduced
water absorption and cellular dehydration induced by ice formation (Zhu et al.
1997).

Global effects of desertification, soil salinisation, atmospheric CO,
enrichment and effects of other pollutants are predicted to cause dramatic
changes in the climatic conditions of arable lands in this century. These abiotic
stresses together represent the primary cause of crop loss worldwide, reducing
average yields for major crop plants by more than 50% (Bray et al. 2000).
Breeding of crops and trees with enhanced tolerance to osmotic and other abiotic
stresses is therefore one of the major goals of current developments in
agronomy, forestry and environmental protection. Classical breeding approaches
are time consuming and often yield unpredictable results. Therefore, it is a
widely accepted consensus that a considerable improvement of stress tolerance
traits requires the identification and modification of regulatory genes that play a
key role in the control of plant stress responses (Zhu 2002).

Numerous signals and signal-like molecules have been identified and
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presumed, through some evidence, to function in plants as mediators of osmotic
adaptation. These include several metabolites, proteins, or components of
biochemical pathways that mediate ion homeostasis, osmolyte biosynthesis,
toxic radical scavenging, water transport, and transducers of long-distance
response coordination (Hasegawa et al. 2000).

With the complete Arabidopsis genome fully sequenced (The Arabidopsis
Genome Initiative 2000), studies of individual genes and mechanisms are now
rapidly being replaced by global analyses. Technological advances, summarised
under the “genomics” label, make it possible to monitor the expression of many
or even all genes in an organism simultaneously during the entire life cycle of
the organism or in response to different stimuli. Recent transcriptome analysis in
response to salt, drought and cold stress estimates that about 30% of the
transcriptome (more than 7,000 genes) is potentially regulated by osmotic stress
in Arabidopsis (Kreps et al. 2002). Because most aspects of plant physiology are
impacted by stress, the large number of stress-regulated transcriptome changes
underscores the difficulty of understanding the global context of a stress
response (Kreps et al. 2002). Furthermore, although some of these individual
stress-induced genes have been shown to affect stress tolerance in plants, their
relationships to each other remains mostly unclear, and therefore we still know
little of how these genes function in a stress signalling pathway (Hasegawa et al.
2000).

Although genomic technologies for determining global expression profile
(i.e. gene chip microarrays) and proteomic developments such as the two-hybrid
system enabling construction of protein interaction maps have proven
invaluable, these large-scale data should be integrated into biological models in
order to predict cellular behaviours that can be tested experimentally. This
integrated genomic and proteomic approach has recently been implemented in
yeast to explore the galactose metabolic pathway (Ideker et al. 2001).

The polyamines (PAs), spermidine (Spd) and spermine (Spm) and their
diamine obligate precursor putrescine (Put), are small aliphatic amines that are
ubiquitous in plant cells. The PA metabolic pathway is directly regulated by
only half a dozen key enzymes and interacts with other metabolic pathways that
are critical to plant development. Evidence gathered in recent years supports the
involvement of PAs in many key physiological plant processes including cell
division, morphogenic responses, senescence, secondary metabolism and stress
responses. For reviews see Galston er al (1997), Kumar et al. (1997),
Malmberg et al. (1998) and Kaur-Sawhney et al. (2003). Thus the PA metabolic
pathway has features that make it an excellent model for delineating interactions
among networks of key pathways in plants. In this chapter we will 1) introduce
the PA metabolic pathway and its relationship to N metabolism, 2) summarise
our present knowledge regarding implications of the PA metabolic pathway in
response to environmental stresses, 3) present an outlook of advanced genomic
and proteomic approaches, and 4) discuss the necessity to undertake integrated
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molecular analyses in order to elucidate the function of the PA metabolic
pathway in abiotic stress signalling.

THE POLYAMINE METABOLIC PATHWAY AND ITS
RELATIONSHIP TO NITROGEN METABOLISM

The amount of free PAs present in plant tissue is the net result of its
biosynthesis, conjugation with phenolic acids, binding to macromolecules,
transport to other tissues, and its degradation during a given period of time. The
diamine precursor Put is synthesised directly from Orn by Orn decarboxylase
(ODC, EC 4.1.1.17) and indirectly from Arg by Arg decarboxylase (ADC, EC
4.1.1.9) and two other enzymes (Figure 1). The existence of two alternative
pathways (ODC and ADC) for Put production in many plants complicates the
situation regarding their metabolic regulation since the substrates (Orn and Arg)
can also be inter-converted (Figure 1). The triamine Spd is formed from Put by
the addition of an aminopropyl group derived from decarboxylated S-adenosyl-
Met (SAM) in a reaction catalysed by Spd synthase (EC 2.5.1.16). The addition
of another aminopropyl group to Spd gives rise to Spm by the action of Spm
synthase (EC 2.5.1.16). Decarboxylated SAM is produced from SAM via SAM
decarboxylase (SAMDC, EC 4.1.1.50). All three decarboxylases (ADC, ODC
and SAMDC) have short half-lives (Cohen 1998), indicating that they are
important metabolic control points in the cell. An overall up-regulation of PA
biosynthesis often involves increases of both mRNA levels and respective
enzyme activities (Tiburcio et al. 1997). In general, the levels of Spd are more
tightly regulated than those of Put, with Spm being always a minor component
of the PA pool (Bhatnagar et al. 2002).

A unique feature in plants is that SAM sits astride an important metabolic
cross-road in the regulation of N metabolism (Figure 1). Thus SAM, in addition
to participating in numerous transmethylation reactions, is also a precursor of
ethylene via 1-aminopropyl-1-carboxylic acid (ACC) (Tiburcio et al. 1997).
Furthermore, in some plants, the methyl moiety of SAM can be transferred to
Put to form N-methyl-Put (Figure 1), which serves as a precursor of nicotine and
other related alkaloids (Tiburcio ef al. 1997).

In plants, PAs often occur as free molecular bases, but they can also be
associated with small molecules like phenolic compounds (conjugated forms)
and also to various macromolecules like proteins (bound forms) (Figure 1). The
most common conjugated PAs are those which are covalently linked to cinnamic
acids (reviewed by Martin-Tanguy 1987, 2001). Put hydroxycinnamoyl
transferase involved in the conjugation of Put to phenolic compounds has been
reported (Bagni and Tassoni 2001). Post-translation covalent linkage of PAs to
proteins is catalysed by a class of enzymes known as transglutaminases (EC,
2.3.2.13), which have been localised both intra- and extra-cellularly (Serafinni-
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Fracassini et al. (1995). Plant cells take up PAs by a rapid and active mechanism
that shows biphasic kinetics and reaches saturation within a few minutes (Bagni
and Torrigiani 1992). In whole plants, PAs can be translocated via the xylem
(Bagni and Pistocchi 1991) and are also present in the phloem (Friedman et al.
1986). PAs are catabolised through the activity of one or more diamine oxidases
(DAOs, E.C.1.4.3.6) and polyamine oxidases (PAOs, E.C. 1.5.3.3) (Smith 1985,
Cohen 1998, Bagni and Tassoni 2001). DAO is believed to be loosely bound to
the cell wall and can be released in the apoplast (Angelini ef al. 1996, Meoller
and McPherson 1998). The best substrates for DAO are Put and cadaverine
(Cad); however, it can also act on aromatic and aliphatic monoamines (Smith
1985). As a result of DAO action, Put is converted into A'-pyrroline with the
release of ammonia and hydrogen peroxide (Figure 1).

Pyrroline dehydrogenase then converts A'-pyrroline to y-amino-butyric acid
(GABA), which enters the tricarboxylic acid (TCA) cycle via succinate after
transamination and oxidation. This catabolic pathway recycles C and N from
Put. An alternate route for GABA production in plants, especially under abiotic
stress conditions, is directly from Glu through the action of cytosolic Glu
decarboxylase (Shelp et al. 1999) (Figure 1).

Degradation of Spd by PAO yields A'-pyrroline and 1,3 diaminopropane
(Dap), whereas breakdown of Spm yields 1,3-aminopropylpyrroline (which
subsequently gets converted to 1,5-diazabicyclononane), along with Dap and
hydrogen peroxide (Smith 1985, Bouchereau et al. 1999, Bagni and Tassoni
2001). Dap is eventually converted into B-Ala (Figure 1). Thus, PA catabolism is
not simply a degradation process but is also an important link between amino
acid and C metabolism in plants.

INVOLVEMENT OF THE POLYAMINE METABOLIC
PATHWAY ON PLANT STRESS RESPONSES

In higher plants, PA metabolism is responsive to external conditions. PAs
have been involved in the signalling pathway of plant pathogen interactions
(Martin-Tanguy 1987) and in the response to microbial symbionts important for
plant nutrition (E1 Ghachtouli ef al. 1996). However, the major changes in N and
PA metabolism in different plants occur in response to various abiotic stress
conditions like nutrients deficiency, osmotic stress, atmospheric pollutants or
contamination by heavy metals (Flores 1991, Boucherau et al. 1999, Marco and
Carrasco 2002, Groppa et al. 2003).

In animal cells, the increase in PA levels as a consequence of stress has been
related to the dual ability of these compounds to interact with anions or cations.
Binding of PAs to anions such as membrane phospholipids or nucleic acids
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Figure 1. Polyamine metabolism and related pathways. The identified pathways and
enzymes for biosynthesis, conjugation and degradation of the three main polyamines
(Putrescine, Spermidine and Spermine) are shown. Catabolic and conjugation pathways
are indicated by dashed lines while continuous lines show biosynthetic and related
pathways. Numbers refer to the following enzymes: 1, nitrate reductase; 2, nitrite
reductase; 3, nitrogenase; 4, glutamine synthetase; 5, glutamate synthase (GOGAT); 6,
glutamate N-acetyltransferase; 7, acetylglutamate kinase; 8, N-acetyl-y-glutamyl-
phosphate reductase; 9, acetylornithine transaminase; 10, acetylornithine deacetylase;
11, ornithinecarbamoyl transferase; 12, argininosuccinate synthase; 13,
argininosuccinate lyase; 14, arginine decarboxylase; 15, agmatine deiminase; 16, N-
carbamoylputrescine amidohydrolase; 17, ornithine decarboxylase; 18, SAM synthetase;
19, SAM decarboxylase; 20, spermidine synthase; 21, spermine synthase; 22, lysine
decarboxylase; 23, glutamate decarboxylase; 24, copper aminooxidase-diamine oxidase
(DAO); 25, putrescine hydroxycinnamoyl transferase; 26, polyamine oxidase (PAO); 27,
y-aminobutyrate aminotransferase; 28, succinic semialdehyde dehydrogenase; 29,
arginase, 30, ornithine aminotransferase; 31, nitric oxide synthase (NOS); 32, ACC
synthase; 33, ACC oxidase; 34, nitrate reductase.
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would protect those molecules from possible oxidative attacks. On the other
hand, PA binding to cations such as Co®", Cu®*, Fe*" or Ni*" would avoid
formation of free radicals (Lovaas 1997). However, the knowledge about the
reasons and physiological significance of the increase in PA levels by abiotic
stresses in plants is scarce. Although differences in PA response under different
abiotic stresses have been reported among and within species, in general, plants
subjected to different types of stresses show a rapid and massive increase of Put
levels. This response is mainly mediated by the ADC pathway, as shown by
rapid labelling from Arg via agmatine and N-carbamoyl-Put, that correlates with
increases of ADC activity but not of ODC (Figure 1), and inhibition of the
response by application of the inhibitor DL-a-difluoromethylarginine (DFMA)
(Flores and Galston 1984).

K" deficiency and osmotic stress

The accumulation of Put in leaves of K™ deficient barley plants was first
reported by Richards and Coleman (1952), and subsequent studies have
established that this effect is common to different plant tissues (Flores 1991). In
all cases, maximum accumulation of Put coincides with the appearance of
several nutrient deficiency symptoms.

Osmotic treatments using sorbitol also induce high levels of Put and ADC
activity in detached oat leaves (Flores and Galston 1984). However, Spd and
Spm levels show a dramatic decrease. Similar results have been obtained in
plants exposed to conventional water stress or to different osmotic agents
(mannitol, proline, betaine, sucrose) (Flores and Galston 1984). These changes
in PA levels are coincident with signs of stress, like wilting and protein loss, that
can be retarded by treatment with Spm or DFMA-pre-treatment (Besford et al.
1993). Borrell et al. (1996) provided evidences for post-transductional regulation
of ADC activity by Spm. Increases in Put levels and ADC activity have also
been detected in Arabidopsis leaves exposed to osmotic stress, as a consequence
of the transcriptional activation of the ADC2 gene (Feirer et al. 1998, Soyka and
Heyer 1999). On the other hand, when cell cultures of drought-tolerant alfalfa
lines were exposed to water-deficit there was a trend towards increased
accumulation of Spd and Spm and a loss of Put (Kuehn et al. 1990).

Salt stress

Salt stress differentially regulates ADC activity and its transcript
accumulation in rice. The PA levels are higher in salt-resistant cultivars than in
the salt-sensitive ones. Under stress conditions the PA pool in the salt-resistant
cultivars is channelled to Spd and Spm. However, the sensitive cultivars under
stress conditions only accumulate Put (Chattopadhyay et al. 1997). In tomato
leaf explants subjected to salt stress a decrease in Put and Spd has been
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observed, while the levels of agmatine, Dap and Spm increase. The high levels
of Dap indicate an activation of PA oxidation (Aziz et al. 1998). Moreover, there
is an increase of proline accumulation which is correlated with the decrease in
Put and Spd levels. Treatment with amino-guanidine, a DAO inhibitor,
significantly inhibits proline accumulation, suggesting that in plant tissues under
stress conditions, Put and proline are connected by a precursor-product
relationship via the DAO and GABA metabolism (Bouchereau et al. 1999).
These coordinated changes in PA and proline levels have also been described in
Brassica napus under osmotic stress (Aziz and Larher 1995).

Heat and cold stress

PA metabolism is also altered by extreme temperatures. Plant cells have the
ability to synthesise uncommon long-chained PAs (caldine, thermine) previously
reported only in thermophilic bacteria, when challenged with heat stress. In
bacteria, these uncommon long-chained PAs are apparently essential for
continued protein synthesis at high temperatures. Thermus thermophilus
produces a PA composed of five aminopropyl residues, which has been named
caldopentamine (Oshima 1983, Hamana et al. 1985). This PA, as well as caldine
and thermine, accumulate in pollen and cell cultures of heat-tolerant cotton
genotypes (Kuehn et al. 1990, Phillips and Kuehn 1991). In rice callus heat
stress has also been associated with the production of long-chained PAs (Roy
and Ghosh 1996). It seems that, under heat stress, tolerant plants tend to
maintain or to increase total PA (Spd and Spm) pools, at the expense of Put
(Philipps and Kuehn 1991).

Exposure to low temperatures has been reported to induce Put accumulation
in several species (reviewed by Martin-Tanguy 1987). In wheat an increase in
Put has been described parallel to an increase in frost resistance (Racz et al.
1996). There are some data indicating that different plants respond to low
temperature acclimation with a uniform and substantial increase of Spd (Martin-
Tanguy 1987). Most of the published results support the view that Spd and Spm
may inhibit chilling injury by retarding lipid peroxidation (Bouchereau et al.
1999).

Ozone stress

PAs have received considerable interest as possible protectants against ozone
stress. Applying Put, Spd and Spm prevented leaf necrosis caused by ozone in
tomato plants (Ormrod and Beckerson 1986). Studies with ozone sensitive and
ozone tolerant tobacco cultivars have shown a rapid Put increase in the ozone
tolerant cultivar Bel B (Langebartels et al. 1991). However, in the hypersensitive
cultivar Bel W3, only a small increase was observed at a later stage when
necrotic lesions had already been formed. Still, free Put accumulates mainly in
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undamaged tissues while conjugated Put is predominant in necrotic tissues of
Bel W3 plants (van Buuren et al. 2002). Similarly, Put and Spm titers and ODC
activity increased in potato leaves exposed to ozone (Reddy et al. 1993).
Moreover, SAMDC mRNA levels are differentially affected by ozone in leaves
and shoots of pea plants exposed to ozone (Marco and Carrasco 2002).
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Figure 2. cis-regulatory elements in polyamine metabolism genes. Some regulatory cis-
elements in promoters of polyamine metabolism genes were found using the PlantCare
database of plant cis-acting regulatory elements. When searching for abiotic stress
responsive elements, several heat-shock (HSE), drought responsive (DRE) and absicisic
acid dependent elements (ABRE) were found as shown in the figure with white, grey or
black vertical lines respectively. Horizontal black lines correspond to promoter
sequences (1000 bp), white horizontal lines represent variable 5°UTR, and crossed boxes
indicate the first 100 bp coding sequences. Diagrams are drawn to scale. The genes for
which regulatory elements were found are ADCI (At2gl16500), ADC2 (At4g34710),
CPA (At2g27450), SPMS (At5g53120), SPDS1 (At1g23820), SPDS2 (Atlg70310),
ACLS (At5g19530), PAOI (At1g65840), PAO3 (At3g59050) and 440 (At4g14940).

Polyamines as stress protectants

All these data indicate that PAs are somehow involved in the plant responses
to stress challenges. Moreover, as shown in Figure 2, stress responsive elements
are present in the promoters of several genes involved in PA metabolism. In
most of the cases the existing data suggest that high levels of Spd and Spm, but
not of Put, increase stress tolerance. In some plants feeding an excess of Put
leads to loss of turgor and formation of necrotic areas, which mimic the
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symptoms of extreme salinisation (Flores 1991). Similar results have been
obtained in transgenic tobacco plants overexpressing oat ADC, under the control
of a tetracycline-inducible promoter (Masgrau et al. 1997). Diverse mechanisms
have been suggested to explain the protective effect of Spm and Spd. Plants
sensitive to drought (Wang et al. 1990) or salinity (Morgan and Drew 1997)
increase ethylene biosynthesis when exposed to stress. The fact that Spd and
Spm reduce ethylene biosynthesis by inhibiting ACC synthase (Davis et al.
1991) could explain their protective effect. On the other hand, both Spd and Spm
can interact with membranes inhibiting the movement of phospholipids through
the lipidic bilayer (Bratton 1994), stabilising molecular complexes at the
thylakoid membranes (Besford et al. 1993) and/or inhibiting lipid peroxidation
in osmotically-stressed oat leaves (Borrell ez al. 1997).

THE ROLE OF THE POLYAMINE METABOLIC
PATHWAY IN STRESS SIGNALLING

Although the main metabolic traits of the PA metabolic pathway are well
defined (Figure 1), one of the major challenges consists in elucidating the
regulatory processes involved in the modulation of this pathway under
environmental stress conditions. Facing the paucity and the divergence of
experimental data concerning the regulation of PA metabolism in response to
abiotic stress and its involvement in cellular adaptive processes in plants, it
seems necessary to undertake an integrated molecular analysis to elucidate the
role of the PA metabolic pathway in abiotic stress signalling. Since genomic and
proteomic tools are now becoming available in Arabidopsis, it is reasonable to
use this model plant to study the PA response under abiotic stress. In the
following sections an outlook of different genomic and proteomic technologies
currently applicable to Arabidopsis will be discussed.

Genomic approaches

The complete sequence of Arabidopsis has already made an impact on plant
research and much more remains to be learned from this model plant through the
functional characterisation of mutations. Studies of other genomes, such as rice,
are required to answer major questions about genome function and genome
evolution, and to apply genomic information to practical problems such as
increasing the yield and quality of food crops and other plant products (Delseny
2003). The most fundamental issue of comparative genomics is the number and
variable number of functional plant genes. How many functional genes are there
in any plant? To what extent do all plants contain the same genes? The number
of genes inferred from the Arabidopsis genome sequence is about 26,000,
whereas the number estimated for rice ranges from about 32,000 to 62,000. A



216

large number of the genes inferred from the sequence have not been identified as
transcripts, and it is not yet clear how many of the proposed genes are
functional. Many genes may be transcribed rarely or under unusual
circumstances (Schoof and Karlowski 2003).

Intelligent engineering of regulatory circuits will require detailed knowledge
of signalling hierarchies and the impact of metabolic changes involved in stress
responses. To this end, functional analysis is under way to determine the
relationship between PA metabolism and other genes that participate in drought,
salinity, ozone exposure, or other environmental stress responses. Analysis of
plants carrying mutations in genes involved in PA metabolism is required to
complement information obtained by gene discovery and expression profiling.

Global analysis of gene expression

An understanding of gene function begins with knowledge of when and
where each gene is expressed during the process of plant development. Taken
together, this information will become a platform from which the concerted gene
action in the formation of tissues and organs can be elucidated. Further,
examination of changes in gene expression that occur as consequence of
environmental changes will illustrate the dynamic nature of gene regulation in
plants and will facilitate the development of gene arrays useful for molecular
diagnosis of plant physiological status in the field.

Microarrays were initially developed by Schena et al. (1995), and have now
been widely applied in the field of Plant Biology. DNA microarrays are chips
containing hundreds or thousands of gene snippets laid down in precise arrays
that provide rapid snapshots of the expression of whole suites of genes. Two
types of microarrays are commonly used, two-colour microarrays and
oligonucleotide microarrays. In a two-colour microarray, collections of DNA
samples (i.e. expressed sequence tag [ESTs] or other clones) are deposited onto
a glass slide using robotics (Duggan et al. 1999, Wu et al. 2001).
Oligonucleotide arrays are constructed from roughly 25-mer oligonucleotides
synthesised in situ on a solid substrate (Lipschultz et al. 1999). This type of
microarray requires exact sequence information and intricate bioinformatic
design prior to the construction of the microarray. Oligonucleotide microarrays
are highly consistent and offer sequence-specific detection of gene expression,
which is especially important in the study of gene families. With both types of
microarray analysis, data aggregation from multiple experiments is possible,
allowing higher order analyses of transcript profiles. The general method in
microarray analysis is 1) to isolate messenger RNAs (mRNAs) produced by a
genome, 2) to convert mRNA into complementary DNA (cDNA), 3) to add a
fluorescent tag to the cDNA for tracking purposes, and 4) to wash a solution of
tagged cDNAs over a DNA microarray chip. Each DNA snippet on the chip will
bind the cDNA from the corresponding gene, and by measuring the
fluorescences arrayed on the chip, the profile of gene expression is revealed.
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Recently, Matsuyama et al. (2002) have constructed a cDNA microarray to
compare the response to different abiotic stresses for a set of Arabidopsis genes.
Gene-specific cDNA probes for different PA biosynthetic genes were included
in the array, expression of ADC2 being markedly induced by drought and
wounding but not by ozone.

Knockout mutants

Since forward genetics relies on a phenotype arising from a single gene
mutation, it is likely that a large number of genes may not be easily characterised
using this approach. In order to identify functions for these genes, we need to
develop a more sophisticated genetic toolkit for both forward and reverse genetic
screens. Overexpression of natural or altered proteins can provide insights into
families of genes that are collectively essential. A straightforward approach,
albeit laborious, resembles strategic breeding and weds reverse and forward
genetics. In this approach, the genome sequence is used to locate protein family
members. Knockout mutations are found for all the genes in a family and the
lines are crossed so that one plant contains knockout alleles of all the members
of the gene family, creating a more robust phenotype. This strategic approach
can lead to increased understanding of the functions of genes that exist in gene
families, and is not possible without the entire sequence in hand.

The analysis of large T-DNA or insertional transposon mutant collections of
Arabidopsis and rice provide essential resources for finding tagged mutations
that can lead to defective stress tolerance responses (Winkler ef al. 1998, Maes
et al. 1999, Tissier et al. 1999). These populations can be surveyed using both
forward and reverse genetic screens to isolate “knockout” mutants that are either
tolerant or hypersensitive to stress. T-DNA activation-tagging collections are
being generated in Arabidopsis backgrounds in order to isolate gain-of-function
mutations that affect stress signalling (Weigel 2000).

Little is known about mutants affecting PA metabolism in plants. Mutants
with high level of Put and high levels of ADC activity have been identified
because of their abnormal floral morphology (Gerats et al. 1988) but the basis of
the mutation remains uncharacterised. Screening for resistance to the SAMDC
inhibitor methylglyoxal-bis (guanylhydrazone) (Malmberg and Rose 1987, Trull
et al. 1992) or inhibitory concentrations of Spm (Mirza and Igbal 1997), yielded
mutants that showed reduced sensitivity to the respective agent, but these
mutants have not been exploited for the analysis of PA function.

Watson et al. (1998) isolated EMS mutants of Arabidopsis with reduced
ADC activity. The mutants fall into two complementation groups, spel and
spe2, and the strongest alleles within each group showed a reduction of ADC
activity down to 23 and 36%, respectively. The double mutant spel-1 spe2-1 had
lower ADC activity than each single mutant but still about 20% of the wild-type
activity remained. Because two genes encoding ADC, ADCI and ADC2, are
found in all members of the Brassicaceae studied to date except the basal genus
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Aethionema (Galloway et al. 1998), the authors suggested that spe/ and spe2
might correspond to both ADC genes. The mutations have not been mapped and
therefore it cannot be excluded that other functions, e.g. regulatory elements, are
affected.

The mutant EN9 has been obtained by PCR-screening of an En-1-
mutagenised Arabidopsis population (Baumann et al. 1998) for insertions at the
ADC?2 locus. En-1 is an autonomous transposable element of maize and is able
to transpose in the heterologous host 4 thaliana (ecotype Columbia) (Cardon et
al. 1993). The 8.2 kb large transposon causes gene disruption or a frame shift
when leaving a footprint during excision. In contrast to the mutants described by
Watson et al. (1998), EN9 should therefore be regarded as a complete loss-of-
function or knockout mutation of ADC2. The EN9 mutant line shows no obvious
phenotype under normal growth conditions but is completely devoid of ADC2
induction by osmotic stress as determined by incubating leaf discs (Soyka and
Heyer 1999).

Overexpressions

Overexpression of natural or altered proteins can provide insights into
families of genes that are collectively essential. Overexpression as well as
antisense inhibition of biosynthetic enzymes has been employed to study PA
function. This made use of either the constitutive 35S-promoter (Hamill et al.
1990, Descenzo and Minocha 1993, Bastola and Minocha 1995) or inducible
promoters (Kumar et al. 1996, Masgrau et al. 1997). Overexpression of genes
coding for specific enzymes of the PA biosynthetic and degradation pathways in
transgenic plants is one of the approaches used to elucidate the functional role of
PAs under stress (Kumar et al. 1997, Capell et al. 1998, Roy and Wu 2001).
Several reports of transgenic plants showed that constitutive overexpression of
PA biosynthetic genes was detrimental to the normal growth of transgenic plants
(Kumar et al 1997, Capell et al. 1998). The ABA-inducible promoter
characterised by Su et al. (1998) was used to drive the expression of an oat ADC
c¢DNA in rice (Roy and Wu 2001) under stress conditions. Those transgenic rice
plants showed increased biomass production and a threefold higher level of Put
accumulation than non-transformed plants under drought conditions. Similar
results were obtained by transforming rice with Tritordeum SAMDC gene (Roy
and Wu 2002), where exogenous ABA application and sodium chloride stress
treatments resulted in different levels of SAMDC expression in transgenic rice
lines. Accumulation of Spd and Spm under NaCl-stress conditions may
contribute to increased stress tolerance due to enhanced biomass production as
well as increased shoot length of transgenic rice plants as compared to non-
transgenic plants. These results suggest that the regulation of the ADC and
SAMDC genes, especially with respect to the response to salt or drought stress,
may be coordinated in plants.
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Proteomic approaches

A reciprocal benefit between genomics and proteomics can be expected for
both fast-evolving areas. The “Proteome” was recently described as “the protein
complement of the genome” (Wassinger et al. 1995), giving rise to the novel
discipline of proteomics whose aim is the systematic characterisation of the
proteome in a given organism, tissue, cell or subcellular compartment. The
initial concept of proteomics as the identification of gene products in a given
proteome, often associated with two-dimensional electrophoresis, is
experiencing a rapid evolution. Not only large improvements in separation and
identification methods are being reported, but also new perspectives in
quantification and characterisation of protein-protein interactions are providing a
multidimensional perception of how proteins execute their functions within the
cellular context.

Yeast two-hybrid system

One approach to illustrate putative functions for unknown gene products is to
identify their protein interacting partners or “interologs” (Walhout et al. 2000a).
The establishment of a map of protein interactions (“interactome”) may help
establish clusters of interacting gene products. Based on this kind of protein
network organisation, the identification of the protein partners for an unknown
protein may assign a putative functional category to the uncharacterised protein
(Tucker et al. 2001). The original development of the yeast two-hybrid system
(Fields and Song 1989) has allowed the validation and standardisation of an
amenable technique to characterise protein-protein interactions in living yeast
cells. Two separated modules of a transcription factor, the DNA binding domain
(DBD) and the transcriptional activator domain (AD) are translationally fused to
interacting proteins X and Y generating the “bait” and “prey” constructs
respectively. Upon X-Y interaction within the nucleus of the yeast cell, the
hybrid transcription factor will be functionally reconstituted with the subsequent
biological readout as the expression of reporter genes containing promoter-
binding sites for the transcription factor. The strength of the idea relies on the
powerful yeast molecular genetics, which allows a rapid and easy identification
of coding sequences for interacting proteins when using ¢cDNA libraries as a
prey (Walhout ef al. 2000b). This powerful technology also contains some
drawbacks and limitations. Among the most disturbing consequences, it is the
appearance of false positives due to spurious interactions the one centring most
attention. Therefore any protein-protein interaction found by the yeast two-
hybrid technology should be treated with caution until proven by alternative in
vivo demonstrations. Also false negatives can rise due to intrinsic features of the
system: improper folding, incorrect subcellular localisation, instability of hybrid
proteins or absence of required post-translational modifications in yeast may
lead to lack of interaction.
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An immediate extension from the original application to study interactions
between two known proteins was the identification of novel potential
interactions at a large-scale, using either cDNA libraries fused to AD (library
approach) or full length cDNAs as both “bait” and “prey” (matrix approach).
These two-hybrid variants have been applied to diverse biological systems.
Examples of the matrix approach extend from limited protein number in
Drosophila (Finley and Brent 1994) to covering the whole proteome for the
vaccinia virus (McCraith ef al. 2000) and the baker’s yeast (Uetz et al. 2000, Ito
et al. 2001). The use of library screenings in a wide-proteome approach was
initiated with the T7 phage (Bartel et al. 1996) and continued with the hepatitis
C virus (Flajolet et al. 2000) and the bacteria Helicobacter pylori (Rain et al.
2001). Although the use of two-hybrid system is already a routine for
Arabidopsis researchers, no global “interactome” analysis has been reported to
date for plant systems. Parallel uses of both matrix and library approaches
(Flajolet et al. 2000, Walhout et al. 2000a) indicate that the library strategy
yields higher number of protein interactions. Another conclusion of the high-
throughput assays is that large numbers of false positives preclude identification
of as much as 90% of previously reported interactions. Therefore it seems
evident the unavoidable request of independent validation for any reported
protein-protein interaction based on the two-hybrid system.

Epitope-labelling technique

Among the different strategies to characterise protein interactions, the use of
immunological methods is widely accepted. The coimmunopurification of
proteins from total protein extracts represents unequivocal demonstration of in
vivo protein associations. The same antibodies can provide information
regarding tissue or subcellular localisation, data that may serve as an indirect
evidence for protein association if overlapping signals are immunodetected.

The availability of appropriate antibodies is undoubtedly a crucial
requirement for characterisation of protein associations by immunological
procedures. One alternative to the laborious and uncertain practice of raising
antibodies against purified proteins is the use of epitope-tagging methodology.
This approach is particularly useful for available genomic coding sequences. In
the highly favourable case of efficient yeast gene replacement, the complete
genome sequence encouraged the development of successful chromosomal
epitope tagging (Knop et al. 1999). The concept is based on the attachment of
short genomic sequences coding for antigenic peptides (named “epitopes” of 6 to
20 amino acids length), to any cDNA of interest. The addition of a peptide
sequence recognisable by a pre-existing antibody to a protein under study
permits its surveillance by immunological methods readily after expressing the
cloned coding sequence. In addition to the speed of the method, a series of
additional advantages of epitope tagging to trace any protein of interest illustrate
the power of this technique. For instance, the artificially attached epitope can be
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considered an outsider antigen within the total protein extract of cells that do not
express the tagged protein. This represents an unbeatable negative control in
terms of specificity when compared to the use of antibodies against peptides
from the native protein. Moreover, the use of epitope tagging permits
immunological discrimination between closely related proteins without risk of
cross-reaction. Since the experimenter decides the location of the epitope within
the investigated protein, suitable sites to avoid potential interferences in terms of
localisation or function can be envisaged. Finally, the use of epitopes facilitates
mild elution condition in protein purification methods by competition with the
corresponding purified peptide. A large battery of peptide-antibody
combinations is commercially available. For a recent review see Fritze and
Anderson (2000). This panoply of suitable epitopes has been thoroughly
exploited in yeast and animal cells (Jarvik and Telmer 1998).

In plant systems, the use of epitope-tagging technique has been modest
(DeWitt and Sussman 1995, Boyes et al. 1998) mainly due to restrictions for
working with transgenic plants. The recent development of an Agrobacterium-
mediated technology to introduce intron-tagged epitope coding sequences in
cultured Arabidopsis plant cells brings hope for a wider use of epitope-tagging
technology in plant systems (Ferrando et al. 2000). This technology allows the
detection, purification, and subcellular localisation of epitope-tagged proteins as
early as five days after transformation. In addition, the high transformation rate
achieved by means of Agrobacterium transformation, licenses cotransformation
experiments whereby combinations of two differentially epitope-tagged proteins
can be used for protein-protein interaction studies. This technique represents a
fast and reliable means for the in vivo verification of protein interactions in plant
cells (Ferrando et al. 2001). Production of transgenic cell lines expressing
epitope-tagged proteins is also feasible by the use of intron-tagged epitope
technology, thus providing unlimited source of transformed plant material for
large-scale protein purification. In combination with the generation of large
amount of tagged proteins, the purification of protein complexes by affinity
chromatographic methods is a powerful technique to define multiproteic
complex associations (Farras et al. 2001).

In the laboratory, we are using some of these proteomic approaches to
elucidate the formation of protein complexes between enzymes involved in PA
biosynthesis in Arabidopsis (Panicot et al. 2002). Spd synthase SPDS2 was used
as a “bait” using a cDNA library from Arabidopsis cell suspensions. SPDS2 was
shown to interact in yeast with the functional homolog Spd synthase SPDSI, in
addition to a novel Spm synthase named SPMS. Only heterodimers between
these enzymes were found in the yeast two-hybrid system. In plant cells, in vivo
evidence was demonstrated in Arabidopsis with the use of the intron-tagged
epitope technique. Coexpression of hemaglutinin and c-Myc epitope-labelled
proteins confirmed the presence of coimmunoprecipitating SPDS1-SPDS2 and
SPDS2-SPMS heterodimers. In addition, the epitope-labeled proteins copurified
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associated to protein complexes in the range of 650-700kD. We have therefore
suggested the formation of a metabolon involving at least the last two-steps of
PA biosynthesis in Arabidopsis (Panicot et al. 2002). Further analysis of the
identified protein complexes by mass spectrometry is expected to provide
information about yet unknown regulatory subunits of SPDS-SPMS metabolon
in the PA biosynthesis pathway in Arabidopsis. The use of proteomic techniques
to unravel the formation of protein complexes in plant secondary metabolism is
in progress. As an example, similar proteomic approaches have been employed
to unravel the multi-enzymatic association in the flavonoid biosynthetic pathway
(Burbulis and Winkel-Shirley 1999). By means of two-hybrid complemented
with coimmunoprecipitation and protein retention studies, interactions among
chalcone synthase (CHS), chalcone isomerase (CHI) and dihydroflavonol
reductase (DFR) have been described.

Other advanced techniques

The full potential of this kind of approaches is achieved with the use of
physico-chemical methods for peptide and protein identification. These
combined approaches of affinity purification and protein identification by means
of mass-spectrometry have been implemented for the characterisation of large
multiproteic complex associations, as the spliceosome and the proteasome
complexes (Neubauer ef al. 1997, Verma et al. 2000). Compared to yeast or
other eukaryotic systems, the proteomic analysis for plant systems is still in its
infancy (van Wijk 2001). The most likely reason is the delayed completion of
genome projects that are essential for protein identification. The fully sequenced
Arabidopsis genome is giving boost to proteomic studies for higher plants, and
the first reported proteomic analysis have appeared (Gallardo et al. 2001, Kruft
et al. 2001, Peltier et al. 2001). Although limited, due to lack of complete
genome sequences, studies in other plant systems are also feasible (Peltier et al.
2000, Huber et al. 2001).

In addition to the studies of physical protein interactions, the evidence of
subcellular protein colocalisation can serve as a support to elucidate the
formation of protein complexes. In this context, the epitope-tagging technology
can also be exploited (Ferrando ef al. 2000). The target proteins may also be
fused to reporters such as fluorescent polypeptides to facilitate their cellular
localisation (Quaedvlieg et al. 1998). A remarkable advance for protein
interaction studies is the implementation of the fluorescence resonance energy
transfer (FRET) technology as detailed by Kenworthy (2001) where the
development of fluorescent proteins together with advances in confocal
microscopy allow in vivo imaging of fusion-protein associations (Mas 2000,
Kato et al. 2002).
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INTEGRATED MOLECULAR ANALYSES - AN ORDER TO
BE FILLED

In the second half of the twentieth century, advances in several scientific
areas such as biochemistry, physiology, genetics, and cellular and molecular
biology, have dramatically increased the knowledge of how the basic
organisation of biological systems is accomplished. The remaining challenges
for the twenty-first century await a deeper insight into the molecular
mechanisms that govern those cellular pathways, to better understand the
biological systems from a global perspective. This ambitious goal can be
effectively achieved by taking advantage of novel and powerful technologies.
The integration of advances in genetics, biophysics and biochemistry into novel
scientific areas such as genomics and proteomics (i.e. two-hybrid, reverse
genetics, imaging by fluorescence (or confocal) microscopy, DNA microarrays,
real-time PCR, molecular mass fingerprints, etc.) allow, nowadays, a detailed
and precise analysis of the molecules involved in basic cellular functions (DNA
and proteins).

In the near future, the availability of full-genome microarrays will greatly
expand our knowledge of the inter-connections and similarities among stress and
defence response pathways, and will aid in the identification of genes previously
unknown in stress responses. This progress will facilitate the fabrication of
custom microarrays for more extensive studies of particular defence responses.
An important facet of integrating the mass of new information from these
experiments will be the development of databases that are specific to plant
stress, which will be used to integrate the array information and provide it in a
public repository. The availability of adequate data-mining, statistical and data
presentation tools will also be integral to the understanding of functional
genomic data. As the genomes of more crop species are fully sequenced and
annotated, microarrays will be used to study stress responses in these plants. In
the future, genes discovered in these experiments may provide new insights into
stress resistance in multiple crop species.

Under a global perspective, we envisage that an integrated molecular analysis
should be undertaken in order to draw any functional relationship among genes
representing the PA metabolic network (Figure 3). By using the biochemically
established metabolic pathway for PAs (Figure 1), further data should be added
with regard to protein interactions, subcellular localisations, metabolite levels,
enzymatic activities, protein expression levels, and coordinated gene expression
(Figure 3). These global maps, gained by means of genomic, proteomic and
metabolomic techniques, will then be used to design system perturbation
strategies. These systematic perturbations will need to be performed at different
levels: genetic (e.g. gene knockouts or overexpressions), biochemical (e.g. use of
inhibitors) and environmental (i.e. abiotic stress), and the molecular
consequences of these perturbations will be studied by genomics, proteomics
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and metabolomics (Figure 3). The acquired data after system perturbation will
be integrated into the model and the system map will be refined. If necessary,
further alterations of the systems will be performed and analysed again. As a
result, further insights into the molecular mechanisms underlying the role of the
PA metabolic pathway in abiotic stress signalling are envisaged.

METABOLIC/CELLULAR
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Genomics (transcriptomics) and novel
Gene expression profiling . perturbation design
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Figure 3. Integrated molecular analysis of metabolic pathways. Integrated molecular
analysis based on genomics, proteomics and metabolomics techniques to validate
cellular function maps related to metabolic pathways. After the model map has been
established by the integrated analysis, the perturbations of the system allow further
refinements of the model (see text for details).
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Chapter 9

SIGNIFICANCE OF SECONDARY NITROGEN
METABOLITES FOR FOOD QUALITY

Silvia Haneklaus and Ewald Schnug

INTRODUCTION

Nitrogen is essential for all organisms and a major constituent of amino and
nucleic acids, proteins, proteids, nucleotides, enzymes and secondary
compounds. In its functions N cannot be replaced by any other mineral as for
instance the complementary features known for potassium and sodium
(Marschner 1986). N deficiency in plants results in reduced protein synthesis
and a diminished biological value of the crop. Characteristic symptoms of severe
N deficiency are a stiff appearance together with apical chlorosis of the older
leaves, which may proceed towards necrosis of the plant tissue. Plants show a
poor degree of tillering, reduced growth rate and finally diminished crop yield.
The symptomatological threshold for macroscopic symptoms ranges from 1.1 to
4.8% N and critical N concentrations vary between 1.2 and 5.9% N depending
on crop type, stage of development and crop yield (Reuter et al. 1997).

Secondary metabolites contribute significantly to food quality, either as
nutritives, or antinutritives. From N-containing secondary metabolites the
structure of about 12,000 are alkaloids, 600 non-protein amino acids, 100
amines, 100 cyanogenic glycosides and 100 glucosinolates is known (Wink
1999a). It is the objective of this section to provide basic information about
different aspects of food quality with special view to secondary compounds.

Food production implies food security, food safety and food quality. The
Rome declaration on world food security “reaffirms the right of everyone to
have access to safe and nutritious food, consistent with the right to adequate
food and the fundamental right of everyone to be free from hunger” (World
Food Summit 1996). Food safety regulations aim to protect consumers against
food related diseases such as contamination with food borne pathogens, for
example eggs and vegetables with Salmonella, fruit with Cyclospora, and frozen
strawberries with the virus for hepatitis A, and naturally occurring mycotoxins
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(Venkitanarayanan and Doyle 2001). Food or product quality comprises
nutritional physiological quality, sensory quality and technical-physical quality
(Anon 2003). The nutritional physiological quality is related to the content of
energy, nutrients, fibres and secondary components as well as undesired
substances (Anon 2003). The N supply is one important factor affecting food
quality, both positively in terms of protein content and concentration of
secondary metabolites, and negatively in terms of enrichment with nitrate, nitrite
and amides.

Food quality, however, comprises much more aspects, which need to be
considered. Numerous case studies have shown a relationship between food
quality and the farming system (Anon 2003). The farming system is perhaps the
most demanding standard for food quality. On this level not only nutritional
aspects, but also the impacts the agricultural production system has on
organisms that are part of the production system (e.g. marine environmental
pollution by nitrogen and phosphorus) and other ecosystems are crucial
parameters. This means that food quality is no longer restricted to the simple
measurement of physical parameters, but is extended to an holistic approach,
which implies the evaluation of all factors involved in food production (Anon
2003, Schnug 2003).

Intensive agricultural production systems are usually characterised by an
excess of N, particularly on farms with high livestock densities, which may
adversely affect not only crop quality, but also the environment. In general an N
surplus results in increased levels of nitrate and amides in plants, enhances the
susceptibility to pathogens and encourages N losses through leaching and
volatile emissions, for instance NH; and N,O, the latter being one of the
contributors to global warming (Rolston and Venterea 2001). Since the change
of the millennium there is an increasing striving by producers and consumers
towards organic farming and organic products. Organically produced foodstuff
requires a certification based on the EU regulation 2092/91/EWG for organic
farming systems. Organic farming is a challenge to overcome problems of
conventional farming systems such as health problems caused by pesticides or
antibiotics, hormones etc. used in animal husbandry, environmental problems
caused by pesticides and agrochemicals, pollution caused by animal manure and
organic waste products and diminished biodiversity in ecosystems, including
agricultural production as the use of synthetic pesticides and mineral N fertilisers
is banned, and stocking density and the use of antibiotics in animal husbandry is
strictly limited (Schmidt and Haccius 1998). Organically produced foodstuff
may have significantly higher contents of secondary metabolites (Schlee 1992,
Ebata et al. 1993, Brandt and Mglgaard 2001, Ren et al. 2001) and there are
indications that organic food is beneficial for human health (Marckmann 2000).
A common argument against organic farming is that it is archaic and does not
take advantage of modern agricultural research. But it is the improved
understanding of biological and physiological processes required in organic
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farming systems, for instance in order to maintain plant health by nutritive
measures, which is an example for progress through know-how (Haneklaus et a!.
2002).

The introduction of fast, processed and frozen foods in the 1950's had a
lasting impact on dietary habits and caused a significant increase of obesity, type
IT diabetes, high blood pressure and heart disease (Kimbrell 2002). In order to
overcome possible shortages brought about by an unbalanced diet the food
industry offers nutraceuticals. Nutraceuticals comprise isolated nutrients, dietary
supplements, diets, genetically engineered designer foods, herbal products and
processed products (Andlauer and Fuerst 2002). A nutraceutical can be any
substance that may be considered a food, or part of a food, and provides medical
or health benefits including the prevention and treatment of disease (DeFelice
1992). Dietary supplements are products in the form of pills, tablets, capsules,
liquids or powders that contain one or more nutritional substances in
concentrated form (mainly vitamins, minerals and trace elements, but also
secondary metabolites such as alliin, glutathione and chlorophyll). Dietary
supplements and nutraceuticals need to be critically evaluated because their
regular intake may support, or even encourage, malnutrition with as yet
unknown consequences for health. It would be much better to promote the
interest and consumption of 'authentic' food as provided by organic farming
(Schnug 2003), rather than designer food, in order to take advantage of the
whole range of compounds in natural food and their synergetic effects.

Phytopharmaceuticals are old, but recently rediscovered remedies for many
medical disorders resulting from the side effects of environmentally dispersed
chemicals, increasing resistance to antibiotics, carryover of chemicals such as
antibiotics into the food chain and increasing costs for health care (Gruenwald
1998, Diaz-Cruz et al. 2003). The bioactive components in medicinal plants
comprise the whole range of secondary metabolites and crop specific cultivation
strategies, which include fertilisation, harvesting and processing techniques that
are required for producing a consistently high level of bioactive constituents.
Warranting a consistently high quality of the raw materials can be a problem,
particularly if the active agent is unstable and decomposes after harvesting of the
plant material, as is true for many secondary metabolites such as alliins and
glucosinolates (Bloem et al. 2001a).

There are more than 100,000 known secondary plant compounds and for only
a limited number of them the biochemical pathways, functions, nutritional and
medicinal significance is known (Wink 1999b). Bioactive secondary plant
compounds comprise various substances such as carotenoids, phytosterols,
glucosinolates, flavonoids, phenolic acids, protease inhibitors, monoterpenes,
phyto-oestrogens, sulphides, chlorophylls and roughages (Watzl and Leitzmann
1999). Humans take up about 1.5 g secondary compounds per day with their diet
(Ames et al. 1990) and a causal relationship between consumption of secondary
compounds and risk of degenerative diseases has been assumed (Steinmetz and
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Potter 1996). Thus secondary plant compounds are to be considered to be
invaluable for food quality.

The aim of this chapter is to outline the significance of individual N
containing compounds for food quality and to provide examples for secondary N
containing compounds used as nutraceuticals and phytopharmaceuticals with a
special view to the impact of N fertilisation on the concentration of the
secondary metabolites in different plants.

NITROGEN CONTAINING SECONDARY COMPOUNDS

So far, more than 100,000 secondary plant metabolites have been identified
(Wink 1999a). N-free metabolites are, for instance, terpenes, polyketides,
saponins and polyacetylenes and N-containing compounds are alkaloids, amines,
cyanogenic glycosides, non-protein amino acids and glucosinolates (Wink
1999a). Wink and Waterman (1999) provide a chemotaxonomic classification of
plant species in relation to molecular phylogeny. About 20 years ago, secondary
compounds were classified as antinutritive because they were thought to reduce
the utilisation of primary compounds so breeding and technological efforts were
aimed at reducing their content (Watzl and Leitzmann 1999).

Often secondary metabolites are accumulated in plant tissues and
concentrations of 1-3% dry weight have been determined (Wink, 1999a).
Secondary compounds in plants usually have a pharmacological effect on
humans (Watzl and Leitzmann 1999). Sullivan and Hagen (2001) provide
detailed information about the psychotropic effect of alkaloids. Secondary
metabolites are used as dyes (e.g. indigo, shikonin), flavours (e.g. vanilline,
capsaicine, mustard oils), fragrances (e.g. rose oil, lavender oil), stimulants (e.g.
caffeine, nicotine, ephedrine), hallucinogens (e.g. morphine, cocaine),
insecticides (e.g. nicotine, pyrethrine), vertebrate and human poisons (e.g.
strychnine, coniine), but their possible functions in plants have, until now, often
been obscure (Wink 1999a). Secondary metabolites have been shown to be
crucial for plant defence mechanisms against viruses, bacteria, fungi, competing
plants (allelopathies) and herbivores, and are triggers for pollination and seed
dispersal (Wink 1999a). Flowers, fruits and seeds are usually rich in secondary
metabolites (Wink 1999a). Several secondary metabolites show a regular
turnover in plant metabolism, for instance on a daily base as in case of nicotine
(Wink 1999a).

Most secondary compounds are not part of the basic molecular structure of
the plant cell (primary metabolism), but are formed in special tissues or plant
parts at defined stages of plant growth (Mohr and Schopfer 1995). The
precursors for secondary metabolites from primary metabolism are shown in a
simplified scheme (Figure 1). The sites of biosynthesis of secondary metabolites
are compartmentalised in the plant cell (Wink 1999a). Most pathways are
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localised in the cytoplasm, either completely or partially, but there are
indications that some alkaloids such as coniine and caffeine are synthesised in
the chloroplast (Wink 1999a). Coniine and amine formation has been localised
in mitochondria (Wink 1999a). Storage can also be tissue and cell specific
(Guern et al. 1987). Some alkaloids and glucosinolates are, for instance, stored
in specific idioblasts (Wink 1999a). Besides physical compartment,
glucosinolates can be chemically compartmentalised in such way that both
substrate (glucosinolates) and enzyme (myrosinase) are in the cytosol whereby
the myrosinase activity is triggered by the ascorbic acid concentration, which is
linked to core metabolic processes (Halliwell cycle) of the plant (Schnug and
Haneklaus 1994). For metabolic pathways of secondary N containing
metabolites see for instance Luckner (1990), Mohr and Schopfer (1995), Rosa et
al. (1997), Roberts and Strack (1999), Selmar (1999), Wink (1999b) and De
Luca and Laflamme (2001).

Nutritive and non-nutritive components in food have the potential to
modulate target functions in the body, which are relevant to well being and
health and/or reduction of disease risk (Roberfroid 1998). Some crops such as
bamboo, lima beans and cassava accumulate toxic, cyanogenic glucosides in the
range of 8-300 mmol kg, and maceration and evaporation of the cyanide is
required before they are edible for humans and animals (Selmar 1999).
Antinutritives are, for instance, substances which interfere with the metabolic
utilisation of minerals (Berdanier 2002). The degradation of glucosinolates
yields for example thiocyanates, isothiocyanates, cyclic sulphur compounds and
nitriles, which are goitrogenic. So-called cabbage goiter or struma inhibits the
iodine uptake of the thyroid gland in humans (Berdanier 2002). One of the most
potent glucosinolates is progoitrin, found in leaves, buds, seeds and roots of
Brassica crops (Berdanier 2002). Though glucosinolates are antinutritive, their
potential as anticarcinogenics has been recognised (Watzl and Leitzmann 1999).

In the following sections an overview of N-containing secondary metabolites
with a view to the nutritional quality of plant products will be given and the
influence of the N supply on their content will be addressed.

ALKALOIDS

Coniine (CsH;(NC;H5), the Socratic poison, was the first alkaloid that was
synthetically produced by Albert Ladenburg in 1886. About 30 different
alkaloids are used in medicine, e.g. atropine, morphine, chinine and reserpine.
Alkaloids are a group of N containing bases, which mostly have drug
characteristics. The number and toxicity of alkaloid containing plants and the
populations of herbivores and pathogens increases as latitude decreases (Salmore
and Hunter 2001).
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Figure 1. Groups of secondary compounds and their derivation from primary
metabolism (Adapted from Mohr and Schopfer 1995).

N bound in alkaloids, non-protein amino acids and cyanogenic glycosides
serve as an N reserve pool and N is reutilised during germination (Wink 1999a).
Also, alkaloids and amines are effective defence mechanisms against herbivores
and carnivores because they interfere with neuronal signal transduction (Wink
and Schimmer 1999). The mode of actions of individual alkaloids is described in
detail by Wink and Schimmer (1999). The antimicrobial activity of different
alkaloids is summarised by Reichling (1999).

Phytoalexins are low molecular organic compounds rapidly synthesised by
plants in response to infection or stress at the site of infection or stress. The
phytoalexins of Papaver somniferum and Thalictrum rugosum are the alkaloids
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sanguinarine and berberine (Eilert et al. 1985, Funk et al. 1987). The
phytoalexins of the Brassica family are synthesised as stress metabolites by
cycling the thiocyanate component of indol glucosinolates after microbial
infections or abiotic stress (Gross 1993). Their synthesis is triggered after
infection by elicitors, either formed by the pathogen (e.g. substances of the cell
wall of the fungus), or the host (e.g. breakdown products of the plant cell wall)
(Mohr and Schopfer 1994). The immunity is generally of short duration and
concentrated around the infected area. The involvement of phytoalexins in
disease resistance depends upon the speed and magnitude with which they are
produced and not on their selective toxicity or selectivity of elicitation (Ku¢
1994).

Alkaloids are usually divided according to biogenetic principles, plant origin
or basic heterocyclic ring systems (Figure 2, Franzke 1998).

P & O O O

pyrrolidine imidazole  pyridine indole purine
O QO O OO
|
N7 N N) N
quinoline quinolizidine quinazoline acridine

Figure 2. Heterocyclic ring systems of alkaloids (adapted from Franzke 1998).

Most alkaloids are derived from amino acids, e.g. lupinine and lupanine,
which are bitter components of lupine, from lysine; ephedra, taxus and lunaria
alkaloids from phenylalanine and d-tubicurarin from tryptophane. In the case of
terpene and steroid alkaloids, N derives, for instance, from ammonia or
ethanolamine (Franzke 1998). In Table 1 the basic components for alkaloid
synthesis are listed.

In foodstuff the alkaloids caffeine, theobromine, theophylline, capsaicine,
nicotine, piperine, chavicine and solanidine are of practical relevance (Franzke
1998). Piperine is the main alkaloid of pepper (Franzke 1998). Capsaicine is a
phenylalkylamine, which occurs in paprika and pepper and causes the hot taste
(Franzke 1998). For food safety solanum alkaloids in potatoes, aubergines and
paprika are relevant (Franzke 1998). A concentration of more than 100 mg kg™
fresh weight solanidin alkaloids in potatoes should not be exceeded due to the
bitter taste and potential risk for human health; a dose of 25 mg is toxic and 400-
500 mg are lethal for humans (Franzke 1998).
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Table 1. Basic compounds for alkaloid synthesis, trivial names and plant origins of
selected alkaloids (Oksmancaldentey et al. 1987, Luckner 1990, Franzke 1998, Roberts
and Strack 1999, De Luca and Laflamme 2001).

Basic precursors Alkaloid name/group Family/genus/species
based on origin
Histidine pilocarpine Pilocarpus
Lysine lupinine, lupanine Lupinus
Ornithine hyoscamine, atropine Hyoscyamus,
Atropa belladonna
Phenylalanine Epehdra, Taxus and Lunaria  Epehdra, Taxus, Lunaria
alkaloids
Tyrosine mecaline, colchicine Trichocereus pachanoi,
Colchicum autumnale
Tryptophane Vinca, Rauvolfia and Apocynaceae, Loganiaceae,

Cataranthus alkaloids

Rubiaceae

Anthranilic acid

Nicotinic acid

Purine

Polyketide
Phenylalkylamine
Terpenoid
Steroid

quinoline, acridine and
benzodiazepine alkaloids
nicotine, ricinine, acalyphine

caffeine, theobromine and
theophylline

coniine
capsaicine
aconitine
solanum alkaloids

Rutaceae, Compositae

Nicotiana,

Ricinus communis,
Acalypha indica

Coffea arabica, Camellia
sinensis, Ilex bonplandiana,
Cola nitida, Theobroma
cacao

Conium maculatum
Capsicum

Aconitum karacolicum
Solanum, Lycopersicon,
Liliaceae, Asclepiadacea

There are two basic concepts, which form the basis for the regulation of
synthesis and allocation of secondary compounds. The carbon nutrient balance
hypothesis formulated by Bryant ez al. (1983) postulates that nutrient use and
carbon allocation is balanced in such a way that an ample nutrient availability
decreases the C/N ratio, favours rapid growth, more plasticity in allocation, and
lower levels of N free secondary components (C, H, O). In comparison a low
nutrient availability in the growth medium results in a higher C/N ratio, low
growth rate, non plastic allocation patterns, and high levels of N free secondary
components. Hoeft et al. (1996) conclude that their results fit to the carbon
nutrient balance hypothesis because primary and secondary metabolites were not
intercorrelated in their experiment. A high light intensity lowered the alkaloid
content, and when the N supply was low, a higher proportion was bound in
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alkaloids; the total alkaloid content of Tabernaemontana pachysiphon increased,
however, with fertilisation (Hoeft et al. 1996). In contrast, the concept of
homeostasis assumes that complex physiological processes maintain a steady
state in the plant organism. Lynds and Baldwin (1998) found a homeostasis in
the allocation pattern of nicotine which was independent on N source and N
fertiliser rate.

Gershenzon (1984) reviewed the literature on the influence of N supply and
N fertilisation on the alkaloid content of different plant species and concluded
that the effect of N fertilisation is related to the alkaloid type. Terpenoid derived
alkaloids are not affected by N fertilisation, while those derived from amino
acids show a clear increase. The N content of the alkaloid is another factor
influencing the efficacy of N fertilisation in such a way that species producing N
rich alkaloids show a consistent increase by N fertilisation (Gershenzon 1984).

The alkaloid content in lupines (Lupinus ssp.) may be as high as 4% in the
dry matter (Aniszewski 1993). The quinolizidine alkaloid content depended on
the variety and was about 40 times higher in bitter than in sweet lupines
(Aniszewski et al. 2001). Also, the content of biogenic polyamines was
significantly higher in bitter lupine varieties (Aniszewski et al. 2001).
Aniszewski et al. (2001) suggest an internal balance of biogenic polyamines,
quinolizidine alkaloids and basic amino acids in favour of the last in sweet
lupines. The effect of N fertilisation on the alkaloid content in seeds of Lupinus
angustifolius depended on climatic conditions and time of fertiliser application
(Barlog 2002). On an average N fertilisation increased the alkaloid content by 9-
17% (Barlog 2002).

Acock and Johnson (1998) found that an increasing N availability had no
effect on the cocaine concentration in leaves of Erythroxylum coca, while dry
weight of leaves increased. In comparison, N fertilisation increased the pinidine
content in Pinus ponderosa, particularly under conditions of severe N
deficiency, by 4.5 to 12 times and even 1.6 times when N supply was sufficient
(Gerson and Kelsey 1999). Baricevic et al. (1999) determined the highest
alkaloid content (hyosciamine and scopoloamine) of Atropa belladonna in a pot
experiment when water supply was optimum and N supply was lowest; under
water stress the highest N supply gave the highest alkaloid content. The
isoquinoline content in rhizomes of Sanguinaria canadensis increased with its
water content (Salmore and Hunter 2001). Gondola (2002) pointed out that N
fertilisation of 200 kg N ha™ increased the alkaloid content of tobacco from
1.46% to 2.61% compared to the control. A high N fertiliser rate compensated
seasonal fluctuations in the alkaloid content (Gondola 2002). Infestation of
Lupinus albus with Cuscuta reflexa caused a decline of the alkaloid
quinolizidine content and synthesis by about 50% in the host (Baumel et al.
1995). During plant growth the N level decreased, but in infested plants the
alkaloid content was 1.3-fold higher than in the noninfested plants, most of it
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found in Cuscuta (Baumel et al. 1995). Infestation apparently limited catabolic
processes and rather promoted alkaloid synthesis in infested plants.

GLUCOSINOLATES

Glucosinolates are characteristic compounds of at least 15 dicotyledonous
taxa. Out of these Brassicaceae are the most important agricultural crops.
Glucosinolates act as attractants, repellents, insecticides, fungicides and
antimicrobial protectors. The principle structure of a glucosinolate is given in
Figure 3. About 80 different glucosinolates exist which consist of glucose, a
sulphur containing group with an aglucon rest and a sulphate group (Watzl and
Latzmann 1999). Alkenyl glucosinolates such as progoitrin and gluconapin have
an aliphatic aglucon rest, while indole glucosinolates such as glucobrassicin and
4-hydroxyglucobrassicin in Brassica napus have an aromatic aglucon rest
(Figure 3). Additional information on the characteristics of glucosinolate side
chains is given by Underhill (1980), Larsen (1981), and Bjerg et al. (1987).

CH20H
0
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R

Figure 3. Basic structure of glucosinolates (Schnug 1990).

Glucosinolates are generally hydrolysed by the enzyme myrosinase, which is
present in all glucosinolate containing plant parts. A proposed pathway for the
recyclisation of sulphur (and nitrogen) under conditions of severe S deficiency is
described by Schnug and Haneklaus (1994). Bones and Rossiter (1996) provide
basic information about the biochemistry of the myrosinase/glucosinolate
system. The degradation of glucosinolates results in the so called mustard oils,
which are responsible for smell, taste and biological effect. Glucosinolates are
vacuolar defence compounds (Wink and Schimmer 1999) of qualitative value
(Rosenthal and Janzen 1979), which are effective against generalist insects at
low tissue concentrations (Larsen et al. 1985). Isothiocyanates, the breakdown
products after enzymatic cleavage of glucosinolates, may retard multiplication of
spores, but do not hamper growth of fungal mycelium (Drobnica ef al. 1967) and
fungi may overcome the glucosinolate/ myrosinase system efficiently (Wu and
Meijer 1999, Sexton and Howlett 2000).
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Glucosinolates affect the flavour of spicy crops such as mustard and radish
(Fenwick et al. 1983) and cause their pungency. Glucosinolates are antinutritive
because of their goitrogenic effect (Berdanier 2002), which restricted for
instance the use of extracted rape meal from single low oilseed rape cultivars in
animal feeding. In human nutrition, glucosinolates are studied for their
anticarcinogenic and antimicrobial potential (Watzl and Leitzmann 1999). In
animal experimentation an anticarcinogenic effect could be attributed to
isothiocyanates (phenethylisothiocyanate, bencylisothiocyanate, sulphoraphane),
thiocyanates (bencylthiocyanate) and indoles (Watzl and Leitzmann 1999).
Another beneficial effect of glucosinolates is their antimicrobial action,
particularly that of bencylisothiocyanate (Watzl and Leitzmann 1999).

Secondary metabolites are often synthesised during maturation of crops. With
a better degree of maturity, a higher concentration is expected in foods grown in
organic farming systems (Mglgaard, 2000, Brandt et al. 2001). Broccoli is rich
in sulphoraphane which, in animal feeding experimentation has shown a
protective effect against chemically induced breast cancer (Zhang et al. 1994).
Adam (2002) found sulphoraphane contents in broccoli that were two to six-fold
higher in market products that were organically grown.

Generally, N fertilisation tended to result in lower glucosinolate contents
(Rosa et al. 1997). Under field conditions the effect of N fertilisation on the
glucosinolate content varied substantially between seasons (Asare and
Scarisbrick 1995). Schnug (1989) found a distinct interaction between N and S
fertilisation in the range of an insufficient N supply, whereby the alkenyl, but
not the indole glucosinolate content in seeds of rapeseed increased with higher N
and S rates. Kim et al. (2002) showed that N fertilisation increased particularly
the alkenyl-glucosinolates, gluconapin and glucobrassicanapin, in Brassica rapa.

AMINES

Biogenic amines, except betains, result from the decarboxylation of amino
acids (Franzke 1998). Amines may be divided into primary (R- NH,), secondary
(R, Ry-NH), tertiary (R;, Ry, R3N), and quarternary amines (R;, Ry, R;, Ry-
N'OH") (Luckner 1990). Polyamines such as spermidine and spermine comprise
three or more amino groups (Luckner 1990). Biogenic amines are precursors of
alkaloids and hormones, are neurotransmitters and components of phospholipids
and vitamins (Altman and Levin 1993, Franzke 1998).

Polyamines can be found in all living organisms (Franzke 1998). Food
products contain on average 20-40 mg kg biogenic amines (Franzke 1998).
Decarboxylation by bacteria can enhance the synthesis of amines so that
fermented (sauerkraut) or contaminated products (rotten fish may contain up to
4,000 mg kg' histamine (Franzke 1998)) show distinctly higher amine
concentrations (Shalaby 1996, Kalac et al. 2001).
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Dietary polyamines have beneficial and detrimental effects on human health
(Serensen et al. 2001, Eliassen ef al. 2002). Putrescine, spermine and spermidine
are essential for cell proliferation, differentiation and renewal (Kalac et al. 2001,
Eliassen et al. 2002, chapter 8). In comparison, histamine and tyramine may
cause physiological disorders in humans, the first involved in food poisoning,
the second possibly a trigger in the hypertensive crisis (Bauza et al. 1995,
Shalaby 1996, Kalac et al. 2001). Polyamines stimulate growth and
differentiation of tumours, and adversely effect the antitumour immune system
(Eliassen et al. 2002). Secondary amines may react with nitrite, which yields
carcinogenic nitrosamines (Silla Santos 1996).

Biogenic polyamines are positively charged cellular components, have a pH
and cation effect (Friedman and Oshima 1989, Altman and Levin 1993),
electrostatic binding to negatively charged components of nucleic acids and cell
membrane phospholipids and have allelopathic functions in plants (Altman and
Levin 1993). Biogenic polyamines function as N reserves in lupine (Aniszewski
et al. 2001). The ratio of putrescine:spermidine:spermine was 100:10:1 in
tobacco (Altman and Levin 1993). N fertilisation may increase the capsaicine
content of pepper (Johnson and Decoteau 1996) and the histamine, putrescine
and cadaverine content in red wines (Bauza ef al. 1995). The form of N nutrition
may also be of significance as NH," nutrition yielded a 100-fold increase in
putrescine, and a moderate increase in other diamines and polyamines in
soybean (Le Rudulier and Goas 1975). The intake of silage with elevated levels
of amines by ruminants had a negative influence on health and physical
condition due to a detrimental impact on ruminal and intestinal mucuous
membranes (Krizek 1995). While the influence of N fertilisation was minor,
suboptimal silage storage conditions increased the content of biogenic amines to
values higher than 0.1% (Krizek 1995).

CYANOGENIC GLYCOSIDES

Cyanogenic glycosides are derived from the amino acids valine, isoleucine,
leucine, phenylalanine and tyrosine, and the mnon-protein amino acid
cyclopentenglycine (Selmar 1999). In Figure 4 the basic structures of
cyanogenic glycosides and their precursors are given. So far more than 60
different structures of cyanogenic glycosides are known; basically they consist
of a-hydroxynitriles, which are stabilised by glucose (Selmar 1999). Cyanogenic
glycosides are stored in the vacuole and thus are separated from their hydrolytic
enzymes (Wink and Schimmer 1999). After cell disrupture, B-glucosidase splits
the glycoside into sugar and a nitrile moiety, which is further hydrolysed to
hydrocyanic acid (HCN) and an aldehyde (Wink and Schimmer 1999). The high
toxicity of cyanide makes these compounds an effective repellent against
herbivores (Woodhead and Bernays 1977, Goodger et al. 2002). In comparison,
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most microorganisms are not sensitive against cyanide because of their ability to
use the cyanide insensitive “alternative” respiratory pathway and their capability
to detoxify cyanide, respectively (Selmar 1999). Further information about
biochemical, physiological and nutritional aspects of cyanogenic glycosides is
given by Selmar (1999).

(R)-Lotaustralin (S)FHeterodendrin
Linamarin (S)-Epilotaustralin (R)-Epiheterodendrin
CH3
CH3 CN CH3—CHg /CN >CH\ CN
C \C' CHs CH
7N VRN AN
CHs O-Glucose CH3 O-Glucose 0O-Glucose
Precursors Valine Isoleucine Leucine
(R)-Deidaclin (R)-Prunasin (S)Dhurrin
(S} Tetraphyllin A (S}Sambunigrin (R)-Taxiphyllin
H CN H CN
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Precursors Cyclopentenylglycine Phenylalanine HO Tyrosine

Figure 4. Basic structure of cyanogenic glycosides and their precursors (adapted from
Selmar 1999)

More or less all plants contain cyanogenic glucosides and the cyanide content
may be as low as 1 pg kg in rice or as high as 2,100 pg kg in plum juice
(Lang 1990). Food processing of plants rich in cyanogenic glycosides, such as
bamboo and cassava, by maceration for enzymatic cleavage and evaporation for
final removal, is necessary in order to prevent toxic effects after consumption by
humans or cattle (Selmar 1999).

Eucalyptus cladocalyx binds 15-20% of N in the cyanogenic glycoside
prunasin (Gleadow and Woodrow 2000, Burns et al. 2002). The cyanogenic
glycoside concentration was highest in young vegetative and generative plant
tissue (Gleadow and Woodrow 2000). These results indicate that plant tissue,
which is most susceptible to pathogens enriches cyanogenic glycosides. Plants
grown in shade had lower prunasin concentrations relative to the N and
chlorophyll content, also under conditions of a sufficient N supply, which shows
that N was preferably used for the photosynthetic apparatus (Burns ef al. 2002).
Similar results were determined by Busk and Moller (2002) for the influence of
N fertilisation on the dhurrin content of Sorghum leaves, which was more
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pronounced in full light than under shading conditions (Wheeler et al. 1990). By
comparison, Goodger et al. (2002) found no relationship between foliar N
content and prunasin concentration in two different Fucalyptus polyanthernos
populations.

NON PROTEIN AMINO ACIDS

Non protein amino acids (NPAAs) are structural analogues to the 20 protein
amino acids (Wink and Schimmer 1999). The structure of some simple NPAAs
is given in Figure 5. In protein amino acids the amino group is linked to the a-
carbon, while in NPAAs the amino group can be bound to the B-carbon as for
instance in 3-alanine or to the y-carbon like in 4-amino butyric acid (Figure 5).
NPAAs are usually present in the free state (Luckner 1990). The formation of
NPAAs is regulated either by specific pathways, the modification of primary
amino acids or the modification of biosynthetic pathways leading to primary
amino acids (Luckner 1990). About 900 amino acids, which are not linked to the
primary metabolism, were identified and thus can be regarded as secondary
metabolites (Lambein et al. 2001).

COOH COOH COOH

(|3H ——NHz ('|‘.;H2 (|3H2

C|.‘.Hg (|JH2 —NH2 Cng

(|3Hg —OH CH2 ——NHz
homoserine 3-alanine 4-amino butyric acid

Figure 5. Structure of some simple non-protein amino acids (adapted from Selmar
1999).

Canavanine, a structural analogue of arginine is present in many legume
crops and affects in particular the immune system, but is also discussed as a
chemotherapeutic agent for human pancreas cancer (Lambein et al. 2001).
Besides canavanine, mimosine and canaline are tested as anticancer metabolites
(Lambein et al. 2001). Other NPAAs, for example glutamine derivates are tested
in pharmacology (Brauner-Osborne et al. 1997).

Toxic NPAAs in plants may offer protection against herbivores (Rosenthal
2001). Possible effects of NPAAs on pests and diseases are, however, obscure at
the moment. NPAAs function as storage pools for reduced N (Shelp ef al. 1999).
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Seeds of Griffonia simplicifolia and Mucuna mutisiana contained for example
14% 5-hydroxy-L-tryptophan and 8% L-DOPA (L-3.,4-dihydroxypheny-
lalanine), respectively (Luckner 1990). Other functions of NPAAs are the
provision of energy by, for example, creatine phosphate, and osmotic regulation,
for example by betaines (Luckner 1990).

N fertilisation increased the content of §-acetylornithine in rhizomes of
Bistorta bistortoides (Lipson et al. 1996). Leguminosae are a major source for
NPAAs such as albizine, canavanine and lathyrine (Wink and Waterman 1999),
but the influence of the N nutritional status on their synthesis remains
speculative.

NUTRACEUTICALS

The costs for nutrition related diseases are estimated to exceed currently 50
billion € in Germany (Anon 2003). The main reasons being malnutrition,
overconsumption and physical inactivity (Anon 2003). The purchase of
nutraceuticals suggests the compensation of these faults to consumers and the
rapidly expanding market for nutraceuticals is at least economically highly
beneficial for the food industry. A nutraceutical can be any substance that may
be considered a food or part of a food and provides medical or health benefits
including the prevention and treatment of disease (DeFelice 1992).
Nutraceuticals are sold under “hard claims”, which are claims related to
activities against diseases and “soft claims” which are used to describe
preventive health claims (Juretko 1999). Nutraceuticals comprise isolated
nutrients, dietary supplements, diets, genetically engineered designer foods,
herbal products and processed products (Andlauer and Fuerst 2002). The terms
nutraceuticals or functional food are approved in Japan as FOSHU (Food for
Specific Health Use) if the food or added ingredients have been acknowledged
to provide potential health benefits and which comprises of carbohydrates,
proteins, minerals and other components such as rice globulin and eucommia
leaf glycoside (Goldberg 1994). The question, however, remains open whether
nutraceuticals may not only promote malnutrition, but will also have adverse
long-term effects, particularly through regular intake of high doses of bioactive
compounds in the form of different products fortified with the same component.

There is substantial evidence from epidemiological studies that diets, which
are rich in fruits and vegetables, may prevent cardiovascular diseases and cancer
(Steinmetz and Potter 1996). Potentially anticarcinogenic compounds include
Allium compounds, isothiocyanates and chlorophyll (Dashwood 1997, Watzl and
Leitzmann 1999). The significance of secondary metabolites in the diet for
cancer prevention is summarised by Weisburger and Butrum (2002). The same
authors stress that dietary supplements are not as effective as the food,
presumably because of synergistic effects among different components.
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In this section, the significance of secondary metabolites as nutraceuticals
will be discussed exemplary for alliin, glutathione and chlorophyll, all of them
being part of a healthy diet and available as dietary supplements.

Alliins
Allium species contain four S-alk(en)yl-L-cysteine sulfoxides, namely S-1-
propenyl-, S-2-propenyl, S-methyl- and S-propyl-L-cysteine sulphoxides (Block

1992). Iso-alliin is the main form in onions, while alliin is the predominant form
in garlic (Kawakishi and Morimitsu 1994, Figure 6).

NH2

il \)\COOH

Alliin

n=0

Figure 6. Chemical structure of alliin (adapted from Watzl and Leitzmann 1999).

The characteristic flavour of Allium species is caused after the enzyme
alliinase hydrolyses cysteine sulfoxides to form pyruvate, ammonia and S
containing volatiles. In the intact cell alliin and related cysteine sulfoxides are
located in the cytoplasm while the C-S lyase enzyme alliinase is localised in the
vacuole (Lancaster and Collin 1981). Disruption of the cell releases the enzyme,
which causes subsequent o,3-elimination of the sulfoxides, ultimately affording
volatile and odorous low molecular weight organosulphur compounds (Block
and Calvey 1994). The cysteine sulfoxide content of A/lium species is an
important quality parameter with regard to organoleptic features since it
determines the taste and sharpness.

Alliin acts as an antioxidant by activating glutathione enzymes (see below)
and has anticarcinogenic and antimicrobial effect (Watzl and Leitzmann 1999).
In vitro the degradation of iso-alliin yields thiopropanal S-oxide that strongly
inhibits the human platelet aggregation, which would explain the therapeutic
effect of onions (Allium cepa L.) on vascular diseases such as thrombosis,
arteriosclerosis, hyperlipidemia and rheumatic arthritis (Kawakishi and
Morimitsu 1994). Garlic is used against arteriosclerosis, high blood pressure,
and has been shown to have antibacterial, antifungal, antiviral and antiprotozoal
activities. It also modulates the cardiovascular and immune system and has
antioxidative and anticarcinogenic properties (Harris et al. 2001).

On average 21% of S, but only 0.9% of N were bound as iso-alliin in onion
bulbs at the start of bulb growth (Bloem et al. 2003). Interactions between N and
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S supply existed in such a way that an N and S fertilisation decreased total S and
N contents in onion (Bloem et a/. 2003). N rate and N form influenced the alliin
content and flavour quality of onions (Gamiely et al. 1991, Coolong and Randle
2003). N fertilisation increased the synthesis of flavour precursors in onions
(Randle 2000), but Bloem et al. (2003) found no significant influence of N
fertilisation on the iso-alliin content in onion and the alliin content in garlic
bulbs. There was, however, a tendency that higher N supply resulted in a
decreased alliin content (Bloem et al. 2003).

Glutathione

The reduced glutathione tripeptide (L-y-glutamyl-L-cysteinylglycine, Figure
7) is conventionally called glutathione. In plants glutathione is among others
essential as an antioxidant, for the modulation of enzyme activity and the
synthesis of phytochelatins (Foyer and Noctor 2001). Glutathione is part of the
immune system in the human body (Galen 2000). Glutathione is an endogenous,
water soluble, non-enzymatic antioxidant, which maintains exogenous
antioxidants such as vitamins C and E in their reduced, active forms (Bray and
Taylor 1994, Watzl and Leitzmann 1999). The enzymes glutathione peroxidases
and glutathione reductase catalyse reactions by which glutathione eliminates free
radicals and peroxides (Watzl and Leitzmann 1999). Consequently, glutathione
is discussed as an anticarcinogenic (Bounous et al. 1991). A higher activity of
glutathione-S-transferase induced for instance by sulphides, isothiocyanates and
indole glucosinolates is one mechanism for inactivating carcinogenic substances
(Watzl and Leitzmann 1999).
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Figure 7. Principal structure of the reduced form of glutathione (adapted from Wonisch
and Schaur 2001).

Asparagus (Asparagus officinalis), avocado (Persea gratissima) and
watermelon (Citrullus lanatus) are particularly rich in glutathione with mean
contents of 35, 31 and 280 mg glutathione kg™ fresh weight, respectively (Saito
et al. 2000). Young, developing leaves showed the highest glutathione content,
which then decreased with plant age (Bielawski and Joy 1986). Shalaby (2003)
found genotypical differences in the glutathione content of different white
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asparagus cultivars. N fertilisation had no significant influence on the
glutathione content in asparagus spears, while S fertilisation significantly
increased the glutathione content (Shalaby 2003).

Chlorophyll

Chlorophylls are health promoting phytochemicals (Ferruzzi et al. 2001). The
chemical structure of chlorophyll a is given in Figure 8. After intake of
chlorophyll, chlorophyllin is mediated in the gastrointestinal tract of humans
whereby the magnesium atom is substituted by a metal, for example Cu, Co or
Fe (Watzl and Leitzmann 1999); both components can impair the occurrence of
cancer (Dashwood 1997). Egner ef al. (2001, 2003) found that a mixture of
semisynthetic derivates of chlorophyll, which is commercially available, reduced
the urinary levels of an aflatoxin biomarker by 55% compared to the placebo
group. The same authors conclude that a diet rich in chlorophyll might be
efficient in cancer protection. Some mycotoxins cause cell membrane damage
through increased lipid peroxidation. Chlorophyll and its derivates as well as
other compounds (e.g. vitamins, carotenoids, phenolics), are discussed as being
efficient against toxic effects of mycotoxins through acting as superoxide anion
scavengers (Atroshi et al. 2002).

Photosynthetic N use efficiency determines plant and leaf N productivities
(Garnier et al. 1995). Ercoli et al. (1993) found a close relationship between N
and chlorophyll a and b content on a leaf area base in a N response experiment
with maize (Figure 9). An increase of 1 mmol N m™ was associated with an
increase of 11 pmol chlorophyll a m™ and 3.9 pmol chlorophyll b m™ (Ercoli et
al. 1993).

The relationship between N and chlorophyll a and b content, respectively was
close with a coefficient of correlation of r = 0.91 and r = 0.87; the coefficient of
correlation was r = 0.91 for the sum of chlorophyll a and b (Ercoli 1993). In
comparison Yoder and Pettigrew-Crosby (1995) found only a coefficient of
correlation of r = 0.66 for maple leaves under controlled N management. Ercoli
et al. (1993) and Yoder and Pettigrew-Crosby (1995) worked with leaves of
defined age and insertion, respectively. For undefined leaf material there is,
however, no general relationship between chlorophyll content and specific leaf
weight and N content (Baret and Fourty 1997), because there are many more
environmental factors affecting the chlorophyll content of plant tissue than the N
supply, such as drought, temperature, diseases and nutrient disorders (Haneklaus
and Schnug 2002). Here, a fractionation of N bound in thylakoid membranes as
pigment/protein complexes (chlorophyll a and b) and soluble proteins
(photorespiratory enzymes) would be required to determine the relationship
between N status and chlorophyll content as the proportion of total N in
thylakoid membranes remains constant with increasing N per unit leaf area,
while the proportion of soluble protein increases (Evans 1989).
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Figure 8. Chemical structure of chlorophyll a (adapted from Schroeter et al. 1995).

PHYTOPHARMACEUTICALS

Plants provide an invaluable source of secondary metabolites, which are used
in their isolated form and which are indispensable in medical treatments, for
example morphine, atropine and codeine. Heilmann and Bauer (1999) give an
overview of new secondary compounds with pharmaceutical potential. The
alkaloids ellipticine, 9-methoxyellipticine and olivacine were isolated from
Ochrosia and Aspidosperma species and showed in vitro antitumour activity
(Heilmann and Bauer 1999). Taxane derived compounds were already isolated
in the 1960's. Paclitaxel is a diterpenoid with an alkaloidal side chain, which was
first isolated from Taxus brevifolia (Heilmann and Bauer 1999). Paclitaxel was
identified as being cyctotoxic to human epidermoid carcinoma cells and in
leukaemia cell systems, but also other cancer types (Wani et al. 1971). The
indolizidine alkaloid swainsonine is an important compound against viral
infections such as HIV and is constituent of different locoweed species
(Heilmann and Bauer 1999). Other antiviral N containing secondary metabolites
are the o- and p-glucosidase 1 inhibitors, desoxynojirimycin and
castanospermine  from  Castanospermum  australe and the dimeric
naphtylisoquinoline alkaloids, so-called michellamines from Ancistrocladus
korupensis (Heilmann and Bauer 1999).

Besides the potential of secondary metabolites for pharmacology, several
thousand plants are used in phytomedicine to treat human ailments and diseases
(Wink 1999a) and their therapeutically active compounds claim among others to
act as anticarcinogenic, antibiotic, antihypertensive and cholesterol reducing
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agents (Srivastava et al. 1995, Verhoeven et al. 1997). Phytopharmaceuticals are
old remedies for many medical disorders. As long ago as the 12™ century
Hildegard von Bingen (1098 - 1183) described the medicinal action of 213 trees
and plants and most of her knowledge is still valid today. The World Health
Organisation (WHO) defines phytopharmaceuticals as medicine, which active
compounds only consist of plant material for example plant powder, plant
secretion, essential oil or plant extracts (Kern 1996). The registration of new
products is a complicated process due to the lack of clinical investigations,
which prove their medical activity. A herbal preparation is considered as one
active compound of a drug, although it contains many different chemically
defined constituents. Isolated constituents of herbal origin are not considered to
be herbal remedies (Keller 1991). In Germany, herbal medicines have a special
status set up by the Commission E, which investigated and affirmed the safety
and effectiveness of phytomedicines, of in total, 363 herbal plants (Blumenthal
et al. 1998). The Commission E handbook provides the decision basis for the
registration of new and the re-registration of old products. Monodrugs receive
preferential admission, while combination products, which contain parts of more
than three different plants, are expected to receive no admission after 2004 (Karl
1999).
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Figure 9. Relationship between N and chlorophyll a and b content in Zea mays in
dependence on N fertiliser rates (adapted from Ercoli ef al. 1993).
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Today phytopharmaceuticals are recommended for primary healthcare (Benzi
and Ceci 1997). In this section, the use of secondary N containing compounds
such as phytopharmaceuticals will be discussed, exemplary for glucotropaeolin.

Glucotropaeolin

There is a great number of well known herbal plants such as horseradish,
garlic and mustard with various bioactive compounds, such as glucosinolates,
alliins, glutathione, but little is known about the specific effect of a compound
and its interaction with other constituents. An oil extract from nasturtium
(Tropaeolum majus) for example is 20 times more effective than the
synthetically produced analogue (Winter 1954, Klesse and Lukoschek 1955).

Glucotropaeolin is the characteristic, aromatic glucosinolate found in T.
majus which has been indicated for the treatment of scurvy, bronchitis, cystitis,
pyelitis and as a general tonic and stimulant (Bardeau 1978). In the
pharmaceutical industry it has long been recognised for its antimicrobial action
against urethral infections (Dannenberg et al. 1956, Bergmann et al. 1966). The
active component is benzylisothiocyanate, which is released after enzymatic
cleavage of glucotropaeolin by myrosinase. Benzylisothiocyanate derived from
T. majus may also have the ability to induce the synthesis of protective enzymes,
which reduces the effects of chemical carcinogens (Fahey et al. 1997).

Variation of glucosinolate concentration within a plant is caused by
genotypical differences and numerous environmental factors such as plant age,
plant part, temperature, light intensity and plant pathogen interactions (Elliot and
Stowe 1971, Rosenthal and Janzen 1979, Gershenzon 1984, Schnug 1987,
Fieldsend and Milsford 1994, Rosa et al. 1997, Rosa and Rodrigues 1998).
Besides these natural fluctuations, glucosinolates are prone to degradation after
activation of the myrosinase enzyme following cellular disruption. This means
that losses of the intact glucosinolate are inevitable during harvest and
preservation of the crop (Bones and Rossiter 1996) and therefore a principal,
major handicap for the pharmaceutical use of 7. majus. The strongest exogenous
factor influencing the glucosinolate content in both, vegetative and generative
tissues of Brassica crops, proved to be, however, the sulphur supply (Schnug
1987, Walker and Booth 1994). N fertilisation did not significantly affect the
glucotropaeolin content of 7. majus (Figure 10, Bloem et al. 2001b).

S fertilisation, however, increased the glucotropaeolin content in leaves and
stems by about 0.43 and 0.11 pmol kg' applied S, respectively. The
glucotropaeolin content of seeds of Tropaeolum majus was almost doubled by S
fertilisation from 33 to 56 pmol g”' (Bloem et al. 2001b). The results reveal the
significance of an optimum nutrient supply in order to achieve a consistently
high crop quality, a criterion which is of particular relevance if the
phytopharmaceuticals are directly prepared from the harvested plant material
(Bloem et al. 2003).
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Figure 10. Influence of sulphur and nitrogen fertilisation on the glucotropaeolin content
in leaves and stems of 7. majus at the start of flowering (Bloem et al. 2001b).

CONCLUSIONS

The aspects of food safety and food quality are of prime interest in developed
countries (Anon 2003). The significance of secondary metabolites in plants as
protection against biotic and abiotic stress, as a criteria for food quality and as an
invaluable potential for pharmacological and phytopharmaceutical use is
meanwhile undisputed. For numerous secondary metabolites their role in plant
and human metabolism is still unclear. The same applies to the influence of
agronomic measures on the concentration of secondary metabolites in plants. A
healthy diet is, in any case, not only based on high quality food, but is also
closely linked to dietary habits (Read 2002). Nutraceuticals suggest a diet that
balances possible deficiencies and provide consumers with a feeling of safety,
but their consumption promotes the substitution of natural, manifold food.
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Chapter 10

BIOTECHNOLOGY OF NITROGEN ACQUISITION
IN RICE - IMPLICATIONS FOR FOOD SECURITY

Dev T. Britto and Herbert J. Kronzucker

INTRODUCTION

The intensive irrigated rice farms in the lowlands of southern Asia are the
world’s most important agricultural systems, covering some 79 million hectares,
and accounting for approximately 70% of global rice production. While rice
yields are sufficient to meet current human needs, they must increase by 60%
within the next 30 years, if present projections for human population growth are
correct (Ladha and Reddy 2003). Among the factors compromising the
realisation of rice yield potential in the field, the supply and uptake rates of
nitrogen are recognised as being among the foremost (Ladha and Reddy 2003).
For instance, Horie et al. (1997) showed that the number of spikelets produced
by rice plants was closely related to the plants’ N status, and Witt et al. (1999)
showed a similarly strong relationship between grain yield and plant N status.

Indeed, nitrogen use by rice plants was a key factor in the “green revolution”
of the 1960s, wherein new varieties of rice could absorb and assimilate more
nitrogen, without lodging, than their predecessors. Lodging resistance was due
to the dwarf stature of these plants, and, in combination with other important
traits such as high tillering, high harvest index, and dark green and erect leaves,
allowed them to become much more productive from a grain-setting perspective
(Khush 2001). However, the yield potential of existing high-yielding strains of
rice is not achieved by most irrigated-rice farmers, who typically apply 86 to 138
kg N ha™' crop™ (Dobermann and Cassman 2002), even though an estimated 250
kg ha' crop™ is required to reach near-record yields of 10 t ha”, assuming
(conservatively) that 50% of the applied N is lost from the cropping system via
volatilisation and other factors (Sheehy 2000).

Nevertheless, for both economic and environmental reasons, the required
increase in rice production needs to be accompanied by a general decrease in
fertiliser use (Khush 2001), which makes for a significantly greater challenge,
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particularly given the rather low efficiency of N capture by the crop. This
challenge can be partially addressed by improvements in field management
practices, such as through the enhancement of the formation and stability of
nitrate-N in paddy soils, by selecting for increased O, exudation from rice roots
(Kirk and Kronzucker 2000), or by alternating periods of flooding with drying
periods that facilitate nitrification (Arth et al. 1998, Kronzucker et al. 2000).
Such strategies could potentially reduce losses due to N volatilisation (the main
route of N loss from the system) and the resulting co-presence of nitrate and
ammonium in rice paddies might have a positive, synergistic effect on yield
(Kronzucker et al. 1999, 2000). More generally, techniques of precision
agriculture, in which the timing, dose, and depth of N application are
coordinated with the requirements of the developing plant, appear promising
(Cassman et al. 1998, Cassman 1999). However, while the implementation of
precision agriculture is an important long-term goal, with potentially high
returns, it is at present an expensive technology relative to the incomes of most
Asian rice farmers (Cassman 1999, Robert 2002).

A different approach to the issue of nitrogen and rice yield, and the one
which is the main subject of this chapter, involves an examination of the
physiology of rice-nitrogen relations, at whole-plant, cellular, biochemical, and
genetic levels of organisation. This information is vital to the implementation of
conventional and recombinant-DNA breeding methods to increase both the yield
of the rice crop, and its agronomic N-use efficiency (i.e. the yield increment
relative to N fertiliser input). This chapter will discuss several important aspects
of rice-nitrogen relations, focusing on four main topics: 1) biological N fixation,
2) N uptake, 3) N assimilation and, 4) points of intersection between
photosynthesis and plant N use.

BIOLOGICAL NITROGEN FIXATION IN RICE

In many areas under rice cultivation, nitrogen is fixed by naturally-occurring
diazotrophic bacteria, and can be directly or indirectly available to the crop.
Biological nitrogen fixation (BNF) contributes an average of 30 kg N per crop
(Roger and Ladha 1992), and can be particularly important when N applied as
fertiliser is in short supply, as can be the case during the critical phases of
flowering and grain set. Under greenhouse conditions, the amount of
biologically fixed N taken up by rice can be as much as 80%, and is strongly
dependent on the cultivar used (Ladha et a/. 1998). While much of the BNF in
rice paddies is accomplished by free-living cyanobacterial diazotrophs, or by the
cyanobacterium Anabaena in association with the aquatic water fern Azolla
(chapter 3), it has been of much recent interest that there exist diazotrophic
rhizobia that endophytically associate with rice plants under natural conditions
(Figure 1, Yanni et al. 2001).
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Figure 1. Scanning electron micrograph showing the “crack entry” mode of primary host
infection into a rice root by cells of a rice-adapted endophytic strain of Rhizobium
leguminosarum bv. trifolii in gnotobiotic culture. Bar scale equals 10 um.

A cropping system consisting of a rotation of rice with berseem clover
(Trifolium  alexandrinum), which acts as a reservoir for Rhizobium
leguminosarum bv. trifolii, has been in use in Egypt for centuries, and this
system is only now being mechanistically unravelled. Recent field trials using
this system, with specialised isolates of Rhizobium leguminosarum, have shown
that substantial yield and agronomic NUE (N use efficiency) increases (of 30%
or even higher) can result from bacterial inoculation, particularly when only 1/3
of the recommended dose of fertiliser N is used (Table 1, Yanni et al. 2001).
However, in the case of this association, the yield increases could not be
attributed to transfer of N from the bacterial partner to the rice plant, but resulted
primarily from changes in root architecture that were stimulated by the presence
of the colonising bacteria. Such changes can lead to a greater capacity of the
plants to efficiently extract N and other nutrients from the soil. In addition, there
is evidence that the colonising bacteria produce the hormones IAA and GA7, and
that this production is stimulated in the presence of root exudates (chapter 1,
Yanni ef al. 2001).
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Although the rice/clover-Rhizobium rotation system entails a season in which
rice is not grown, and hence cannot provide as much grain annually as can a
double- or triple-cropping rice system, the fact that it occurs naturally is an
indication that rice is genetically predisposed toward becoming the host partner
in a tighter endophytic relationship with a diazotroph. This is especially true
given that the associations appear to be very strain/variety specific, and heritable
(Yanni et al. 2001). Therefore, while extremely challenging, the success of
longer-range goals of engineering rice plants to behave like nodulating legumes,
and requiring less fertiliser-N input while attaining maximal yields, is
conceivable, and this area has attracted much research attention.

Table 1. N-related grain-yield enhancements in rice and wheat. Control value = 1.

Treatment Yield Reference
enhancement

Rhizobium inoculation (rice, no applied N) 1.48 Yanni ef al. 2001

Rhizobium inoculation (rice, 144 kg N ha™) 1.41 Yanni ef al. 2001

Transgenic PEPcase expression (rice) 1.22 Jiao et al. 2002

GS1 overexpression (wheat) 1.14 Habash et al. 2001

From legume to rice

In 1992, the International Rice Research Institute (IRRI) began spearheading
a multi-center “Human Frontier” project with the principal long-term goal of
bioengineering N fixation in rice. However, it should be noted that the sequence
of steps involved in nodule formation, and subsequent symbiotic N fixation is
lengthy, complex, and not completely understood. The current state of this
knowledge is summarised in several recent reviews (Thies et al. 2001, Dey and
Datta 2002, Trevaskis et al. 2002, Ladha and Reddy 2003,). In legumes (chapter
4), this sequence typically begins with the release of flavonoids and other signal
compounds by the host plant which induce the expression of bacterial nod genes;
nod factors produced by these bacterial genes include chito-lipo-
oligosaccharides (CLOSes) which then, in turn, lead to the induction of “early
nodulin” genes (ENODs) in the root vascular tissue; this is followed by cell
division and ultimately the formation of microfibril-entangled nodules,
concomitant with increased auxin, gibberellin and cytokinin concentrations in
these tissues (these hormones may be both of host plant and bacterial origin;
Broughton et al. 2003). Once nodulation has advanced to a critical stage of
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development, nitrogen fixation proceeds via an enzyme system encoded by nif

genes (see below). In rice (Ladha and Reddy 2003), the scenario differs in

several ways:

— Root exudates have only limited capacity, and only in some cultivars, to
induce nod genes in diazotrophic bacteria (Reddy et al. 1998).

— No true nodule formation has been demonstrated in rice, either due to the
presence of rhizobia or the addition of CLOS factors.

— Although rhizobia attach to root hairs, they do not infect them.

The primary mode of rhizobial entry into rice roots is via cracks at junctions
between epidermal cells, or fissures formed transiently during lateral root
emergence (Figure 1); however, unlike in legumes, this infection appears nod-
independent, and classical infection threads are not formed (Ladha et al. 1998,
Yanni et al. 2001).

Endophytic diazotrophs are seen in some cultivars (see above), including
major varieties, such as IR-72 (Barraquio et al. 1997), but these are limited to
intercellular (apoplastic) spaces including the xylem tissue (Cocking 2003) or
cells undergoing lysis (Reddy et al. 1997), i.e. they are not endocytic; the thick
cortical sclerenchyma in rice roots prevents deeper cross-sectional penetration of
would-be endosymbionts.

Promising developments

Despite these major differences from legumes, and their associated
impediments, however, bacterial attachment to rice roots (Terouchi and Syono
1990), and some morphological responses to rhizobial inoculation, have been
documented in rice. Rhizobial plant growth substances have been shown to
change lateral root architecture to favour short and thick laterals (Reddy et al.
1997), and root hair deformation, a process associated with early microsymbiont
infection, has been demonstrated in at least one instance (Plazinski et al. 1985).
It has also become clear that several salient aspects of the complex gene cascade
required to achieve successful nodulation are in fact present in rice (Ladha and
Reddy 2003). Particularly encouraging is the fact that homologues to legume
ENODs, such as ENOD40 and ENOD93, have been discovered in rice, and
rhizobial nod factors have been shown to induce at least one of these, ENODI2
(Reddy et al. 1997); similarly, the expression of rice ENOD40 protein in
soybean revealed that its tissue localisation was identical to that of endogenous
legume ENODs, indicating that key regulatory features of these genes may be
conserved in rice. A partial explanation for the presence of such genes in rice,
and for their induction response to external stimuli, may lie in the fact that wild
relatives of rice (although, typically, not in paddy-grown cultivated rices)
possess the capacity to form mycorrhizal associations, and there appear to be
substantial principal similarities at the genetic level between the formation of
mycorrhizal associations and that of N-fixation symbioses (Hirsch and Kapulnik
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1998). Further optimisation of a proposed rice-diazotroph symbiosis will involve
increasing the export of fixed nitrogen to the plant host (Colnaghi et al. 1997),
and decreasing the inhibitory effect that NH," exerts on the nitrogenase enzyme
complex (Cheng et al. 1999).

Importantly, the above only pertains to successful “nodule” formation in rice.
The possibly larger challenge in engineering N fixation in rice, however, lies in
the successful incorporation, into the rice genome, of the 16 nif genes essential
to nitrogenase activity. Plastids have been discussed as possibly the most
suitable intracellular location for these genes (Merrick and Dixon 1984, Dixon et
al. 2000), because the plastic genome and its transcription and translation signals
most closely resemble those of N-fixing cyanobacterial prokaryotes (Whitfeld
and Bottomley 1983), and because nif gene products appear to be more stable in
the plastid environment (Merrick and Dixon 1984). In addition, the replacement
of native nif gene promoters with plastid-specific promoters appears feasible. A
necessity in any such gene transfer approach is that oxygen damage to the
nitrogenase enzyme can be prevented (Dixon et al. 1997). In legumes, the
leghemoglobin protein accomplishes the sequestration of oxygen, creating
essentially an anaerobic environment for the proper operation of the enzyme
(chapter 4). Possibly limiting nif expression to root plastids (e.g. amyloplasts), or
diurnally regulating gene expression such that N fixation would occur only in
the absence of photosynthetic oxygen evolution, i.e. at night, may be a partial
solution to this problem. Another solution might be found through the
expression in rice of the oxygen-tolerant nitrogenase from Streptomyces
thermoautotrophicus (Ribbe et al. 1997).

While the above-stated problems are, in principle, surmountable, it will be
likely to require many years of intensive research and development before a
useful product makes it to the rice paddy. Enhancing rice N status by optimising
associations between rice and naturally colonising endophytic bacteria in
apoplastic spaces, may be more promising in the nearer future.

FEEDBACK LIMITATIONS IN PRIMARY N ACQUISITION

It appears plausible, and indeed has formed the rationale for many research
initiatives, that plant N acquisition potential can be enhanced by the increased
expression of primary nitrogen transport systems. This may be particularly
attractive given that the initial cloning and characterisation of genes encoding
multiple nitrate, ammonium, and amino acid transporters have been
accomplished. Several reviews cataloguing these genes have been recently
published (Forde 2000, Howitt and Udvardi 2000, von Wiren 2000, Glass et al.
2001, 2002). In chapters 1 and 2 of this book these genes are presented.

In the case of NH," transport, five homologues of the high-affinity AMT1
family have been identified in Arabidopsis. In rice, as many as ten
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representatives of this family may exist (Suenaga et al. 2003, chapter 2) and
partial physiological characterisation of some of these members has begun
recently (Kumar et al. 2003). As in the case of NO; transport, the multiplicity of
high-affinity NH, -transporter genes appears to lend variability to the ion uptake
characteristics of different cell types, at various stages of development. Low-
affinity NH," transport is less well understood at the molecular level, although a
gene named amt? may encode a transporter specific for this purpose.
Alternatively, or additionally, NH," flux at high external concentrations might be
mediated by non-selective cation channels, or by channels which are partially
specific to other ions, such as some potassium channels (Kronzucker et al.
2001).

Despite these advances in the molecular genetics of nitrogen transport
systems, the notion that plant N acquisition can be enhanced simply by
overexpression of these primary N transporters is hampered by the fact that
nitrogen influx across the plant cell plasma membrane is controlled by negative
feedback processes (chapter 1). Typically, unidirectional influx (and net flux) of
nitrogen into the plant are correlated negatively with plant N status (Figure 2), as
has been seen in rice (Wang ef al. 1993b, Kronzucker et al. 1998) and a variety
of other plant species (Becking 1956, Morgan and Jackson 1988, Causin and
Barneix 1993, Rawat et al. 1999). This indicates that plants already have excess
flux capacity built into their transport systems, a condition that becomes
particularly apparent when considering that nitrogen influx into the plant is
accompanied by simultaneous efflux from the plant, even under conditions of N
limitation, and that the ratio of efflux to influx tends to increase as influx
increases (Lee and Clarkson 1986, Siddiqi et al. 1991, Wang et al. 1993a,
Kronzucker et al. 1995a,b,c).

Because of this inherent excess flux capacity, it is likely that constitutive
overexpression of transporters will need to be coordinated with the simultaneous
overexpression of sink fluxes internal to the plant, to achieve the goal of
enhanced plant growth and yield. These sink fluxes include metabolic fluxes into
amino acid pools, subcellular sequestration fluxes, (e.g. into the vacuole), and
fluxes from the root to the shoot. Another problem that may face those
attempting to increase N acquisition by overexpression of N transporters is the
poor correlation that is sometimes observed between mRNA levels for a
transporter, and the level of transport activity measured, which implies the
existence of regulatory mechanisms at the post-transcriptional or post-
translational level (Rawat et al. 1999). As well, the multiplicity of transporters
for a given ion appears to give the plant considerable ability to compensate for
imposed changes in the expression patterns of individual transporters (Kaiser et
al. 2002). This plasticity, and the set-points at which the concerted activities of
the transport systems appear to be co-regulated, implies that there are high-level
integrative controls in the plant that a molecular breeding program will have to
consider (see below).
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Figure 2. Isothermic patterns of NH," influx in rice, as influenced by nitrogen source
and supply (°NH," tracer data from Wang et al. 1993b).

TWO CLASSES OF FEEDBACK AGENTS

The chemical nature of the agents responsible for the negative feedback of
plant N fluxes is not completely resolved, although it is essential for these
agents, as well as the mechanisms by which they act, to be identified, if the
prospect of altering N influx (or net N acquisition) is to be achieved. Therefore,
this subject deserves further attention here. Feedback agents are likely to fall into
two categories, the transported substrates themselves, or the N metabolites
produced from these substrates (chapters 1 and 2). Correlative evidence that
NH," accumulation in the cytosol of root cells feeds back negatively on NH,"
influx into these cells was found by Wang et al. (1993a), who grew rice plants
hydroponically, in complete nutrient solutions with three NH;" regimes (2, 100,
and 1000 uM). As shown in Figure 2, the influx of NH," at a given external
concentration declined with increasing steady-state concentration of NH,"
applied during growth; the cytosolic pool size of NH," was positively correlated
with the external NH," concentration. This pattern has been seen in other plants,
including white spruce (Kronzucker et al. 1995c) and A. thaliana (Rawat et al.
1999). However, other evidence shows that high tissue levels, or exogenous
application, of certain amino acids, in particular glutamine and asparagine, are
also correlated with decreased NH," influx across the plasma membrane (Lee et
al. 1992, Causin and Barneix 1993, Wieneke and Roeb 1998, Rawat et al. 1999,
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chapter 2). In Arabidopsis, this down-regulation of influx was attributed mainly
to a decrease in transcript abundance of AMTI effected by glutamine. An
increase in cytosolic NH," concentration, achieved by blocking the assimilation
of NH4" by use of the glutamine synthetase inhibitor methionine sulfoximine
(MSX), did have a small inhibitory effect on NH," influx while not down-
regulating AMT1 transcription (Rawat et al. 1999). However, this effect is by no
means universal; indeed, in most cases MSX treatment results in both increased
cytosolic NH," concentration and increased NH," influx (Wieneke and Roeb
1998). The difficulties in interpreting results obtained by use of MSX were
discussed by Lee and Ayling (1993), Kronzucker et al. (1995d) and Glass et al.
(1997).

In the case of NO;", a situation similar to that shown in Figure 2 has been
observed (Kronzucker et al. 1995b); again, there appears to be an inverse
correlation between cytosolic NOs™ pool size and NO;™ influx. The possibility
that nitrate down-regulates its own influx is also supported by experiments in
which such down-regulation was observed in plants made deficient in nitrate
reduction and assimilation (and hence deficient in downstream N metabolites),
either through mutation or via the application of chemical inhibitors
(Ingemarsson et al. 1987, Warner and Huffaker 1989, Mattsson et al. 1991, King
et al. 1993). However, in some instances, such as over the course of induction of
NO;™ transport in white spruce, the highest NO;™ influx was associated with the
largest cytosolic NO;™ pools (Kronzucker et al. 1995a). Alternative possibilities
for down-regulatory agents include the nitrate pool in the vacuole, and the
ammonium or amino acid pools in various compartments. The down-regulatory
role of N metabolites on NO;™ fluxes is supported by numerous studies (Cooper
and Clarkson 1989, Lee ef al. 1992, Imsande and Touraine 1994, Muller ef al.
1995, Fraisier et al. 2000, Vidmar et al. 2000, Forde 2002, chapter 1). It is
important to note, however, that in the cases of both NO;  and NH," fluxes,
studies using exogenously applied amino acids as putative down-regulators are
generally conducted against a backdrop of poorly understood uptake processes
for the amino acids themselves. This is a subject that has only recently been
making substantial progress (Persson and Nasholm 2003), but has potentially
great importance given the high soil concentrations of amino acids in certain
environments (Henry and Jefferies 2002).

REENGINEERING THE CARBON-NITROGEN
INTERFACE

In the attempt to improve plant growth and yield via biotechnological means,
it is crucial to consider what the factors are that limit these processes. Nitrate
reductase (NR) was long considered to be the enzyme that limited nitrate
assimilation and hence was thought to be pivotal to the growth response of
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plants to NOj; fertilisation (Srivastava and Shankar 1996). More recently,
however, numerous studies involving increased or decreased amounts of
expression of NR-encoding genes have called this idea into question, showing
that such modifications result in little or no change in plant growth (Crawford
1995). It is possible that the transport and reduction of inorganic N is controlled
at multiple points, in a regulatory matrix that maintains N turnover at high
stringency, and resists attempts at artificial manipulation (Britto and Kronzucker
2001). This stringency may also apply in some cases where the enzyme
glutamine synthetase (GS), which catalyses the critical step of inorganic N
incorporation into amino acids (chapter 2), has been overexpressed, to result in
no yield increases, or even a yield decrease (Vincent ef al. 1997, Limami et al.
1999, Harrison et al. 2000, Fei et al. 2003).

Nevertheless, in some contrasting cases, alterations in the expression of GS
and of glutamate dehydrogenase (GDH) (chapter 2) have resulted in substantial
growth changes in some plant species (Table 1). In a particularly dramatic
instance, a 42% increase in the cytosolic isoform of GS (GS1) in poplar trees
resulted in an increase in height of 76% over controls after two months of
growth, although this increase declined to 21% after six months (Gallardo ef al.
1999). The potential for increasing GS activity to significantly increase yield in
rice is suggested by the observation that GS1 overexpression experiments with
another cereal grain, wheat, resulted in about 20% higher grain yield on a mass
basis (Habash et al. 2001). GS1 overexpression also resulted in biomass
increases in the legume Lotus japonicus (Hirel et al. 1997) and in tobacco
(Fuentes et al. 2001) and, similarly, overexpression of GS2, the plastidic
isoform, was shown to have positive effects on seedling biomass in tobacco
(Migge et al. 2000). Although rice plants containing constructs for the
overexpression of both GS1 and GS2 have been produced (Hanzawa et al. 2002,
and Hoshida et al. 2000, respectively), the quantification of their effects on rice
growth and yield are lacking. These measurements need to be made because of
the success of this approach in other plants. Like GDH, the transgenic
overexpression of which has conferred increased growth and yield on tobacco
plants (Ameziane et al. 2000), GS is an enzyme that lies at the intersection of
carbon and nitrogen metabolic pathways; this special property may be why
modification of GS and GDH activity can overcome the restrictions on N
metabolism that the regulatory matrix appears to impose on the flux through NR
and other nitrogen fluxes (Britto and Kronzucker 2001).

GS and photorespiration

An intriguing possibility that emerges from the GS-overexpression work is
that high activities of this enzyme may confer increased N-use efficiency by
having a greater capacity to refix N released as NH," by the photorespiratory
pathway in plants. Indeed, evidence from expression studies on GS1 in tobacco
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(Oliveira et al. 2002), GS2 in tobacco (Kozaki and Takeba 1996), and GS2 in
rice (Hoshida et al. 2000) has suggested that GS is a limiting factor in this
pathway. In all of these studies, there was a positive correlation between GS
activity and the amount of photorespiration (chapter 6). In conjunction with the
increased growth rates reported in the tobacco plants, these findings are striking
in that they appear to contradict the idea that photorespiration is a “wasteful
process”, in which both fixed C and N can be lost in substantial quantities from
the plant (Ehleringer and Monson 1993, Mattsson et al. 1997). Such waste,
however, might be minimised if GS overexpressors are able to refix the N
released in the glycine decarboxylation step of photorespiration, and if C
released in the same step can also be effectively refixed, possibly by
phosphoenolpyruvate carboxylase (PEPcase, see below and chapter 6), which is
up-regulated by glutamine levels; these in turn might be increased by higher GS
activity (Migge et al. 1997, Vincent et al. 1997, Fuentes 2001, Suarez et al.
2003). Under such conditions, and under high light intensity, photorespiration
may confer growth increases by relieving the photosystems of excitation
pressure (Heber et al. 1996, Noctor et al. 2002) and of the associated production
of reactive oxygen species. This might be particularly advantageous in rice,
given the high irradiances in rice paddies, and the likelihood that stomata are
closed during much of the day due to the low hydraulic conductivity of rice roots
and the water deficit that results from this, even under flooded conditions
(Miyamoto et al. 2001). The photosynthetic performance enhancement seen in
GS2-overexpressing rice grown under saline conditions (Hoshida et al. 2000)
may have a similar foundation. It is interesting to ask whether the advantages
gleaned from optimisation of the GS systems may be further enhanced through
alterations in primary carbon fixation. This possibility is discussed below.

NITROGEN AND PHOTOSYNTHESIS

Despite the claims that GS may catalyse a rate-limiting step in the
photorespiratory pathway (Kozaki and Takeba 1996, Hoshida et al. 2000,
Oliveira et al. 2002), however, this idea contradicts the theoretical basis of
relative rates of Rubisco carboxylation and oxygenation activities, which are
expected to be determined solely by the catalytic properties of the enzyme with
respect to CO, and O,, and by the partial pressures of these gases within the
leaves (Brooks and Farquhar 1985). Therefore, the apparent causal relationship
between GS and photorespiration, postulated by some authors (Kozaki and
Takeba 1996, Olivera ef al. 2002) requires reexamination. Because the substrate
affinities of Rubisco for CO, and O, are essentially constant at a given
temperature (Brooks and Farquhar 1985), it seems most likely that the parameter
affected under GS overexpression is the CO,/O, ratio in the leaf; a lower ratio
would enhance the oxygenation of Rubisco, and hence increase the activity of
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the photorespiratory cycle. A likely explanation behind this change in CO,/O,
ratio is that GS overexpressors may display decrease in stomatal conductance, or
increased control over stomatal function in general, as suggested by the
observation that the most substantial gains in stress tolerance and/or biomass
resulting from GS enhancement have been observed under salinity stress or
drought stress conditions (Table 2, Hoshida et al. 2002, E.G. Kirby personal
communication). Optimisation of stomatal control may be linked to GS for
several reasons. First, high GS activities play a major role in the maintenance of
low tissue NH;" levels (Givan 1979, Schjoerring et al. 1993, Husted and
Schjoerring 1995, Hoshida et al. 2000). Low tissue NH," is strongly associated
with high plant potassium status (Britto and Kronzucker 2002), which in turn is
critical for proper stomatal function (Smith and Stewart 1990, Hedrich et al.
2001). Also essential to stomatal movement are tissue malate pools (Marten
1993, Patonnier et al. 1999, Hedrich ef al. 2001), which may be maintained at
high levels in GS overexpressors due to the high glutamine/glutamate ratio in
these plants, and the stimulated activity of PEPcase that is known to result from
this elevated ratio (Golombek et al. 1999, Murchie et al. 2000, Pasqualini et al.
2001, see above).

Table 2. Effects of salt stress and GS2 expression on chlorophyll fluorescence in rice
plants. The ratio F,/F,, was used as an indicator of photosynthetic quantum yield, a
declining ratio indicates increased stress on the photosynthetic apparatus. n.d. - not
determined (data from Hoshida ef al. 2000).

Plant genotype F,/F,, (days after transfer to 150 mM NaCl)
0 3 7 12 14
Control 0.72 0.73 0.63 0.28 0
GS2 overexpressors 0.72 0.72 0.70 0.75 0.65
GS2 underexpressors 0.72 0.54 0 n.d. n.d

In rice, one of the most impressive gains in yield resulting from a single
genetic alteration has been a 10-30% gain due to the overexpression of maize-
specific PEPcase, with an additional 5-20% increase when the PEPcase-
activating enzyme, pyruvate orthophosphate dikinase (PPDK), also from maize,
was simultaneously overexpressed (Table 1, Ku et al. 2001, Jiao et al. 2002). A
partial explanation of this yield enhancement is that transgenic plants display
greater (up to 35%) photosynthetic capacity, possibly due to enhanced stomatal
conductance which in turn leads to higher CO, concentrations in the leaf (Jiao et
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al. 2002, Ku et al. 2001). Also associated with this phenotype are increased
carboxylation efficiency, a decreased CO, compensation point, and improved
tolerance to photoinhibition as evidenced by improved maintenance of
photochemical efficiency and photochemical quenching (Jiao et al. 2001, 2002,
Huang et al. 2002). This body of work suggests that even a partial realisation of
the C, photosynthetic pathway in rice (the decarboxylation aspect of the pathway
not having been engineered in this case) can be of tremendous benefit to growth
and yield, even in the absence of a true CO,-concentrating mechanism. CO,-
concentrating mechanisms in C4 plants are typically associated with Kranz
anatomy, in which high concentrations of CO, are built up in the bundle sheath
cells that are enriched in Rubisco. While the prospect of engineering such a
dramatic anatomical change in rice appears distant (Evans and von Caemmerer
2000), the example of Hydrilla verticillata, a C;-C, intermediate lacking Kranz
anatomy (Voznesenskaya et al. 2001), demonstrates that it may not be
necessary. Furthermore, the possibility that some varieties of rice may already
possess partially favorable anatomy cannot be discounted, and a large-scale
microscopic screening effort for such varieties, and wild species related to rice,
which also show these anatomical features) is currently underway at IRRI (J.
Sheehy, personal communication). In addition, it may be possible to produce an
intracellular CO,-concentrating mechanism by taking advantage of subcellular
compartmentation and targeting a C4-decarboxylating enzyme to the chloroplast.
In fact, such a targeting has been accomplished in a study with rice, in which the
phosphoenolpyruvate carboxykinase enzyme, which decarboxylates oxaloacetate
to form phosphoenolpyruvate, releasing CO,, was expressed at high activities in
the chloroplast, by fusion of a Rubisco small subunit transit peptide with the
structural protein (Suzuki et al. 2000). This study showed that decarboxylation
of C, acids, and subsequent incorporation of released '*CO, into sucrose,
occurred in the transformants at three times the rate of untransformed plants.
Given that yield increases have been observed through the overexpression of
both GS and PEPcase/PPDK, the simultaneous overexpression of all three genes
may lead to further yield gains. Moreover, these enzymes may work in a
synergistic way, given that they all appear to be related to stomatal function.
Optimisation of stomatal control in a triply transgenic plant might result from: 1)
increased tissue K' due to lower tissue NH, resulting from increased GS
activity, 2) increased tissue malate due to higher rates of C, acid production via
PEPcase/PPDK, and 3) increased glutamine/glutamate ratios, due to high GS
activity, which in turn reduce the malate inhibition of PEPcase/PPDK (Murchie
et al. 2000). Such plants would also be expected to have particularly high
agronomic (and photosynthetic) N use efficiency (NUE), due to more efficient
recapture of NH," generated, in the leaves, by processes such as photorespiration
and proteolysis, especially during senescence (Husted et al. 2002, Mattsson et
al. 1997), and possibly due to a lower requirement for Rubisco, a feature typical
of C,4 plants (Ehleringer and Monson 1993). A higher agronomic NUE may be
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consistent with the goal of achieving higher rice yields with less input of
fertiliser N, and reduced loss associated with volatilisation and runoff.

However, maximisation of photosynthetic NUE in rice may not coincide with
maximal grain yield. While C, plants have higher NUE under conditions of
adequate soil nitrogen (Sage 2000), this does not necessarily translate into higher
yields, because lower NUE plants may have a higher leaf N content under these
conditions, a factor that strongly determines spikelet formation and grain filling
(Peng et al. 1995, Horie 1997, Sheehy 2000). The importance to grain
production of internal N reservoirs in the vegetative tissue of the plant is
highlighted by the observation that the plant absorbs half of its requisite nitrogen
by the time it has reached only one quarter of its maximum biomass (Sheehy et
al. 1998). From a photosynthesis perspective, Rubisco is sometimes viewed as
an enzyme present in excessive amounts in rice (Makino et al. 2000, Horton and
Murchie 2000), but it is important to note that it acts as a nitrogen store which
can be rapidly broken down and absorbed by the developing grain (Horton and
Murchie 2000). It will be interesting to see, once a rice cultivar closer to C,4
plants is developed, whether Rubisco and N content in leaves will be lessened,
and whether this will in fact result in a reduced yield (Sheehy 2000).

CONCLUDING REMARKS

At 450 megabase pairs, the rice genome is one of the most compact of the
cereal genomes; its nuclear DNA content is one-fifth that of maize, and only
1/33 that of wheat (Arumuganathan and Earl 1991). The International Rice
Genome Sequencing Project (IRGSP) was initiated in 1998 under the
sponsorship of the Rice Genome Research Program in Tsukuba, Japan, and the
preliminary sequences of both indica and japonica subspecies were reported for
the first time in 2002 (Goff et al. 2002, Yu et al. 2002). Knowledge of this
genome, and modern methods making possible its manipulation and its
functional characterisation, will provide the basis for specifically enhancing or
suppressing individual steps in the nitrogen acquisition pathway. However, it
should be apparent that the components of this pathway interact in multiple and
complex ways, and the mechanisms by which the pathway is regulated, both at
the transcriptional level, and at the level of substrate-enzyme interactions, are
still insufficiently resolved. Further complicating the situation is the often-
significant multiplicity of closely related genes whose differential regulation as a
function of developmental state, tissue type, and environmental conditions, is
poorly characterised. Because of these considerations, single-trait manipulations
can fail to produce the desired result of modulating the activity of the gene
product, and can produce unpredictable results even in seemingly
straightforward cases, such as that of NR.
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Despite these complexities, much progress continues to be made in our
understanding of both the genome and the nitrogen and carbon physiology of
rice, and a conjunction of these fields will create bioengineering approaches that
can powerfully complement traditional breeding efforts. Preliminary studies in
non-rice as well as rice systems show that considerable growth and yield
enhancements as well as improved tolerance to environmental stresses may be
conferrable to new rice strains and may be feasible within the next several years.
Examples of this include:

— the partial realisation of the C, syndrome in rice,
— the overexpression of glutamine synthetase,
— the optimisation of endophytic conditions for nitrogen-fixing bacteria.

Given the clear and urgent practical importance of this research endeavour, it
is of paramount importance that all information in this area, as well as all plant
lines produced, be shared among scientists engaged in this research, that
collaborations be actively sought, and that information-sharing be overseen by
the major non-profit international organisations, such as IRRI, that are already in
place. Only through such means can the issues of hunger and poverty be
maintained as the driving forces behind this research. Presently, there is a
dangerous trend in which experimental results and materials are guarded by
commercial or scientific oligarchies. This trend must be opposed, and the results
of research efforts must be made publicly accessible (Khush 2001).
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16, 158, 167, 173
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DNA, 52,105, 112, 113, 152, 174, 216,
217,219, 223,274

DNA (cDNA), 37, 42, 43, 45, 51, 155,
216,217,219, 220, 221

Dolichos biflorus, 109

drought, 75, 79, 87, 193, 207, 212, 214-
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dry deposition, 67-69, 80, 81

ecosystem(s), 66, 69, 77, 8, 232

ectomycorrhizal (EM) fungi /
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endodermis, 3, 4, 114, 115

endosymbionts, 100, 101, 265
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68, 74, 80, 83, 88, 99, 136, 139,
141-145, 150, 172, 175, 201, 207,
232, 248, 251, 266, 274

environmental stress, 208, 215, 216,
275
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epidermis, 3, 5, 10, 37, 41, 44, 54, 108,
112,113, 152

epitope-tagging, 220-222
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164, 166, 167,171, 175

Eucalyptus, 243, 244
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eutrophication, 65, 69

exodermis, 37, 41, 44, 46, 54

exopolysaccharide, 113
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extramatrical mycelia, 77

far-red light, 151, 156, 160

fatty acyl chain, 106

FeMo cofactor, 118

ferredoxin-thioredoxin system, 153,
170, 176

ferrosulphoproteins, 118

fertiliser(s), 23, 65, 66, 69, 72, 75, 85,
86, 89, 99, 239, 250, 261-264, 274
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flavin, 43, 196

flavonoid(s), 106, 172, 176, 222, 233,
264

flavoproteins, 151

flowering, 19, 149-151, 177, 252, 262

foliar uptake, 80, 85, 88

food, 174, 215, 231-235, 237, 242, 245,
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forest(s), 35, 65, 66, 68-75, 77-79, 81,
82, 84-86, 88, 89

forestry, 102, 207

Frankia, 100-103, 115

free-living bacteria / rhizobia, 100, 117

freezing, 75, 87, 207

frost, 67, 87, 213

fungal attacks / pathogens, 87, 88

fungi / fungus, 38, 75-78, 102, 111,
112, 154, 159, 168, 234, 237, 240

fungicides, 240

GABA, 210, 213
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35-37,39-43, 45-47, 50-53, 82, 83,
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159, 162-164, 166-170, 173, 174,
176, 177, 207, 208, 212, 214-220,
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gluconapin, 240, 241
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240, 242
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glutamate catabolism, 49

glutamate decarboxylase, 210, 211

glutamate dehydrogenase (GDH), 38,
39, 47-51, 53-55, 270

glutamate dehydrogenase (GDH)
mutants, 48, 49

glutamate dehydrogenase (NADH-
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glutamate dehydrogenase (NADPH-
GDH), 47, 51

glutamate dehydrogenase (NADPH-
GDH) gene, 47

glutamate synthase (Fd-GOGAT), 38,
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glutamate synthase (Fd-GOGAT)
genes, 171, 172

glutamate synthase (GOGAT), 17, 38,
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glutamate synthase (NADH-GOGAT),
37,43-46, 51, 52, 54, 170-172
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glutamate synthase (NADH-GOGAT)
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glutamine (Gln), 17, 18, 35, 37-42, 44-
46, 50, 51, 54, 83, 101, 118, 119,
153-155, 157, 160, 167-170, 172,
173, 176, 211, 244, 268-273, 275

glutamine synthetase (GS), 37-39, 41,
42, 46-48, 50-54, 83, 118, 119, 153,
154, 157, 168-170, 172, 176, 211,
269, 270, 271, 273, 275

glutamine synthetase (GS) gene(s), 40,
42,154, 168-170, 172

glutamine synthetase (GS)
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glutamine synthetase (GS)
phosphorylation /
dephosphorylation, 42

glutamine synthetase (GS1), 39-42, 51-
54,169, 170, 264, 270

glutamine synthetase (GS1) genes, 40,
41, 50-52

glutamine synthetase (GS1)
overexpression, 264, 270

glutamine synthetase (GS2), 39-43, 51,
54,169, 170, 173, 270-272

glutamine synthetase (GS2) genes, 51

glutamine synthetase (GS2)
overexpression, 270, 272

glutamine synthetase (GSr), 40, 41, 46,
54
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synthase (GS /GOGAT), 38, 39, 47,
48,53,119

glutathione (GSH), 233, 246, 247, 251

glutathione peroxidases, 247

glutathione reductase, 247

glutathione-S-transferase, 247

glycine, 36, 168, 176, 177, 196, 271

glycine decarboxylase (GDC), 168,
177,196

glycolipid(s), 101, 103

glycolysis, 77, 176

glycoprotein, 113, 120

glycoside(s), 242-245

glyphosate, 175

grain(s), 44, 47, 51-53, 261, 262, 264,
270, 274

Gramineae, 100

grapevine, 48, 49

grasslands, 137

Griffonia simplicifolia, 245

growing season, 74, 79, 87, 141

growth, 2, 5,10, 13, 14, 16, 19, 20, 22-
25, 35, 40, 49-51, 66, 70-80, 82-86,
88, 89, 102, 104-106, 110, 111, 113,
133, 136, 139-141, 149, 150, 155,
165, 167, 169, 174, 186, 200, 207,
218,231, 238, 240, 242, 246, 261,
268-271, 273,275

growth rate, 2, 13, 14, 16, 20, 22, 24,
50, 66, 67, 84, 89, 104, 105, 140,
231,238, 271

guanidine, 196

guanylate cyclase, 199

guanylhydrazone, 217

guard cells, 40

Gunnera, 100, 101

GUS reporter gene, 41, 46, 161, 162,
168, 175

gymnosperms, 101

Halliwell cycle, 235

haploid genome, 159, 166, 167

health, 174, 232, 233, 235, 242, 245,
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heat stress, 213, 214

heavy metal(s), 79, 210

herbicide(s), 49, 175, 196

herbivores, 88, 234-236, 242, 244

heterocysts, 101

heterotrophic bacteria, 73

hexose phosphates, 190, 194

hexoses, 190

high affinity ammonium transport
(HATS), 36

high affinity nitrate transport
(constitutive, cHATYS), 6, 7

high affinity nitrate transport
(inducible, iHATS), 6-8, 10, 11-14,
36, 82, 156

high affinity nitrate transport(ers)
(HATS), 6-8, 10-13, 36, 82, 156

histamine, 241, 242
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homoserine dehydrogenase, 175

hormone(s), 19, 23, 27, 140, 232, 241,
263, 264

horseradish, 251

host, 50, 75-77, 82, 100, 101, 103-107,
114, 116, 119, 121, 122, 218, 237,
239, 263, 264, 266

human(s), 65-67, 99, 174, 232, 234,
235, 237, 241-243, 246, 249, 252

Hydrilla verticillata, 273

hydroxyproline-rich protein, 120

Hyoscyamus, 238

hyphae, 78, 101-103

hypocotyl(s), 151, 160, 200

IAA, 23, 25,263

llex bonplandiana, 238

immune system, 244, 246, 247

immuno(gold) labelling, 39, 41, 43, 45

immunolocalisation, 40, 48

immunological methods, 196, 220, 221,

in situ mRNA detection, 37

indeterminate nodule(s), 114-116, 119

indole glucosinolates, 240, 247

indolizidine alkaloid, 249

Induced Systemic Resistance, 23

infection, 102, 108, 110, 112-114, 116,
121, 236, 265

infection thread(s), 102, 108, 109, 113,
114,116, 265

influx, 5-8, 10-14, 17, 19, 108, 120,
136, 137, 267-269

inorganic nitrogen (N), 1, 35, 49, 71,
74,717,778, 270

insecticides, 234, 240

internode elongation, 200

intron-tagged epitope technology, 221

iso-alliin, 246, 247

isocitrate, 200

isoleucine, 174, 242

isoquinoline, 239

isothiocyanates, 235, 241, 245, 247,
252

kinase(s), 111, 117, 157, 164, 187, 189
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knockout mutant(s) / alleles, 26, 37, 42,
47,49, 53,217

Lactarius, 76

lactate, 194, 195

lateral root(s), 4, 20-24, 41, 102, 103,
113, 265

leaching, 75, 99, 232

lectin(s), 109, 113, 120

leghemoglobin (Lb), 120, 266

lettuce, 169

Leucaena, 105

leucine (Leu), 18, 242

leucine rich repeats (LLRs), 111, 117

lichens, 101

life cycle, 66, 151, 208

life span, 71, 168

light, 14, 16, 35, 39, 40, 43, 46, 50, 51,
66, 74, 83, 88, 139, 141-144, 149-
154, 156-158, 160-177, 185, 187,
188, 190, 192, 193, 197, 198, 238,
244,251,271

light perception, 152, 171

light receptors, 149, 151

light responsive elements (LRE), 152,
161, 163, 168

light-induced genes, 152, 169

lignin(s), 40, 73, 75, 172, 175, 176

Liliaceae, 238

lipid, 112, 213, 215, 248

lipid peroxidation, 213, 215, 248

litter(fall), 71-73, 88, 145

Loganiaceae, 238

long distance transport, 36, 83

Lotus, 104, 105, 111, 112, 117, 119,
121, 270

low affinity ammonium transport
(LATS), 36

low affinity nitrate transport(ers)
(LATS), 7, 8, 10-13, 36, 156

low light, 84, 200

Lunaria, 237, 238

lupine(s), 104, 237, 239, 242

Lupinus, 134, 238, 239

Lycopersicon, 238

lysine, 174, 211, 237, 238

lysine decarboxylase, 211
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MADS-box, 21

magnesium (Mg), 38, 72, 86, 164, 189,
248

maize, 39-43, 45, 47-49, 52, 53, 140,
158, 159, 171, 193, 196, 199, 218,
248,272,274

malate, 15, 47, 118, 153, 272, 273

malate dehydrogenase, 153

malic acids, 49

marine environmental pollution, 232

mass flow, 137

Medicago, 104, 105, 109, 111, 112,
117, 121

Medicago genes, 112

Melilotus, 104, 105

membrane, 6, 8,9, 37, 82, 87, 100, 108,
112,113,116, 119, 156, 210, 248

meristem, 22, 44, 115,116

mesophyll, 40, 43, 50, 51, 54, 152

Mesorhizobium loti, 104, 105

mestome sheath, 46, 54

metabolic fluxes, 267

metabolic inhibitors, 8, 39, 50

metabolic pathway, 168, 172, 208, 215,
223,224, 235,270

metabolome, 53

methionine, 174, 269

methionine sulfoximine, 269

microarray(s), 208, 216, 223

microbe(s), 100-102, 106, 107

microbial activity, 165

microbial infections, 237

microbial population, 22, 74

microcolonies, 113

microcosms, 78

microfaunal decomposers, 73

microflora, 79

micronutrient(s), 66, 70, 74

microorganisms, 2, 22, 70, 73, 75, 100,
117,121, 199, 243

microsymbiont, 100, 105, 113, 121,
265

Mimosoideae, 103

mineral nitrogen, 75, 137, 139, 140,
232

mineralisation, 74, 75

mitochondria, 36, 47, 49, 50, 100, 118,
120, 177, 235

mobile anion effect, 72, 73, 89

modelling, 134-137, 140, 141, 143-145

molecular breeding program, 267

molecular mass fingerprints, 223

molecular mechanisms, 42, 46, 120,
223,224

molecular oxygen, 185, 186, 198, 201

molybdenum (Mo), 118

molybdenum co-factor (MoCo), 163,
196

monocots / monocotyledons, 2, 7, 40,
156, 159, 160

Monoraphidium braunii, 157

monosaccharides, 118

monoterpenes, 233

morphological response(s), 111, 265

mRNAC(s), 41, 42, 47, 154, 158, 161,
171, 173, 176, 185, 209, 216, 267

Mucuna mutisiana, 245

multiproteic complex associations, 221,
222

mustard, 169, 234, 240, 241, 251

mutant(s), 9, 10, 12, 21, 23, 37, 39, 40,
44, 48,49, 104, 110, 111, 117, 155,
163, 166, 198,217,218

mutations, 119, 165, 215-218

mycelia, 75-78

mycorrhiza(e), 76, 138

mycorrhizal association, 112, 265

mycorrhizal fungi, 77, 112

mycorrhizal roots, 76, 78

mycotoxins, 231, 248

Myrica, 102, 103

myrosinase, 235, 240, 251

BN, 5

PN, 4, 5, 18, 19, 49, 50, 79, 158, 196

necrosis, 231

necrotic lesions / tissues, 213, 214

needle(s), 71, 79, 85, 86, 87

Neptunia natans, 105

Neurospora, 155, 168

Nicotiana, 159, 162-164, 166, 167, 238

nicotine, 209, 234, 237-239

nitrate (NOy3"), 1-16, 18-22, 24-27, 35,
36, 39, 41, 44, 46-51, 52, 66, 68, 72,
73,79, 82, 83, 99, 137, 139, 140,
149, 150, 152, 154, 155-161, 163,
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194, 196-198, 201, 211, 232, 262,
266, 267, 269, 270

nitrate acquisition, 1, 8, 14, 20, 24, 25

nitrate assimilation, 15, 44, 83, 187,
190-193, 269

nitrate efflux, 6, 8, 27

nitrate influx, 5-8, 10-14, 16-19, 158,
269

nitrate leaching, 72

nitrate reductase (NR), 4, 7, 15, 21, 22,
49, 83, 136, 152, 155, 157, 159-161,
163-166, 170, 171, 185-211, 269,
270, 274

nitrate reductase activation /
inactivation, 160, 164, 186-194, 197

nitrate reductase deficient transformant,
194

nitrate reductase gene(s), 155, 159-163,
166, 167

nitrate reductase kinase(s), 164, 190,
192, 195

nitrate reductase modulation, 159, 186,
189, 191, 195

nitrate reductase mutant, 160

nitrate reductase phosphorylation /
dephosphorylation, 164, 186-189,
194, 201

nitrate reductase P-NR-14-3-3, 188,
189, 191, 201

nitrate reduction, 15, 16, 36, 48, 50, 83,
140, 192-194, 201, 269

nitrate sensing, 27

nitrate transport, 3, 5-7, 9, 11-16, 21,
26,27, 267, 269

nitrate transporter genes, 4, 9-12, 14-
19, 26, 155, 156, 158, 159

nitrate transporters, 4, 5, 9-12, 15-17,
19, 26, 155-159

nitrate uptake (rate), 1-10, 12-16, 18-
20, 25, 26, 80, 82, 149, 154, 156-
158

nitrate uptake mutant chll, 10

nitrate-HCO5  ions exchange, 15

nitrate-inducible root-specific gene
(ANRI) gene, 20, 21, 24

nitrate-selective microelectrodes, 4
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nitric oxide (NO), 165, 185, 186, 196-
201, 211

nitric oxide in plant pathogen
interactions, 200

nitric oxide oxidoreductase, 197

nitric oxide synthases (NOS), 196, 197,
199, 200, 211

nitrification, 73, 74, 89, 262

nitrifying bacteria, 35

nitrile(s), 235, 242

nitrite (NO»)), 6, 17, 18, 35, 154, 157,
159, 165, 168, 185, 186, 193, 194,
196-199, 201, 211, 232, 242

nitrite accumulation, 197, 198

nitrite reductase (NiR), 157, 165-168,
198, 211

nitrite reductase gene(s), 166-168

nitrite reduction, 194, 197, 198

nitrite:NO oxidoreductase, 197

nitrogen (N), 1-3, 5,7, 8§, 10-16, 18-27,
35-42, 45, 46, 50-54, 65-100, 106,
119, 121, 133-145, 158, 161, 163,
166, 167, 174, 175, 187-189, 192,
208-218, 231, 232, 234-239, 241-
246, 248-251, 261-270, 273, 274

nitrogen (N,) fixation, 35, 36, 99, 101-
105, 115, 118, 119, 121, 262, 264-
266

nitrogen acquisition, 66, 82, 266, 267,
274, 268

nitrogen assimilation / metabolism, 15,
16, 36, 45, 52, 53, 76, 80, 83, 84,
114, 149, 150, 154-158, 160, 161,
164, 168, 169, 177, 189, 192, 208,
262,270

nitrogen availability / supply, 5, 11, 23,
41,45, 46, 65, 66, 70, 77-79, 89,
139, 149, 232, 235, 238, 239, 241,
243,247,248

nitrogen compounds / metabolites, 21,
119, 133, 134, 137-139, 141, 231,
235,234,268, 269

nitrogen content, 14, 16, 25, 51, 52, 74,
83, 88, 99, 239, 247, 248, 274

nitrogen cycle / cycling, 65, 66, 72, 74,
78, 83,99

nitrogen deficiency, 13, 41, 70, 158,
231, 239
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nitrogen demand / requirement, 14, 16,
18,19, 20, 26, 74, 79, 83

nitrogen depletion / deprivation, 13, 14,
16, 18,19, 37

nitrogen deposition, 65-79, 81, 84, 85,
87, 89

nitrogen eutrophication, 66, 87, 88

nitrogen fertilisation / fertilisers, 66,
76-88, 99, 232, 234, 239, 241-243,
245,247,248, 250, 251

nitrogen fluxes, 268, 270

nitrogen input(s), 68, 69, 71, 74, 77-79,
86, 89, 264

nitrogen load(s), 67, 68, 73

nitrogen nutrition, 2, 19, 22, 25, 66, 83,
187, 242, 245

nitrogen signalling, 27

nitrogen source(s), 2, 10, 13, 41, 68, 78,
83,99, 100, 103, 117, 154, 155,
167, 239, 268

nitrogen status, 12, 14, 16, 18-21, 24,
42,46, 76, 80, 82, 85, 153, 158,
192, 248, 261, 267

nitrogen transport(ers), 266, 267

nitrogen uptake, 54, 66, 75, 78-80, 82,
86, 88, 137-140, 262

nitrogen use efficiency (NUE), 36, 49,
50-54, 248, 262, 263, 273, 274

nitrogenase, 100, 101, 103, 115, 117-
121,211, 266

nitrogenase nif gene(s), 115, 118, 265,
266

nitrophilic species, 66

nitrosamines, 242

nodulation (Nod factors), 102, 104,
106-113, 109, 111, 112, 117, 121,
122,264, 265

nodulation genes (nod), 106, 107, 112,
264,265

nodule(s), 22, 45, 101-106, 108, 113-
121, 172, 264, 265, 266

nodule cortex, 114, 115

nodule metabolism, 116, 118

nodule parenchyma, 114, 115, 120

nodule primordium, 113, 114

non-cyclic photosynthetic electron
transfer, 38

non-protein amino acids (NPAAs), 231,
234, 236, 242, 244, 245

Norway spruce, 70, 71, 78, 83-86

Nostoc, 100, 101

nuclear genes, 152

nuclear proteins, 46

nucleic acids, 35, 66, 133, 231, 242

nucleotide(s), 152, 231

nucleus / nuclei, 68, 151-153, 161, 219

nutraceuticals, 233-246

nutrient(s), 2-5, 8, 13, 16-20, 23-26, 66,
71-75,717, 78, 84-86, 88, 89, 113,
137, 140, 142, 143, 145, 165, 171,
210, 212,232, 233, 238, 245, 248,
251,263, 268

nutrient acquisition, 25, 75

nutrient cycle / cycling, 72, 77

nutrient deficiency, 84, 86, 210, 212

nutrient demand, 73

nutrient imbalance, 84, 88

nutrient uptake, 2, 25, 26, 75, 77, 84, 88

nutrient-rich patches, 19, 137, 143

nutrition(al), 1, 14, 18, 22, 24, 26, 133,
232,245

nutritives, 231

oat, 212,215,218

oilseed rape, 36, 51, 241

oligonucleotide(s), 156, 216

onions, 246, 247

organic acid(s), 8, 15, 16

organic farming, 232, 233, 241

organic nitrogen, 77, 78, 103

organic nutrients, 22

organic soils, 72, 74

organisms, 74, 99, 100, 104, 121, 154,
186,231, 232, 241

organosulphur compounds, 246

ornithine (Orn), 209, 238

ornithine aminotransferase, 211

ornithine carbamoyl-transferase, 211

ornithine decarboxylase, 209, 211

orographic cloud, 68

Oryza sativa, 52

osmiophilic vacuolar bodies, 76

osmolyte biosynthesis, 208

osmotic agents, 212

osmotic compound, 2
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osmotic stress, 207, 208, 210, 212, 213,
215,218

oxaloacetate, 118, 273

oxidative attacks, 212

oxidative damage, 165

oxidative decarboxylation, 177

oxidative pentose phosphate pathway /
cycle (OPPC), 44, 166, 194

oxygen (O,), 47, 50, 73, 100, 101, 103,
115, 118-121, 165, 194, 197-200,
262,266,271

oxygen diffusion barrier, 120

oxygen-tolerant nitrogenase, 266

ozone, 213, 216, 217

ozone sensitive and tolerant cultivars,
213,214

paddy rice, 35, 39, 265, 266

Papaver somniferum, 236

Papilionoideae, 103

Parasponia, 102, 104, 105, 120

parenchyma cells, 4, 36, 43

pathogen(s), 22, 23, 66, 86, 88, 89, 175,
196, 200, 232, 235, 237, 243

Paxillus involutus, 78

pea, 39, 40, 43,45,104, 111, 112, 117,
119, 156, 169, 173, 174, 214

peanut(s), 49, 120, 104

pentose phosphate, 39, 194

peptide transporter, 9

peptide(s), 220, 221

perennial ryegrass, 14

peribacteroid membranes, 115

pericarp cross-cells, 44

pericycle, 108

periderm, 5, 115

peroxisome(s), 38, 39, 177

peroxynitrite, 165, 185, 186, 199

Persea gratissima, 247

pest(s), 66, 67, 71, 86, 88, 89, 244

pesticides, 232

petioles, 101, 144, 152

pH, 8, 15,35,47,72,73, 81, 88, 191,
194, 242

Phaseolus vulgaris, 161, 169

phenolic acids, 209, 233

phenolics, 88, 248

293

phenotype, 50, 160, 217, 218, 273

phenylalanine, 36, 40, 154, 168, 172,
175,176, 237, 238, 242

phenylalanine ammonia lyase (PAL),
36, 40, 54, 168, 172, 176

phenylalkylamine, 237, 238

phenylpropanoid(s), 36, 175, 176

phloem, 1, 3, 15-19, 22, 36, 40, 46, 54,
118, 138, 140, 173, 210

phloem-translocated amino acids, 17,
19

phloem-translocated signal(s), 15, 17,
18,22

phosphatases, 164, 189

phosphoenol pyruvate carboxylase
(PEPC), 48, 18, 264, 271, 272,273

phosphoenolpyruvate, 118, 175, 271,
273

phosphoenolpyruvate carboxykinase,
273

phospholipids, 210, 215, 241

phosphorylation, 42, 83, 154, 157, 161,
163, 164, 169, 176, 188-192, 194

photomorphogenetic pigments, 150

photooxidants, 165

photoreceptor(s), 151, 152

photorespiration, 36, 38, 39, 44, 48, 50,
51,168, 193, 270, 271, 273

photorespiratory ammonium, 51, 54

photorespiratory enzymes, 248

photorespiratory pathway / cycle, 176,
177, 270-272

photosynthesis, 13, 16, 36, 49, 54, 82,
83, 87,99, 101, 118, 136, 137, 141,
149, 150, 152, 157, 158, 160, 163-
166, 174, 175,177, 192, 193, 262,
272,274

photosynthetic apparatus, 149, 177,
243,272

photosynthetic electron transport, 143,
170

phototropins, 151

Phyllobacterium, 24

phylogenetic studies, 102

phylogeny, 107, 234

phytoalexins, 175, 236

phytochelatins, 247

phytochemicals, 248
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phytochrome(s), 149, 151, 152, 154,
156, 160, 164, 166, 168-171, 173-
175

phytochrome deficient mutant, 166

phytochrome genes, 151, 152, 156, 174

phytoglobines, 200

phytohormones, 23, 24

phytopharmaceuticals, 234, 241, 250,
251

phytosterols, 233

pigment/protein complexes, 248

pigmentation, 150, 176

pigments, 133, 150, 151, 175

PII protein 42, 153, 154, 164, 169

Pilocarpus, 238

pine, 43, 86, 87, 171

Pinus ponderosa, 239

pioneer species, 102

plant development, 19, 208, 216
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