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Abstract

The work described in this thesis investigated the remobilization of vacuolar stored nitrate in
barley, when external nitrate supply was removed after an initial 24 h loading period with 10
mM nitrate. An integrated experimental approach was used which combined whole tissue
analysis with measurements made at the cellular level using nitrate selective microelectrodes.

Whole tissue analysis for nitrate and measurements of growth rate showed that relative
growth rate and shoot : root ratios were maintained for 3-4 days after removal of external
nitrate, although root tissue nitrate concentration was decreased to 57 % of initial levels after
24 h and to 29 % after three days without external nitrate supply.

Nitrate selective microelectrode measurements recorded in the cytoplasm and vacuole
of root epidermal and cortical cells over 24 h after removal of external nitrate showed that
cytoplasmic nitrate concentration was maintained over this time at approximately 4-5 mM.
Initial vacuolar concentrations were approximately 40 mM for epidermal cells and 68 mM
cortical cells. Nitrate was remobilized from the vacuoles of both cell types at the same rate
over the 24 h after external nitrate removal (+ 1 mM h™).

Measurements of nitrate efflux under these conditions showed that efflux accounted
for approximately 4.5 mM nitrate, lost over the first 6 h after removal of external nitrate, after
which no detectable nitrate efflux occurred.

Measurement of in vitro nitrate reductase activity (NRA) and translocation showed that
NRA was maintained in both roots and shoots over 24 h after external nitrate removal, while
translocation of nitrate to the shoot was reduced to 28 % of the initial translocation rate
measured after 24 h of nitrate supply.

The results were combined to develop a model for vacuolar nitrate remobilization in
the roots, which suggests that the main function of vacuolar nitrate is to maintain cytosolic
nitrate homeostasis and thus the "nitrate induced" state of barley roots during short periods of

nitrate deprivation.
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Chapter One

General Introduction

1.1 Background

In 1993, Rothamsted Experimental Station celebrated 150 years of agricultural
research. It is significant that some of the earliest experiments addressed the effect
of nitrogen supply on crop plants. In the past, agricultural research was primarily
directed towards improving crop productivity. With this aim, much insight into the
effects of nitrogen supply on plant health, growth rate and yield was gained. This
work investigated limitations on crop growth imposed by soil fertility and has led to
great increases in yield and production, often by fertilizer application.

These days however, new questions are being posed, which centre on the
efficiency of genotypes to utilize mineral nutrients. Sustainable agriculture with
minimal environmental impact is being identified as the new agricultural challenge.
This shift in emphasis has been prompted by concerns about the environmental impact
of high intensity fertilizer use, and health considerations about edible crops and water
which contain high levels of mineral nutrients.

Modem crop varieties selected for increased yield under high fertilizer
conditions may not use nutrients as efficiently as other cultivars. Therefore, plant
mineral nutrition research now needs to address questions about regulation of nutrient
uptake, balance between nutrient storage and current use and relationships between
uptake, efflux, translocation, storage and assimilation within individual cells. These
questions differ from those previously addressed therefore, because they require insight
into function at the cellular level, rather than observation of gross features such as
growth or yield. Thus the shift in emphasis has necessitated a shift in scientific
approach, to complementing whole plant physiology with cellular and molecular

techniques. Molecular biology is an invaluable tool in elucidating genes and proteins
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responsible for the cellular functions involved, but confirmation of a particular uptake
or transport system would be difficult in many cases without the use of
electrophysiological techniques. The work reported in this thesis therefore aims to
integrate studies at a whole plant level with electrophysiological techniques which
provide information at a cellular and intracellular level.

Transport of ions across membranes is a major aspect of mineral nutrition since
it occurs during initial absorption, compartmentation and mobilization. Over the past
thirty years, Mitchell's chemiosmotic theory (Mitchell, 1966) has gained general
acceptance as being central to plant mineral transport. According to the chemiosmotic
theory, the proton motive force (p.m.f.) that exists across a membrane defines the
nature of the transport that may occur across that membrane. The p.m.f. is made up
of a pH differential (established by proton pumping ATPases) and an electrical
potential difference (established by unequal distribution of ions on either side of the
membrane). The p.m.f thus established can then power proton linked transport. Thus
the importance of estimating intracellular ion concentrations and p.m.f. has been
recognised as central to a full understanding of the regulation of plant mineral
nutrition. This ensures that electrophysiology has an important role to play in modern
agricultural research.

In this Chapter, a review of the current knowledge of plant nitrogen nutrition
pertinent to the research described in the rest of this thesis is presented. Since the
research literature on this subject is so vast, the review deals mainly with research
carried out with cereal crops, particularly barley. Firstly, the sources of nitrogen
available to the (non-nodulating) plant are discussed (Section 1.2). This is followed
by sections covering plant nitrate nutrition (Section 1.3) and combined ammonium and
nitrate nutrition (Section 1.4). These sections highlight the increasing importance of
accurate measurement of intracellular nitrate pools for the full understanding of plant
nitrate uptake, storage and remobilization. Various methods that have been used for
measuring the size of these pools are therefore reviewed in Section 1.5. Finally, the

aims of the work described in this thesis are presented (Section 1.6).

1.2 Nitrogen supply

Nitrogen is the nutrient required in the largest quantities by agricultural crops, and is
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most likely to limit optimal growth and yield (Clarkson, 1986; Bloom, 1988; Glass,
1988). Under agricultural conditions encountered in Europe, nitrate is the most
common form of nitrogen available. This is due to the presence of nitrifying bacteria
such as Nitrosomonas and Nitrobacter which oxidize ammonium released by
decomposition to form nitrate (Aleem, 1970). The activity of these bacteria is
dependent on good aeration, water availability and near neutral pH (Aleem, 1970);
conditions usually found in European agricultural soils. Recommended applications
of nitrate fertilizer for cereal crops in the U.K. are based on previous crop and yield
potential and since this does not match supply with demand, oversupply generally
occurs (Barraclough, 1993). In natural soils where nitrate is present, the concentration
may be less than 1 mM (Emes and Bowsher, 1991) while in areas where fertilizer has
been applied the nitrate concentration can be as high as 20 mM (Russell, 1973).
Leaching of fertilizer nitrate was considered a problem primarily with respect to the
expense of fertilizer loss potentially available for crop growth in the past. More
recently, concern about excessive nitrate leaching due to intensive use of nitrate
fertilizers addresses the polluting effects (Addiscott and Darby, 1991). High levels of
nitrate in underground water and waterways causes eutrophication, resultant algal
blooms and reduction in water quality (van Dienst, 1986). The presence of nitrate in
ground water or food may cause disease due to formation of nitrite in the gut
(Scharpf, 1991).

When ammonium is present, it can be used as a nitrogen source by most higher
plants including barley (Hageman, 1984). Research has been carried out into the
possible use of ammonium as an alternative nitrogen source because this ion is
positively charged, and therefore less prone to leaching from the negatively charged
soil (Reisenauer, 1978). Application of ammonium in conjunction with nitrification
inhibitors (for example nitropyrin, trade name N-serve: Dow Chemical Company) has
been viewed as a potential alternative to large nitrate applications (Hageman, 1984).
Research into plant ammonium nutrition may also be important for the promotion of
sustainable agriculture and efficient land use in Third World countries. In many of
these areas, land available for agricultural use has oligotrophic, highly leached or
water logged soils, where ammonium may be an important nitrogen source for crops

because of low nitrification rates (Wang er al, 1993). Research into the use of
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ammonium as an alternative or supplementary nitrogen source may have relevance
therefore.

In addition to nitrogen available to the plant in the form of nitrate or
ammonium, roots have also been shown to possess uptake systems for amino acids
(Frommer et al.,, 1994). Depending on the availability in the soil, it has been
suggested that amino acids may contribute 15-25 % to the nitrogen nutrition of the
plant (Schobert and Komor, 1987). In this thesis, only ammonium and nitrate sources

of N are considered however.

1.3 Nitrate nutrition

The nitrate ion has been identified as an important N storage form and is concentrated
in the vacuole (Martinoia et al, 1981; Granstedt and Huffaker, 1982, Barneix et al.,
1984). This implies that there are two nitrate pools within the cell: a cytosolic
(metabolic) pool enclosed by the plasma membrane, in which nitrate reductase (NR)
is induced and nitrate is reduced, and a vacuolar or storage pool enclosed by the
tonoplast, that is large and inaccessible by nitrate reductase (Heimer and Filner, 1971).
Since nitrate that is compartmentalized in the vacuole is not accessible for reduction
because NR is localized in the cytoplasm, nitrate entering from the exterior is used
preferentially as a substrate (Jackson, 1978; Beevers and Hageman, 1980). Nitrate
entering the root from the exterior may be reduced in the cytosol; transported across
the tonoplast to be stored in the vacuole; effluxed or translocated via the symplast to
the xylem and thus to the shoot. This means that apart from the storage and metabolic
pool, there is also a proportion of nitrate that is in flux (either to the shoot or to the
exterior). The labile nitrate present in the cytosolic or vacuolar pools at any one time
may be considered as accumulated nitrate at steady state with translocation and
assimilation for a given exogenous supply. Accumulated nitrate (the quantity
measured using bulk tissue extraction and analysis) is different from nitrate influx (the
movement of nitrate across the plasma membrane) and from net nitrate uptake (influx

minus efflux).

1.3.1 Nitrate uptake and efflux

Uptake of nitrate is against an inside negative membrane potential (E_) at the plasma
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membrane (Ullrich, 1992) and shows characteristics consistent with a constitutive (low
affinity) and an inducible (high affinity) system (Behl ef al. 1988). Because of the
negative charge of the nitrate ion, passive inward transfer would require the external
concentration to be much higher than the nitrate concentration inside the root. It has
long been known that plants concentrate nitrate in the tissues at levels much higher
than those in the growth medium (Hoagland and Bayer, 1936). This would suggest
that given the negative potential difference across the plasma membrane, energy is
required for nitrate influx. Still, it has been postulated that as long as this nitrate is
located in the vacuole and the cytosolic nitrate is kept low (in the micromolar range)
then this passive influx could occur (Siddiqi et al., 1990; Glass et al., 1990).
Although the existence and relative significance of a passive nitrate uptake mechanism
is still debated, it is generally becoming accepted that cytosolic nitrate pools are in the
low millimolar range when nitrate is supplied (see Table 1.1) and therefore energy is
required for the transport step itself and for the regeneration of the original membrane
potential. Passive transport is thought to occur via anion channels (Tyerman, 1992)
and could constitute the low affinity, constitutive nitrate transport system (McClure
et al., 1987; Gla_ss, 1988; Keller er al., 1989). This system may be important at low
internal nitrate concentrations and serve as a "sensor" of nitrate availability (Behl et
al, 1988), i.e.' it  would serve as a stimulus for full induction of the high affinity
transporter that is dependent on external supply of the ion (Clarkson and Luttge,
1991). Recently however, a low affinity nitrate transporter, CHL1, has been cloned
from Arabidopsis (Tsay, et al., 1993) which provides an alternative mechanism for the
"sensing" of nitrate availability by facilitating initial nitrate uptake and thus the
induction of the HATS. The actual contribution of passive nitrate diffusion to nitrate
uptake in the plant is still not resolved therefore.

The nature of the high affinity transport system has not yet been defined
unequivocally; various studies have postulated different types of transport (for example
H'/NO; symport: Ullrich and Novacky, 1981; OH/NO; antiport: Thibaud and
Grignon, 1981; CHO,/NO;, antiport: Lips et al., 1970). Support for the proton/nitrate
symport is increasing (McClure et al., 1990; Glass et al., 1992; Lu and Brisken, 1993).
Calculations of the free energy associated with the pH gradient across the plasma

membrane (Glass, 1988) have shown that this is sufficient to drive uphill transport of
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nitrate for the stoichiometry of the symport (2H" :1NO;’) suggested by Ullrich and
Novacky (1981) under most physiological conditions. The identification and
characterization of plasma membrane H'-ATPases (proton pumps) from plant
membranes (Hodges et al., 1972; Poole, 1978; Spanswick, 1981) suggest a possible
mechanism facilitating the maintenance of pH and electrical potential (E,,) across the
membrane during such ion transport. Although it is difficult to discriminate between
proton symports and hydroxyl antiports, the presence of H'-ATPases suggest that for
anion transport, proton cotransport is more likely to occur than OH™ antiport (Ullrich,
1992).

The development of the full capacity for nitrate absorption occurs over several
hours after nitrate is first supplied, and is preceded by a lag phase (Lee and Drew,
1986). In plants where the transporter has been induced, removal of external nitrate
for 2-4 days increased the capacity for nitrate transport across the plasma membrane
(Lee and Drew, 1986; Lee and Rudge, 1986). It has been suggested (Siddiqi et al.,
1989) that this may be due to continued induction by nitrate mobilized from the
vacuole. Thus the nitrate transporter has the potential to be stimulated both by the
absence and by the presence of external nitrate.

Influx of nitrate across the plasma membrane facilitated by the transporters
may not represent net nitrate uptake by the root however, because nitrate efflux from
the roots occurs. Net nitrate uptake is therefore the result of the influx and efflux
process occurring across the plasma membrane. The efflux has been reported to be
a large proportion of total nitrate influx by some workers (for example, Lee and
Clarkson (1986) found that efflux could represent 40 % of influx) or has been
considered to be negligible (for example Lee, 1993). Influx and efflux of nitrate are
considered to be two independent processes subject to different controls by some
researchers (for example Jackson ef al., 1976; Pearson et al., 1981). Some workers
however, attribute the occurrence of nitrate efflux to the pump/leak/buffer model for
nitrate uptake, first described by Morgan et al. (1973) and expressed as a simulation
model (Scaife, 1989) and mathematically (Sutherland, 1989) by subsequent workers.
This system of uptake is described as the interaction of three components (or rate
parameters): - a pump for uptake; a diffusive leak working in an outward direction

because internal nitrate concentrations are higher than those exterior to the root, and
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a buffer, which is the rate of internal nitrate consumption. This model therefore
implies that efflux and uptake are related, and are interdependent. The efflux of

nitrate and the factors which affect it are discussed in more detail in Chapter 4.

1.3.2 Nitrate reduction

The reduction of nitrate in the cytoplasm to nitrite is catalysed by nitrate reductase
(NR) which is located in the cytoplasm (Emes and Fowler, 1979). There is some
controversy as to whether the enzyme is cytosolic (i.e. evenly distributed in the
cytoplasmic fluid, since it is a water soluble enzyme) or associated with organelles
(see Meyerhoff et al. 1994 for a full discussion). NR also appears to be associated
to some degree with the plasma membrane in some species including barley (Ward
et al., 1988). Two soluble isoforms of the enzyme have been isolated from higher
plants: an NADH specific NR (EC 1.6.6.1) and an NAD(P)H bispecific form (EC
1.6.6.2). In barley, NAD(P)H NR is found in the roots along with NADH NR, while
in the shoots, only NADH NR is found (Daily ef al., 1982). The nitrate produced is
further reduced by nitrite reductase (NiR: E.C. 1.7.7.1) localised in plastids (Miflin,
1974). Root assimilation of nitrate is more important when plants are growing at low
external nitrate concentrations; as external nitrate supply increases, shoot assimilation
becomes more important (Emes and Bowsher, 1991). Previously absorbed nitrate
(presumably located in the vacuole) appears to be less accessible for reduction, or less
significant in the control of NR activity (Shaner and Boyer, 1976; Barneix et al. 1984,
Morgan et al., 1985). Nitrate reductase activity is induced by nitrate: when barley
plants were initially exposed to nitrate, NR mRNA accumulated first in the roots and
then in the leaves (Melzer et al., 1989). Induction of NR mRNA reached a peak
within 2 h of nitrate supply in the roots and within 12 h in the shoots. Shoot NR
activity steadily increased over 24 h and did not reach a maximum over the 24 h
measured. In the roots, maximum NR activity occurred after approximately 12 h
(Melzer et al., 1989). These authors found that the NR activity measured for whole
seedlings over 16 days continued to increase for the first 4-6 days after initial nitrate

exposure.
It has been shown in maize that the NR enzyme is short lived and is degraded

with a half time of a few hours, which permits control of nitrate reduction in response
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to nitrate availability (Li and Oaks, 1993). In spinach and other higher plants
including maize, rapid regulation of NR activity is also affected through post
translational phosphorylation (deactivating) and dephosphorylation (activating) of the
enzyme (Kaiser and Huber, 1994).

Work done by MacKown et al. (1983) showed that after full induction of
nitrate uptake and reduction in maize, exogenously supplied nitrate was readily
reduced and translocated, while previously supplied nitrate was readily effluxed or
translocated, but did not appear to be readily available for reduction. This led the
authors to suggest that reduction was associated with influx of nitrate across the
plasma membrane into a cellular compartment containing NR. Further investigation
into this possibility by Rufty et al. (1986) showed that in maize roots, NR appeared
to be localized in epidermal cells. Thus the authors suggest that incoming nitrate is
readily reduced but that previously absorbed nitrate, predominantly in the highly
vacuolate cells of the cortex or in the symplastic pathway that had proceeded past the
epidermal layers, would therefore not be available for reduction. More recently,
immunochemical studies of the cellular location of NR in maize roots (Fedorova et
al., 1994) showed that NR was present in high levels in epidermal and cortical cells.
It is possible that the method used by Rufty et al. (1986) which involved removal of
the shoot and all roots bar the primary root before the 20 h nitrate induction period
prior to the experiment may have affected normal transpiration and carbon flow, thus
influencing the full expression of root NR. In contrast, Dietz et al. (1994) reported

no NR activity in barley shoot epidermal cells, although nitrate stores were present.

1.3.3 Nitrate translocation
The nitrate which is destined for the shoot is often estimated together with the
metabolic pool and referred to as a single cytoplasmic pool (for example, Clarkson
(1986) refers to the "metabolic/transport pool"). Rufty et al.(1986) however, suggests
that nitrate moving radially to towards the stele for transport to the shoot is spatially
isolated from the metabolic pool that is accessible to nitrate reductase. This may be
effected by compartmentalizing symplastic ions within the endoplasmic reticulum,
which could thus establish a high priority for ions entering the cytoplasm across the

plasma membrane and tonoplast to be diverted to translocation (Clarkson, 1985).
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Translocation to the shoot is thought to involve radial movement towards the stele via
symplastic transport (facilitated by intercellular connecting plasmodesmata) through
the cortex and stele, culminating in xylem loading for transport to the shoot ( Lauchli,
1976; Pitman, 1977; Hanson, 1978). In the shoot, nitrate may again be diverted to

storage in the vacuole or assimilation.

1.3.4 Nitrate storage
During normal growth conditions, most higher plants in the vegetative growth stage
accumulate nitrate in excess to the requirements for current growth in its unreduced
form (Jackson and Volk, 1981). Excess N may also be deposited in storage forms
such as Rubisco (Lawlor et al. 1989) or vegetative storage proteins (Staswick, 1989).
It is thought that vacuolar storage of nitrate provides a buffer against the variable
external source of nitrogen, allowing the plant to maintain normal growth and
assimilation during periods of low external nitrate (Jackson and Volk, 1981). The
presence of H' pumping ATPases (Bennett and Spanswiék, 1984; Sze, 1985) and
pyrophosphatases (Wang et al., 1986) in the tonoplast provide a mechanism for
vacuolar anion accumulation driven by the E_ and/or proton gradients across the
membrane. The inside positive transtonoplast potential (Miller and Smith, 1992) could
facilitate passive transport of nitrate into the vacuole. In tonoplast vesicles, nitrate
influx stimulated proton pumping presumably by dissipating the transtonoplast
potential (Lew and Spanswick, 1985; Kaestner and Sze, 1987; Pope and Leigh, 1987).
From these results it was suggested that nitrate movement into the vacuole is passive,
the driving force provided by the electrical gradient generated by the electrogenic H'-
ATPase and PPase. Transport into the vacuole was found to be saturable (Lew and
Spanswick, 1985; DuPont, 1987), suggesting the presence of specific ion channels and
appeared to have a K, of 5 mM (Kaestner and Sze, 1987). Influx was found to be
ATP dependent and efflux was decreased in the presence of ATP (Martinoia ef al.,
1986). Work done using nitrate selective electrodes in cells of intact barley roots
(Zhen et al., 1991) has shown that the nitrate concentration gradient across the
tonoplast is too large to result from a passive process (see also the gradients shown
in Table 1.1 measured with other methods). Observed values for the transtonoplast

potential (+10 to +20 mV: see Chapter 3) would be insufficient to sustain the nitrate
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gradients reported. Therefore at higher concentrations of nitrate, there must be an
active transport mechanism operating. Schumaker and Sze (1987) have suggested that
this may be a proton antiport (1H" : INO;). By using pH electrodes, Miller and
Smith (1992) showed that the observed nitrate gradients in intact cells could be

achieved by such an antiport with a 1:1 stoichiometry.

1.3.5 Nitrate remobilization
Although nitrate may be abundant in soils, especially where fertilizer is applied, its
availability to the plant is not uniform. Availability of nitrate fluctuates during the
growing season (Haynes, 1986) and is affected by diverse factors such as soil
moisture, temperature, rhizosphere activity, leaching, pH and depletion by roots (Wild,
1988). Thus the growing root will encounter regions which are highly variable or
deficient in nitrate (Greenwood, 1978; Lee and Drew, 1986). These conditions can
vary within hours so plants are required to be able to adapt metabolism to cope with
changing conditions.

The nitrate stored in the vacuole may be available for metabolism, serving as
a storage deposit to sustain growth processes during subsequent periods when the
ambient nitrogen supply becomes limiting, or later when reproductive development
demands levels of nitrate exceeding the nitrate uptake rate (Jackson and Volk, 1981).
It has been suggested that nitrate accumulated in the vacuole is not readily available
or not remobilized fast enough to sustain plant functioning over times of nitrogen
stress (Aslam et al, 1976, Rufty et al, 1982; Morgan et al, 1985; Oscarson and
Larsson, 1986). Macduff et al. (1989) however, concluded that nitrate was
progressively transported out of vacuoles throughout ryegrass plants in response to
assimilatory demands during three days of nitrogen starvation, and was readily
available. These authors suggested that the net rate of nitrate transport from vacuole
to cytoplasm was proportional to the vacuolar nitrate concentration and that
remobilization followed first order kinetics.

If most of the stored nitrate is located in the vacuole, then its accessibility will
depend on the rate at which nitrate can be transported across the tonoplast, and will
be affected by the mechanisms which regulate this transport. The manner in which

accumulated nitrate becomes available for utilization is not well understood, and
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factors affecting the rate of remobilization have not been identified. Although the
return of nitrate to the cytoplasm represents a passive flux, Blumwald and Poole
(1985) and Schumaker and Sze (1987) have suggested that nitrate efflux from the
vacuole may involve proton coupled fluxes. Dissipation of an imposed pH gradient
by nitrate has led to the suggestion that nitrate/proton antiports are responsible for
uptake into the vacuole and nitrate/proton symports facilitate release (Lew and
Spanswick, 1985; Schumaker and Sze, 1987). Such a system may represent an
additional energetic cost of futile cycling of the ion through the vacuole. It has been
suggested that this may be the price paid for the availability of stored nitrate
(Blumwald and Poole, 1985). One possible mechanism for regulation of vacuolar
nitrate remobilization is suggested by the work of Martinoia et al. (1986). These
workers found that transport inhibitors such as p-chloromercuribenzene sulphonate
(pCMBS) which react with protein SH groups, stimulated efflux of nitrate. This
suggests that an unmodified protein may control efflux from the vacuole. The
mechanism for vacuolar nitrate release could therefore be via passive flux through
channels. Regulation of flux through these channels could be effected by an

unmodified protein.

1.4 Combined ammonium and nitrate nutrition

Combined ammonium and nitrate supply in nutrient solutions has repeatedly been
shown to reduce tissue nitrate accumulation (reviewed in Jackson, 1978; Haynes and
Goh, 1978). In barley particularly, ammonium is taken up preferentially over nitrate
(Bloom and Chapin, 1981; Macduff and Jackson, 1991). Lee and Drew (1989)
showed that ammonium causes a rapid, reversible inhibition of nitrate influx across
the plasma membrane, which occurred within 3 minutes of ammonium addition.
Removal of external ammonium restored the initial nitrate influx rate within three
minutes. These effects were explained as inhibition of nitrate influx by external
ammonium because the inhibition was too rapid to be induced by products of
ammonium assimilation. King et al. (1993), showed that prior exposure to ammonium
inhibited subsequent net nitrate uptake after external ammonium was removed,
suggesting that intracellular ammonium may also affect net nitrate uptake. It appears

that the reduction of net nitrate uptake by ammonium may be effected through various
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different mechanisms therefore. MacKown et al. (1982) showed that addition of
ammonium also inhibited reduction of previously accumulated nitrate. The total N in
plants supplied combined nitrogen appears to be similar to those supplied nitrate alone,
but ammonium nitrate fed plants have lower concentrations of nitrate and higher
concentrations of reduced N (Vessey et al,, 1990). Unlike nitrate uptake, which is
against the electrochemical gradient, the uptake of ammonium into the roots of plants
does not require this energy since it can follow its electrochemical gradient (Ullrich,
1992) depending on the concentration of ammonium on either side of the plasma
membrane. This is because of the positive charge on the ion, and the negative charge
associated with the plasma membrane.

There is a direct correlation between the lipophilic nature of a molecule and
its rate of permeation across a biological membrane (Stein, 1990). For this reason,
cell membranes are considered to be more permeable to small neutral molecules than
to charged molecular species of the same size. The neutral molecule NH; is a weak
base and protonates rapidly to yield NH,". Biomembranes are permeable to the
neutral species but the ion would usually require specific carriers or channels for
transport (Stein, 1990). If one calculates the degree of dissociation using the
ionization constant of 1.8 x 10® (Sienko and Plane, 1957) for an ammonium supply
of 10 mM at pH 6 (the conditions used in the experiments reported here) it is evident
that only a small proportion of ammonium is in the neutral form (5.5 pM). The
diffusion of the neutral form through the membrane will not therefore account for a
significant amount of uptake into the plant. Most ammonium uptake into the plant
must therefore occur via some sort of facilitated membrane transport (for example a
channel). Using the Nernst equation and using a membrane potential of -65 mV
(measured in Chapter 3), it can be calculated that if 10 mM external ammonium is
supplied, then internal ammonium concentration can accumulate to 126 mM by
passive diffusion alone (assuming a membrane potential of -65 mV; Chapter 3). Work
done by Roberts and Pang (1992) using nuclear magnetic resonance (see Section 1.5.4)
showed that after 3 h of ammonium supply at 10 mM, the ammonium concentration
in the root was 8 mM, with 0.5 mM located in the cytoplasm. An increase in
vacuolar pH was observed, although cytoplasmic pH was not affected. Lee and

Ratcliffe (1991) found that after 7 days of ammonium supply at 1.5 mM
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concentration, root vacuolar ammonium concentration was 15 mM, while cytoplasmic
concentration was below detection limits. These measurements suggest that
ammonium accumulation in the plant tissue is controlled, that levels are maintained
at concentrations much lower than those predicted by steady state diffusion and that
cytoplasmic ammonium concentrations are less than 1 mM. If cytoplasmic ammonium
concentration is 1 mM, then using the Nernst equation and a plasma membrane
potential of -65.5 mV (Chapter 3) it can be calculated that passive diffusion of
ammonium into the cell across the plasma membrane can occur at external
concentrations greater than 78 pM.

A recent study showed that in rice, ammonium uptake was biphasic, with a
saturable, high affinity transport system (HATS) operating at external ammonium
concentrations below 1 mM, and a low affinity transport system (LATS), that was
linear for external ammonium concentrations from 1 - 40 mM. These workers
suggested that the HATS may be active at low external nitrate concentrations, but that
it is highly unlikely that the LATS is active (Wang et al., 1993). Mack and Tischner
(1994) reported that ammonium uptake in barley has constitutive and inducible
components, the latter being induced by external concentrations < ImM. Recently,
a high affinity ammonium transporter from Arabidopsis has been identified by yeast
complementation (Ninnemann et al., 1994), which is energy dependent and inhibited
by protonophores. The transporter showed high specificity for ammonium and is
considered to be analogous to the high affinity, plasma membrane transport system
described by Wang et al. (1993). Competitive inhibition of ammonium uptake by
potassium has suggested that low affinity diffusion of ammonium at external
ammonium concentrations greater than 1 mM may occur through potassium channels
(Haynes and Goh, 1978; Morgan and Jackson, 1988).

Ammonium nutrition may thus avoid energy expenditure in nitrogen uptake at
external concentrations greater than approximately 1 mM when compared to active
nitrate uptake and also may be more energetically efficient because it is in the reduced
form (Salsac et al., 1987). Ammonium nutrition has been reported to be detrimental
to plants however (Givan, 1979) although the mechanism of toxicity is not
unequivocally established. Some workers are of the opinion that flux of this nitrogen

form into the plant cannot be regulated, and the relatively low whole tissue
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concentrations found is because of rapid ammonium assimilation due to toxicity of the
ion (Givan, 1979). The nature of ammonium toxicity is not clear, although numerous
workers (for example Allred and Ohlrogge, 1974; Weir et al., 1972, Roberts and Pang,
1992) are of the opinion that NH,(aq) is the toxic component of ammonium N. Since
this uncharged species can readily penetrate membranes, it may raise the concentration
of NH, and NH," around enzyme systems which would normally be protected by
membranes, and cause uncoupling by interfering with proton gradients. Roberts and
Pang (1992) suggest that ammonium may have toxic affects by causing alkalinization
of the vacuole. They suggest that this occurs by NH, diffusion into the vacuole,
where formation of NH," driven by the lower pH in the vacuole utilizes vacuolar
protons (this is termed "acid trapping"). This would cause perturbation of the pH
gradient across the tonoplast and thus disturb the balance of ionic concentrations
between the vacuole and the cytoplasm. The presence of NH, in the vacuole may also
affect the functioning of the tonoplast proton pumps and cause increased ATP
consumption by stimulating H* ATPase activity. If this were the sole cause of
ammonium toxicity however, then NH, is toxic at very low levels within the cell. The
identification of mutants for ammonium uptake (Kleiner, 1985) further challenges this
view. Therefore it appears that the ammonium ion also contributes to the toxic effects
observed.

It has been shown that the ammonium ion can uncouple photophosphorylation
(Avron, 1960) This effect is considered to be the reason why NH," is not transported
to the shoots (Pate and Wallace, 1964) and requires assimilation in the roots (Pate,
1980). For this reason, plants exposed to ammonium nutrition have higher
concentrations of nitrogen in organic forms such as amino acids and amides than,
plants supplied nitrate (Barash ef al., 1974). Ammonium is assimilated in the root via
glutamine synthetase (GS) which has a high affinity for ammonium (K,, = 20 mM;
Stewart et al., 1980). Inhibition of this enzyme causes an increase in cytoplasmic
ammonium content and an increase in ammonium found in the xylem sap (Lee and

Ratcliffe, 1991).
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Table 1.1: Summary of intraceilular compartment nitrate concentrations estimated using different techniques.

Nitrate concentration (mM)

Reference

Method Tissue
External Medium Cytosol Vacuole
Anaerobic nitrate barley roots 20.0 3.9 not given King ef al. 1992
reductase
BN tracer barley roots 1.5 26.0 43 Lee and Clarkson,
1986
N tracer wheat roots 0.2 10 - 20 32 Devienne ef al., 1994
$C10; tracer barley roots -0.01 8.2 60 Dean-Drummond and
Glass, 1982
cell fractionation barley leaf protoplasts not given 4.1 42.9 Martinoia et al., 1986
nitrate selective barley root epidermal 10 5 39 Zhen et al., 1992
microelectrodes cells




1.5 Measuring intracellular nitrate concentration

To understand nitrogen use efficiency in plants, it is necessary to identify factors that
regulate uptake, storage, translocation and remobilization of nitrate. Understanding
these factors and the extent of their plasticity within and between genotypes and
species would allow for selection of genotypes and manipulation of conditions to
maximize nutrient use efficiency. Membrane transport is an integral part of all these
processes, and because the understanding of membrane transport processes is
dependent on knowledge of the intracellular compartmental sizes, it has become
evident that information regarding the size of the individual nitrate pools within the
cell 1s crucial to a full understanding of plant nitrate nutrition. It is clear from the
discussion in Section 1.3 that whole tissue nitrate analysis will give an estimate of
nitrate content that is a mean of the sum of the nitrate that is present in the vacuole
and the cytosol and the proportion that is in flux. Information regarding the amount
of nitrate in the metabolic (cytosolic) pool available to nitrate reductase, or vacuolar
nitrate available for remobilization cannot be obtained using bulk tissue analysis.
Tissue differences (for example between epidermal and cortical cells) are also not
resolved. Knowledge of the size of these pools would also provide information
regarding the nature of the transport mechanisms facilitating movement of nitrate
across the tonoplast or plasma membrane. More recent research into plant nitrate
nutrition has therefore endeavoured to find methods suitable for measuring
intracellular nitrate compartmentation accurately.

The methods used most frequently for measuring nitrate compartmentation are
described below, the results which were obtained are summarised in Table 1.1. It is
evident from this Table that estimates of nitrate pool sizes show large variation,
depending on the method used, particularly for the cytosolic pool (3.9 mM to 26.0
mM, see Table 1.1).

1.5.1 Anaerobic nitrate reductase method
Estimates of the metabolic (cytoplasmic) nitrate pool using this method measure the
amount of nitrite produced in the absence of external nitrate, under conditions which
inhibit nitrite reductase activity, usually by imposing anaerobic conditions (Ferrari et

al., 1973). This method has been used to measure cytoplasmic nitrate concentrations
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of leaf tissue in a number of studies (for example Ferrari et al., 1973; Aslam et al.,
1976; Baer and Collet, 1981) and recently to measure cytosolic nitrate in barley roots
(King et al., 1992). These workers found that cytosolic nitrate increased with
increasing external nitrate supply, to a level of 3.9 mM when external supply was 20
mM. Problems with this method are that nitrite formation may be affected by supply
and activity of nitrate reductase (Hageman et al., 1980) as well as nitrate
concentration, although King et al. (1992) measured in vivo and in vitro NR activity
under anoxic conditions and found them similar. In the absence of external nitrate,
nitrate may be remobilized from the vacuole however, which may then be available
for reduction and thus cause an over estimation of metabolic nitrate. The use of
excised roots (King et al, 1992) rather than intact plants may also perturb the
distribution of nitrate between the pools by altering the exchange between source and
sink of the seedling and restricting transpiration. There is evidence from work carried
out with microelectrodes (Zhen et al., 1991) that excised barley roots have slightly

lower cytoplasmic nitrate concentrations than intact roots.

1.5.2 Tracer efflux (compartmental efflux) analysis
Compartmental tracer efflux is a widely used technique for measuring fluxes and
compartmentation of ions (Cheeseman, 1986; Cram, 1988). When applied to nitrate
compartmentation, the method assumes the presence of three compartments in series
which represent the cell wall, the cytosol and the vacuole. The tissue is first loaded
to steady state with a tracer, which may be a radioactive isotope (’N; Lee and
Clarkson, 1986), a heavy isotope (‘°N; Devienne et al., 1994) or a chemical analogue
(**ClO;"; Dean-Drummond and Glass, 1982). This is then followed by a washout
period into an unlabelled efflux solution which is collected and analysed for tracer
content. The three different compartments show different resistances to ion efflux so
that the exchange kinetics can be used to calculate the concentration in each
compartment (a detailed explanation of the calculations and assumptions involved is
given in Cram, 1988). Using this method, the cytoplasmic nitrate pool of barley roots
has been estimated to be between 10 and 26 mM (Dean-Drummond and Glass, 1982;
Lee and Clarkson, 1986; Devienne et al., 1994; see Table 1.1). The type of tracer

used imposes some limitations on this method. "N has a half life of 10 minutes and
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