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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 o f agricultural 

research. It is significant that some o f the earliest experiments addressed the effect 

o f 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 o f 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 o f 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 

o f high intensity fertilizer use, and health considerations about edible crops and water 

which contain high levels o f mineral nutrients.

M odem 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 o f 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 o f 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 o f a particular uptake 

or transport system would be difficult in many cases without the use o f 

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 o f ions across membranes is a major aspect o f 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 o f the transport that may occur across that membrane. The p.m.f. is made up 

o f  a pH differential (established by proton pumping ATPases) and an electrical 

potential difference (established by unequal distribution o f ions on either side o f the 

membrane). The p.m .f thus established can then power proton linked transport. Thus 

the importance o f estimating intracellular ion concentrations and p.m.f. has been 

recognised as central to a full understanding o f the regulation o f plant mineral 

nutrition. This ensures that electrophysiology has an important role to play in modem 

agricultural research.

In this Chapter, a review of the current knowledge o f  plant nitrogen nutrition 

pertinent to the research described in the rest o f 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 o f 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 o f 

accurate measurement o f intracellular nitrate pools for the full understanding o f plant 

nitrate uptake, storage and remobilization. Various methods that have been used for 

measuring the size o f these pools are therefore reviewed in Section 1,5. Finally, the 

aims o f 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

19



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 o f nitrogen available. This is due to the presence o f nitrifying bacteria 

such as Nitrosomonas and Nitrobacter which oxidize ammonium released by 

decomposition to form nitrate (Aleem, 1970). The activity o f these bacteria is 

dependent on good aeration, water availability and near neutral pH (Aleem, 1970); 

conditions usually found in European agricultural soils. Recommended applications 

o f 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 o f fertilizer nitrate was considered a problem primarily with respect to the 

expense o f fertilizer loss potentially available for crop growth in the past. More 

recently, concern about excessive nitrate leaching due to intensive use o f nitrate 

fertilizers addresses the polluting effects (Addiscott and Darby, 1991). High levels o f 

nitrate in underground water and waterways causes eutrophication, resultant algal 

blooms and reduction in water quality (van Dienst, 1986). The presence o f nitrate in 

ground water or food may cause disease due to formation o f nitrite in the gut 

(Scharpf, 1991).

W hen 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 o f 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 o f 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 o f 

sustainable agriculture and efficient land use in Third World countries. In many o f 

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 o f low nitrification rates (Wang et a l ,  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 o f nitrate or 

ammonium, roots have also been shown to possess uptake systems for amino acids 

(Frommer et a l ,  1994). Depending on the availability in the soil, it has been 

suggested that amino acids may contribute 15-25 % to the nitrogen nutrition o f  the 

plant (Schobert and Komor, 1987). In this thesis, only ammonium and nitrate sources 

o f 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, Bameix et a l ,  

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). N itrate 

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 o f 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 o f nitrate across the plasma membrane) and from net nitrate uptake (influx 

minus efflux).

1.3.1 Nitrate uptake and efflux

Uptake o f nitrate is against an inside negative membrane potential (E^,) at the plasm a
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membrane (Ullrich, 1992) and shows characteristics consistent with a constitutive (low 

affinity) and an inducible (high affinity) system (Behl et a l  1988). Because o f the 

negative charge o f 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 a l ,  1990; Glass et a l ,  1990). 

Although the existence and relative significance o f 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 o f 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 a l ,  1987; Glass, 1988; Keller et a l ,  1989). This system may be important at low 

internal nitrate concentrations and serve as a "sensor" o f nitrate availability (Behl et 

al, 1988), i.e. it would serve as a stimulus for full induction o f the high affinity 

transporter that is dependent on external supply o f the ion (Clarkson and Luttge,

1991). Recently however, a low affinity nitrate transporter, C H Ll, has been cloned 

fïom  Arabidopsis (Tsay, et a l ,  1993) which provides an alternative mechanism for the 

"sensing" o f nitrate availability by facilitating initial nitrate uptake and thus the 

induction o f the HATS. The actual contribution o f 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 o f transport (for example 

symport: Ullrich and Novacky, 1981; OH'/NO^' antiport: Thibaud and 

Grignon, 1981; CHO^ /N O / antiport: Lips et a l ,  1970). Support for the proton/nitrate 

symport is increasing (McClure et a l ,  1990; Glass et a l ,  1992; Lu and Brisken, 1993). 

Calculations o f 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 o f the symport (2H"̂  :1 N 0 /) suggested by Ullrich and 

Novacky (1981) under most physiological conditions. The identification and 

characterization o f plasma membrane H^-ATPases (proton pumps) from plant 

membranes (Hodges et a i ,  1972; Poole, 1978; Spanswick, 1981) suggest a possible 

mechanism facilitating the maintenance o f 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 o f H^-ATPases suggest that for 

anion transport, proton cotransport is more likely to occur than OH" antiport (Ullrich, 

1992).

The development o f 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 o f 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 a i,

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 o f external nitrate.

Influx o f 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 o f the influx and efflux 

process occurring across the plasma membrane. The efflux has been reported to be 

a large proportion o f 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 o f nitrate are 

considered to be two independent processes subject to different controls by some 

researchers (for example Jackson et a i ,  1976; Pearson et a l ,  1981). Some workers 

however, attribute the occurrence o f nitrate efflux to the pump/leak/buffer model for 

nitrate uptake, first described by Morgan et a l  (1973) and expressed as a simulation 

model (Scaife, 1989) and mathematically (Sutherland, 1989) by subsequent workers. 

This system o f uptake is described as the interaction o f 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 o f internal nitrate consumption. This model therefore 

implies that efflux and uptake are related, and are interdependent. The efflux o f 

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

1.3.2 Nitrate reduction

The reduction o f 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 M eyerhoff et a l 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 a l ,  1988). Two soluble isoforms o f 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 et a l ,  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 o f NR activity (Shaner and Boyer, 1976; Bameix et a l 1984; 

Morgan et a l ,  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 a l,  1989). Induction of NR mRNA reached a peak 

within 2 h o f 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 a l ,  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 o f 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 o f NR activity is also affected through post 

translational phosphorylation (deactivating) and dephosphorylation (activating) o f the 

enzyme (Kaiser and Huber, 1994).

Work done by MacKown et al. (1983) showed that after full induction o f 

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 o f 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 o f 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 o f the cellular location o f NR in maize roots (Fedorova et 

a l, 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 o f 

the shoot and all roots bar the primary root before the 2 0  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 a/.(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 o f nitrogen, allowing the plant to maintain normal growth and 

assimilation during periods o f low external nitrate (Jackson and Volk, 1981). The 

presence o f pumping ATPases (Bennett and Spanswick, 1984; Sze, 1985) and 

pyrophosphatases (Wang et a l ,  1986) in the tonoplast provide a mechanism for 

vacuolar anion accumulation driven by the and/or proton gradients across the 

membrane. The inside positive transtonoplast potential (Miller and Smith, 1992) could 

facilitate passive transport o f 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 o f specific ion channels and 

appeared to have a of 5 mM (Kaestner and Sze, 1987). Influx was found to be 

ATP dependent and efflux was decreased in the presence of ATP (Martinoia et a l ,  

1986). Work done using nitrate selective electrodes in cells o f intact barley roots 

(Zhen et a l ,  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 o f nitrate, there must be an 

active transport mechanism operating. Schumaker and Sze (1987) have suggested that 

this may be a proton antiport (IH^ : INO3). 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 o f 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 o f nitrogen 

stress (Aslam et al, 1976; Rufty et al, 1982; Morgan et al, 1985; Oscarson and 

Larsson, 1986). M acduff et a l  (1989) however, concluded that nitrate was 

progressively transported out of vacuoles throughout ryegrass plants in response to 

assimilatory demands during three days o f 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 o f 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 o f remobilization have not been identified. Although the 

return o f 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 o f  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 o f futile cycling o f the ion through the vacuole. It has been 

suggested that this may be the price paid for the availability o f stored nitrate 

(Blumwald and Poole, 1985). One possible mechanism for regulation o f vacuolar 

nitrate remobilization is suggested by the work of Martinoia et al. (1986). These 

workers found that transport inhibitors such as j9 -chloromercuribenzene sulphonate 

(pCMBS) which react with protein SH groups, stimulated efflux o f 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 o f 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 

shovm 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 o f nitrate influx across 

the plasma membrane, which occurred within 3 minutes o f ammonium addition. 

Removal o f external ammonium restored the initial nitrate influx rate within three 

minutes. These effects were explained as inhibition o f nitrate influx by external 

ammonium because the inhibition was too rapid to be induced by products of 

ammonium assimilation. King et a l  (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 o f net nitrate uptake by ammonium may be effected through various
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different mechanisms therefore. MacKown et al. (1982) showed that addition o f 

ammonium also inhibited reduction o f 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 o f reduced N (Vessey et al, 1990). Unlike nitrate uptake, which is 

against the electrochemical gradient, the uptake o f ammonium into the roots o f plants 

does not require this energy since it can follow its electrochemical gradient (Ullrich,

1992) depending on the concentration o f ammonium on either side o f the plasma 

membrane. This is because o f 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 o f 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 o f the same size. The neutral molecule NH 3  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 o f 1.8 x 10'  ̂ (Sienko and Plane, 1957) for an ammonium supply 

o f 10 mM at pH 6  (the conditions used in the experiments reported here) it is evident 

that only a small proportion o f ammonium is in the neutral form (5.5 pM). The 

diffusion o f the neutral form through the membrane will not therefore account for a 

significant amount o f uptake into the plant. Most ammonium uptake into the plant 

must therefore occur via some sort o f facilitated membrane transport (for example a 

channel). Using the Nem st equation and using a membrane potential o f -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 diffiision alone (assuming a membrane potential o f -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 o f 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 o f 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. I f  cytoplasmic ammonium 

concentration is 1 mM, then using the Nemst equation and a plasma membrane 

potential o f -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 - 4 0  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 a l ,  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 Arahidopsis has been identified by yeast 

complementation (Ninnemann et a l ,  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 a l  (1993). Competitive inhibition o f ammonium uptake by 

potassium has suggested that low affinity diffusion o f 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 a l ,  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 o f the opinion that flux of this nitrogen 

form into the plant cannot be regulated, and the relatively low whole tissue

3 0



concentrations found is because of rapid ammonium assimilation due to toxicity o f  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 o f the opinion that NHg(aq) is the toxic component o f ammonium N. Since 

this uncharged species can readily penetrate membranes, it may raise the concentration 

o f NH 3  and 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 

o f the vacuole. They suggest that this occurs by NH 3  diffusion into the vacuole, 

where formation of driven by the lower pH in the vacuole utilizes vacuolar 

protons (this is termed "acid trapping"). This would cause perturbation o f the pH 

gradient across the tonoplast and thus disturb the balance o f  ionic concentrations 

between the vacuole and the cytoplasm. The presence o f NH 3  in the vacuole may also 

affect the functioning o f 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 3  is toxic at very low levels within the cell. The 

identification o f 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 N H / 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 o f nitrogen in organic forms such as amino acids and amides than, 

plants supplied nitrate (Barash et al, 1974). Ammonium is assimilated in the root via 

glutamine synthetase (OS) which has a high affinity for ammonium (K^ = 20 mM; 

Stewart et al., 1980). Inhibition o f 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 intracellular compartment nitrate concentrations estimated using different techniques.

Method Tissue
Nitrate concentration (mM)

Reference
External Medium Cytosol Vacuole

Anaerobic nitrate 

reductase

barley roots 20.0 3.9 not given King et al. 1992

tracer barley roots 1.5 26.0 43 Lee and Clarkson, 

1986

‘̂ N tracer wheat roots 0.2 10 - 20 32 Devienne et a/., 1994

^^CIO/ 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 a/., 1986

nitrate selective 

microelectrodes

barley root epidermal 

cells

10 5 39 Zhen et a/., 1992

UJ
to



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 o f  nitrate. Understanding 

these factors and the extent o f their plasticity within and between genotypes and 

species would allow for selection o f  genotypes and manipulation o f conditions to 

maximize nutrient use efficiency. Membrane transport is an integral part o f all these 

processes, and because the understanding o f membrane transport processes is 

dependent on knowledge o f the intracellular compartmental sizes, it has become 

evident that information regarding the size o f the individual nitrate pools within the 

cell is crucial to a full understanding o f plant nitrate nutrition. It is clear from the 

discussion in Section 1.3 that whole tissue nitrate analysis will give an estimate o f 

nitrate content that is a mean o f 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 

o f  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 o f the size o f these pools would also provide information 

regarding the nature o f the transport mechanisms facilitating movement o f 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 o f 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 o f  the metabolic (cytoplasmic) nitrate pool using this method measure the 

am ount o f  nitrite produced in the absence o f external nitrate, under conditions which 

inhibit nitrite reductase activity, usually by imposing anaerobic conditions (Ferrari et 

a l,  1973). This method has been used to measure cytoplasmic nitrate concentrations
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o f  leaf tissue in a number o f studies (for example Ferrari et a l ,  1973; Aslam et a l ,  

1976; Baer and Collet, 1981) and recently to measure cytosolic nitrate in barley roots 

(King et a l ,  1992). These workers found that cytosolic nitrate increased with 

increasing external nitrate supply, to a level o f 3.9 m M  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 a l ,  1980) as well as nitrate 

concentration, although King et a l  (1992) measured in vivo and in vitro NR activity 

under anoxic conditions and found them similar. In the absence o f external nitrate, 

nitrate may be remobilized from the vacuole however, which may then be available 

for reduction and thus cause an over estimation o f  metabolic nitrate. The use o f 

excised roots (King et a l ,  1992) rather than intact plants may also perturb the 

distribution o f nitrate between the pools by altering the exchange between source and 

sink o f  the seedling and restricting transpiration. There is evidence from work carried 

out w ith microelectrodes (Zhen et a l ,  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 o f ions (Cheeseman, 1986; Cram, 1988). When applied to nitrate 

compartmentation, the method assumes the presence o f  three compartments in series 

w hich 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 a l ,  1994) or a chemical analogue 

(^^CIO^ ; 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 o f  the calculations and assumptions involved is 

given in Cram, 1988). Using this method, the cytoplasmic nitrate pool o f barley roots 

has been estimated to be between 10 and 26 mM  (Dean-Drummond and Glass, 1982; 

Lee and Clarkson, 1986; Devienne et a l ,  1994; see Table 1.1). The type o f  tracer 

used imposes some limitations on this method. has a half life o f  1 0  minutes and
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thus is only suitable for short term analysis, it also requires elaborate facilities 

(necessarily close to the experimental site) for its synthesis (M cNaughton and 

Presland, 1983). The stable isotope is only useful for long term experiments since 

it can be difficult to obtain sufficient sensitivity over short periods (Lee and Clarkson, 

1986). There is increasing evidence that ^^ClOf may not be a suitable analogue for 

nitrate since chlorate is readily reduced to toxic chlorite by N R  (M urphy et al, 1985) 

and does not appear to induce nitrate transport in maize (McClure et a l ,  1986).

Another possible limitation o f the method is that assimilation and translocation 

o f labelled nitrate may reduce the proportion o f label within the compartments that is 

available for exchange with the external efflux solution. Some efforts have been made 

to correct for these losses (Lee and Clarkson, 1986). There is also some evidence that 

the composition o f the efflux solution may affect the rate o f nitrate efflux (see Chapter 

4, Section 4.1). Finally, since the total vacuolar and cytoplasmic volumes o f the tissue 

are taken to represent single compartments, compartmental efflux analysis will give 

an estimate o f the mean o f the cytoplasmic or vacuolar nitrate content for all the 

different cell types in the tissue. Thus possible differences between cell types (for 

example epidermal and cortical cells) will not be accounted for.

1.5.3 Cell fractionation

The isolation o f intact protoplasts and vacuoles provides another approach to 

investigating ion transport and compartmentation in plant cells. Although this method 

has largely been applied to the study o f membrane transport processes (Sze, 1985) it 

is possible to estimate the intracellular ion pools (for example M artinoia et al. 1986; 

Table 1.1). This involves direct measurement o f vacuolar content and cytoplasmic 

content is calculated by difference form the corresponding whole cell values. The 

method allows for preparations that are free from the complications from extracellular 

structures, diffusion is minimized and conditions can be controlled more rigorously 

than in intact cells, but the conditions are therefore also correspondingly artificial 

(Cram, 1988). How closely these measurements may reflect the conditions in vivo 

would need to be assessed before realistic models o f cell function could be inferred. 

In addition, this method requires the estimation o f the cytoplasmic or vacuolar volume 

(M artinoia et a l ,  1986) which may introduce error in calculation. For example, a
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calculated cytoplasmic concentration o f 10 mM in a cytoplasm assumed to occupy 5 

% o f  the cell volume would yield a nitrate concentration o f  50 mM  if  the volume 

occupied were only 1  %.

1.5.4 Nuclear magnetic resonance

N uclear magnetic resonance (NMR) provides a measure o f  the quantity o f  particular 

atom ic nuclei in specific environments. A review o f this method is given in Rat cliffe 

(1987). Application o f  NM R to measuring intracellular nitrate compartmentation 

(Belton et a l ,  1988) did not allow resolution o f intracellular nitrate into cytoplasmic 

and vacuolar pools; only a measure o f the latter was obtained. This work also showed 

that although intracellular ammonium was detected by ’"‘N NM R, the signals from the 

cytoplasm  and vacuole could not be resolved because the position o f the resonance in 

the spectrum was not affected by the pH difference across the tonoplast (Lee and 

Ratcliffe, 1991). However, other properties o f the "̂̂ N ammonium signal (spin lattice 

relaxation time and H^ coupled lineshape) are dependent on pH over physiological 

range (pH 5-8). These differences were therefore used to estimate ammonium 

com partmentation in maize root tissue (Lee and Ratcliffe, 1991). NM R has also been 

used to measure ammonium compartmentation indirectly, by measuring the pH change 

associated with ammonium supply by ^'P-NMR (unlike ammonium, the resonance 

spectrum  for Pj is affected strongly by pH; R atcliffe, 1987; Lee and Ratcliffe, 1991) 

and using the results to calculate ammonium distribution between cytoplasm and 

vacuole in maize (Gerendas et al. 1990; Roberts and Pang, 1991).

1.5.5 Ion selective microelectrodes

N itrate selective microelectrodes allow the measurement o f  nitrate concentration within 

the cytoplasm and vacuole o f fully functioning cells in intact tissues. Zhen et al. 

(1991) and Miller and Smith (1992) have used this method to measure the nitrate 

concentration in the root epidermal and cortical cells o f intact barley seedlings. 

Epiderm al cells were found to have a nitrate activity o f  5 mM and 39 mM in the 

cytoplasm  and vacuole respectively. Coupled with membrane potential readings 

obtained simultaneously, the authors were able to conclude that nitrate transport across 

the plasm a membrane required active uptake, as did transport into the vacuole after
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8  h, when the cytoplasm had reached a steady state nitrate level. A  more in depth 

discussion o f the methods, assumptions and possible limitations o f this method are 

given in Chapter 3.

1.6 Aims

The objectives o f  the work reported here were to investigate how the intracellular 

nitrate pools accumulated in the cells over 24 h of nitrate supply were affected by the 

removal o f  external nitrate. Plants were supplied a 10 mM nitrogen source for 24 h 

as before (Zhen et a l ,  1991; M iller and Smith, 1992) and then transferred to solutions 

lacking nitrate. The thesis investigates in each Chapter, the processes which may 

influence intracellular nitrate pools.

Firstly, bulk tissue analysis was used to measure whole tissue nitrate depletion 

in roots and shoots o f barley seedlings when external nitrate was removed. The effect 

o f  supplying ammonium nitrate on subsequent nitrate remobilization was also 

investigated (Chapter 2), and the effects on growth parameters such as root : shoot 

ratio, water content and relative growth rate were quantified.

To investigate remobilization at the cellular level, nitrate selective 

microelectrodes were used to measure intracellular nitrate activities over 24 h after 

external nitrate was removed. Measurements were obtained for the cytosolic and 

vacuolar compartments in epidermal and cortical cells o f intact barley roots (Chapter

3).

To investigate further the fate o f remobilized nitrate, experiments were carried 

out to investigate the amount o f  nitrate lost to efflux under the imposed conditions 

(Chapter 4), the amount o f  nitrate translocated (Chapter 5) and the in vitro nitrate 

reductase activity o f the roots and shoots after external nitrate was removed (Chapter 

5). Finally, the results obtained from these investigations were collated and used to 

construct a framework describing the response o f the barley root to extemal nitrate 

removal (Chapter 6 ).
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Chapter Two 

Bulk Tissue Nitrogen Analysis

2.1 Introduction

This Chapter begins by describing measurements made at the whole plant level o f the 

nitrate concentration in the tissue under conditions o f nitrate supply and starvation. 

This analysis would serve as a reference point against which the results o f  the other 

methods o f analysis (used in Chapters 3, 4 and 5) could be compared with and 

contrasted to. Whole tissue analysis for nitrate (or any other ion) is carried out on 

extracts derived from whole tissue samples, and thus is likely to represent the nitrate 

concentration in the bulk o f the tissue. In the roots this sample is dominated by the 

cortical cell layers, while in the shoots it is the mesophyll cell layers. In both cases 

the vacuole, which accounts for approximately 95 % o f  the mature cell volume, is 

likely to be represented most closely. It should also be noted that this measure o f 

nitrate is the amount o f nitrate accumulated under the given conditions, as a result o f 

the interactive processes that may affect nitrate accumulation. Thus the nitrate 

concentration found in the root by whole tissue nitrate analysis is that am ount o f 

nitrate accumulation resulting after interaction o f total influx, efflux, translocation and 

assimilation.

The work described in this Chapter has been divided into three main 

experiments, all carried out using bulk tissue extraction and analysis for determining 

ion concentration. These are referred to as Experiment 1, 2 and 3 and are outlined 

further below.

The aim o f Experiment 1 was to obtain whole tissue nitrate concentrations 

for plants that had been supplied with 10 mM nitrate for 24 h, and then been moved 

to solutions lacking nitrate. This would give an estimate o f the amount o f  stored 

nitrate available for remobilization when extemal nitrate became limiting, and an 

estimate o f the rate at which this remobilization occurred. Various changes occur in
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the plant when extemal nitrate becomes limiting. For example, the rate o f net nitrate 

uptake is enhanced in plants that have undergone a period o f  N  starvation followed 

by the resupply o f extemal nitrate (Lee and Drew, 1986; Lee and Rudge, 1986; 

Jackson and Volk, 1992). This increase in absorption rate appears to be induced 

within 24 to 48 h o f nitrate deprivation, before growth rates are restricted. To 

determine if nitrate starvation is having an impact on the plant, researchers typically 

assess the impact on factors such as relative growth rate (Mattsson et a l ,  1988, 1991) 

or a decrease in shoot : root ratio (Brouwer, 1966; Chapin, 1980). The latter is 

considered to be an early indication o f nitrogen stress in plants, and occurs in most 

species after a few days o f nitrate starvation. It is considered to be due to a decline 

in shoot growth (Chapin et al, 1988 a,b). These authors have suggested that the initial 

effect o f  nitrogen stress on growth is through a change in water relations rather than 

through any other effect. All o f these observations are argued to be evolutionary 

adaptations that enable the plant to survive under conditions o f nutrient stress (for 

example, increased allocation to roots relative to shoots, to enhance nutrient uptake 

from the soil; modification o f water relations to accommodate the loss o f nitrate from 

the vacuole; increased nitrate uptake capacity to take advantage o f nitrate resupply). 

The initial trigger, or signal, that induces these adaptations has not been identified 

however. Experiment 1 therefore also investigated the effect o f nitrate starvation over 

the longer term (five days) to assess its effects on growth rate and shoot : root ratio 

and the whole tissue nitrate content remaining when these parameters were affected.

The subsequent use o f microelectrodes to measure intracellular nitrate activities 

over 24 h in the roots o f plants deprived o f nitrate (Chapter 3) suggested two other 

parameters that required investigation. Firstly, since microelectrodes measure ion 

activity, it was important to investigate whether nitrate deprivation caused a significant 

change in water content relative to plants supplied nitrate over 24 h. For this reason, 

the tissue water o f roots and shoots o f plants supplied or deprived o f nitrate were 

compared. Secondly, it has been shown (Cram, 1973; 1980) that in barley, nitrate 

remobilized from the vacuole may be replaced by chloride to maintain osmotic 

balance. In the modified Hoaglands nutrient solution used for the growth o f plants 

throughout this thesis, chloride was supplied at 4.8 mM  concentration (see Appendix 

A) to plants supplied nitrate, and at 14.8 mM  to plants deprived o f nitrate (since ionic
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strength o f the solution was maintained using CaClz when Ca(N 0 3 ) 2  was not supplied). 

High levels (100 mM, see Chapter 3) o f chloride in the tissue may interfere with 

nitrate selective electrode measurements. It was therefore important to obtain a 

m easure o f  the chloride content o f the roots over 24 h o f nitrate deprivation.

In Experiments 2 and 3, the effect o f a combined nitrate and ammonium supply 

on nitrate accumulation was investigated. It has been shown shown previously 

(reviewed in Jackson, 1978) that a combined nitrogen supply decreased tissue nitrate 

accumulation (see Section 1.4). It was o f interest therefore to investigate whether 

ammonium supply also altered remobilization o f nitrate. Since the addition o f 

ammonium reduced nitrate accumulation in plants relative to plants supplied the same 

concentration o f nitrate in the absence o f ammonium, comparison o f remobilization 

rates from plants with different initial concentrations o f  stored nitrate are possible. 

Ammonium has been reported to be toxic to the plant (Givan, 1979), yet using the 

N em st equation, it can be calculated that if  ammonium is supplied to the roots at a 

concentration o f 10 mM, then at plasma membrane potentials o f - 65 mV (recorded 

using microelectrodes. Chapter 3) ammonium can accumulate in the cell to a 

concentration o f 126 mM due to passive movement alone. It was o f interest therefore, 

to measure the actual accumulation that occurred. The second and third experiments 

in this Chapter therefore investigated the effects o f combined nitrogen source feeding 

on nitrate accumulation and response to removal o f extemal nitrogen.
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2.2 Materials and Methods

The work reported in this chapter can be divided into three main experiments. For all 

three, growth conditions and experimental procedures were the same and are thus 

described in general at the start o f this Section. The three experiments are then 

described in more detail.

2.2.1 Plant culture conditions

Seeds o f barley (Hordeum vulgare L. cv. Claxon) were germinated in the dark on 

absorbent paper (laboratory paper towel) moistened with 0.2 mM CaSO^. A fter four 

to six days, the emerging shoots were approximately 15 mm long. The seedlings were 

then transferred to full nutrient solution (Appendix 2.1) containing the required 

nitrogen source. This was either 10 mM nitrate as Ca(N 0 3 ) 2  (i.e. 5 mM Ca(N 0 3 )2 ); 

10 mM  nitrate + 10 mM ammonium as 10 mM NH 4 NO 3 ; or 10 mM  am m onium  as 

NH 4 H 2 PO 4 . The experiments using these different nitrogen sources are described 

below in Section 2.2.5. The pots used for hydroponic culture were plastic containers 

w ith lids that had holes cut in them (with a 15 mm diameter cork borer), to allow for 

insertion o f plastic collars. The collars were made by cutting the top 2 cm  off 5 ml 

disposable pipette tips. A strip o f foam rubber was wrapped gently around the 

seedling at the point o f emergence o f the root and shoot and then inserted into a 

plastic collar. This allowed for expansion o f the stem and secured the seedling in the 

collar. The collars were then inserted into the holes in the lid o f the growth container. 

The containers were painted black to ensure that the root environment was in complete 

darkness. The nutrient solution was aerated continuously. The plants were grown in 

controlled environment cabinets set at 20° C and with a 16 h photoperiod. The 

relative humidity was 70 % and 90 % for day and night respectively. The photon flux 

density was 450 - 480 pE.m'^.s’’ at plant level. For all experiments, three replicates 

o f  five plants each constituted one "sample". Typically, three such sets o f  five plants 

were grown in 2.5 1 containers, and solutions were changed daily. W hen nutrient 

solutions were changed, the roots were bathed successively in three 6  1  containers o f  

deionized water for 1  minute by gentle movement o f  the lid in which the plants were 

secured. This was followed by a last immersion in a bath containing the nutrient 

solution to which they were to be transferred, before returning them to the growth
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containers with the new nutrient solution. This procedure ensured the removal o f  all 

old nutrient solution from the root surface and the intercellular free spaces, w ithout 

excessive agitation o f the roots. Research carried out by Siddiqi et a l  (1991) showed 

that removal o f nitrate from the root surface took 7 seconds, and rinsing out o f  the 

free space occurred by 30 seconds. A similar rinsing procedure was used before 

harvesting the plants. Solutions containing no nitrogen were adjusted to the same 

ionic strength as those with nitrogen by adding calcium chloride.

2.2.2 Sampling procedure

Plants were harvested for analysis by removing them from the lids o f  the pots and 

rinsing the roots gently with distilled water as described above. The roots were then 

blotted dry before dissecting the plants into root, shoot and seed segments. The fresh 

mass o f each segment was recorded. The plant material was then enclosed in tin foil 

and dried at 80° C for 48 h or until there was no further change in mass before 

recording the dry mass.

2.2.3 Chemical analysis

Dried plant material (0.02 g) was weighed, cut finely and then boiled in 6  ml distilled 

water for two minutes on a hot plate. The extracts were filtered while hot through 

Whatman No. 41 (ashless) filter paper into 10 ml volumetric flasks. The residue was 

washed with hot water and filtered, and the samples made up to 1 0  ml at room 

temperature with distilled water. This procedure extracted the labile ion pools (i.e. 

ions stored or retained in the tissue in their ionic form) from the tissue.

2.2.3.1 Analysis for nitrate and nitrite 

The labile nitrate extracted was measured using an Alpkem RFA/2 rapid flow analyser 

system (Alpkem Corporation, P.O. Box 1260, Clackamas, Oregon, 97015) and 

following the method o f Hendriksen and Selmer-Olsen (1970). The nitrate present in 

the sample is first reduced to nitrite using a cadmium coil. The nitrite present 

thereafter is diazotised with sulphanilamide and then coupled with N-1- 

naphthylethylenediamine (NEDD) to produce a pink azo dye. The colour intensity is 

proportional to the amount o f nitrate initially present and is measured at 540 nm
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wavelength (Hendriksen and Selmer-Olsen, 1970). To measure nitrite concentration, 

the same method was used, but the cadmium coil was bypassed so that only nitrite 

originally in the sample would be detected.

2.2.3.2 Analysis for ammonium

To measure ammonium in the extracted samples, the same system was used as for 

nitrate and nitrite determination (Alpkem RFA/2) but following the method o f Crooke 

and Simpson (1971) for ammonium determination. The ammonium present in the 

sample reacts with salicylate and dichloroisocyanurate to produce a blue/green colour. 

The rate o f colour development and intensity is enhanced by the use o f  sodium 

nitroprusside. The intensity o f the colour produced is proportional to the amount o f 

ammonium present, and is measured at 660 nm wavelength. The samples are 

maintained at 37 in a heated water bath during automated measurement (Crooke 

and Simpson, 1971).

2.2.3.3 Analysis for chloride

Chloride concentration in the samples was measured using ion chromatography 

(Dionex 2000i/SP; Dionex (U.K.) Ltd, 4 Albany Court, Camberley, Surrey G U I5 2PL, 

England). An AS4A column with an AG4 Guard column was used to separate nitrate, 

nitrite, chloride, phosphate and sulphate ions in the extract. The eluent (flow rate 2 

cm^ m in ') and régénérant (flow rate 4 cm^ m in ‘) were 1.7 mM  NaHCO^ + 1.8 mM 

Na 2 C 0 3  and 12.5 mM H 2 SO 4 , respectively. The samples were filtered through a 0.2 

pm filter before being injected. Six samples per hour could be analysed.

2.2.3.4 Expression o f results

All results o f  chemical analyses were expressed in term s o f  tissue water content (the 

difference between fresh mass and dry mass o f the plant material) rather than as a 

percentage o f  the dry matter. This allowed these results to  be compared directly with 

those obtained using microelectrodes, since the latter are also relative to tissue water 

concentrations. All results are expressed as means with standard deviations (SD). 

Significant differences between treatments or between initial and later ion 

concentrations over time after a change in nutrient solution were calculated using
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Student's t test for independent samples (one tailed tests were used). Student's t  test 

for matched pairs was not considered appropriate for comparing ion concentrations 

over time after nutrient solution change because plants had to be harvested at each 

tim e slot. Therefore, although the samples are related, the changes over time cannot 

be regarded as matched pairs because different plants were harvested at each time 

point. The confidence limits used were 95 %. The assumptions made when using this 

test are that the data are considered to be normally distributed and that the variances 

for the two means being compared are similar.

2.2.4 M easurement o f relative growth rate

The relative growth rate o f the barley plants in Experiment 1 (Section 2.2.5.1) was 

assessed. Initially, results obtained from using different sets o f plants for each day o f 

growth showed too much variation in growth to obtain a meaningful measure o f 

relative growth rate. This was because the analysis was done from day to day (most 

analysis o f  relative growth rate is carried out over weeks, and the differences divided 

by the number o f days between harvests). For this work, the precise changes observed 

over days was needed, and the longer term method would mask these changes. 

Variation in growth between seedlings was as large as the changes in growth rate that 

m ay be observed over one day. This problem could be solved in a number o f  ways. 

Prior selection o f uniform seeds (by mass) or seedlings (by length for example) could 

be used to ensure more uniformity. The problem w ith this approach is that it selects 

for a particular population o f seedlings. This was not done in the other work carried 

out (for example, microelectrode measurements were carried out on seedlings that 

were randomly selected) and therefore this approach may have prevented proper 

com parison with the other research carried out. Therefore it was decided to employ 

a  method where the growth o f each seedling over a given number o f  days was 

compared to the individual mass o f that seedling at the time o f planting out. In this 

way, the relative daily growth rate o f individual seedlings was assessed, and by 

random selection o f seedlings, the whole population was included in the assay. To 

do this for a day to day basis, the mass o f  each seedling was recorded before planting 

out into full nutrient solution. The difference between this initial mass and the mass 

attained by the day o f harvest was then divided by the initial mass to give a measure
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of the grams o f fresh mass growth per gram o f initial mass for each day o f  growth for 

each seedling. The mean o f these quotients were calculated for each day o f growth 

and then plotted against time, to assess the relative growth rate in grams per gram 

fresh mass over time.

2.2.5 Description of experiments

2.2.5.1 Experiment 1

The aim o f  these measurements was to assess the effect o f removing extemal nitrate 

from barley plants previously supplied 10 mM nitrate as Ca(N 0 3 ) 2  for 24 h. Firstly, 

the nitrate, nitrite and ammonium concentration in seedlings germinated for 5 days on 

0.2 m M  CaSO^ was measured to assess the amount o f nitrogen available to the 

seedling at the time o f planting out. Then, seedlings that had been supplied 5 mM 

Ca(N 0 3 ) 2  for 24 h were transferred to nutrient solution without nitrate (the ionic 

strength being maintained by addition o f calcium chloride) and samples o f  plants were 

removed at time 0 h (taken at the time o f transfer to solution without nitrate) 2 h, 3 

h, 5 h, 12 h and 24 h after transfer to nutrient solution without nitrate. For 

comparison, a second set o f plants were supplied with fresh nutrient solution 

containing 5 mM Ca(N 0 3 ) 2  and harvested at the same times. The roots and shoots o f 

all samples were analysed for nitrate, nitrite and ammonium content and root extracts 

o f nitrate deprived plants for chloride content. The fresh mass recorded was plotted 

against the dry mass for both nitrate supplied and nitrate deprived plants, to assess 

whether there were differences in water content. These studies thus investigated the 

change in labile nitrogen content over the first 24 h o f nitrate deprivation.

To assess changes occurring over a longer period, a similar study was carried 

out, but samples o f  plants were taken daily over five days following the removal o f 

extem al nitrate. A gain a parallel trial was set up, where plants were supplied 5 mM 

Ca(N 0 3 ) 2  throughout the experiment. In addition to the measurement o f nitrate, nitrite 

and ammonium content, the root to shoot ratios and the relative growth rate o f  plants 

supplied, or deprived o f  nitrate after 24 h, was assessed.
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2.2.5.2 Experiment 2

This experiment was designed to compare the depletion o f  nitrogen from plants 

supplied 10 mM  NH 4 NO 3  as a nitrogen source with those supplied 5 mM Ca(N 0 3 ) 2  

or 10 mM  N H 4 H 2 PO 4  for 24 h before removal o f extemal nitrogen. The depletion o f  

am m onium  and nitrate from the roots and shoots over 48 h was traced by taking 

samples o f plants at 0 h  (i.e. at the time o f removal o f extemal nitrogen) 2 h, 5 h, 10 

h, 24 h and 48 h after removal o f extemal nitrogen.

2.2.5.3 Experiment 3

The aim o f  this experiment was to assess what would happen to the levels o f 

am monium and nitrate in plants, if  they were transferred to solutions containing either 

10 mM  NH4NO3 or 10 mM NH4H2PO4 after 24 h in nutrient solutions containing 5 

mM Ca(N 0 3 )2 . After 24 h growth in solutions containing 5 mM Ca(N 0 3 )2 , plants 

were transferred to solutions containing either 10 mM NH4NO3 or 10 mM NH4H2PO4 

and samples were taken at 0 h, 3 h, 5 h, 12 h, 24 h, and 48 h after the transfer. The 

extracts from the samples were then analysed for nitrate and ammonium content.
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2.3 Results

2.3.1 Experiment 1

Analysis o f extracts from seedlings that had been germinated on 0.2 mM CaSO^ for 

five days showed that at the end o f this initial germination period, virtually all 

nitrogenous seed reserves had been used. No nitrate, nitrite or ammonium was 

detected in the shoots or seed remnants. The roots had 0.45 ± 0.07 mM ammonium 

and 0.2 ± 0.03 mM nitrate before planting out.

Plants were then supplied a full nutrient solution (Appendix 2.1) containing 10 

mM  nitrate as Ca(N 0 3 ) 2  for 24 h. After this period, one set o f  plants was deprived 

o f  nitrate while the other set were provided with fresh nitrate solution. A comparison 

o f labile nitrate concentration in the roots o f  plants supplied or deprived o f  5 mM 

Ca(N 0 3 ) 2  after 24 h o f nitrate loading is shown in Figure 2.1 A, and that for the 

shoots in Figure 2.1 B. These figures show the depletion o f  labile nitrate from the 

plants over 24 h after extemal nitrate was removed.

After 24 h o f nitrate supply, the root and shoot nitrate concentrations were 74.7 

± 7.5 mM and 63.8 ± 6 . 8  mM respectively. For the plants supplied nitrate 

continuously, these values did not change significantly over the next 24 h. In the case 

o f roots deprived o f nitrate, there was a significant decrease in nitrate concentration 

relative to the initial concentration 5 h after extemal nitrate removal (t̂  < -2.024; p  < 

0.05; 38 df) . At this time, root nitrate concentration was 48.8 ± 5 mM. After 24 h, 

root nitrate concentration was 42.4 ± 4 .1  mM in nitrate deprived plants (Figure 2.1 A). 

For the shoots, there was a significant decrease in nitrate concentration (again relative 

to the initial concentration) after 24 h without extemal nitrate supply (t  ̂ < -2.101; p 

< 0.05; 18 df). At this time, shoot nitrate concentration was 43.2 ± 4.6 mM.

The concentration o f ammonium found in these plants is shown in Figure 2.2 

A and B. The ammonium concentration in the roots was 2.7 ± 0.3 mM after 24 h  o f 

nitrate loading, and this level did not change significantly over 24 h w ithout nitrate 

supply (Figure 2.2 A). The ammonium levels in the shoots were similar (3.1 ± 0.3 

mM) and also did not change significantly over 24 h after removal o f  extemal nitrate. 

No detectable nitrite was found in any o f the samples over 24 h.
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F ig u re  2.1: N itrate concentration in roots (A) and shoots (B) o f  barley plants either 

supplied or deprived o f  extemal nitrate. A ll plants were initially supplied 10 

m M  nitrate as Ca(N 0 3 ) 2  for 24 h before transfer. A t tim e 0, plants w ere either 

transferred to nutrient solution w ithout nitrate (-•- ) or supplied fresh nitrate 

(-#-) for the following 24 h.
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The concentration o f chloride in the roots o f  these plants is shown in Figure 

2.3. There was no significant change in chloride concentration o f plant roots

deprived o f  nitrate over 24 h after external nitrate removal. The chloride 

concentration was 16.4 mM (± 2.3 mM ) in the roots before removal o f  external nitrate 

and had risen slightly to 18.9 ± 2.8 mM 24 h after removal o f  external nitrate.

The fresh mass vs dry mass o f roots and shoots o f plants supplied 5 mM  

Ca(N 0 3 ) 2  continuously or deprived o f  nitrate after 24 h is shown in Figure 2.4 A and 

B. The two sets o f data points do not differ significantly from each other, im plying 

that there was no significant difference in the plant water content between the two 

treatments after 24 h. A line fitted through these points has a slope (m in the straight 

line equation y = mx + c, where c = 0) o f 11.1 for the roots (Figure 2.4 A) and 10.7 

for the shoots (Figure 2.4 B). These values can be useful for converting data units 

expressed as dry mass, to those in terms o f tissue water ( 1  g fresh mass = 1 1 . 1  g dry 

mass; therefore 1 g fresh mass = 0.09 g dry mass and contains 0.91 ml tissue water).

The nitrate content o f plants supplied 5 mM Ca(N 0 3 ) 2  for 24 h before external 

nitrate removal was compared to that o f  plants supplied nitrate continuously over six 

days. The depletion o f  nitrate from the roots and shoots over five days after external 

nitrate removal is shown in Figure 2.5 A and B. Over six days, plants continuously 

supplied nitrate did not show a significant change in nitrate content in the roots or 

shoots, relative to that accumulated after day 1. For plants deprived o f nitrate after 

the 24 h loading period, there was a significant decrease in  nitrate content o f  both the 

roots and the shoots after 24 h out o f  nitrate as discussed previously. Tissue nitrate 

concentrations continued to decrease, and by day five, the root concentration was 

m easured at 7.4 ±  0.7 mM while the shoot concentration was 8.4 ± 1.1 mM  nitrate.

The shoot : root ratios o f  these plants were calculated and are shown in Figure 

2.6, relative to the ratios obtained for plants continuously supplied nitrate. After day 

two, the plants continuously supplied nitrate showed a consistent shoot : root ratio o f 

1 . 6  over the following four days growth. By day three the shoot : root ratio o f nitrate 

deprived plants was 1.1. This implies an increased mass allocation to the root relative 

to the shoot in plants deprived o f  nitrate for three days. After five days, nitrate 

deprived plants had a shoot : root ratio o f 0 .8 .
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The relative growth rate (calculated as grams fresh mass accumulated per gram 

o f  fresh mass at planting out) for plants supplied or deprived o f nitrate after 24 h is 

plotted against tim e in Figure 2.7. Plants supplied 10 mM nitrate continuously for 6  

days had a growth rate averaging at 0.16 g g ' day By day three there is a 

significant decrease in relative growth rate for plants deprived o f nitrate, relative to 

those continuously supplied nitrate (t  ̂ < -2.228; p < 0.05; 10 df). At this tim e, the 

relative growth rate for plants not supplied nitrate was 0 . 1 1  g g * day"'.

2.3.2 Experim ent 2

In these experiments, the depletion o f tissue nitrate and ammonium over 48 h was 

com pared for three different nitrogen sources used during the 24 h nitrogen loading 

period. A com parison was made between plants supplied 10 mM nitrate as Ca(N 0 3 ) 2 , 

10 mM  NH4NO3 or 10 mM NH4H2PO4. For these experiments, no significant 

differences were found between these treatments and the plants supplied Ca(N 0 3 ) 2  

w ith respect to w ater content, relative growth rate or shoot to root ratios over the three 

days o f growth that w ere studied in this Section. The relative growth rate was 0.16 

g g"' day"' for plants supplied ammonium nitrate solution and 0.15 g g"' day"' for 

plants supplied am m onium  solution only. The root to shoot ratio for both treatments 

after three days was 1.3 .

Figure 2.8 shows the depletion o f nitrate from the roots and shoots o f  plants 

after 24 h supply o f  10 m M  nitrate as Ca(N 0 3 ) 2  (Figure 2.8 A) or 10 mM  NH4NO3 

(Figure 2.8 B). N o nitrate was detected in any samples o f plants supplied 10 mM  

NH4H2PO4. From  this Figure, it can be seen that plants supplied 10 mM  NH4NO3 for 

24 h accumulated significantly less nitrate than those supplied 10 mM  nitrate as 

Ca(N 0 3 ) 2  in both the roots and the shoots (t  ̂< -2.145; p < 0.05; 14 df). The roots o f 

NH4NO3 supplied plants contained 65 % o f the nitrate accumulated by Ca(N 0 3 ) 2  

supplied plants, w hile the shoots accumulated 63 % o f that accumulated by Ca(N 0 3 ) 2  

supplied plants after 24 h. Tissue nitrate concentration for both treatments decreased 

over time out o f  nitrogen source, but for Ca(N 0 3 ) 2  supplied plants, a larger proportion 

o f  the available nitrate was remobilized in the roots and shoots over 24 and 48 h than 

in NH4NO3 supplied plants.
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For plants supplied Ca(N 0 3 )2 , 65 % o f accumulated nitrate remained 5 h after external 

nitrate removal. After 24 h, 56 % remained, and after 48 h, 43 % remained. In 

contrast, the roots o f plants previously supplied NH4NO3, the proportion o f  nitrate 

remaining was higher. Five hours after external nitrate removal, 87 % o f  the 

accumulated nitrate was remaining, while after 24 h and 48 h, 71 % and 63 % 

respectively was retained.

The levels o f  tissue ammonium in plants previously supplied either nitrate or 

ammonium plus nitrate (Experiment 2), over time after removal o f external nitrogen 

is shown in Figure 2.9 A, B and C. For plants supplied ammonium (Fig. 2.9 B and 

C) the levels o f tissue ammonium found in the roots were initially high (11 - 17 mM), 

compared with plants not supplied ammonium (Fig. 2.9 A). Although not statistically 

significant, plants supplied ammonium nitrate (Figure 2.9 B) appeared to have higher 

levels o f ammonium in the roots than plants supplied only ammonium (Figure 2.9 C). 

Ammonium concentration in the roots o f  plants supplied exogenous ammonium 

dropped rapidly however, and after two hours the tissue ammonium in am monium 

supplied plants was comparable to that in nitrate supplied plants (about 3 mM). A fter 

this two hour period, the root ammonium concentration was similar for all treatments. 

In the shoots, Ca(N 0 3 ) 2  and NH4NO3 supplied plants had similar concentrations o f 

ammonium, while ammonium concentration in the shoots o f NH 4 H 2 PO 4  supplied plants 

was very low. Over the first 24 h after removal o f external nitrate, the shoot tissue 

ammonium concentrations for all three treatments did not show a significant change 

relative to the initial concentrations measured at time 0. After 48 h however, plants 

supplied Ca(N 0 3 ) 2  and those supplied NH4NO3 show a decrease in shoot tissue 

ammonium concentration, from 2.1 mM  to 0.5 mM for the former and from 2.4 mM  

to 0.4 mM  in the latter case. These low levels were comparable to those found in the 

shoots o f  N H 4 H 2 PO 4  supplied plants.
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2.3.3 Experiment 3

In these experiments, the concentration o f nitrate and ammonium in plants transferred 

after 24 h in 10 mM nitrate as Ca(N 0 3 ) 2  to either 10 mM NH 4 NO 3  or 10 mM  

N H 4 H 2 PO 4  was measured. Figure 2.10 shows the tissue nitrate concentration in the 

roots and shoots o f plants transferred to N H 4 NO 3  (Figure 2.10 A) or to N H 4 H 2 PO 4  

(Figure 2.10 B) over 48 h after transfer. In the roots o f  plants transferred to N H 4 N O 3 , 

the nitrate concentration dropped from 77.6 ± 7.5 m M  to 56.9 ± 6.0 mM  over the first 

24 h after transfer (this represents 73 % o f the nitrate present at 0 h). Over the next 

24 h, this decreased further to 47.7 ± 5 . 1  mM  (62 % o f  initial nitrate concentration). 

The shoots o f  these plants did not show a significant change in nitrate concentration 

over this time, but showed a tendency towards an increase in labile nitrate 

concentration, relative to initial levels recorded at the time o f transfer from 5 mM  

Ca(N 0 3 ) 2  to 10 mM  NH 4 N O 3  (Figure 2.10 A).

In the case o f plants transferred to 10 mM N H 4 H 2 PO 4 , the root tissue nitrate 

concentration decreased from 77.6 ± 7.5 mM  to 54.4 ± 5 . 0  mM (representing 70 % 

o f initial nitrate remaining) over the first 24 h after transfer. In the following 24 h 

there was a further decrease to a concentration o f  35.9 ± 4.1 mM (46 % o f  initial 

nitrate remaining). The shoots o f these plants also showed a decrease in tissue nitrate 

concentration, from 62.3 ± 6.5 mM  to 48.8 ± 4.9 mM  (78 % o f initial concentration) 

24 h transfer and 33.8 ± 3 . 5  mM  (54 % o f  initial concentration) 48 h after transfer 

(Figure 2.10 B).

For both sets o f plants, transfer to nutrient solution containing am monium 

caused a rapid and large increase in the ammonium concentration in the roots (Figure 

2.11) although the ammonium levels in the shoots did not change significantly. After 

48 h in nutrient solution containing ammonium (either with or without nitrate), the 

root tissue ammonium concentration was approximately 18.5 mM for both treatments. 

In contrast to Experiment 2 (Figure 2.9 B and C), the am monium concentration in the 

roots o f plants supplied ammonium nitrate did not appear to be higher than those 

supplied only ammonium. The shoot am monium concentration remained at 

approximately 2.5 mM  after 48 h for both treatments.
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2.4 Discussion

Since the results in this Chapter were obtained from whole tissue extract analysis, all 

im plications o f the results m ust be considered in terms o f  net accumulation, i.e. that 

concentration that is taken up and retained in the cell in an ionic form. Accumulation 

m easured in this way cannot separate the different intracellular or intercellular pools 

but gives an estimate o f  the total ionic concentration accumulated in the tissue, and 

its subsequent remobilization.

2.4.1 Experiment 1

2.4.1.1 Nitrate loading 

Chemical analysis o f germinated seedlings before planting out showed they contained 

low  levels o f ammonium and nitrate (less than 1 mM). Therefore all nitrogen 

contained in the plants after the 24 h loading period had been accumulated during this 

time. This means that after 24 h in 10 mM nitrate, sufficient net nitrate uptake had 

to allow for accumulation (storage) in the vacuole o f both the roots and the shoots. 

The fact that these levels do not increase significantly when plants are exposed to 

nitrate for longer periods (Figure 2.1) shows that a steady state had been reached 

between the various nitrate fluxes and demands (such as assimilation, efflux and 

transport to the shoot) and may represent an upper lim it for vacuolar nitrate 

accumulation for the growth stage studied (these factors m ay change throughout the 

life cycle o f  the plant, for example, at seed set the grain w ould represent a large sink 

for N). This is in agreement with previous work reported by King et a l  (1993) and 

Siddiqi (1989). These workers found that on initial exposure to nitrate, nitrate influx 

increased for the first 12-24 h, after which a plateau was reached.

The nitrate content in barley plants after 24 h  growth in nutrient solution 

containing 10 mM  nitrate was 74.7 mM in the roots and 63.8 mM  in the shoots. 

Interestingly, these nitrate concentrations correspond alm ost exactly with the levels o f 

nitrate found by Lee and Rudge (1986) in roots and shoots o f  barley (73.7 mM and

63.4 mM respectively), although these workers grew plants for eight days in nutrient 

solution containing 1.5 mM  nitrate. Experiments done using older barley seedlings 

exposed to lower nitrate concentrations for longer periods (17 days in 4 mM; M attsson 

et a l ,  1988) exhibited slightly higher nitrate concentrations (approximately 100 mM
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in the roots and 80 mM  in the shoots) than the plants in this study, but the difference 

is not very large and may to be due to the larger size o f the seedlings. It is interesting 

to note that in all three cases, the roots generally appear to have higher nitrate content 

than the shoots, even though nitrate assimilation occurs predominantly in the shoots 

o f barley when nitrate supply is not limiting (Lewis et a l ,  1982 a).

W ork done by Zhen and Leigh (1990) concluded that for wheat supplied 

nitrate-N, tissue nitrate only accumulated once a threshold total tissue nitrogen content 

was reached. They found that once this was reached, increases in nitrogen content did 

not induce a growth response and represented storage N  in excess o f  requirements. 

It was found that the proportion o f extra N stored as nitrate was similar for all tissues 

(50-55 %). Although the work reported here did not measure total nitrogen content, 

the work o f  Zhen and Leigh (1990) suggests that after 24 h in 10 mM  N O ^ , all 

metabolic requirements for nitrogen had been met, and considerable allocation to 

nitrate storage had occurred.

2.4.1.2 Initial remobilization o f stored nitrate - the 1st 24 h.

W ithin the first few hours o f external nitrate removal, a change is found in the levels 

o f tissue nitrate, especially in the roots. It m ust be presum ed that this nitrate was 

m obilised from the vacuoles to sustain the various nitrogen demanding functions in 

the plant and thus allowed the plant to maintain normal growth for as long as possible. 

The depletion o f  nitrate occurred m ost rapidly from the root (significant within 5 h 

after nitrate deprivation was imposed). The shoot nitrate levels were maintained at 

first but showed significant reduction in nitrate concentration after 24 h. There was 

therefore rapid remobilization o f nitrate in the roots (43 % o f  initial nitrate 

concentration remobilized over 24 h o f nitrate starvation) and in the shoots (32 %  o f 

initial nitrate concentration remobilized in 24 h). M attsson et ah (1988) found that 

rem obilization in the shoots o f  older barley was similar (33 % o f initial concentration) 

but lower from the roots (28 - 38 %).

This remobilization o f nitrate may have possible consequences for the water 

relations o f the plant. The amount o f  nitrate remobilized over 24 h in the roots o f 

plants deprived o f nitrate represents the loss o f considerable osmotic potential. From 

the data obtained, it can be seen that the decrease in nitrate concentration in the root
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and shoot did not cause a significant change in the water relations o f  the plant (Figure 

2.4). This is in agreement w ith results obtained by Chapin et al. (1988 a) who found 

that water relations o f  barley seedlings were only affected after 5 - 1 0  days o f  nitrate 

starvation. This implies that some other mechanism m ust be induced to m aintain 

osm otic equilibrium during the early remobilization o f  nitrate. It has been reported 

that chloride may replace nitrate in the vacuole as an osmoticum (Cram, 1973; 1980). 

The results reported here however, do not wholly support this since over the tim e that 

43 % o f  the nitrate in the roots was remobilized from the vacuoles (equivalent to 32.3 

mM ; Figure 2.1) the chloride concentration did not show a significant increase (Figure 

2.3). This may reflect the finding o f Cram (1973) that the presence o f  internal 

(vacuolar) nitrate inhibited chloride influx by 90 %. M acduff et a l  (1989) suggested 

that soluble carbohydrates may replace nitrate to maintain osmotic potential. It has 

also been suggested that organic compounds may be substituted to m aintain osmotic 

equilibrium. For example proline (Yancey et al. 1982) or organic acids (Ben Zioni 

et al., 1971) can be synthesized rapidly and have been attributed an osmotic function. 

Sugars have been reported to increase in concentration during nitrate deprivation 

(Blom -Zandstra and Lampe, 1983). Nitrogen stress has also been suggested to cause 

a decrease in stomatal conductance which maintained water content (Chapin et a l ,  

1988 a). Alternatively, it is possible that maintenance o f osmotic balance does not 

require as fine regulation when plants are grown hydroponically (as opposed to plants 

in soil), since water is readily available to the plant.

2.4.2.3 Rem obilization o f  stored nitrate over the longer term (5 days)

Over longer term nitrate starvation (more than 24 h in these experiments) nitrate 

concentration continued to decrease in roots and shoots. After two days, a reduction 

o f 56.5 % o f  initial nitrate concentration was observed for roots and 38 % for shoots. 

This rem obilization was still sufficient to maintain relative growth rate and shoot to 

root ratios. The relative growth rate found for plants supplied nitrate throughout the 

test period ( 6  days) was 0.16 g g’’ day'V This is in good agreement w ith the 

m aximum growth rate reported by other workers for barley grown under nitrate replete 

conditions (M attsson et a l ,  1988, 1991).

W hen external nitrate is removed from plants preloaded for 24 h with 5 mM
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Ca(N 0 3 )2 , growth rate (Figure 2.7) was significantly affected only after three days. 

A t this point the concentration o f nitrate in the roots was approximately 22 mM  

(Figure 2.5 A) and approxim ately 25 mM in the shoots. Despite there being 

considerable nitrate remaining in the plant, external nitrate limitation had caused a 

change in shoot : root ratio and growth rate that these nitrate reserves were either not 

sufficient or not available to prevent. These results are in agreement w ith those o f 

other workers. Chapin et a l  (1988 a,b) found that nitrate was remobilized more 

rapidly in the roots than in the shoots, and that after the remobilization o f 

approximately 60 % o f  nitrate initially in the plant, growth rate was affected. M acduff 

et a l  (1989) found that Lolium fed 10 mM nitrate for 10 days assimilated m ost 

nitrate stored over this tim e within three days o f starvation. Koch et a l  (1988) found 

that radish plants were able to maintain growth rate for three days using remobilized 

nitrate reserves, when external nitrate supply was removed. M atsson et a l  (1988) 

found that growth rate in older barley plants was adversely affected after two days o f  

nitrate starvation.

2.4.2 Experim ent 2

2.4.2.1 N itrogen loading 

In comparing plants supplied different forms o f nitrogen, it is evident that although 

the external concentration o f  nitrate was the same for both treatments (10 mM), the 

plants supplied nitrate in com bination with ammonium contained less (35 % less) 

nitrate after the 24 h loading period compared with plants supplied only nitrate. This 

was true for both roots and shoots. This implies that the presence o f  am monium 

inhibits net nitrate uptake into the roots and/or reduces the amount that is stored as 

labile nitrate in the plant through some mechanism. This effect o f  am monium on 

nitrate accumulation has been well documented and has been attributed to the 

inhibition o f  nitrate influx (Glass et a l ,  1985; Ingemarsson et a l ,  1987; Oscarsson, 

1987) or to a stimulation o f  nitrate efflux (Dean-Drummond and Glass, 1983; Chaillou 

et a l ,  1994; Aslam et a l ,  1994).

The am ount o f  am monium present in the roots o f  combined nitrogen supplied 

plants (17 mM ) appeared to be higher (although not significantly so) than that in 

plants supplied only am monium (Figure 2.9). The presence o f nitrate may therefore
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affect the concentration o f ammonium found in the root. Results reported by Marcus- 

W yner (1983) and Breteler and Siegerist (1984) showed that external nitrate had little 

or no effect on net uptake o f ammonium in tomato and broad bean respectively. The 

differences found in the experiments reported here may therefore be due to generation 

o f  am monium from endogenous sources, for example from the reduction o f  nitrate in 

plants supplied a combined N  source. M organ and Jackson (1988) found significant 

amounts o f  ammonium generated endogenously in barley plants supplied only nitrate 

(a m inimum o f 0.5 mM h ' in roots). Lewis et al. (1982 b) found that the roots o f 

barley supplied only nitrate ( 8  mM) had internal am monium concentrations o f  3.1 

mM. In the experiments reported here, plants supplied nitrate alone as a nitrogen 

source, the concentration o f am monium was approximately 2.5 mM in the roots and 

in the shoots. In plants supplied ammonium nitrate, the ammonium levels were 

approximately 17 mM in the roots and about 3 mM  in the shoots. In plants supplied 

am monium alone as a nitrogen source however, the ammonium levels in the shoots 

were very low (< 1 mM) although high am monium levels (approximately 11 mM) 

were found in the roots. This suggests that ammonium found in roots and shoots o f 

plants supplied Ca(N03)2, and in the shoots o f  plants supplied NH4NO3 was 

endogenously generated, for example by the reduction o f  nitrate. In plants supplied 

only ammonium, NR and N iR  enzymes would not have substrate, and would not be 

induced. It is possible that the amount o f endogenously generated ammonium in the 

shoots o f  ammonium fed plants was low, because no nitrate reduction was occurring. 

After 24 h growth in nutrient solution containing ammonium, root tissue ammonium 

concentration was high (11 - 17 mM) relative to shoot concentrations (3 mM). This 

confirm s that since ammonium may uncouple photophosphorylation, it is reduced in 

the root and not transported to the shoot. A  large proportion, if  not all, o f  the tissue 

am m onium  is thought to be compartmentalized in the vacuole (Lee and Ratcliffe, 

1991) to prevent uncoupling effects interfering w ith mitochondrial functioning.

2.4.2.2 Remobilization o f stored nitrogen

W hen external nitrogen was removed, remobilization o f internal nitrate 

concentration in plants supplied ammonium nitrate was at a slower rate than in nitrate 

only supplied plants (Fig. 2.8). Ammonium nitrate supplied plants had less
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accum ulated nitrate, and remobilized a smaller proportion o f  this when external nitrate 

was removed. A fter 24 h  out o f  nitrate, am monium nitrate fed plants retained 71 % 

o f  the previously accumulated nitrate in the root, compared to 56 % in roots o f  plants 

supplied nitrate alone. This implies that although accumulated nitrate is readily 

available, ammonium nitrate fed plants also utilize nitrogen derived from the uptake 

o f  am monium and stored in the form o f  organic compounds. In plants supplied 5 mM 

Ca(N 0 3 )2 , growth rate and shoot : root ratio were only significantly affected when 

nitrate concentration was approximately 22 mM in the roots and 25 m M  in the shoots. 

This concentration is lower than that found in ammonium nitrate supplied plants. This 

im plies that in plants supplied ammonium nitrate, remobilization o f organic 

nitrogenous compounds was not due to a lack o f  stored nitrate accumulated in the 

tissue. I f  it is assumed that m ost accumulated nitrate is in the vacuole, then even 

w hen external nitrogen was completely lacking, vacuolar nitrate did not appear to 

flood out o f the vacuole down the electrochemical gradient presumed to exist. Release 

o f  nitrate from the vacuole appeared to be regulated. To confirm this, measurements 

o f  intracellular nitrate pool sizes and electrochemical gradients across the membranes 

(plasm a membrane and tonoplast) are needed (Chapter 3). One factor affecting 

regulation o f vacuolar release may be the concentration o f other nitrogen reserves in 

the plant. The form o f  nitrogen previously available to the plant (for example 

am m onium  supply) appears to influence the rate o f  nitrate remobilization, possibly by 

increasing the level o f bound nitrogen reserves in the plant.

2.4.3 Experim ent 3

It was noted in Experiment 2 above, that plants supplied a combined nitrogen source 

o f  am monium and nitrate, showed lower nitrate accumulation in the tissue compared 

with plants supplied only nitrate, despite the external nitrate concentration being the 

same. Experiment 3 therefore investigated the fate o f  nitrate accumulated by plants 

w hen supplied only nitrate, w hen the plants were subsequently transferred to nutrient 

solution containing a com bined nitrogen source, or to ammonium as the sole nitrogen 

source.

The results o f these experiments showed that roots o f  plants transferred to 

am m onium  nitrate after 24 h in calcium nitrate showed a decrease in accumulated

68



nitrate. A fter 24 h, 73 % o f the initial nitrate remained, and after 48 h 61 % 

remained. This rate o f  remobilization was similar to that exhibited previously, when 

plants supplied ammonium nitrate were transferred to nutrient solution w ithout nitrate. 

After 48 h in a combined nitrogen source, the root nitrate concentration had been 

depleted fi-om the initial 77 mM to 48 mM, a similar concentration to that found in 

am m onium  nitrate supplied plants after 24 h.

The shoots o f plants transferred to ammonium nitrate maintained the nitrate 

levels found after 24 h in calcium nitrate. A slight increase in shoot nitrate content 

was found. After 48 h in ammonium nitrate, shoot nitrate levels were approximately 

111 % o f  the initial levels accumulated over 24 h in calcium nitrate (Fig.2.10 A), this 

may represent a shift to shoot nitrate reduction when assimilation o f  am m onium  in the 

root is required.

Plants that were transferred to a nitrogen supply o f am monium phosphate after 

24 h supply o f  calcium nitrate showed remobilization o f  nitrate from the vacuole in 

both roots and shoots. In the roots the remobilization was at the slower rate exhibited 

also by plants supplied ammonium nitrate, (70 % o f the initial nitrate was still present 

in the roots 24 h after transfer). After 48 h, 46 % remained in the roots, and nitrate 

concentration was 46.3 mM. Remobilization o f nitrate in the shoot was more rapid, 

with 78 % remaining after 24 h, and 54 % remaining 48 h after transfer to am monium 

phosphate (Fig. 2.10 B).

The increase in ammonium concentration in the roots for both sets o f plants 

rose rapidly after transfer to ammonium containing solutions (Figure 2.11). A fter 3 

h supply, concentrations were approximately 8  mM. This is in good agreement w ith 

previous work (Roberts and Pang, 1992) who showed that maize roots accumulated 

approxim ately 8  mM ammonium after 3 h supply o f  ammonium. Five hours after 

transfer, the ammonium concentration in the roots had risen from 3 m M  found in all 

plants supplied nitrate (see experiments 1  and 2 ) to the concentration found in the 

roots o f  com bined ammonium + nitrate fed plants after 24 h (Fig 2.9 b) which was 

approxim ately 17 mM. Concentrations reached 1 5 - 2 0  mM  within 5 h o f  am m onium  

supply, after which no significant increase occurred although concentrations appeared 

to increase slightly (Figure 2.11). Therefore, it can be assumed that when external 

am m onium  is not limiting (at an external concentration o f 10 mM ), the root
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accum ulated ammonium in the region o f  15 - 20 mM. Plants that were supplied 

am m onium  as the sole N  source after previous 24 h supply o f  Ca(N 0 3 ) 2  had similar 

am m onium  concentrations in the root (Figure 2.11 B) to those supplied am m onium  

nitrate for 24 h (Figure 2.9 B) and slightly higher concentrations than those plants 

supplied ammonium as the sole N source for 24 h (Figure 2.9 C). I f  the difference 

in these ammonium concentrations in Experiment 2 were due to internally generated 

am m onium  (Section 2.4.2.1), then it may be assumed that plants exposed to  10 m M  

nitrate for 24 h before transfer to ammonium only were induced for nitrate reduction 

and therefore generated additional ammonium internally. This may explain why plants 

supplied nitrate for 24 h before transfer to ammonium phosphate had slightly higher 

tissue am monium concentrations compared with ammonium phosphate grow n plants 

not supplied nitrate (compare Figures 2.9 C and 2.11 B). The shoot am m onium  

concentration remained unchanged after transfer to am monium containing solutions.

2.4.4 G enera l discussion an d  conclusions

2.4.4.1 Ammonium uptake and assimilation 

The results o f Experiments 2 and 3 show that the supply o f  am monium to plants 

resulted in uptake and accumulation o f  this ion in the roots. The accum ulation o f 

am m onium  was much lower than that predicted by passive diffusion o f  this ion 

(Section 2.1). Thus the internal concentration o f ammonium in the root is regulated, 

either by regulation o f  influx (for example a gated channel) or by rapid assim ilation 

o f the ion. The high o f GS for ammonium (Stewart et a l ,  1980; Section 1.4) and 

the reported higher concentrations o f  assimilated nitrogen in plants supplied 

am m onium  (Vessey et a l ,  1990; Clarkson et a l ,  1992), suggest that rapid assim ilation 

o f the am monium ion m ay in part play a role in reducing the internal concentration 

o f the ion, although this would also serve to maintain a high diffusion gradient relative 

to the exterior. Regulation o f  influx may also occur. Ammonium supply affected the 

level o f  nitrate that accumulated in both the roots and the shoots o f  plants supplied a 

com bined nitrogen source. This finding implies that the conclusion o f  Zhen and Leigh

(1990): that nitrate accumulation can be taken as an intrinsic m arker for N  sufficiency 

in the field and an indication that N  supply is in excess to requirements may only hold 

true if  nitrate is the only form o f nitrate available to the crop. The data presented here
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suggest that if  N  is available as combined am monium and nitrate, excess N  may be 

stored in other forms, and nitrate accumulation m ay not give a reliable measure o f  

excess N  supply in the field. M easuring accumulated ammonium plus nitrate would 

also not reflect luxury supply o f  N , especially in the shoots, which would be the most 

practical to sample in a field situation. This is dem onstrated by the results obtained 

in this Chapter, where plants supplied twice as m uch N  (combined ammonium plus 

nitrate treatment) showed significantly lower nitrate content in the shoots compared 

with plants supplied only nitrate, while ammonium content showed no difference.

Approximately 3 m M  am monium (the am ount present in plants that were 

supplied nitrate alone) was the result o f internal metabolism o f nitrate. The difference 

in ammonium concentration between plants supplied nitrate only, and those supplied 

a combined N source is due to uptake from the exterior. I f  one considers that the 

vacuole comprises about 95 % o f  the volume o f the cell, one can calculate that if  the 

ammonium that was found in the roots o f ammonium nitrate supplied plants (17 mM) 

was restricted to the cytoplasm, this would result in a cytoplasmic concentration o f 

340 mM. High am monium concentrations such as these would be toxic to the 

metabolic functions that occur in the cytoplasm. It m ust therefore be concluded that 

a large proportion o f the am m onium  must be situated in the vacuole.

W hen external nitrate w as removed, the high levels o f  ammonium initially 

found in the roots o f am m onium  supplied plants were depleted. After 3 h in nutrient 

solution without ammonium, tissue ammonium levels in the roots had dropped to the 

levels found in nitrate only supplied plants. Therefore, ammonium in the vacuole can 

be remobilized and assimilated w hen external ammonium is removed.

2.4.4.2 Nitrate storage and remobilization 

In Experiment 1, it was evident that plants supplied high exogenous nitrate 

concentrations (10 mM) accum ulated nitrate in the tissue within 24 h. When external 

nitrate supply was removed, accumulated nitrate reserves decreased, and relative 

growth rate, shoot to root ratio and water content were maintained for the first two to 

three days. This implies that nitrate accumulated in plants is available for use during 

external nitrogen shortage. It is also clear however, that remobilization o f  

accumulated nitrate is regulated and that this regulation is affected by various factors.
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For example, the form o f nitrogen supplied prior to nitrogen starvation can reduce the 

rate o f  decline in tissue nitrate concentration even Avhen all external nitrogen is 

removed, presumably by influencing the concentration o f  other N  storage compounds. 

This is evident from the slower rate o f  decline in tissue nitrate concentration in plants 

formerly supplied ammonium nitrate, in comparison with the rate observed for plants 

formerly supplied calcium nitrate. This means that even during complete nitrogen 

starvation, the rate o f nitrate remobilization is not necessarily the same for all plants, 

but depends on the prior nitrate supply.

On the other hand, even under nitrate replete conditions, such as supply o f 10 

mM  am monium nitrate (Experiment 3), remobilization o f  stored nitrate occurred in 

roots at a similar rate to that observed if  the external nitrogen was removed 

(Experiment 2). This means that even during luxury nitrogen supply, stored nitrate 

reserves may be remobilized.

It is concluded therefore, that remobilization o f  accumulated nitrate is 

regulated, and is influenced by previous nitrogen nutrition. If  the bulk o f this 

accumulated nitrate is situated in the vacuole, it cannot be regarded simply as a 

nitrogen reserve that will flood out o f  the vacuole when external nitrogen is limiting, 

nor simply as an inaccessible nitrogen store in the vacuole during abundant external 

nitrate supply. From the bulk tissue analysis it can be said that the rate o f reduction 

o f  accumulated nitrate in the bulk tissue after rem oval o f  external nitrate was not 

proportional to the initial level o f accumulated nitrate. Thus, the results suggest that 

the net rate o f  nitrate remobilization from the vacuole when external nitrogen is 

rem oved is not solely determined by the initial vacuolar nitrate concentration as was 

concluded by M acduff et al. (1989). A reduction in bulk tissue nitrate content is not 

necessarily a reflection o f the rate o f  remobilization from the vacuole however, since 

the nitrate accumulated in the tissue is a result o f the interaction o f various processes 

occurring in the plant (Section 2.1). The possibility that nitrate is remobilized from 

the vacuole at a rate determined by the initial vacuolar concentration cannot be ruled 

out on the basis o f bulk tissue analysis alone therefore. An alternative explanation 

may be that nitrate does flood out o f  the vacuole down the electrochemical gradient 

presumed to exist across the tonoplast when external nitrate is removed; thus 

increasing the cytoplasmic nitrate pool size, and that the rate limiting step is
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assim ilation o f nitrate in the cytoplasm. To distinguish between these two possibilities 

(regulation o f vacuolar nitrate release or rate limiting assimilation), a  measure o f  the 

intracellular nitrate pools and the electrochemical gradients that exist across the 

mem branes compartmentalizing them are required. These aspects o f  nitrate 

rem obilization are therefore investigated in Chapter 3.

W hen investigating nitrate remobilization, it is also im portant to consider that 

previous nitrogen nutrition may influence the rate o f  remobilization. For example, in 

the results reported here, it was shown that plants previously supplied ammonium 

showed different nitrate remobilization rates from plants supplied nitrate only. An 

exam ple where this could have given a different perspective on the interpretation o f 

results is in the work o f Kharitonashvili et al. (1993). These workers noted slow 

remobilization o f stored nitrate from the tissues o f  wheat seedlings when external 

nitrogen was removed. They concluded that the small amount o f nitrate that was 

rem obilized constituted a transport pool, and that the bulk o f the unm obilized nitrate 

was therefore confined to the vacuole, from which it was not readily remobilized, and 

"the use o f  stored nitrate in the absence o f  external nitrate was limited". For their 

experiments, the nitrogen source supplied to the plants before starvation was 

am m onium  nitrate and the possible implications o f  supplying this nitrogen source were 

not considered. As the results reported here have shown, plants previously supplied 

this nitrogen source do show a slower rate o f nitrate remobilization than plants 

supplied nitrate alone. Clearly it cannot be assumed that under nitrogen stress, the 

first and m ost available alternative nitrogen source is that in the ionic form  in the 

vacuole. In the work described above (Kharitonashvili, 1993) it is possible that the 

low assim ilation o f nitrate observed was due to prior ammonium nitrate nutrition 

providing greater concentrations o f alternative nitrogen reserves, and was not due to 

the vacuolar nitrate being inaccessible for remobilization. Clarkson et al. (1992) have 

shown that ammonium fed plants have larger stores o f assimilated nitrogen, and they 

suggest that this excess nitrogen is in the form o f  protein. They found that this store 

had no effect on growth in the presence o f  exogenous N  but they suggest that it may 

be used to support growth if  external N  is limiting. W hen M artinoia et al. (1981) and 

G ranstedt and Huffaker (1982) concluded that vacuolar nitrate was a principal storage 

form o f  nitrogen, it was on the basis o f results obtained from plants supplied nitrate
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alone as the nitrogen source. Therefore in the rest o f  this thesis, investigation into the 

rem obilization o f  nitrate from the vacuole in response to external nitrate removal has 

been restricted to plants that have been supplied nitrate only as a nitrogen source.
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Appendix 2.1

The composition o f the basic nutrient solution used for hydroponic propagation o f 

barley is given in the following two tables (2.1 A showing the micronutrients and 2 .IB 

the macronutrients used). The m edia was modified from that o f  Hoagland and A m on 

(1939).

2.1A: M icronu trien ts

R eagent m.w. (g) S tock  (g/L) Stock (m M ) F in a l Cone. 
(jiM )

H 3 BO 3 61.83 2 . 8 6 46.0 115.0

M n2S04.4H20 223.06 2.03 9.1 22.7

ZnSO^.VH^O 287.54 0 . 2 2 0.765 1.9

CUSO 4 .5 H 2 O 249.68 0.075 0.3 0.75

(^H4)gMo^024.
4 H 2 0

1235.86 0.00167 0.00135 0.003
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2.1 B: M acronu trien ts

R eagent m.w. (g) S tock (g/1) S tock  (m M ) m l stock/L F in a l
Cone.
(m M )

Ca(N03)2.
4 H 2 O

236.15 118.1 500 1 0 . 0 5.0

K 2 H PO 4 174.0 27.2 156 6 . 0 1 . 0

MgSO^.
7 H 2 O

246.48 98.0 400 6 . 0 2.4

Fe.ED TA 367.1 17.9 50 6 . 0 0.3

K C l 74.55 59.6 800 6 4.8

CaCI^.
6 H , 0

219.08 109.6 500 0  or 1 0 * 0 or 5.0*

M icronu tri
ents

2.5

Distilled
H 2 O

To 1 L

* CaCl2  was added to nutrient solutions lacking nitrate to give the same ionic 
strength as those with added nitrate.
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Chapter Three 

Ion Selective Microelectrodes

3.1 Introduction

In the previous chapter, nitrate remobilization from the vacuole was investigated using 

whole tissue extract analysis. This method gives an estimate o f rem obilization by 

decrease in accumulated nitrate, based on the assumption that the extract will represent 

the bulk o f  the tissue, i.e. the vacuoles o f the cortical cells. Therefore, a reduction in 

extractable nitrate is interpreted to represent remobilization from the vacuole. This 

method gives no information regarding the mechanism o f remobilization, however, nor 

about the effects o f nitrate starvation on the metabolically active nitrate pool in the 

cytoplasm. For a more complete understanding o f nitrate remobilization, knowledge 

o f the intracellular pool sizes (vacuole and cytoplasm) as well as the membrane 

electrical potentials (o f the plasm a membrane and tonoplast) is required. Such 

information is most effectively obtained through the use o f  double barrelled, ion 

selective microelectrodes. In addition, microelectrodes provide a direct m easurement 

in vivo that is non-destructive and therefore give a measure o f  specific ion activity and 

membrane potential within a fully functioning cell.

This m ethod has been used before (Zhen et a i ,  1991) to measure nitrate activity 

in the cytoplasm and vacuole o f  barley root epidermal cells over the first 24 h  o f 

exposure to 10 mM nitrate. After this 24 h loading period, epidermal cell vacuolar 

and cytoplasmic nitrate levels were 41.8 mM and 5.4 m M  respectively, w hile in 

cortical cells, these compartments contained 72.8 mM and 3.2 mM nitrate.

A time course o f  nitrate accumulation in epidermal cells over 28 h in 10 mM  

nitrate showed that the cytoplasmic nitrate content reached a steady state o f  about 5 

mM after approximately 8  h, while the vacuolar content continued to increase to 30-50 

mM over 24 h, which then remained relatively constant. The aim o f  the work
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reported here was to use microelectrodes to measure what happened to these nitrate 

pools when external nitrate was removed after a 24 h loading period.

3.1.1 Theory o f microelectrodes

The voltage response o f  a microelectrode arises due to an asymmetry o f ions across 

the sensor membrane which acts as a selectively-permeable membrane (SPM) and thus 

develops a potential that is a function o f the ion gradient across the barrier. The 

potential relayed by the electrode is described by the N em st equation:

EMF = Eq 4-s.log aj

where: 3.1

EMF = Electromotive force (cell potential) in mV 

Eq = Reference potential in mV 

s = N em stian slope 

aj = Activity o f test ion I 

The N em stian slope (s) is given by the following equation:

s = 2 . 3 0 3 - ^  = m V  a t  25° C
z . F  Z,

where: 3.2

R  = gas constant (8.314 J mol '^)

T = absolute temperature (in K)

F = Faraday constant (9.6487 x l f t* C  mol ' ’)

Zj = charge number o f ion I

This m eans that the potential is linearly related to the log o f  the test ion activity. 

Ideally therefore, a calibration curve for an electrode selective for a m onovalent ion 

(e.g. N O /)  should have a slope o f 59.16 mV. No ion sensor is ever com pletely 

selective, however, and will be affected to some extent by other interfering ions. 

Therefore an extended form o f the equation is used, the Nicolsky-Eisenman equation 

(eqn 3.3), which takes into account the sensor response to interfering ions.
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EMF = + s l o g  [a. + E Kij

3.3

W here = potentiometric selectivity function.

The selectivity factors KjjP°* for various interfering ions (for anions such as 

nitrate, interfering anions are typically those which feature in the Hofmeister series, 

and may be present in the sample solution, see Section 3.1.3.1) are a measure o f the 

sensor preference for the selected ion I over the interfering ion J. A selectivity factor 

< 1 indicates preference for ion I, and the smaller the factor, the more favourable the 

sensor.

The performance o f an ion selective electrode is usually described in terms 

o f its sensitivity s (the change in electrode EMF per decade change in ion activity, i.e. 

the slope o f the calibration curve); its selectivity (the selectivity coefficient for 

the test ion over an interfering ion; and its detection lim it (defined by the intercept 

o f the two asymptotes o f the Nicolsky-Eisenman response curve, Guilbault et a l ,  

1976). In Figure 3.1, an ideal ion selective electrode response curve is shown, 

illustrating s and the detection limit.

>
£

W
4)73Ou

Limit of detection

- Io g ,o  [ion activity]

F ig u re  3.1: Schematic representation o f an ideal anion selective electrode
calibration curve. The slope S is the change in EMF per decade 
change in activity o f  a monovalent anion, which is equivalent to 59.16 
mV at 25 ®C. The limit o f  detection is also indicated.
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Implicit in the Nem st and Nicolsky-Eisenman equations is that the EMF o f  an 

electrode is directly dependent on the selected ion activity  at the tip. The ionic 

activity is a measure o f the effective concentration which is available to participate in 

chemical reactions, or to contribute to an existing ionic gradient across a membrane. 

For intermediate to high ionic strengths, concentration and activity are not 

interchangeable.

The activity o f an ion in solution is always less than its concentration except at 

infinite dilution. This is expressed by the product o f  ionic concentration (X) and the 

ion activity coefficient which lies between 0  and 1 ) as follows:

Activity^,) = Y^^y[X] 3.4

Even for strong electrolytes which may be fully ionized in solution, the activity 

recorded will be lower than the concentration. This is because the mobility o f  the 

individual ions is restricted by the mutual electrostatic effects of neighbouring ions - 

the greater the concentration, the greater the inhibition. The degree o f inhibition is 

thus defined by the single ion activity coefficient - which becomes smaller as the 

restriction o f  free energy increases.

The Debye-Huckel formalism allows calculation o f  the mean activity coefficient as 

follows:

- l o g f ^ =  - h i
l + B a / j

where: 3.5

1  (ionic strength o f  the solution) is calculated:

1 =  0.5 Z  Cj z ĵ 

A  = 0.5108 (H2O, 25 °C)

B = 0.328 (H2O, 25T )  

z = charge o f  the ion

a, b, = electrolyte specific constants (a is ion size parameter)

Electrode functioning is best assessed by plotting m easured EMF against the log o f 

the single ion activity coefficient calculated in this way.
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W hen using ion selective electrodes, the potential measured is a function o f  the 

activity o f  the selected ion in solution. A standard curve is used to translate this 

activity into concentration on the basis o f the calibration curve for the electrode and 

the N em st equation. Therefore the measurement is o f  the free ions in solution (the 

soluble pool). The advantage o f this form o f measurement is that activity determines 

the physicochemical reactivity o f  the ion, which is more applicable to membrane 

gradients and ion transport than total ionic concentration. Also, the electrochemical 

gradient o f  ion activity (rather than concentration) is the relevant parameter when 

considering electrical phenomena across membranes.

3.1.2 C onstruction  and  use o f m icroelectrodes

Ion selective microelectrodes have their function conferred by a charged ion exchanger 

(e.g. quaternary ammonium or phosphonium salts) or by an ion carrier, which is 

incorporated into a membrane matrix along with other components. The sensor 

membrane is composed o f this ion selective compound, a membrane solvent 

(plasticizer), a membrane matrix (polymer). Additives which have been shown to 

improve electrode performance may also be included (for example. Miller and Zhen,

(1991) showed that the addition o f  nitrocellulose reduced electrode resistance). The 

membrane solvent is often dictated by the matrix used, since the solvent is required 

to exhibit plasticizer properties for a particular polymeric matrix material. All 

membrane components are dissolved in a suitable organic phase (e.g. tetrahydrofuran, 

THF) and are incorporated into the tip o f the micropipette.

3.1.2.1 Anion selective compounds 

Anion selective microelectrodes have been developed that utilize classical anion- 

exchanger membranes where lipophilic quaternary ammonium- or phosphonium- salts 

are used as the ion sensor. These electrodes have been used for the measurement o f 

chloride and more recently nitrate. According to Ammann (1986), these types o f 

sensors w ill all exhibit similar selectivity sequences w ith a preference for lipophilic 

over more hydrophillic anions. The sequence o f selectivity is characterized by the 

H ofmeister series (Hofmeister, 1888):

Lipophilic anion (R ) > C IO / > SON' > T > N O / > CF > H C O / > S 0 /  > H P O /
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The proportion o f  the sensor in the membrane com position is usually fairly 

low, at about 1%. Lower concentrations have shown to reduce selectivity and 

sensitivity (Ammann, 1986), while the upper limit is determined by the solubility o f 

the sensor in the membrane phase.

3.1.2.2 The membrane solvent and matrix

The percentage membrane solvent in membranes for microelectrodes is generally high 

at 60-90% (by mass) (Ammann, 1986). The high concentration used means that the 

solvent may have a large influence over the final properties o f the microelectrode 

membrane. A membrane solvent ideally should have chemical inertness and stability 

(with respect to the formation o f complexes and protonation or deprotonation) and 

should have a low vapour pressure and suitable viscosity. The membrane matrix 

should be mechanically and chemically stable and chemically inert. In addition, it is 

important that the membrane produces as little electrical resistance as possible so that 

response times o f the electrode are as short as possible. This latter criteria usually 

defines the upper limit o f  the membrane matrix content. Polyvinyl chloride (PVC) is 

at present the most widely used matrix (Ebdon et a l ,  1990).

3.1.2.3 Construction o f microelectrodes

M icropipettes are manufactured from borosilicate glass tubing with a solid internal 

fibre running the length o f the tube. This facilitates the flow o f solution to the tip. 

A tip diameter smaller than 1 pm  is required for impaling plant cells. The tip 

designated to be the ion selective barrel must be given a hydrophobic coating to allow 

for a high resistance seal between the glass and the hydrophobic ion selective 

membrane. This prevents short circuiting o f the potential across the sensor via 

hydration o f  the inner wall o f the glass tubing. Compounds which covalently bind the 

hydroxyl groups on the glass, for example dichlorosilane or tributylsilane, are used.

3.1.2.4 Calibration o f  microelectrodes

Because o f  various sources o f interference, calibration o f  electrodes must be strictly 

defined. Calibration in pure solutions o f the selected ion will give a measure o f  the 

sensitivity o f  the sensor for that ion. The detection lim it o f an electrode is defined by
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the intercept o f  the two asymptotes o f  the Nicolsky-Eisenman response curve. 

Calibration in the presence o f interfering ions will give a measure o f  the selectivity 

o f  the sensor for the test ion over interfering ions. M easurements m ust always be 

done in the presence o f and relative to a reference electrode. M easurement o f  

selectivity can be done in three ways:

The separate solution method, where EMF values are obtained for the selected 

ion I and the interfering ion J in pure single solutions o f each ion.

The fixed interference method, where EMF values are obtained in serial dilutions 

o f the selected ion I in the presence o f a fixed concentration o f interfering ion J. This 

is the method recommended by the International Union o f Pure and Applied Chemistry 

(lUPAC, Ammann, 1979) since it is most representative o f experimental conditions. 

It is important, however, that the fixed concentration o f  the interfering ion be 

representative o f  the uppermost limit o f  its possible concentration in the test solution. 

This is because higher concentrations o f fixed interference may cause an increase in 

the selectivity coefficient (see Section 3.1.1). This means that 

measurements carried out at, for example, 10 mM  concentration o f  interfering ion J 

will not represent deviation from the N em st equation at higher concentrations o f J and 

this can also not be extrapolated from values obtained at lower concentrations 

o f J.

The fixed primary ion method, which is the reverse o f  the fixed interference 

method. Here the selectivity o f  the sensor for the selected ion I is measured in 

solutions containing a fixed concentration o f I and serial dilutions o f  interfering ion 

J.

3.1.2.5 M easurement o f intracellular ion activity and membrane potential 

When inserted into a cell, an ion selective electrode will record the sum o f  the 

membrane potential and the potential due to the intracellular ion activity. Therefore 

membrane potential m ust be measured independently by a reference electrode and 

subtracted from the initial reading obtained. This is m ost effectively done by using 

double barrelled electrodes incorporating a reference electrode which is filled with 

KCl, since the similar mobilities o f and Cl' will ensure a relatively low junction 

potential. The tip potential is accounted for also, since this will also be the same for
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the reference and the sensor electrodes. On insertion o f  both electrodes into the cell, 

the change in E can be measured by:

E = s.loglO a,/ao 3.6

where:

aj = intracellular ion concentration 

a  ̂ = extracellular ion concentration 

s = slope o f the ion selective electrode 

For this calculation, the calibration curve slope can be used. It is important to check 

that the calibration o f the electrode is the same before and after the readings are taken.

The development o f the N em st membrane potential across the plasm a 

membrane is itself dependent upon the diffusion o f  various ions. When only one ion 

diffuses across a membrane, a transmembrane potential is set up which, when 

equilibrium is reached, is a function o f  the ratio o f  the activity o f the diffused ion 

found on the two sides o f the membrane. If  the cell is exposed to different ions, 

several ions with different diffusion rates are responsible for the resulting membrane 

potential. The Goldman-Hodgkin-Katz equation relates the overall membrane potential 

to a diffusion potential contributed by each ion, which is determined by the activity 

o f  the diffusing ion on each side o f  the membrane and by the relative permeability o f 

the ion in question.

= i n (  f P c j  [ C i J
Z F  • p^[jCj] +p„3 [ m j  +Pc, [ C i j j

3.7

Where p is the relative permeability o f  the anion in question. I f  an ion is 

overwhelmingly permeant, then p for that ion will be very close to 1 , and p for the 

other ions close to zero. In such a case, the equation collapses to give the N em st 

equation for the most permeant ion.

The equation commonly considers the three ions K^, Na^ and Cl' because these 

are the ions that dominate in the generation o f membrane potential in animal cells. 

The equation assumes that there is no interaction between ions and that no forces 

other than the diffusion potentials and concentrations influence the crossing o f  the 

membrane. Large deviations from the Goldman-Hodgkin-Katz value for individual
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ions are an indication o f  active transport. The relevance o f  this equation to 

microelectrode measurements, is that exposure o f cells to the more permeant ions that 

influence establishment o f the membrane potential must be considered when carrying 

out measurements and when comparing results to other published data.

3.1.2.6 Measurements in plant cells 

Two major characteristics o f  plant cells, as distinct from animal cells, have important 

consequences for microelectrode use in vivo. These are the presence o f a rigid cell 

wall and large permanent vacuole(s) that are separated from the often thin layer o f 

cytoplasm by the tonoplast membrane. The rigid cell wall and associated cell turgor 

pressure necessitates liquid sensor membranes to be immobilized on a solid support 

or matrix to prevent their displacement. Impalement o f  the cell through the cell wall 

can also cause problems o f  cell damage due to the force required to overcome cell 

wall resistance. The presence o f a large central vacuole and a thin layer o f cytoplasm 

implies that an electrode in a cell may often traverse two membranes and come to lie 

inside the vacuole. This then may cause some ambiguity regarding the cellular 

location o f the ion activity recorded.

Recently, there have also been reports o f intracellular protein causing interference 

with microelectrode output. Payne et a l  (1991) have reported protein interference 

with electrode functioning, and have attributed this to the use o f  hypertonic liquid 

bridge junctions for the reference electrode. With sodium and magnesium electrodes, 

protein has been found to increase the detection lim it o f  electrodes. This effect was 

greater with increasing concentrations o f  protein (Coombs et a l ,  1994). In this case 

however, the reference electrode was not found to be responsible. Discrepancies in 

sodium selective measurements have also been reported by Stone et a l  (1992) and 

have been attributed in part to protein interference. Studies carried out by Saris 

(1988) however, showed no effect o f  protein on calcium, potassium or sodium 

electrodes.

The membrane potential established in plant cells is influenced largely by the 

external concentration o f the ion (Pitman et a l  1971). Thus, plants germinated on 

CaSO^ have much more negative potentials (often > -150 mV) than plants exposed to 

solutions containing potassium, and exhibit rapid depolarization on exposure to
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w hich has a high relative permeance (Pitman et a l ,  1971). W hen carrying out 

measurements in plant cells therefore, care must be taken that the concentration o f 

remains constant. Comparisons with other published results also requires 

consideration o f exposure to potassium when comparing membrane potential data.

3.1.2.7 Nitrate selective electrodes 

The first nitrate selective electrodes were marketed by Orion (1967) and Coming 

(1972) as liquid membrane sensors. These were, however, found to show erratic 

potential drifts and poor selectivity and sensitivity (Nielsen and Hansen, 1976). The 

addition o f  PVC as a matrix for the ion sensor (M oody et a l ,  1970) considerably 

improved electrode functioning, and paved the way for microelectrode use in plant 

cells by providing a solution to the problem o f membrane displacement by turgor 

pressure.

Various quaternary ammonium sensors (QASs) were tested for their nitrate 

sensitivity in the form o f macroelectrodes by Nielsen and Hansen (1976). It was 

found that the sensitivity o f  the sensor increased with increasing organic properties of 

the sensor. The results obtained by these workers are shown in Figure 3.2.

Ebdon et a l  (1990) developed macroelectrodes using various QASs and a nitrile 

rubber matrix. The aim o f  this work was to develop a macroelectrode with a long 

lifetime suitable for measurement o f long term changes in nitrate content in soils. 

M itrakas and Alexiades (1990) developed a nitrate selective macroelectrode using a 

quaternary phosphonium sensor (QPS) and concluded these to be superior to those 

based on QAS. This was attributed to more homogeneous dispersal o f the sensor in 

the plasticised PVC membrane when compared to QAS based electrodes.

In our laboratory, the nitrate sensor tridodecylmethyl ammonium chloride 

(MTDDA) has been used for the manufacture o f nitrate selective microelectrodes. The 

properties o f  the sensor were tested with respect to calibration curve, detection limit 

and ion selectivity, and was found to perform well (Zhen et a l ,  1992). The electrodes 

were shown to have a log linear response for nitrate concentrations o f 0.1 mM to 100 

mM with a slope o f 53 mV per decade change in nitrate concentration. Selectivity for 

nitrate over interfering ions was determined. The electrodes showed a tenfold 

selectivity for SCN" over nitrate, but this ion has no physiological importance in crops.

86



>
200u.

sÜ
Cl■co

TOMAN 25

28

38

TTDAN V/gg 
■ T D O A N '

^46

2 L 5
PNO3

Figure 3.2: Calibration curves obtained for electrodes incorporating
increasingly organic nitrate sensor molecules. These are trioctylmethyl- 
(TOMAN), tetraheptyl- (THAN), tetraoctyl- (TOAN), tetratetradecyl- 
(TTDAN) and tetradodecyl- (TDDAN) ammonium nitrate Data from 
Nielsen and Hansen (1976).

Nitrite and chloride also had the potential to interfere if they were present in high 

concentrations relative to nitrate. Nitrite was not considered to pose a serious 

problem, since this ion does not accumulate in plants under aerobic conditions (Lee, 

1979). Chloride, on the other hand, can accumulate in the vacuole (Cram 1973, 1980) 

and is therefore the most relevant interfering anion for intracellular measurements. 

At 100 mM chloride, nitrate detection is only affected if  it is present at low levels (0.5 

mM nitrate). Sensitivity to nitrate detection was not affected by pH in the 3-10 unit 

range. Doubling of the ionic strength of the calibration solutions also did not affect 

EMF output significantly. Therefore the difference in ionic strength or pH between 

the vacuole and cytoplasm should not affect intracellular readings of nitrate content. 

These electrodes have been used to measure accumulation and partitioning of nitrate 

in barley roots over 24 h growth in nitrate-containing nutrient solution (Zhen ef al., 

1992).
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3.1.3 Aims

In the first part o f this chapter, the testing o f  putative nitrate sensors hexadecyltributyl 

phosphonium  bromide (TBHDPB: the QPS recommended by Mitrakas et al. 1991) and 

a m ore "organic" QAS (tetrahexadecyl ammonium bromide: THDAB) against the 

perform ance o f  the QAS MTDDA is described. The effect o f protein on electrode 

functioning is also reported. The second part o f this chapter reports on the use o f 

m icroelectrodes for intracellular nitrate measurement, particularly, to trace the 

com partm entation and remobilization o f nitrate in barley root cells, when external 

nitrate is removed.
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3.2 Materials and Methods

3.2.1 Single barrel electrodes for testing electrode functioning

3.2.1.1 Preparation o f  micropipettes

M icropipettes were prepared using filamented borosilicate glass tubing (outer diameter 

1 mm, inner diameter 0.58 mm: Hilgenberg Glass, M alsfield, Germany) pulled to a 

tip on a Narishige PE-2 vertical micropipette puller (Narishige, Tokyo, Japan). The 

micropipettes produced were placed tip upwards in a perforated aluminium block and 

dried in an oven housed in a fume hood for a minimum o f one hour at 180 °C. The 

tips were then silanized by suspending 100 pi tributylchlorosilane (TBCS) in a glass 

capillary tube through a hole in the top o f the drying oven. The micropipettes were 

then left in the oven for a further 30 minutes before removing and backfilling with 

sensor cocktail.

3.2.1.2 Preparation o f  sensor cocktail

Three sensor compounds were tested for sensitivity to and selectivity for nitrate. 

Before incorporation into the sensor cocktail, these compounds were converted to the 

nitrate form using the method o f Wegmann et al. (1984). A solution o f 1 g o f sensor 

compound in 2 0  cm^ methylene chloride was extracted twice with 1 0  cm^ distilled 

water containing 0.5 g sodium nitrate. The organic phase was then washed five times 

with distilled water. A silver nitrate solution (10 %) was used to detect any chloride 

remaining. Once all the sensor compound was in the nitrate form, the organic phase 

was filtered through hydrophobic paper (Whatman IPS). The methylene chloride was 

then removed under vacuum, leaving the sensor compound in solid form. This was 

then incorporated as the ion selective component o f  the sensor cocktail.

Previous work carried out in this laboratory (M iller and Zhen, 1991) resulted in 

the development o f an optimal sensor cocktail m ix which was used routinely 

thereafter. This was composed as follows:

1 % (w/v) methyltriphenyl phosphonium bromide (M TPPB) - A lipophilic cation

5 % (w/v) nitrocellulose

6  % M TDDA.NO 3  or other nitrate sensor 

23 % poly(vinyl)chloride (PVC)

65 % 2-nitrophenyl octyl ether (NPOE)
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The first two additives had been found to reduce electrical resistance and improve the 

detection limit for nitrate in the presence o f chloride. Nitrocellulose provided the 

m atrix for the sensor, while NPOE conferred plasticizer properties.

The above components were dissolved in THF and used to backfill the 

m icropipette tips. This was done using a glass syringe fitted with a 30 gauge needle. 

A fter backfilling, the microelectrodes were left to dry for a minimum o f  two days at 

room  temperature over silica gel. The THF evaporated to leave a solid plug o f  PVC 

incorporating the sensor. Before calibration, the rest o f the microelectrode was filled 

with a solution o f 100 mM  KCl + 1 0 0  mM KNO 3  and was then left to stabilize in a 

100 mM  solution o f KNO3 for about 30 minutes before calibrating. The electrode was 

then inserted into a microelectrode half cell holder (World Precision Instruments, 

Sarasota, Florida, U.S.A.) which contained a Ag/AgCl bridge for electrical contact 

w ith the probe from the electrometer. Narrow bore polythene tubing filled w ith agar 

(3 % w/v) dissolved in 100 mM KCl connected the test solution via a microelectrode 

holder to the ground o f the electrometer, thus completing the circuit (Figure 3.3).

3.2.1.3 Comparison o f  different nitrate selective compounds

A com parison o f the three sensors was made on the basis o f  sensitivity to nitrate and 

selectivity for nitrate over chloride. The former property was tested by constructing 

a calibration curve in response to pure KNO 3  solutions ranging in concentration from 

10 ’ to 10'^ M. The latter was tested using the fixed interference method, where 100 

m M  K Cl was added to each KNO3 solution in the range. In this way, the nitrate 

detection limit in the absence and presence o f the interfering ion Cl was obtained for 

each nitrate sensor compound. Five electrodes were tested for each sensor. The 

sensors tested were the sensor used by Miller and Zhen (1991) (M TDDA.NO3 ); the 

phosphonium  compound used by Mitrakas and Alexiades (1990) and M itrakas et al. 

(1991) (TBHDP.NO 3  ) and a more "organic” compound (THDA.NO 3  ) selected on the 

basis o f  work done by Nielsen and Hanson, 1976; Figure 3.2),

3.2.1.4 Testing the effect o f protein

The effect o f  protein on electrode functioning was tested using the fixed interference 

m ethod at 10 mg/ml and 100 mg/ml concentration o f  bovine serum albumin (BSA).
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This was added to the calibration solutions. Normal calibration was carried out before 

and after calibration in solutions with BSA added.

electrometerexternal reference

— A - B = ion 

B = reference
suction outflow

roo t

in flow via  4 -w a y  ta p

Figure 3.3: Diagram showing cuvette in which roots were immobilized for 
impalement. Arrows show flow of nutrient solution, from the inflow 
connected to a 4-way tap (this allowed for rapid nutrient solution 
changes during impalements) across the root to the outflow. The 
double barrelled electrode sends output to the electrometer. The circuit 
is completed by an external reference placed in the bathing solution.

3.2.2 Double barrel microelectrodes for intracellular measurements

When using double barrelled microelectrodes, one barrel records the membrane 

potential difference between the cell interior and an external reference in the bathing 

solution, while the other electrode contains the nitrate selective sensor and records an 

electrical potential which comprises the sum of the membrane potential and the 

potential generated in response to the intracellular nitrate activity. To calculate the 

nitrate activity, the output from the nitrate selective barrel is corrected for the 

membrane potential it has also measured.
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3.2.2.1 Preparation o f  micropipettes

Double barrelled micropipettes were prepared by twisting fused, filamented double 

barrelled glass (Hilgenburg Glass, Malsfield, Germany). The pipettes were pulled to 

a twisted point using settings that consistently produced tips o f a suitable shape and 

diameter for impaling root cells. These tips had resistances o f 10 - 15 M Q  when 

filled with 100 mM KCl. The narrower o f the two barrels was always used as the 

reference barrel, and its shaft was cut shorter than the other (ion-selective) barrel using 

a sharp blade. The tips were then dried under a heating lamp (approximately 140 °C) 

for an hour before silanlzation. The nitrate selective barrel was silanized by placing 

a drop o f 1 % (v/v) TBCS in chloroform on the blunt end; this quickly vaporised 

along that barrel. Care was taken to ensure that the reagent did not enter the reference 

barrel. This barrel is filled with aqueous KCl and should not therefore be 

hydrophobic. The tips were then left to dry for a further 30 minutes. The nitrate 

selective barrel was then backfilled with nitrate sensor cocktail dissolved in THF as 

described previously (Section 3.2.1.2). Initial testing described in Section 3.2.1 

showed the M TDDA.NO 3  sensor to be the most efficient, so all double barrel 

electrodes were made using this sensor. After backfilling, the tips were dried over 

silica gel for at least 48 h before use. Electronmicrographs taken after coating sample 

tips with gold are shown in Plates 3.1 and 3.2. In Plate 3.1, the twisting o f  the two 

barrels around each other can be seen clearly. Plate 3.2 shows the tip o f  the two 

barrels, which has a diam eter smaller than 1 pM  and thus is suitable for the 

impalement o f  plant cells.

3.2.2.2 Calibration o f  electrodes for intracellular impalements

Before calibration, the ion selective barrel was backfilled with a solution o f  100 mM  

KNO3 + 1 0 0  mM  KCl, while the reference barrel was filled with 100 mM  KCl. The 

microelectrodes were then calibrated in solutions o f constant ionic strength. This was 

done as described previously by M iller and Zhen (1991) by ensuring the calibration 

solutions had a K^ o f 125 mM  and an ionic strength o f about 140 mM . The anion 

used was hydrogen phosphate (HPO^^ ), chosen because o f its minimal interference 

with the nitrate selective sensor. To give a constant background ionic strength, 

K 2 HPO 4  was therefore used.
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Plate 3.1: Scanning electronmicrograph of a nitrate selective microelectrode showing 

the twisting of the two barrels to produce a single tip. The scale bar 

represents 430 pm.
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Plate 3.2: Scanning electronmicrograph showing detail of the tip of a double

barrelled microelectrode. The scale bar represents 0.76 pm.
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The solutions were buffered at pH 7.9 with 5 mM 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid (HEPES) to ensure that phosphate was present as the 

divalent anion. Table 3.1 lists the composition of the calibration solutions used.

Table 3.1: Composition of solutions used to calibrate nitrate selective microelectrodes for intracellular 

impalements. All solutions were buffered at pH 7.9 to ensure that the major anion determining 

ionic strength beside nitrate was HPO/'. The negative log,o of the nitrate ion activity 

coefficient is denoted pNOj. The latter was used as calculated by Miller and Zhen (1991).

Nitrate
Activity
(mM)

pNOj HEPES

(mM)

KNO3

(mM)

K,HPO,

(mM)

Ionic
Strength

(mM)

0.01 5.0 5 0.0121 50.0 140

0.1 4.0 5 0.122 50.0 140

0.5 3.3 5 0.63 50.0 141

1.0 3.0 5 1.22 50.0 141

5.0 2.3 5 6.30 48.0 140

10.0 2.0 5 12.20 46.5 140

20.0 1.7 5 25.00 43.0 141

100.0 1.0 5 130.00 15.0 142

Electrodes were calibrated by inserting them into a holder and mounting this 

onto the micromanipulator arm in a vertical position. The electrode was then carefully 

lowered into the mouth of a glass funnel that had a curved stem and a small hole for 

insertion of the external reference. The calibration solutions were then flushed 

through the funnel and the output response of the electrode to each one was recorded.

3.2.2.3 Plant material 

Seeds were germinated for six days on paper towel moistened with 0.2 mM CaSO^. 

One or two seedlings were transferred to 0.5 1 pots containing modified Hoaglands 

solution (Appendix 2.1) with 10 mM nitrate added as Ca(N0 3 )2 . The plants were left 

to grow in this solution for 24 h at 20 ®C under the same growth conditions as were 

described in Chapter 2 (Section 2.2.1).
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Plate 3.3: Photograph showing the workstation used when making mieroelectrode measurements. The micromanipulator and microscope 

are housed in a Faraday cage, while the computer and electrometer are stacked to the right. The control box on top o f the Faraday cage 

is for regulation o f the light source.



The roots were then rinsed thoroughly three times and the plants transferred to nutrient 

solution w ithout nitrate. The difference in ionic strength in this nutrient solution was 

com pensated for by addition o f  CaClj. For some measurements, this transfer was 

carried out during an impalement by gently switching the four way tap controlling the 

flow from the reservoirs (Figure 3.3). Intracellular nitrate measurements were made 

on plants for 24 h after this change.

3.2.2.4 Apparatus and Procedure 

To facilitate cell impalement, a root was threaded through two pieces o f glass tubing 

held in place by Apiazon grease in a perspex cuvette (Figure 3.3) on the microscope 

stage (Model M2, M icroinstruments Ltd, Oxford, U.K.). Between the two pieces o f  

glass, the area o f  root 1-2 cm from the tip was exposed for impalement. The cuvette 

(with a volume o f  4.5 ml) was filled with nutrient solution, submerging the roots. The 

cuvette was connected to a series o f nutrient solution reservoirs via a four way tap. 

This allowed for rapid changing o f the nutrient solution bathing the root. An outlet 

connected to a vacuum pump was situated opposite the inlet into the cuvette. This 

ensured an even flow o f perfused nutrient solution across the root. For changing 

nutrient solution during impalements, a flow rate o f about 5 ml/minute was used. 

W hen the nutrient solution was the same and simply perfusing over the roots, a slower 

rate was used (about 2.5 ml/minute) since this caused less noise on the trace, but was 

sufficient to ensure a constant supply o f nutrients to the roots.

Intracellular measurements were made by positioning and inserting the double 

barrelled electrode into the cells using a micromanipulator (Goodfellow Metals Ltd, 

Science Park, Cambridge, U.K.). The two barrels o f the electrode were inserted into 

holders incorporating a Ag/AgCl pellet electrode (model MEH 1 SF; W orld Precision 

Instruments, Sarasota, Florida, U.S.A) and were connected to a high impedance 

differential electrom eter (Model FD223, W.P.I. as before) via two probes. The ground 

o f  the electrom eter was connected to the bathing solution via agar-filled polythene 

tubing as described previously (Section 3.2.1.2). The electrometer output was 

recorded using a chart recorder (Rikadenki R-02; Kogyo Colter, Tokyo, Japan) and 

was also passed via an A/D converter (Labmaster DMA/PGH, Scientific Solutions, 

Cochran Rd, Solon, Ohio, U.S.A.) at a sampling frequency o f 10 Hz to a Viglen PC
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microcomputer. The data received were processed using the Versatile Ion Selective 

Electrode Recorder (VISER version 4.0) written by M r I. Jennings o f the Biology 

Department, University o f  York, U.K. A photograph o f  the work station is shown in 

Plate 3.3. In this photograph, it can be seen that the micromanipulator and microscope 

are isolated in a Faraday cage to reduce electrical interference. Output from the 

electrode is relayed to a high impedance electrometer and from there via an A/D board 

to the PC, both o f which are located in a stack beside the cage.

Measurements in cells were only accepted if:

i) The membrane potential was greater than -40 mV. (This is in agreement with 

other workers for example Pitman et al. 1971, with the external concentration o f 

approximately 7 mM, see Appendix 2.1)

ii) This membrane potential (recorded by the reference barrel) returned to 0 

after removal o f the electrode from the cell.

iii) The calibration curve did not change significantly before and after the 

impalement.

iv) The slope o f the calibration curve was at least 50 mV per decade change 

in nitrate concentration.

Intracellular nitrate concentration was calculated from  the line fitted through the 

combined data points obtained for calibration before and after impalement, using a 

simplified Nicolsky-Eisenman equation (M iller and Sanders, 1987).

To allow calculation o f means using conventional statistical methods, it is 

necessary for the data to be distributed normally. As pointed out by Fry et al. (1990), 

EMF recorded by an electrode is converted to expression o f  ion activity using a non

linear transformation (the Nicolsky-Eisenman equation) and the activities themselves 

are therefore not normally distributed. For all results in this Section expressing nitrate 

activity therefore, the -log [activity] has been used to calculate the mean and upper and 

lower limit o f the mean. The antilog o f these data gave the activities reported. 

Membrane potentials are not transformed and are therefore reported conventionally 

with mean and standard error as calculated for normally distributed data.
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3.3 Results

3.3.1 Single barrel electrodes for testing electrode functioning

3.3.1.1 Comparison o f different nitrate selective compounds 

A comparison o f different sensors was made on the basis o f  sensitivity to nitrate and 

selectivity for nitrate over chloride. Chloride has been shown to be the anion most 

likely to interfere with nitrate selective electrodes (M iller and Zhen, 1991). The fixed 

interference method was used, where the potential o f  the N O / selective electrode was 

m easured with solutions o f a constant concentration o f  interfering anion aj (100 mM 

KCl) and a varying activity o f nitrate (a^). The output was plotted against the activity 

o f  nitrate. The was obtained by comparing the electrode response in the absence 

and presence o f the interfering anion j. The equation for K^j was derived from the 

Nicolsky-Eisenmann equation (Section 3.1.1).

K P ° t ^ ^ Q [ ^ E ^ - E ^ ) z i F / i 2 . 2 0 2 R T ) ]  ^ ( a ^ )

3.8

The value o f a^ used to calculate was obtained from the intersection o f  the

extrapolation o f the linear portions o f  the response curves obtained for and Ej. At 

the intersection point, E^ is equal to Ej and equation 3.8 becomes:

(^ j)

3.9

This equation was used to calculate a selectivity coefficient for nitrate over chloride 

for each sensor tested. As explained in section 3.1.1, a selectivity factor (K^j^O 1 

indicates preference for the selected ion over the interfering anion. The smaller the 

selectivity coefficient therefore, the better the selectivity o f the sensor being tested.

The response curves for the nitrate sensor MTDDA.NO^' are shown in Figure 3.4 

A. In pure nitrate solution, the slope o f the curve obtained was 57.2 mV and the 

detection limit was 5.29 x 10'^ M nitrate. The selectivity coefficient for nitrate over 

chloride was 0.035.
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Figure 3.4: Calibration curves obtained for electrodes incorporating three 
different sensors, in the absence or presence o f  1 0 0  mM  KCI.
A; tridodecyl methyl ammonium nitrate (M TDDA.NO3)
B: hexadecyltributylphosphonium nitrate (TBHDP.NO3)
C: tetrahexadecylammonium nitrate (THDA.NO 3 ).
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F igure 3.5: Calibration curves for electrodes incorporating M TDDA.NO3 
sensor, in the absence (i), presence (ii) and after removal (iii) o f 1 0  

mg/ml BSA  (A) or 1 0 0  mg/ml BSA (B).
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F ig u re  3.6 : Intracellular microelectrode recording from  a barley root
epidermal cell impaled with a double barrelled, nitrate-selective 
microelectrode The root had been w ithout external nitrate supply for 
7 h. The upper trace shows the output from the ion selective barrel, 
while the middle trace shows output arising from the membrane 
potential across the cell and m easured by the reference barrel. The 
lower trace shows the measured nitrate activity. This is calculated by 
subtracting the middle trace value from the upper trace value and 
converting the result to nitrate activity using the m ean o f  the calibration 
curves obtained before and after the im palem ent (inset).
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Figure 3.4 B shows the response obtained with the sensor TB H D P.N O / , the 

phosphonium  compound. Calibration o f  this type o f electrode in pure nitrate solutions 

yielded a curve with a slope o f 53.1 mV and a detection limit o f 1.7 x 10"̂  M  nitrate. 

The value for was calculated to be 0.069.

The large quaternary ammonium compound (TH D A .N O / : Fig.3.4 C) showed 

good nitrate sensitivity in pure nitrate solutions, yielding a calibration curve w ith a 

slope o f 56.6 mV and a detection limit o f  1.3 x 10'^ M  nitrate. The selectivity 

coefficient for nitrate over chloride was 0.56 however.

3.3.1.2 Testing the effect o f protein 

The M TDD A.N O3' sensor was tested to assess the effect o f  protein on calibration and 

nitrate sensitivity. Protein (BSA) at concentrations o f 10 mg/ml and 100 mg/ml was 

added to calibration solutions and typical resulting calibration curves are shown in 

Figure 3.5 A and B. Calibration response did not appear to be affected by protein at 

either concentration, although the response time to changes in nitrate concentration 

tended to be longer after calibration in solutions containing protein especially at the 

higher concentration. This was due to protein remaining stuck to the tip o f the 

electrode, and thorough rinsing after calibration in protein containing solutions did 

improve response times (data not shown).

3.3.2 Double barrel electrodes for intracellular measurements

Figure 3.6 shows a typical trace obtained on impalement o f a barley root epidermal 

cell with a double barrelled, nitrate selective microelectrode. The top trace shows the 

output from the ion selective barrel, while the middle trace shows the output from the 

reference (membrane potential measuring) barrel. The lower trace represents the 

nitrate activity measured. This is calculated by VISER using the calibration curves 

obtained before and after the impalement (inset) after subtracting the reference output 

from the ion selective output. It can be seen that all three traces return to their 

original values after impalement. The membrane potential o f the cell is -54 mV. A 

membrane potential more negative than approximately -40 mV at the external 

potassium concentrations used in these experiments (7 mM, Appendix 2.1) indicates 

that in addition to the membrane potential generated by the most permeant ion (see
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Section 3.1,2.6), proton pumping (protons moving outwards across the plasm a 

membrane) and active ion transfer is occurring across the membrane w hich generates 

a m ore negative membrane potential (in this case, -54 mV). This is an indication o f 

a fully functioning, intact cell. I f  the cell was damaged by the impalement, rapid 

dissipation o f the potential across it, due to leakage o f ions, would occur. The 

calibration curve for the electrode did not change significantly after im palement 

(inset), although it can be seen that the response was slightly improved. That 

electrode response improved slightly upon impalement was found to occur fairly often 

and m ay have been due to cleaning the tip o f minute residues o f sensor cocktail that 

had exuded through the tip on backfilling. It is possible that this reduced the electrical 

resistance o f  the tip.

M icroelectrodes were usually made in batches o f about 25. O f these about 

70% w ould calibrate sufficiently well to be used in a cell. About 30% would result 

in an effective measurement being made. An electrode that was used successfully to 

make a measurement and recalibrated would frequently be good for a further three 

measurements with recalibrations between each, before becoming too blunt to use. 

Interestingly, the same electrode would typically enter the same cell com partment 

(either vacuole or cytoplasm) suggesting that the shape o f the tip played a role in its 

final location in the cell. Although all tips were smaller than 1 pm, slight differences 

in the shape o f  the tip were found, often depending on whether they were produced 

from the top or the bottom part o f the glass that was pulled out and twisted on the 

vertical puller (Section 3.2.1.1).

A frequent problem encountered was that the reference barrel would not 

respond on entering a cell. Careful rinsing and drying o f  the tip and shaft would often 

solve this problem, since it appeared that the reference barrel was being short circuited 

by m oisture on the outer surface o f the electrode, possibly collected in the groove 

between the two barrels. It also became evident that even slight infection o f the roots 

by micro organisms (for example yeast) significantly lowered the membrane potential 

o f  the cells, making it difficult to obtain a measurement that fulfilled the criterion o f 

a m embrane potential more negative than -40 mV. Frequent acid washing o f growth 

containers, nutrient solution bottles and air lines, as well as regular disinfecting o f  the 

cuvette, tubing and reservoirs alleviated this problem.
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Figure 3.7: Intracellular cytoplasmic microelectrode recording from a barley 
root epidermal cell. The root had been supplied 10 mM nitrate for 24 
h After impalement, the bathing solution was changed where indicated 
for one without nitrate. Nitrate supply was then restored again where 
indicated during the course o f the recording. It can be seen that no 
change in membrane potential or cytoplasmic nitrate activity was 
recorded during the changes.
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Figure 3.8: Time course o f  nitrate depletion from  barley root epidermal cells. 
Plants were grown for 24 h in nutrient solution containing 10 mM 
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the graph.
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3.3.2.1 Barley root epidermal cell measurements 

The effect o f removing external nitrate supply on the internal compartmentation and 

activity o f nitrate in epidermal cells was investigated. Figure 3.8 shows a tim e course 

o f  intracellular measurements made in epidermal cells over 24 h after removal o f 

external nitrate supply. The work o f Zhen et. al (1991) showed that after 24 h in 10 

m M  nitrate, intracellular measurements o f nitrate activity in epidermal root cells fell 

into two populations. The one was below 10 mM and with a mean o f  5.0 m M  (4.6 < 

X  < 5.5 mM) while the other was much higher, at 38.9 m M  (36.3 < X < 41.7 mM). 

These two populations were shown to represent the cytoplasmic and vacuolar nitrate 

pools respectively. In the work reported here (shown in Figure 3.8) these two 

com partments were again evident. Measurements made at time 0 out o f  nitrate (i.e. 

after 24 h in 10 mM nitrate, before external nitrate was removed) showed a  vacuolar 

nitrate activity o f  40.8 mM (eight measurements; 38.1 < X  < 45.4 mM) with a mean 

m embrane potential o f -55 mV ± 2.8 mV, and a cytoplasmic nitrate activity o f 4.6 

mM  (11 measurements; 3.6 < X < 5.3 mM)) with a mean membrane potential o f -65 

± 1 . 5  mV (Table 3.2). This is in good agreement with the work o f Zhen et. al (1991) 

therefore, and confirms that there are two nitrate pools within the cell which may be 

affected by the removal o f external nitrate supply.

To investigate whether there was any instantaneous effect upon either o f the 

two nitrate pools on removal o f external nitrate, a number o f  impalements were carried 

out w here the cell was impaled, and the compartment identified (by its nitrate activity) 

before external nitrate was removed during the impalement. A  trace depicting this is 

shown in Figure 3.7. In this way, any immediate effect that the removal o f  nitrate 

m ight have on membrane potential or nitrate activity could be observed. Figure 3.7 

shows the impalement o f the cytoplasm ( 6  mM) o f an epidermal cell. From this trace 

it can be seen that neither removal o f external nitrate nor its resupply significantly 

affected membrane potential or nitrate activity in that compartment over the first five 

m inutes (six measurements). This was found to be the case for vacuolar impalements 

as well (four measurements).

Although nitrate activity in the vacuole was not affected within the first five 

minutes, it is clear (Figure 3.8) that nitrate from this compartment was remobilized 

over the ensuing hours. After 6-10 h out o f nitrate, the nitrate activity o f the vacuole
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had decreased from 40.8 mM to 25.6 mM (five measurements; 24.2 < X < 27.1 mM ; 

m ean membrane potential o f -50.2 ± 3 . 1  mV: Table 3.2). By the time the roots had 

been out o f nitrate for 20-24 h, vacuolar nitrate activity was 17.1 mM  (eight 

measurements; 15.0 < X < 19.4 mM ; mean membrane potential = -56 ± 2.8 mV; 

Table 3.2). Cytoplasmic nitrate activity, on the other hand, did not appear to change 

significantly over this time. For the time spanning 6-24 h out o f nitrate, the 

cytoplasmic nitrate activity was 3.7 mM (18 measurements; 3.2 < X < 4.3 mM;, mean 

membrane potential = - 6 6  ± 3 . 8  mV).

Table 3.2: Vacuolar and cytosolic nitrate activities in barley root epidermal cells measured over time 

after removal of external nitrate. Measurements were made using nitrate-selective 

microelectrodes. The plants were supplied nutrient solution containing 10 mM nitrate for 24 

h, before external nitrate was removed. Time 0 measurements were therefore carried out on 

plants that had not been deprived of nitrate. Numbers in brackets are upper and lower limits 

of the mean calculated as described in Section 3.2.2.4.

Time out of 

Nitrate

Nitrate Activity Potential Difference

Cytosol Vacuole Cytosol Vacuole

0 h 4.6 (3.6;5.3) 41.1 (40.0;45.4) -65 ± 1.5 -55 ± 2.8

6 - 10 h 2.9 (2.3;3.6) 25.6 (24.2;27.0) -65 ± 7.0 -50 ± 3.1

20 - 24 h 4.0 (3.1;4.9) 17.1 (15.0;19.4) -66 ± 4.8 -58 ± 2.8

3.3.2.2 Barley root cortical cell measurements 

Previous work carried out by Zhen et al. (1991) showed that cortical cells accumulated 

more nitrate in the vacuole than epidermal cells. After 24 h in 10 mM nitrate, these 

workers measured nitrate activities o f  2.6 mM (1.73 < X  < 3.98 mM) and 67.6 mM  

(58.9 < X < 77.6 mM) nitrate for the cytoplasmic and vacuolar pools respectively. 

The results reported here investigated the effect o f removing external nitrate on these 

cells over 24 h without exogenous nitrate supply.
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F ig u re  3.9: Time course o f nitrate depletion from barley root cortical cells. 
Plants w ere grown for 24 h in nutrient solution containing 10 mM 
nitrate. Nitrate free nutrient solution was then supplied from time 0 on 
the graph.

For all measurements made in this experiment, the first and second layers o f 

the cortical cells were impaled with microelectrodes. The intercellular changes in 

m em brane potential as the electrode was gently moved through the epidermal cells 

into the cortical cells below, were taken as confirmation o f  electrode location. It was 

found that it was much less likely to obtain cytoplasmic measurements in cortical cells 

than in epidermal cells. O f the 21 measurements made in cortical cells, only four 

were cytoplasmic (in epidermal cells, 46 o f the 96 measurements were cytoplasmic). 

It is possible that cortical cells are more vacuolate than epidermal cells, or that their
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more rounded shape and larger size, compared to the characteristically elongated 

epidermal cells, makes it more likely for the electrode to enter the vacuole.

Table 3.3: Vacuolar and cytosolic nitrate activities in barley root cortical cells measured over time after 

removal of external nitrate. Measurements were made using nitrate-selective microelectrodes. 

The plants were supplied nutrient solution containing 10 mM nitrate for 24 h, before external 

nitrate was removed. Time 0 measurements were therefore carried out on plants that had not 

been deprived of nitrate. Numbers in brackets are upper and lower limits of the mean 

calculated as described in Section 3.2.2.4.

Time out of 

Nitrate

Nitrate Activity Potential difference

Cytosol Vacuole Cytosol Vacuole

0 h 3.65 69.6 (63;76.9) -75 -54 ± 1.2

6 - 10 h 3.0 51.0 (48;54.2) -62 -55 ± 1.8

20 - 24 h 2.9 40.2 (38.4;42) -57 -48 ±3.6

Figure 3.9 shows measurements made in cortical cells over time after external 

nitrate removal. As with epidermal measurements, the nitrate activities recorded at 

time 0 out o f nitrate are in good agreement with those obtained previously (Zhen et 

al. 1991). The cytoplasmic reading was 3.7 m M  (with membrane potential o f -75 

mV) and the vacuole was 69.6 mM (three measurements, 63.0 mM < X < 76.9 mM; 

mean membrane potential = -54 ± 1 . 2  mV; Table 3.3). After 6-10 h out o f nitrate, the 

vacuolar nitrate activity had dropped to 51 mM  (five measurements; 47.9 < X < 54.2 

mM; mean membrane potential = -54.6 ±1 . 8  mV; Table 3.3). The single cytoplasmic 

reading obtained was 3.0 mM  (with membrane potential o f  -62 mV). After 24 h out 

o f nitrate, the vacuolar nitrate activity was 40.2 m M  (five measurements; 38.4 < X <

42.2 mM; mean membrane potential -- -48 ± 3 . 6  mV) and the cytoplasm was 2.9 mM 

(one measurement with a membrane potential o f -57 mV; Table 3.3).
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3.4 Discussion

3.4.1 Single barrel electrodes for testing electrode functioning

W hen preparing to use a microelectrode for intracellular measurements, the first 

criterion was whether the initial calibration slope was 50 mV or more. Thus, when 

evaluating the efficacy o f different nitrate selective sensors tested, this was also the 

first criterion to be assessed. For electrodes with a calibration slope over 50 mV per 

decade change in nitrate activity, as was the case with all three sensors tested in 

Section 3.2.1.3, differences in selectivity become more important. Interference by 

other ions, particularly chloride, was the main parameter used to judge electrode 

performance therefore.

The results obtained when testing different sensor compounds for sensitivity 

to nitrate and selectivity for nitrate over chloride showed that the sensor compound 

previously used in our laboratory (M TDDA.NO3) was the most suitable for electrode 

manufacture. Its sensitivity to and selectivity for nitrate was better than the 

phosphonium compound tested. The large sensor molecule (THDA.NO3) was more 

sensitive to nitrate, but was poorly selective for nitrate over chloride. This sensor may 

have potential uses for nitrate assay where there is no chance o f chloride interference, 

but for use in plant cells, where chloride is present, the M TDDA.NO3 compound 

w ould be more practical. Chloride can accumulate to high levels in the vacuole and 

has been measured at a level o f 60 mM in wheat roots (Zhen, PhD thesis, 1991). 

From  the fixed interference calibration carried out using the M TDDA.NO3 sensor 

however, it can be seen (Figure 3.4 A) that a concentration o f  100 mM  chloride would 

only affect reading o f nitrate concentration below 0.5 mM.

Protein did not pose a problem to nitrate selective electrode functioning. 

A lthough the response time to changes in nitrate activity became longer during and 

after BSA treatment in calibration trials, this was not a common problem when the 

electrodes were used in barley root cells.

3.4.2 Double barrel microelectrodes for intracellular measurements

D ouble barrelled, nitrate selective microelectrodes were successfully used to make 

intracellular measurements in barley root cells. The possible interference from other 

anions, most importantly nitrite and chloride, did not need to be considered as a
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possible source o f  error. It was shown (Chapter 2) that no detectable nitrite was found 

in any tissue samples. This Chapter also reported that the level o f  chloride in root 

tissue did not exceed 20 mM for any o f the treatments used in these experiments. As 

discussed above (Section 3.4.1.), chloride concentration as high as 100 mM  would 

only affect nitrate activity readings that were below  0.5 mM. Therefore results 

obtained with microelectrodes would not be affected by anion interference under the 

experimental conditions used here.

A possible source o f error was that plants deprived o f nitrate for 24 h may 

have had different water content from nitrate supplied plants. Since microelectrode 

measurements are in mM, a change in plant water content after removal o f external 

nitrate would hamper interpretation o f the intracellular measurements obtained. 

Results from Chapter 2 however, showed that there was no significant difference 

between plants supplied or deprived o f 10 mM nitrate in the ratio fresh mass : dry 

mass over the time that microelectrode measurements were made. This means that 

changes in nitrate activity recorded using electrodes are not partly attributable to 

changes in water content after external nitrate removal and are therefore directly 

comparable to the plants that were supplied nitrate.

The mean for all membrane potential measurements was -65 mV (Table 3.4). 

This is in good agreement with results reported by other workers (for example Zhen 

et a l ,  1992; Pitman et a l ,  1971). They are however less negative than those reported 

by Glass et a l  (1992) and others (for example Thibaud and Grignon, 1981, M cClure 

et a l ,  1990) but the membrane potentials recorded by these workers were in the 

absence o f  external and without prior supply o f  K^, so that it would be expected 

that the membrane potentials would be more negative (see Section 3.1.3.6 ).

The transtonoplast potentials recorded were approximately +10 mV (Table 3.4). 

These results are in good agreement with other published results that report inside 

positive transtonoplast potentials in the range o f +10 to +20 mV (M acRobbie, 1970; 

M acRobbie, 1979; Bentrup et a l ,  1986; M iller and Smith, 1992)

W hen nitrate was removed from the bathing solution during an im palem ent and 

then resupplied (Figure 3.7) no change in membrane potential was observed. There 

have been a number o f reports o f a change in membrane potential on exposure to 

nitrate. Thibaud and Grignon (1981) reported a hyperpolarization, while U lrich and
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N ovacky (1981) showed a depolarization o f the membrane potential when nitrate was 

first supplied. These results were obtained from cells on initial supply o f  nitrate w ith 

CaSO^ as the bathing nutrient solution, or after a short prior exposure to induce the 

nitrate uptake system. These membrane responses may not therefore be evident in the 

plants in the present study, where full nutrient solution was supplied and the plants 

had been exposed to nitrate for 24 h, reaching a steady state o f  nitrate uptake. 

Stimulation o f nitrate uptake after a period o f  nitrate deprivation has previously been 

reported to occur (for example Lee and Drew, 1986; Chapin et a l ,  1988a,b; M attsson 

et a l ,  1988), but this was reported for a longer period o f deprivation (2-4 days) and 

this effect may not yet have been evident after the 1 0  minutes o f  nitrate removal used 

in the impalements reported here.

Initial measurements made after 24 h o f nitrate supply fell into two populations 

as reported previously (Zhen et al 1991). These workers showed, using single cell sap 

sampling, that these two populations represented the cytoplasmic and vacuolar nitrate 

compartments. It is therefore valid to assume the same o f the two populations o f 

measurements found before the removal o f nitrate in this study. For both epidermal 

and cortical cells, the cytoplasmic nitrate activity was in the millimolar range. This 

result is not in agreement with the model constructed by Siddiqi et a l  (1991), who 

suggest that nitrate is in the micromolar range for epidermal cells, and in the 

millim olar range for cortical cells, on the basis o f  compartmental efflux analysis. 

These workers suggest that the pools supplying nitrate to efflux or to reduction may 

be spatially distinct, and suggest that these two processes may be localized in the 

epidermal and cortical cells respectively. To investigate this suggestion further, it is 

necessary to obtain measurements for nitrate efflux under the conditions imposed for 

the experiments carried out in this thesis. Efflux o f  nitrate was therefore investigated 

in the following Chapter (Chapter 4).

A time course o f nitrate depletion from the vacuole and cytoplasm was then 

constructed. In the case o f cortical cell measurements, after 24 h out o f  nitrate there 

was still a large distinction between the two populations. In the case o f the epidermal 

cells however, after 24 h out o f  nitrate it was more difficult to assess the existence o f 

two populations. In this study, the distinction (for the basis o f calculations; the scatter 

can be seen on the time course plots Figures 3.8 and 3.9) has been made by setting
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the upper limit for cytoplasmic measurements at 10 mM. This was because all 

measurements o f cytoplasmic nitrate activity made between eight and 24 h o f  nitrate 

supply in this and previous studies (Zhen et a l ,  1991) were below this threshold 

value. After 24 h out o f  nitrate, the highest nitrate activity recorded o f those below 

10 mM  was 8 . 8  mM. The m ean vacuolar activity at this time was 17.1 mM. The 

possibility exists therefore for epidermal cell measurements made 24 h out o f nitrate, 

that a low vacuolar measurement may have been included in the assessment o f 

cytoplasmic nitrate concentration, even though this measurement would have to be half 

that o f the vacuolar mean as calculated. To overcome this ambiguity between the 

cytoplasmic and vacuolar populations that manifests as nitrate is depleted, triple barrel 

microelectrodes could be used (W alker, et al, 1995) that include a pH sensing barrel 

that would confirm the cellular location o f the tip.

Table 3.4: The potentials and nitrate activities of barley root epidermal cells, measured with nitrate- 
selective microelectrodes. The vacuolar membrane potentials given are relative to the 
cytoplasm and are the difference between the measured vacuolar and tonoplast membrane 
potentials (Table 3.2). The calculated potentials are those that would be required to maintain 
the measured nitrate activities, were they to occur via a passive mechanism. The calculated 
nitrate activities are those which would be found at passive equilibrium at the potentials 
measured. All calculations were done using the Nemst equation (Stein, 1990), with 2.303 
RT/ZF = -59 mV. The external nitrate concentration when nitrate was removed was put into 
the equation as 1 pM to allow calculation.

Potential Difference (mV) Nitrate Activity (mM)

Time out of Equilibrium Membrane Equilibrium Actual
Nitrate (calculated) (measured) (calculated) (measured)

Vacuole

0 h + 55.4 + 10 6.8 40.0

6 - 10 h + 48 + 15 7.0 25.6

20 - 24 h + 37 + 8 5.6 17.1

Cytoplasm

0 h - 19.9 - 65.0 0.79 4.6

6 - 10 h + 211.9 - 65.5 7.7 X 10-' 3.9

20 - 24 h + 212.5 - 66.0 7.6 X 10 ' 4.0
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From the data obtained, it appeared that for both cortical and epidermal cells, 

cytoplasmic nitrate levels were maintained in the millimolar range once external 

nitrate was removed. In Table 3.4, the N em st equation has been used to calculate the 

membrane potential required to balance the measured cytoplasmic and vacuolar nitrate 

activity, were they to occur passively. This Table also shows the converse calculation: 

the nitrate activity that could be expected to arise due to passive movement o f the ion 

given the measured transmembrane potentials. Once external nitrate was removed, it 

can be seen that to maintain the measured cytoplasmic nitrate activity, a large, positive 

membrane potential would be required. Alternatively, at the measured, negative 

membrane potentials, the electrochemical gradient for the negative nitrate ion is 

directed out o f the root cell, reflected by a predicted concentration close to zero in the 

root cell cytoplasm. In practice, the membrane potential remained negative and the 

cytoplasmic nitrate activity was not altered significantly (see Table 3.4). Thus 

cytoplasmic nitrate concentration must be maintained against the electrochemical 

gradient to keep nitrate in the root.

Because cytoplasmic nitrate levels were maintained on removal o f  external 

nitrate, it means that cytoplasmic nitrate is maintained by remobilization from the 

vacuole. The electrochemical gradient across the tonoplast is not altered when 

external nitrate is removed, in contrast to the plasm a membrane. This is reflected in 

Table 3.4, where the calculated values for the transtonoplast potential are fairly similar 

before and after nitrate is removed. Thus, remobilization o f  nitrate from the vacuole 

is electrically neutral and nitrate moving out o f the vacuole must be compensated for 

by an equal charge moving into the vacuole or an opposite charge moving out.

When one considers the large reserve o f  nitrate stored in the vacuole under 

conditions o f nitrate sufficiency, one might expect these reserves to come flooding out 

(for example if  channels opened) when external nitrate is suddenly limiting. From the 

results obtained, it can be seen that nitrate does not flood out o f the vacuole. After 

24 h out o f nitrate, the vacuolar nitrate is still maintained at an activity that would 

require an active uptake mechanism, according to the Nem st equation. A t the 

transtonoplast potentials measured (approximately + 1 0  mV), only about 6  mM  nitrate 

would be maintained in the vacuole at passive equilibrium (Table 3.4). The 

mechanism o f vacuolar nitrate release is therefore regulated. Statistical analysis

1 1 5



f(shown in detail in Appendix 3.1) of(inverse o f the data obtained for the filling o f  the 

epiderm al vacuoles with nitrate (Zhen et al. 1992) compared with data for vacuolar 

nitrate release (described in this Chapter) show that the data points for filling and 

em ptying o f  the vacuole are best described by a model which has a common intercept 

(am ount o f  nitrate in a full vacuole), two different asymptotes with a common rate 

param eter. Since the rate parameter is the same, it could suggest that the mechanism 

for release o f nitrate from the vacuole could be the reverse o f the mechanism 

facilitating influx (i.e., a proton nitrate/antiport for uptake and a proton/nitrate symport 

for release). However, statistical analysis o f  this type only shows that the mechanism 

could occur, not that it is more likely to occur than another mechanism, for example 

a channel. A channel could allow for nitrate release from the vacuole down the 

electrical and concentration gradient (i.e. no active transport would be required). 

A lthough channels are not as highly specific as carriers for their substrates (Stein,

1990), discrimination on the basis o f size o f the hydrated ion can account for a large 

difference in selectivity o f one ion over another. This was seen in Section 3.3.1, 

w here a nitrate sensor showed 1 0 0  fold greater selectivity for nitrate over chloride, 

despite their being adjacent in the Hofmeister series. The chloride ion is likely to be 

the m ost prevalent interfering ion for the channels in the tonoplast in vivo too, since 

this ion is present in vacuoles, and is not metabolised (Cram, 1973, 1980). Still, it is 

possible that with regulation o f the channels and a specificity for nitrate by size, that 

chloride lost through such a channel may be negligible. Alternatively, a mechanism 

for vacuolar nitrate release via a proton symport has also been proposed. This would 

result in considerable nitrate cycling during nitrate uptake into the vacuole (if  both 

proton antiport for uptake and proton symport for release were operating 

simultaneously), unless the symport was regulated. It is possible that a nitrate proton 

sym port is present at the tonoplast, but on the basis o f  the results obtained it appears 

that a  regulated channel (the simplest mechanism o f  release that is also the most 

energetically efficient) is sufficient to explain the results obtained, so that a more 

com plicated (energy demanding) process need not be invoked. Thus less nitrate is 

contained in the vacuole over time, but active transport is still in operation. The 

maintenance o f a steady state nitrate concentration in the cytoplasm therefore regulates 

the balance between uptake into and release from the vacuole. Vacuolar stored nitrate
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is thus readily available to the cell i f  incoming nitrate is restricted, but release is 

regulated so that considerable reserves still remain 24 h after the removal o f external 

nitrate. On a whole plant basis this may suggest that the reserves are not immediately 

available, but these intracellular measurements show that they are utilized.

A fter 10 mM nitrate had been supplied for 24 h, the vacuolar nitrate activity 

o f the epidermal cells was 41.1 mM  (Table 3.2). The tissue concentration assayed by 

water extraction (Chapter 2) was found to be 73 mM. The reason for this discrepancy 

was shown to be due to the accumulation o f more nitrate in  the vacuoles o f cortical 

cells, compared to epidermal cells (Table 3.3). Chemical analysis o f the root tissue 

may be expected to represent the bulk o f the tissue, which would therefore be the 

vacuoles (which occupy 90-95 % o f the cell; Boiler and Wiemken, 1986) o f  the 

cortical cells. Cortical cells make up 75.8 % o f the root, as calculated from an 

electronmicrograph taken o f a barley root by Stelzer, et a l ,  1988. The epidermis 

comprises 13 % and the stele 11 %. Thus the chemical analysis measuring 73 mM 

and the microelectrode measurements o f 69.6 mM (Table 3.3) in the vacuoles o f 

cortical cells are in fairly good agreement. The difference may be explained by the 

fact that chemical analysis measures concentration, while the microelectrodes record 

activity o f  the nitrate ion (this is explained in Section 3.1.1). Also, nitrate contained 

in the stele would be included in the whole tissue assay, but not in the microelectrode 

measurements. Thus a transverse gradient o f nitrate activity exists across the root and 

nitrate compartmentation occurs within the root between epidermal and cortical cells, 

(i.e. intercellular compartmentation) as well as intracellular compartmentation between 

the cytoplasm and vacuole o f individual cells.

W hen external nitrate is removed, this intercellular gradient remains. For both 

epidermal and cortical cells, nitrate is remobilized from the vacuole at similar rates 

(for the epidermal cells, this is 1 mM h ' and for the cortical cells 1.2 mM h ’). Thus 

24 h after external nitrate was removed, the vacuoles o f  the epidermal cells have a 

nitrate activity o f 17 mM (Table 3.2) while for the vacuoles o f the cortical cells this 

was 40 mM. The latter value is again in good agreement w ith the results obtained for 

chemical analysis o f  root tissue (Chapter 2) which yielded a nitrate concentration o f 

43 mM  in tissue deprived o f nitrate supply for 24 h. The reason for this intercellular 

gradient is not known. It has been suggested (Rufty et a l ,  1986) that nitrate reductase
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in the roots o f  maize is restricted to the epidermal cells and if  this were the case, one 

may expect these cells to contain lower levels o f nitrate. A  gradient in K^/Na^ ratio 

has also been found across the root, with a lower ratio in the epidermal cells relative 

to the cortical cells (Pitman et a l ,  1981). The reason for the existence o f  these 

gradients is not understood.

In conclusion, it has been shown that when external nitrate is removed, 

cytoplasmic nitrate levels are maintained, while nitrate release from the vacuole is 

regulated. These observations are not simply o f an equilibrium that has not yet shifted 

to a new steady state in response to a change in external conditions (the removal o f 

external nitrate). I f  this were the case, the new passive steady state would have been 

reached over 24 h. It is clear that after 24 h, both the cytoplasmic and vacuolar nitrate 

pools are regulated via active transport mechanisms at the plasma membrane and at 

the tonoplast. A transverse gradient o f nitrate between epidermal and cortical cells 

is also maintained. Nitrate stored in the vacuole is immediately available for 

remobilization to maintain the nitrate-requiring processes o f  the root cell, but this 

remobilization is regulated.

The work reported in this Chapter has shown that remobilization o f vacuolar 

nitrate is regulated, and that cytoplasmic nitrate activity is maintained against the 

increased electrochemical gradient existing across the plasm a membrane when external 

nitrate is removed. To investigate how efficient the mechanism for maintaining 

cytoplasmic nitrate activity is, and what proportion o f  the remobilized nitrate may be 

lost to the exterior when external nitrate is removed, measurements o f  nitrate efflux 

under these conditions are required. These are described in Chapter 4.
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Appendix 3.1

The data obtained for epidermal vacuolaiiemptyingof nitrate, obtained in Chapter 3, 

has been analysed statistically against the data obtained previously (Miller and Zhen,

1991) for vacuolar filling. These measurements therefore represent the mM N O 3  

w ithin the vacuole at various times (h) during the emptying phase (63 measurements) 

and during the filling phase (22 measurements). Figure 1 shows these data plotted 

against time, where Time 0 represents the "full" vacuole.

fio
Xx

XX

time (h)

F ig u re  1: M easurements o f vacuolar nitrate activity during emptying ( x ) and filling 

( o ) phases.

A nalysis

To summarise the data, it is useful to fit a curve that can represent its shape. The 

curve will only have a few parameters so it is easier to examine whether there are any 

differences or simalarities between the two data-sets by looking at the fitted param eter 

values rather than at all the individual points, for example, a suitable curve that can
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be used to describe the data given is an exopential curve of the form:

N =

This curve represents the relationship between mM N O f (N) and time (t) by the three 

parameters Ng q and -k. It is possible to give some form of physical interpretation 

to these parameters since ^ is the intercept of the curve (i.e. the mM N O /

present at time 0, Ng is the asymptote, i.e. the amount of N O / at large time values 

and the magnitude of k determines how quickly the system reaches Ng. Therefore, 

it is possible to compare the processes of emptying and filling of the vacuoles by 

examining whether the parameter values of the curves describing the respective data 

have some parameters in common, or if they differ.

The analysis involved fitting four curve scenarios, which are described below, with 

accompanying figures showing the fitted curves.

1) A single curve to both sets of data

m-

«•

30

10

D s I t m a

2) Two curves, but with a common intercept (Ng + q) and rate parameter k.

1 2 0



3) Two curves, but with a common rate parameter k.

4) two separate curves

In Table 1, the estimates of the parameter values with the standard errors for each of 

these four scenarios is given. From the data presented in Table 1, it can be seen that 

none of the parameter values differ greatly from each other, apart from those in the 

filling phase of scenario 4. The large errors for these estimates indicate that this 

scenario may be less favourable. The last column in Table 1 (R^dj) shows the 

percentage of the experimental variation that is explained by the model having been 

adjusted for the complexity of the model.
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Table 1: Estimates o f parameter values for 4 different curve fitting scenarios described in the text.

Scenario Phase Ne Intercept 
Ne + ^

k R \dj
%

1 Emptying and 
filling

15.77 ± 1.66 27.33 ± 2.04 43.09 ± 1.63 0.1717 ± 0.0386 69.1

2 Emptying 17.46 ± 1.79 25.45 ± 2 .1 9 42.91 ± 1.61 0.1779 ± 0.0416 70.3

Filling 13.16 ± 2 .1 0 29.75 ± 2.34

3 Emptying 17.52 ± 1.75 26.13 ± 2.34 43.65 ± 1.86 0.1847 ± 0.0424 70.1

Filling 13.51 ±2 .01 27.22 ± 3.82 40.74 ± 3.10

4 Emptying 17.72 ± 1.72 26.09 ± 2.33 43.84 ± 1.87 0.1929 ± 0.0443 70.1

Filling 0.6 ± 44.1 39.6 ± 43.5 40.21 ± 3.12 0.064 ± 0.125

H
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The adjustment is necessary since a more complex model will always explain 

at least as much variation as a simpler model, so the adjustment "levels the playing 

field" such that the comparisons made are fair. From this column, it can be seen that 

all the models consistantly account for approximately 70 %  o f the variation.

When the choice o f model is not clear-cut, it is possible to perform formal statistical 

tests to select the model which explains the most variation, but is not unnecessarily 

complex. This approach (The extra sum o f squares principal) is outlined below. 

Essentially, the amount o f  variation that is not explained by the model (the residual 

sum o f  squares or RSS) is examined and tested to see whether a significantly larger 

am ount o f residual variation is explained by the added complexity o f  the model (the 

complexity is indicated by the degrees o f freedom, DF; the larger the DF, the more 

simple the model). For the four scenarios above, the following values apply: 

Scenario 1: RSS = 3726 DF = 82

Scenario 2: RSS = 3546 DF = 81

Scenario 3: RSS = 3516 DF = 80

Scenario 4: RSS = 3478 DF = 79

To test whether a more complex model (c) fits better than a simpler model (s) the 

following ratio is calculated and compared to the F distribution with the appropriate 

DF.

(RSS, - RSS,)
(D¥,  - DF,) 

RSS.
DF,

For a comparison o f the simple scenario 1 with the more complex scenario 2, the ratio 

is calculated as follows;

0 7 2 6  - 35461
(82 - 8 n

3546
81

= 180 
43.78

=  4.11
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The 5 % and 1 % values o f  the F distribution on (1,81 DF) are 3.96 and 6.96

respectively. Therefore the model described by scenario 2 is a significantly better fit

at the 5 % probability level than the model described by scenario 1 (i.e. scenario 2

accounts for a significantly extra amount o f variation). The F-ratio calculated from

the comparison between scenario 3 and scenario 2 is 0.68 which is much smaller than

the 5 % value o f the F distribution, so the model described by scenario 3 is too

complex given the data.

From the data reported therefore, it can be stated that the model which fits best 

has a common intercept (the amount o f N O / in a full vacuole), two different 

asymptotes (i.e. the amounts o f  N O / reached as time gets large over emptying and 

filling phases) with a common rate parameter.

In te rp re ta tio n  and  m echanism

The analysis has fitted an emperical model, an exponential curve, which describes the 

data well. It is possible to consider what type o f mechanism would result in a 

mathematical model o f the form described by the exponential curve. It should be 

noted that there is no confirmation that the suggested mechanism is the true 

mechanism operating (since correlation can not be taken to imply causation), but it is 

o f interest to suggest a the type o f mechanism that may result in these data. 

Assuming that the rate o f  nitrate leaving (or entering) the vacuole is proportional to 

the difference between the amount o f nitrate within the vacuole and that surrounding 

the vacuole, then:

dN -  k(N - Ne) 
dt

Where N is the amount o f nitrate in the vacuole at time t and Ne is the am ount o f 

nitrate surrounding the vacuole.

Then N  = Nc +

W hich is o f the correct form.
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Chapter Four 

Nitrogen Efflux

4.1 Introduction

In Chapters 2 and 3, the remobilization o f nitrate from the vacuole in response to 

removal o f external nitrate was investigated. Before calculations o f nitrogen budget 

can be made on the basis o f this remobilization, the amount o f nitrate efflux occurring 

under the experimental conditions imposed must be measured. M easurement o f  nitrate 

efflux from roots has been reported by numerous authors using different methods o f 

detection (Table 4.1). M inotti and coworkers reported nitrate leakage from the roots 

o f nitrate replete plants when they were transferred to more dilute nitrate solutions 

(Minotti et a l ,  1969) or to solutions o f  CaSO^ (Minotti and Jackson, 1970). These 

authors suggested that efflux or retention o f nitrate was related to the carbohydrate 

status o f the root and that when uptake outstripped carbohydrate supply for reduction, 

nitrate efflux occurred.

Morgan et a l  (1973) reported nitrate efflux in the presence o f exogenous 

nitrate. This was found to be greater if  calcium was the counter ion compared with 

magnesium. Efflux has also been related to tissue nitrate accumulation. Jackson et 

a l  (1976), found that efflux o f  nitrate occurred when high concentrations o f nitrate 

had been accumulated in the tissue, w ith efflux increasing as tissue nitrate increased. 

They also found that in the absence o f  exogenous nitrate, the ionic composition o f  the 

transfer solution altered efflux. Efflux into water was less than that into 1 mM KCl 

for example (Table 4.1). Pearson et a l  (1981) also measured nitrate efflux into nitrate 

containing solutions, and concluded that restricted uptake and reduction o f nitrate was 

not related to an increase in efflux. Breteler and Nissen (1982) found that efflux o f  

nitrate in the presence o f exogenous nitrate was a constant proportion o f net uptake
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(and thus not related to internal nitrate concentration) and found that no efflux 

occurred to nitrate free medium. Lee and Clarkson (1986) used an tracer (which 

allowed for very short pulse and chase times) to measure total nitrate influx and the 

am ount that was effluxed. These authors concluded that up to 40 % o f total nitrate 

influx was effluxed. Dean-Drummond and Glass (1983) suggested that nitrate efflux 

plays an important role in regulating net nitrate influx, since efflux was strongly 

correlated with internal nitrate concentration when using ^^CIO^ as a nitrate analogue 

in tracer studies. Lee (1993) however, found that although efflux o f nitrate did occur, 

its effect on regulating the amount o f net nitrate uptake was negligible since 

differences in net uptake were directly related to changes in the rate o f influx.

Thus it can be seen that there is no clear consensus o f opinion on whether 

nitrate efflux is a plant response to imposed conditions (for example, carbohydrate 

supply, concentration o f other ions, high internal nitrate concentration), or whether it 

is a necessary and functional part o f nitrate nutrition. The method o f measurement 

used may also affect the results obtained. Table 4.1 gives a summary o f some 

relevant details from the experiments mentioned. In this Table, the recalculation o f 

efflux per hour, expressed on the basis o f tissue water, was done using the efflux rate 

recorded for the time period immediately after transfer to  the efflux solution. The 

length o f time between transfer and this first measurement is also given. Efflux 

typically declined over time after transfer. It can be seen that the conditions under 

which efflux was measured, and the results obtained, are very variable.

Thus, despite the large number o f reports o f nitrate efflux, a number o f  

problem s still exist with regard to establishing its nature, magnitude and possible 

ftmction. These include the differences in experimental approach and expression o f 

results, and a lack o f consensus over the mechanism by which efflux occurs. To a 

large extent, this lack o f  consensus is due to a fundamental problem with finding a 

suitable experimental design. The most appropriate method o f measurement may 

depend largely on the mechanism by which efflux occurs. I f  it occurs via a 

diffusional exchange occurring at steady state across the membrane in the presence o f 

exogenous nitrate as suggested by Morgan et al. (1973) and the further development 

o f  the pump/leak/buffer model for nitrate uptake (Scaife, 1989; Sutherland, 1989: 

Section 1.3.1), it would necessarily be linked in some way to the nitrate uptake
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systems. Other workers, (for example Jackson et a l  1976; Breteler and Nissen, 1982) 

are o f  the opinion that nitrate influx and efflux are independent processes subject to 

different controls. An efficient method o f quantifying the process or processes 

occurring is therefore difficult to define. The steady state "leak" o f  nitrate across a 

m em brane suggested by the pump/leak model may be distinct from nitrate efflux that 

is due to reduced carbohydrate supply or to other imposed conditions that may for 

exam ple increase general membrane permeability. Experiments carried out by 

transferring nitrate replete plants to solutions without nitrate may give a measure o f 

the effect o f  imposed conditions on nitrate efflux that occurs in the absence o f  nitrate 

influx, but have been criticised due to the possible influence o f perturbation from 

steady state when moving from high nitrate to low, or no external nitrate (Glass et a l , 

1985; Ingemarsson et a l ,  1987). On the other hand, experiments that investigate 

efflux by transfer to '^N or o f  the same concentration cannot distinguish between 

efflux occurring via a mechanism that is distinct from nitrate influx or efflux occurring 

concom itantly with, and as anecessary consequence o f influx. A further complication 

is that influx o f '^NO^' is significantly greater than influx o f  ''‘N O 3 * from solutions o f 

identical nitrate concentration (Morgan et a l ,  1973). This would complicate the 

relationship o f efflux to uptake if  the two parameters were measured independently 

by using these isotopes. In addition. Bloom and Sukrapanna (1990) have shown that 

gentle physical disturbance o f the roots can affect net nitrate uptake for up to six 

hours (as measured by nitrate depletion from the external medium bathing the roots). 

There are other reports that physical agitation o f the roots disturbs protein transport 

(Gronewald and Hanson, 1980) and ion fluxes (Rincon and Hanson, 1986). In the 

light o f  the latter two reports and the method o f measuring net nitrate uptake used by 

B loom  and Sukrapanna (1990), it is possible that physical agitation o f  the roots may 

increase nitrate efflux (possibly by disturbing ion fluxes) which would result in higher 

nitrate in the bathing solution, and lower net nitrate uptake.
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Table 4.1: A summary of experimental conditions and measured nitrate efflux described in previous reports. Efflux data (column 7) were recalculated to be expressed on 
the basis of root tissue water. Column 6 gives the length of time between transfer to the efflux solution and the first measurement. Information in brackets in column 
5 (mM NOf in transfer solution) gives the composition of the transfer solution. Where no data are provided, the transfer solution was full nutrient medium, as 
provided during the growth period.

Plant species N supply prior 
to transfer

Length of growth 
period

pH of growth 
solution

mM NO)' supply 
in transfer solution

Time between 
transfer and T' 
measurement

NO) efflux 
(mM/h) root tissue 

water

Reference

wheat 15 mM NaNO^ 11 days 5.5 0
(0.4 mM CaSOJ

24 h 0.3 Minotti and 
Jackson, 1970

ryegrass 1 mM Ca(N03)2 21 days 5.0 0.75 3 h 0.021 Morgan et ai, 
1973

wheat 15 mM NaNOj 7 days 6.0 0 0 ^ 0 )
0 (1 mM KCl)

0 (1 mM KHCO)) 
1

1 h 2.8
4.3
5.3 
6.2

Jackson et ai, 
1976

pearl millet 5 mM NO)' 24 days 4.8 5 4 h 1.0 Pearson et ai, 
1981

dwarf bean 1 mM Ca(N0)')2 16 hours 5.0 1
(0.5 pM CaCy

1 h 2.1 Breteler & 
Nissen, 1982

barley 0.75 mM NO)' 2 days 6.0 0.1 “ CIO)' 
(0.5 mM CaSOJ

20 min 10.0 Dean- 
Drummond & 
Glass, 1983

barley 1.5 mM NaNO) 10 days 6.0 '^N tracer 10 mm 3.7 Lee & 
Clarkson, 1986

H
to
00



Another aspect o f  nitrate efflux that has been the subject o f many conflicting 

reports is the effect o f  ammonium. It has been well documented and shown in this 

w ork (see Chapter 2), that a combined nitrogen supply o f  nitrate + ammonium 

decreases the net nitrate accumulation in the plant. The results o f some research 

suggest that this is the result o f reduced nitrate uptake (Glass et a l ,  1985; Lee and 

Clarkson, 1986; Ingemarsson et a l ,  1987; Lee and Drew, 1989; King et a l ,  1993), 

and that ammonium has no effect on nitrate efflux. Other research has shown that 

am monium causes an increase in nitrate efflux and thus reduces the net nitrate 

accumulation (Doddema and Telkamp, 1979; Dean-Drummond and Glass, 1983; Dean- 

Drummond, 1985, 1986; Chaillou et a l ,  1994; Aslam et a l ,  1994).

The work reported here does not presume to address all aspects o f nitrate 

efflux. Instead, specific questions have been posed regarding nitrate efflux within the 

context o f the experimental conditions used for this work. The aim was to obtain a 

measure o f nitrate efflux occurring under the experimental conditions, to allow for the 

inclusion o f  efflux into the nitrogen budget o f the plant when external nitrate is 

removed. The questions posed are outlined below.

1) How much efflux occurs from barley plants when they are transferred from 

nutrient solution with 10 mM nitrate to nitrate free solutions?

This investigation was important to quantify the proportion o f  nitrate remobilized from 

the vacuole (measured in Chapter 3) that may have been lost to efflux. Since the 

preceding introduction has highlighted how the method used to measure efflux may 

affect the results obtained, it was decided that the most appropriate way to quantify 

nitrate efflux for this work, was to use as closely as possible, the growth and transfer 

methods used for the rest o f  this work. This would give an estimate o f  the nitrate 

efflux occuring from the roots under the conditions used throughout this work, and 

thus allow the nitrate budget o f the plant to be calculated under the particular 

conditions imposed. To do this, a novel method o f measuring nitrate efflux was used, 

that did not employ tracers, and which measured nitrate efflux from the root on 

removal o f external nitrate. Technical problems with the assay methods used in 

conjunction with concentrated nutrient solutions required slight modification o f  the 

efflux solution composition (Fe-EDTA was omitted) however, and these details are 

outlined in the M aterials and Methods section.
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2) W hen plants are transferred to solutions without nitrate (for example Minotti 

and Jackson, 1970), is the efflux definitely n itra te  efflux, as apposed to n itrite  efflux, 

and does increased carbohydrate supply reduce this efflux?

The reasoning behind this investigation was as follows: Nitrate is taken up actively, 

can accumulate in large concentrations and may be stored in the vacuole (Chapter 3). 

Why would the plant efflux an ion that has been obtained at energetic cost, when it 

is able to store the ion in its unreduced form if  carbohydrate is limiting? Nitrate 

reductase (NR) is located in the cytoplasm and plastids o f root cells, nitrite reductase 

(NiR) is restricted to the plastids. On entering the cytoplasm o f the cell, the nitrate 

ion will first encounter NR and may be reduced to nitrite. This nitrite would then 

need to be transported to the plastids and further reduced by NiR. Nitrite is toxic to 

the cell and never accumulates (Lee, 1979). Under conditions o f  high nitrate supply 

and low carbohydrate availability (for example, low light conditions) it may be 

possible that nitrite produced in the cytoplasm due to cytoplasmic NR is effluxed. 

The reason why this may not be detected is that many nitrate detection methods are 

based on the reduction o f nitrate to nitrite and subsequent measurement o f the nitrite 

present. Nitrite originally present in the sample may be overlooked. Also, under non- 

sterile conditions, effluxed nitrite may be oxidized rapidly to nitrate by micro 

organisms present in the nutrient solution. A  reduction in carbohydrate supply has 

been imposed previously (Minotti and Jackson, 1970) by removing the shoots. This 

appears to be a rather drastic measure, and may affect numerous other processes. In 

this research, we therefore proposed to grow barley under sterile conditions w ith or 

w ithout a sucrose supply to the roots (as an additional carbohydrate source) and 

investigate the extent o f nitrite efflux.

3) Does ammonium increase nitrate efflux?

This investigation had relevance to the whole tissue analysis in ammonium supplied 

plants and the effect o f ammonium on nitrate accumulation, described in Chapter 2.
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4.2 Materials and Methods

Experiments to quantify efflux were carried out on plants grown under non-sterile 

conditions similar to those used for plant growth in the other chapters o f this thesis. 

Subsequent measurements to establish the ionic form o f  nitrogen efflux (either NO^ 

or N O 2  ) were carried out on plants grown under sterile conditions.

4.2.1 Non sterile plant culture

For non sterile culture, plants were germinated and transferred to full nutrient solution 

as previously described in Section 2.2.1. Three seedlings per plastic collar were used. 

At the time o f transfer to the efflux solution, the roots were rinsed as before. The 

plants in the plastic collars were then transferred to 1 0  ml syringes clamped to a retort 

stand as shown in Plate 4.1. The plastic collars were o f  a suitable diameter to fit 

snugly into the tops o f the syringes containing the efflux solution, thus immersing the 

roots. As can be seen from Plate 4.1, lengths o f tubing were attached to the syringe 

tips, and were sealed using tube clamps (blue in Plate 4.1). This allowed for easy 

removal o f  the efflux solution without excessive agitation o f the roots. A small hole 

at the base o f the syringe allowed for an air supply to each syringe. This was 

provided by the insertion o f a 2 0 0  pi disposable micropipette tip (yellow tip) through 

the hole (the taper o f the tip allowed it to fit snugly, and without leakage). The 

micropipette tips were connected to an air supply via polythene tubing. A reservoir 

containing efflux solution was introduced into the airline through which the air 

bubbled before entering the syringes. This was done to humidify the airstream and 

thus prevent excessive evaporation o f the efflux solution in the syringes. The 

airstream could be regulated via tube clamps situated on the inflow. The apparatus 

was housed in the growth cabinets where the plants were grown, and thus the growth 

conditions were as described before (Section 2.2.1). A t the start o f  the experiments 

and after careful washing, the collars containing the plants were transferred to the 

efflux solution contained in the syringes. Samples were collected by releasing the 

tube clamps on the tubing at the bottom o f  the syringes. The roots were rinsed with 

an additional 5 ml o f efflux solution which was introduced through the top o f  the 

syringe between the plastic collar and the foam holding the plants, using a syringe 

fitted with a needle. This rinse was also collected with the sample.
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Plate 4.1: Apparatus used for the collection of efflux samples.
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The tube clamps were then closed, and 10 ml fresh efflux solution was introduced into 

the syringes using a syringe with needle as before. Control syringes without plants 

were also set up for each experiment These were fitted with plastic collars filled with 

a rolled strip of foam rubber.

The samples collected were freeze dried as before (Section 4.2.1) before 

resuspending in 3 ml distilled water. The fresh mass, dry mass and water content of 

the roots and shoots were determined as before (Section 4.2.1). Since the efflux 

solutions used differed slightly in composition from the nitrogen free nutrient 

solutions that plants were transferred to in Chapters 2 and 3, (Fe-EDTA was omitted, 

and in some cases, the efflux solution was 0.2 mM CaSO^; see Section 4.2.3) 

representative tissue samples were analysed for nitrate content.

4.2.2 Sterile plant culture

Barley seeds were surface sterilized by immersing in 70 % ethanol for two minutes, 

followed by transfer to a solution containing 5 % sodium hypochlorite + 0.5 % sodium 

dodecyl sulphate (SDS) for 15 - 20 minutes. The seeds were then rinsed thoroughly 

in sterile distilled water.

Culture flasks were prepared by decanting 20 ml 0.2 mM CaSO^ into 50 ml 

Erlenmeyer flasks. Stoppers of non absorbent cotton wool were used to seal the flasks 

and the tops were covered with tin foil. The flasks were then sterilized in an 

autoclave, and allowed to cool on a laminar flow bench. Transfer of the sterile seeds 

to the flasks was carried out under sterile conditions in a laminar flow hood. Five 

seeds were transferred to each flask using flamed forceps, and the flasks were then 

flamed and resealed.

The plants were left to germinate for three days in a sterile growth cabinet at 

25 “C and continuous light (250 pE m'^ s’‘) on a shaking platform which allowed for 

aeration of the solutions. After germination, the plants were transferred to a full 

nutrient solution (Appendix 2.1) containing 5 mM Ca(N0 3 )2 . Where sucrose was 

added, this was at a concentration of 0.25 % (w/v). The sucrose solution was filter 

sterilized before being added to the flasks. The nutrient solution was changed every 

day for the following three days. A photograph showing barley plants after seven 

days growth under these conditions is shown in Plate 4.2.
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Plate 4.2: Liquid culture of sterile barley seedlings. The seedlings shown were 

photographed after seven days growth.
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The growth conditions were similar to those used by Braaksma and Feenstra (1982) 

and Scholten and Feenstra (1986) for submerged culture o f Arabidopsis, except that 

sucrose was not added to all cultures and chloramphenicol was not added. 

Chloramphenicol was omitted after preliminary trials showed that cultures grown with 

0.5 mg/1 chloramphenicol appeared to have higher nitrite efflux than those without. 

This was possibly because the antibiotic ftmction o f chloramphenicol is through its 

inhibition o f protein transcription by 50S ribosomes o f bacteria. It could also 

therefore affect transcription by the ribosomes o f plant plastids. Since plastids are the 

site o f nitrite assimilation, it is possible that chloramphenicol induced nitrite efflux by 

interfering with normal plastid functioning. It was therefore decided to omit this 

antibiotic from the growth solutions. It was found that with care, plant cultures could 

be kept uncontaminated without the addition o f  antibiotics for the six to eight days 

required for the experiments. For each experiment, "control cultures" were set up, 

w hich were flasks prepared and handled in the same way as the experimental ones, 

but without plants.

After six days growth, the nutrient solution was removed from the flasks and 

each was gently rinsed with efflux solution three times, before submerging the plants 

in 20 ml o f the efflux solution. The solutions were replaced after 2 h, 4 h, 12 h, 24 

h, and 48 h in the nutrient solution without nitrate. The removed solutions were 

collected, frozen and then freeze dried for 48 h or until dry. This was done to 

concentrate the samples sufficiently to measure nitrite and nitrate content. The 

samples were then resuspended in 1  m l sterile distilled water and frozen until analysis.

After the last sample was collected, plants were harvested by gently drying 

w ith absorbent paper, and dividing the plants into root and shoot components. These 

were weighed and then dried for 48 h at 80 °C before weighing again. Tissue nitrate 

content was measured as before (Section 2.2.3.1). Representative tissue samples were 

analysed for nitrate content.

4.2.3 Assay of efflux samples

The aim o f these experiments was to quantify the amount o f nitrite and nitrate efflux 

by the root into the bathing solution. Some methods o f nitrate determination rely on 

the conversion o f nitrate to nitrite, as discussed in the introduction to this Chapter.
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A num ber o f problems were encountered when trying to assay the concentration o f 

these ions in the presence o f other ions typically added to nutrient solutions. These 

are briefly described below.

4.2.3.1 Interference by Fe-EDTA 

The primary aim o f carrying out experiments using sterile grown plants, as explained 

in the introduction to this Chapter, was to establish whether nitrite efflux played a 

significant role in nitrogen efflux from the root. These experiments were carried out 

with and without 10 mM nitrate in the efflux solution. It was envisioned that nitrite 

content o f the concentrated efflux solutions could be quantified relatively easily using 

the final nitrite determination step o f many nitrate determinations that rely on the 

conversion o f nitrate to nitrite and subsequent i colorimetric measurement o f nitrite 

content. The most widely used o f these is described by Sloan and Sublett (1966). 

The determination o f nitrite in these methods involves the addition o f sulphanilamide 

and N-naphthyl ethylene diamine dihydrochloride (NEDD) to produce a pink colour 

in the presence o f nitrite, the intensity o f  which is proportional to the amount o f nitrite 

present in the sample, and can be measured at an optical density o f  540 nm (OD 5 4 0 ). 

This method was therefore employed to measure nitrite content in the efflux samples 

from sterile cultured barley without the conversion step o f  reducing nitrate to nitrite. 

For this method, 1 % w/v sulphanilamide in 1 M HCl, and 0.02 % NEDD in distilled 

water was prepared (Sloan and Sublett, 1966). The sample and the two reagents were 

mixed in equal volumes (the sulphanilamide solution was added to the sample first, 

followed by NEDD), typically 0.5 ml each in these experiments, and then the colour 

allowed to develop for 20 minutes. The OD 5 4 0  was read, and compared with a 

calibration curve constructed using standards prepared with known amounts o f nitrite.

W hen the concentrated efflux solutions were analysed for nitrite in this manner, 

there did appear to be measurable quantities o f nitrite present. Except for plants 

supplied chloramphenicol however, the nitrite content o f the samples from 

experimental plants was always lower than that measured in the control samples (those 

without plants). Therefore it was concluded that something was causing interference 

in the assay. Since this interference was lower when plants were present than when 

plants were absent, it was considered likely that the source o f interference was due to
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something that was used by the plants, and thus the components o f  the nutrient 

solution were tested individually for interference with the assay. It should be noted 

here, that due to the need to concentrate the efflux samples, ions present in the 

nutrient solution (Appendix 2.1) were at least 10 fold higher in the efflux solution that 

was to be analysed, relative to the nutrient solutions supplied. Therefore the nutrient 

solution components were tested at their strength in the nutrient solution, and at a 1 0  

fold higher concentration, for their possible effect on the nitrite assay. It was found 

by a process o f elimination that the iron source Fe-EDTA was the cause o f  the 

interference. This compound is slightly coloured in solution, and presumably elevates 

the optical density o f the assay solution to a degree which is significant especially at 

low concentrations o f  nitrite. A trial was carried out where Fe-EDTA interference on 

nitrite determinations was assessed. This was done by constructing a calibration curve 

for nitrite in water and measuring a known amount o f nitrite (5 nmole/ml) in a 

background o f  increasing concentrations o f Fe-EDTA. This showed that at 0.3 mM 

Fe-EDTA (that in the supplied nutrient solutions), nitrite content o f the sample may 

be overestimated by 8  %, while at 3 mM Fe-EDTA (the level in the concentrated 

samples), nitrite content may be overestimated by 30 %. Because Fe-EDTA is used 

by the plant during growth, it was not possible to overcome this problem by 

constructing a calibration curve in the presence o f a constant background interference 

o f Fe-EDTA. This was because the background o f  Fe-EDTA in the samples would 

vary depending on how much was removed by the plants. Therefore it was decided 

to investigate other possible methods o f nitrite and nitrate determination.

4.2.3.2 Interference by chloride 

An alternative method o f measuring nitrate and nitrite was to use ion exchange 

chromatography, as described for chloride analysis in Section 2.2.3.3. Efflux samples 

were therefore analysed using this system as before (Section 2.2.3.3). The problem 

with this method was that the high background o f other ions (for example chloride and 

nitrate in nitrate containing efflux solutions used for measurement o f nitrite efflux 

under sterile growth conditions) completely masked the peak due to nitrite. This is 

shown in Figure 4.1, where a trace using standard solutions (trace A) clearly resolves 

the anion peaks, while trace B shows the typical output when running an efflux
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sample through the column. Ion chromatography is not an appropriate method for 

measuring ion concentration if  the ratios o f the different ions differ to a large degree. 

Removal o f chloride from the samples prior to injection is possible using "on Guard 

Ag columns" (Dionex, UK (Ltd)), but these are expensive (£137 for 48 in 1993). 

M easurement o f ion concentration using high pressure liquid chromatography (HPLC) 

was ruled out because chloride and nitrate interference were also a problem for this 

method. Ultra violet visual detection is an alternative method for assay, but this is 

only effective if  no organic compounds are present in the sample. Since organic 

compounds (for example malate) are reported to be extruded by the root (Jones and 

Darrah, 1993) and because some efflux solutions contained sucrose as an additional 

carbohydrate source (see Section 4.2.2), this alternative was not considered further.

West and Ramachandran (1966) used a solution o f antimony to mask the 

effects o f chloride and Fe III in the chromotrophic acid assay for nitrate. This method 

is also a < colorimetric; one, measuring in the yellow spectrum ( 2 1 0  nm) where one 

might expect Fe to have a greater effect. This test also shows interference by 

chloride, and the authors recommend a method for overcoming these problems. This 

method was therefore tested to investigate whether it m ight improve nitrite and nitrate 

estimates using the sulphanilamide/NEDD assay, and ion exchange chromatography. 

To make the antimony solution, 0.5 g was heated in 80 ml concentrated sulphuric 

acid. The solution was then cooled and 20 ml ice cold distilled water was added. 

Any crystals remaining were then dissolved by reheating. Three calibration curves 

were constructed using nitrite in water; and nitrite in concentrated nutrient solution 

with or without the addition o f antimony. These were used to convert OD 5 4 0  values 

obtained from samples consisting o f known amounts o f nitrite added either to distilled 

water, or to concentrated nutrient solution with or w ithout the addition o f antimony 

solution. The water based sample yielded an accurate estimate o f nitrite 

concentration, while the concentrated nutrient solution yielded a similar overestimation 

as before. The solution with added antimony over estimated nitrite content by 100 %.

Given the toxic nature o f  the chemicals involved, Dionex (U.K. (Ltd)) was 

consulted before running the antimony-containing solutions on the anion exchange 

column. They advised that antimony and very acidic solutions may damage the 

column so this method was considered unsuitable for use in these experiments.

1 3 8



HÜJ

Cl-

PO

so

B unknown

(Cl'+F' + NO/H-NOa')

PO

SO

F igure 4.1: Dionex anion exchange traces obtained when running a manufacturers standard (A) or a concentrated efflux sample (B).F igure 4.1 Dionex anion



4.2.3.3 M ethods used for assay o f  samples 

Because no suitable alternative could be found, it was decided that Fe-EDTA should 

be omitted from the efflux solutions. This would enable nitrite and nitrate assay using 

fairly simple methods that could be carried out routinely in our own laboratory. Plants 

were therefore supplied the usual nutrient solutions (Appendix 2.1) but were 

transferred to efflux solutions without Fe-EDTA for the experimental period. This 

was usually for less than 1 2  h (after initial experiments showed that no detectable 

efflux occurred after 12 h). This length o f  time was unlikely to cause iron deficiency 

in the plants. The fresh and dry mass recorded and the tissue nitrate content was not 

significantly different from the values obtained for plants in Chapter 2, that were 

supplied with Fe-EDTA.

Nitrite was measured using sulphanilamide and NEDD as described above in 

Section 4.2.3.1. Nitrate was measured by converting nitrate to nitrite using 

Aspergillus nitrate reductase (Boehringer Mannheim) and measuring the nitrite 

produced as before.

The recommended protocol for the conversion o f  nitrate to nitrite using 

Aspergillus nitrate reductase (Gilliam et al, 1993) was tested by assessing the amount 

o f  conversion relative to nitrite standards. To do this, three sets o f standards were 

prepared to give typical calibration curves; two with nitrite, and the other with nitrate. 

One series containing nitrite, and the other containing nitrate were used in the assay. 

For this assay, each sample was prepared for nitrate reduction as follows:

243 pi sample

250 pi 0.1 M potassium phosphate buffer (pH 6.7)

5 pi 13 mM NADPH 

2 pi FAD (0.79 mg/ml)

0.02 U Aspergillus NR 

The samples were then left at room temperature for 1.5 h, before assay for nitrite 

using sulphanilamide and NEDD.

This initial trial showed no interference from the nitrate reductase reagents on 

the assessm ent o f nitrite content (this was evident from comparison o f the calibration 

curves obtained for the two nitrite containing dilutions). There was, however 

incomplete conversion o f  nitrate to nitrite. Increasing the amount o f 13 mM  NADPH
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three fold to 15 )il and leaving the samples for three hours solved this problem, and 

the calibration curves constructed from nitrate or nitrite standards gave the same linear 

regression after the former had been reduced by Aspergillus NR. This method was 

therefore adopted for all subsequent measurements o f  nitrate in the solutions.

In one experiment, chloride and phosphate efflux were measured, in addition 

to nitrate. This was done by using an efflux solution o f 0.2 CaSO^ and measuring the 

concentration o f  anions by ion chromatography as described in Section 2.2.3.3.

4.2.4 D escrip tion o f experim ents

The experiments carried out can be divided into three main groups, relating to the 

questions posed in the introduction to this Chapter.

To investigate the nitrate efflux from plants supplied 10 mM  nitrate for 24 h 

before transfer to solutions lacking nitrate, plants were grown under non-sterile 

conditions. After 24 h, plants were transferred to efflux solutions comprising either 

0.2 mM CaSO^ or nutrient solution (Appendix 2.1) without iiitrogen or Fe-EDTA. 

Efflux solutions were collected and replaced every hour for the following 8-10 h. The 

effect o f increased agitation o f the roots on this efflux was investigated by comparing 

efflux from roots that had been washed with a wash bottle o f distilled water and 

exposed to more vigorous aeration with those that had been washed by immersionand 

gently aerated.

To investigate whether a proportion o f efflux measured was lost from the root 

in the form o f nitrite efflux, sterile growth conditions were used. Plants were 

germinated and grown as described and then transferred to efflux solutions containing 

10 mM nitrate (as Ca(N 0 3 ) 2 ) with or without glucose. Parallel experiments were 

carried out where cultures were transferred to nutrient solution without nitrate, with 

or w ithout glucose. Efflux solutions were collected and replaced each hour for 24 h 

initially (first two experiments carried out), and then for the following 1 0  h, when it 

was determined that no detectable efflux occurred after 8  h. Assays for nitrite and 

nitrate were carried out.

The effect o f  prior ammonium supply on subsequent nitrate efflux was 

determined by carrying out the same experiments used to determine efflux from non 

sterile plants previously supplied only nitrate, and described above. Prior am monium
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supply was in the form o f 10 mM  ammonium nitrate in standard nutrient solution 

(Appendix 2.1) for 24 h. The effect o f  prior ammonium supply on the efflux o f  other 

anions (chloride and phosphate) was also investigated, for these experiments the efflux 

solution comprised 0.2 mM CaSO^ so that efflux o f these anions from the root could 

be detected. Solutions were collected 1 h, 4 h, and 8  h after transfer to efflux 

solution. Analysis for chloride, nitrate and phosphate was carried out using Dionex 

anion exchange chromatography (Section 2 .2 3 3 ) .  The effect o f exogenous 

ammonium supply on nitrate efflux was investigated by exposing roots previously 

grown in nutrient solution with 5 m M  Ca(N 0 g) 2  for 24 h to 10 mM NH4CI in the 

efflux solution.

4.2.5 Expression of results

All efflux data were calculated and expressed on the basis o f root tissue water. This 

method o f expression allows for comparison with the other results reported in this 

thesis. It was found that efflux was very variable. For this reason, some o f the data 

are assessed in comparison to a standard experiment, that was carried out along side 

the other treatments. The conditions o f this standard were always 24 h supply o f 

nutrient solution (Appendix 2.1) containing 5 mM  Ca(N 0 3 ) 2  at pH 6 , followed by 

gentle washing and transfer to nutrient solution without nitrogen, or to 0 . 0 2  CaSO^ 

depending on the experimental conditions. This provided some measure o f 

comparison for very variable results.
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4.3 Results

It should be noted that the term "efflux solution" has been used to mean the solution 

that the plants were transferred to at the beginning o f  the efflux period, and which was 

collected, concentrated and analysed. Typically, this solution was either 0.2 mM 

CaSO^, or full nutrient solution without nitrate or Fe-EDTA, except for efflux 

experiments which tested for nitrite efflux from sterile cultures, where some 

experiments were done using an efflux solution containing 10 mM nitrate. 

Representative tissue samples were analysed to check that transfer to these efflux 

solutions did not cause a significant difference in tissue nitrate content or water 

content compared with seedlings transferred to full nutrient solution without nitrate 

(the experimental procedure in Chapters 2 and 3). Transfer to nutrient solutions 

lacking Fe-EDTA and nitrate, or to solutions o f  CaSO^ did not show a significant 

difference in tissue water content: calculation o f respective ratios o f fresh mass : dry 

mass gave a ratio o f 10.6 ± 1.3 (n = 6 ) and 11.2 ± 1.3 (n = 6 ) for the two efflux 

solutions used. The regression obtained for fresh mass : dry mass in Chapter 2, 

Figure 2.4 was 11.1. For plants grown under sterile conditions this ratio was also not 

significantly different (10.7 ± 1.9; n = 8 ). Efflux analysis did not extend beyond 12 

h, since after this time, no detectable efflux occurred. The tissue nitrate content after 

12 h in the efflux solutions was 45.7 ± 5.2 mM (roots) and 49.3 ± 6 . 1  mM (shoots) 

for plants transferred to efflux solutions lacking Fe-EDTA and nitrate (n = 6 ); and 

47.8 ± 6.2 mM (roots) and 51.9 ±  6.9 mM (shoots) for plants transferred to CaSO^ (n 

= 6 ). For plants grown under sterile conditions, the nitrate content was 43.7 ± 9.7 

(roots; n = 2) and 42.6 ± 8.9 (shoots; n = 4). None o f these values differed 

significantly from those obtained in Chapter 2 for tissue nitrate content measured 12 

h after transfer to full nutrient solutions lacking nitrate which were 44 ± 4.1 mM 

(roots) and 47.8 ± 4.8 mM  (shoots).

For all experiments, controls without plants were set up. These solutions were 

collected and concentrated, and the OD 5 4 0  values obtained were subtracted from those 

values obtained for root nitrate efflux. Calculation o f  these values using the standard 

curve showed that nitrate detected in these solutions corresponded to 6.1 ±  5.7 pM  in 

unconcentrated solution. The source o f  this detected nitrate is unknown, but may be 

due to trace amounts o f nitrate in chemicals and residues in pots, glassware and water.
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All results obtained for efflux analysis showed large variation, particularly 

during the first one to two hours after transfer to the efflux solution. Initial 

measurements o f nitrate efflux varied between 0 and 4 mM  over the first two hours. 

Investigation into the source o f this variation showed that the composition o f  the 

efflux solution (Figure 4.2 and 4.4) and agitation o f the roots (Figure 4.3) influenced 

the magnitude o f  nitrate efflux. Even when these differences were considered 

however, efflux under similar experimental conditions could vary greatly between 

experiments, with standard deviations that could be as high as 50 % o f the mean. For 

this reason, nitrate efflux measured after transfer to different efflux solutions are 

reported as the pooled results from replicate experiments (Figures 4.1 and 4.3) but 

where comparison between standard experimental conditions used throughout this 

thesis, and an imposed treatment was required, the results o f  individual experiments 

are given, since variation between experiments was large (Figures 4.3 and 4.5).

For all the imposed conditions used in this study, it is noteworthy that efflux 

showed rapid decrease over time. The highest nitrate efflux typically occurred over 

the first hour after transfer and in general a decade decrease in nitrate efflux was 

observed over the subsequent three to four hours. Generally, 12 h after transfer to 

efflux solution, no efflux was detected under any o f the conditions reported (see 

Figures 4.2 to 4.5). It should be pointed out that the execution o f these experiments 

involved the collection (removal) o f efflux samples every hour. Thus each sample 

analysis represents the net nitrate efflux that occurred over that hour. To construct the 

curves o f cumulative efflux, the mean nitrate o f  the samples collected after each hour 

were added to the mean obtained from the previous hour. For this reason, no error 

bars are shown on the graphs and relevant SDs are given in the text. Under the 

experimental conditions, this measure o f cumulative efflux was relevant because the 

entire efflux solution was collected and the root washings added to it, before replacing 

with fresh efflux solution. Therefore the nitrate that had been effluxed was lost to the 

plant. It should be noted however, that if  plants were left in the efflux solution 

without nitrate for 24 h, very little nitrate was recovered in the efflux solution, (0.04 

± 0.02 mM; n = 6 ). This was due to the plant taking up previously effluxed nitrate 

from the solution again. This is in agreement with M organ et a l  (1973), who found 

total reabsorption o f  effluxed nitrate after 18 h in efflux studies using ryegrass.
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Figure 4.2: Cumulative nitrate efflux from  the roots o f barley previously grown in 

nutrient solution with 5 m M  Ca(N 0 3 ) 2  for 24 h. At time 0  on the graph, plants 

w ere transferred either to efflux solutions o f nutrient solution lacking nitrogen 

(-#-) or to 0.2 mM  CaSO^ (-*-). Efflux o f  nitrate into the bathing solution is 

expressed in mM  on the basis o f root tissue water.
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F ig u re  4.3: Cumulative nitrate efflux from roots o f barley under conditions of

increased manipulation o f the roots ( ^  ) compared with roots exposed to 

minimum movement (-*-). Both groups o f plants w ere supplied w ith nutrient 

solution containing 5 mM CaiTSfOg)  ̂ for 24 h before transfer (at time 0) to 

efflux solution comprising nutrient solution lacking nitrogen. Efflux o f  nitrate 

is expressed in mM  on the basis o f root tissue water.
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4.3.1 Experiments using non sterile barley culture

4.3.2.1 Efflux on transfer to solutions lacking nitrate 

It has been reported previously (see Table 4.1) that the presence o f  other ions in the 

efflux solution can affect the rate o f nitrate efflux. This is an important consideration, 

since different efflux experiments in the literature have used different compositions 

o f  efflux solution depending on the requirements o f the method. In these experiments 

too, w hen efflux o f other ions was measured, it was necessary to use an efflux 

solution that did not contain the anions that were to be measured (experiments 

yielding results in Table 4.2). In Figure 4.2, the cumulative efflux o f nitrate from 

plants previously supplied full nutrient solution (Appendix 2.1) with 5 mM  Ca(N 0 3 ) 2  

and transferred either to 0.2 mM CaSO^ or to nutrient solution without nitrogen or Fe- 

EDTA are shown. For each, the results from  five separate experiments have been 

pooled (n = 20 for each data point). Transfer to full nutrient solution resulted in 

significantly higher nitrate efflux (Student's t test, p < 0.05; d f = 38; t, > 2.024) 

compared with transfer to CaSO^. When plants were transferred to 0.2 mM  CaSO^, 

nitrate efflux over the first hour was approximately 0.4 mM (SD = 0.25). The 

cumulative efflux from these plants over the first five hours (after which efflux was 

no longer detected) was 0.6 mM. For plants transferred to nutrient solution without 

nitrogen, the nitrate efflux measured over the first hour was 2.8 mM (SD = 1.2). The 

cum ulative efflux totalled 4.5 mM.

In Figure 4.3, the effect o f more vigorous washing and aeration on nitrate 

efflux is shown. Plants were supplied 10 m M  nitrate for 24 h, before transfer to 

efflux solution comprising nutrient solution without nitrogen or Fe-EDTA. For half 

o f the plants, the roots were washed with a  w ash bottle filled with distilled water (as 

opposed to washing o f the control plants by immersion, described in Section 2.2.1) 

and the efflux solution was aerated more vigorously than that o f the control plants. 

This experiment was repeated three times, and although the results were very variable, 

the m ean o f the nitrate efflux recorded for the control plants was always lower than 

that o f  the plants more vigorously washed and aerated. Figure 4.3 shows the results 

obtained in one typical experiment. In this experiment, the efflux o f nitrate over the 

first hour in the treatment plants (i.e. those exposed to more vigorous washing and 

aeration) was approximately 1 . 8  times that in  the control plants and the cumulative
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efflux was approximately 1.9 times that in the controls. This was only significantly 

different at 80 % confidence limit (Student’s t test, d f < 0.2; d f = 6 ; t̂  > 1.44) due to 

the large variation. Typically, the roots o f  plants exposed to more vigorous 

manipulation always showed efflux that was 1.5 to 2 fold higher than that from 

control plants over the first three hours after transfer. It also appeared that these 

plants effluxed detectable amounts o f nitrate for longer than control plants. This can 

be seen in Figure 4.3, where no detectable efflux o f nitrate occurred from control 

plants after 5 h, while for plants exposed to more vigorous root manipulation, nitrate 

efflux was detected for 8  h after transfer.

4.3.2.2 The effect o f  ammonium on nitrate efflux 

The effect o f prior supply o f  ammonium on subsequent nitrate efflux is shown in 

Figure 4.4. For these experiments, plants were supplied nutrient solution (Appendix 

2.1) containing 10 mM NH4NO3 for 24 h before transfer to the efflux solution. The 

efflux solutions were the same as used for the experiments shown in Figure 4.2, i.e. 

plants were transferred either to 0.2 mM CaSO^ or to a nutrient solution without 

nitrogen or Fe-EDTA. The results shown in Figure 4.4 are the pooled results o f  four 

experiments for each curve. Each data point is the mean o f 16 measurements. Again, 

nitrate efflux into 0.2 mM  CaSO^ was significantly different (Student's t test, p < 0.05; 

d f  = 30; tg> 2.042) from that recorded for plants transferred to nutrient solution. Over 

the first hour, efflux from plants transferred to CaSO^ was approximately 0.5 m M  (SD 

= 0.2) and the cumulative efflux 1.5 mM (Figure 4.4). When plants were transferred 

to nutrient solution, nitrate efflux over the first hour was approximately 4 m M  (SD 

= 1.7). The cumulative efflux was approximately 7.3 mM. The nitrate efflux from 

plants receiving ammonium prior to transfer to full nutrient efflux solution (without 

nitrogen or Fe-EDTA) was also significantly higher (Student's t test, p < 0.05; d f = 

34; tg > 2.032) than that from plants previously supplied only nitrate (Figure 4.2).

The results obtained in Chapter 2 showed that plants supplied ammonium 

nitrate for 24 h had high levels o f ammonium in the roots that was quickly mobilized 

over the first three hours after removal of external nitrogen supply (see Section 2.3.2 

and Figure 2.9). It was thought possible that these initially high ammonium levels in 

the tissue may affect general membrane permeability by causing uncoupling (see
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Section 1.4) and thus cause an increase in nitrate efflux. For this reason, the efflux 

o f  other anions was measured.

Table 4.2: Efflux of chloride, phosphate and nitrate from the roots of barley grown in nutrient solution 
containing either 10 mM NH4NO3 or 5 mM CafNO;); for 24 h. Plants were then transferred 
to efflux solutions comprising 0,2 mM CaSO  ̂ at time 0. Values are the mean of 8 samples 
from two different experiments ± SD.

Time of efflux occurring 

into efflux solution (h)

Prior nitrogen supply (10 mM)

NH4NO3 Ca(N03),

Chloride efflux (mM root tissue water)

0 - 1 1.6 ± 1.07 1.6 ± 1.3

1 - 4 0.6 ± 0.2 0.4 ± 0.1

4 - 8 0.5 ± 0.06 0.5 ± 0.04

Phosphate efflux (mM root tissue water)

0 - 1 0.2 ± 0.1 0.4 ± 0.3

1 - 4 0.1 ± 0.01 0.2 ± 0.1

4 - 8 0 0.1 ± 0.1

Nitrate efflux (mM root tissue water)

0 - 1 0.4 ± 0.2 0.1 ± 0.07

1 - 4 0.4 ± 0.06 0.1 ± 0.02

4 - 8 0.1 ± 0.03 0

To do this, plants were supplied nutrient solution containing either 10 mM  NH4NO3 

or 5 mM Ca(N 0 3 ) 2  for 24 h prior to transfer to efflux solutions o f 0.2 mM CaSO^. 

The efflux o f nitrate, phosphate and chloride was measured in efflux solutions 

collected 1 h, 4 h, and 8  h after transfer using ion exchange chromatography as 

described in Section 2.2.3.3. The results are shown in Table 4.2. The results are the 

means o f  measurements obtained from two separate experiments (n = 9 for each data 

point). The nitrate concentration measured in the individual samples using this 

method was in good agreement with results obtained for the same samples using the 

Aspergillus N R method. As can be seen from the SD values given in Table 4.2, 

efflux o f chloride and phosphate was also very variable especially over the first hour 

after transfer. It can be seen however, that although nitrate efflux was significantly
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higher (Student's t test, p < 0.05; d f  = 16; t̂  > 2.120) from plants supplied ammonium 

nitrate prior to transfer compared with those supplied only nitrate, the chloride efflux 

showed no such difference. The efflux o f  phosphate appeared to be slightly higher 

in plants supplied Ca(N 0 3 ) 2  prior to transfer, compared with plants supplied NH4NO3.

To investigate the effect o f ammonium further, experiments were carried out 

where plants were exposed to ammonium in the efflux solution. Plants were grown 

in nutrient solution containing 5 mM Ca(N 0 3 ) 2  for 24 h before transfer to efflux 

solutions. Since efflux had proved to be so variable especially over the first one to 

two hours after transfer, it was decided to measure the levels o f  nitrate efflux after 

transfer but before imposition o f the treatment. This would give an idea o f the efflux 

rates of the individual plants before im position o f  the treatment, and thus highlight any 

plants that had high nitrate efflux rates under control conditions (a possible source o f 

the variation observed). Such plants may give bias weight to the determination o f 

differences in efflux under imposed experimental conditions. This information was 

not used to select for the m ost favourable treatment plants, and was only known after 

the whole experiment was completed since all assays were done together. It was 

simply used as a measure o f how comparable the experimental and control groups 

were before the imposition o f  experimental conditions. After 24 h growth under 

identical conditions, the plants were transferred to identical efflux solutions (nutrient 

solution minus nitrogen and Fe-EDTA) for three hours. This solution was collected 

and the efflux solutions were changed. H alf o f  the plants were transferred to nutrient 

solution containing 10 mM  ammonium chloride, while the other half were transferred 

to nutrient solution minus nitrogen as before. The results o f a typical experiment are 

shown in Figure 4.5. For this experiment, the cumulative efflux for all plants over the 

first three hours after transfer (before ammonium was added) was 3.5 (SD = 1.7; n = 

12). The mean cumulative efflux for those plants destined to be supplied ammonium 

was 3.2 (SD = 0.7) and for those designated as controls it was 3.8 (SD = 1.5). 

Addition o f ammonium appeared to increase the rate o f  nitrate efflux compared with 

plants not supplied ammonium. At the start o f the imposed ammonium treatment, it 

can be seen that the cumulative nitrate efflux under controlled conditions was starting 

to become steady, as was typically seen previously (Figure 4.2). Plants supplied 

ammonium at this time appeared to have nitrate efflux stimulated (Figure 4.5).
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F ig u re  4.4: Cumulative nitrate efflux from the roots o f barley previously grown in 

nutrient solution with 10 mM NH4NO3 for 24 h. A t tim e 0 on the graph, 

plants were transferred to efflux solutions comprising nutrient solution lacking 

nitrogen (-#- ) or to 0 . 2  mM CaSO^ ( “■■). Efflux o f  nitrate into the bathing 

solution is expressed in mM on the basis o f root tissue water.
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F ig u re  4.5: A  comparison o f  hourly efflux from barley roots in the presence or 

absence o f ammonium in the efflux solution. Both sets o f plants were grown 

in nutrient solution w ith 5 mM Ca(N 0 3 ) 2  for 24 h. A t time 0, both sets o f 

plants w ere transferred to efflux solutions comprising nutrient solution 

lacking nitrogen. A t the end o f the third hour in efflux solution, one set o f 

plants w ere supplied efflux solution containing 10 mM NH 4 CI ( ^ ) ,  while the 

other set o f plants were supplied the same efflux solution, i.e. nutrient 

lacking nitrogen ( Q ) .  Efflux o f nitrate is expressed in mM on the basis o f 

root tissue water.
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A lthough variation was large and the magnitude o f  initial and stimulated efflux 

differed between experiments, this response to ammonium being introduced into the 

efflux medium was repeatable and significantly different within each experiment for 

the first 2  h after ammonium was supplied.

In the experiment shown in Figure 4.5, plants exposed to ammonium showed nitrate 

efflux that was 6  times that o f the control plants over the first hour after transfer to 

am monium and 5 times over the second hour (the means were significantly different 

after 1 h and 2 h, (Student's t test, p < 0.05; d f  = 10; t>  2.228). It can also be seen 

however, that this effect was not sustained. A fter 4 h in the ammonium containing 

efflux solution, the rate o f  efflux was no longer significantly different from that in 

control plants. A summary o f  the results obtained for nitrate efflux measurements is 

given in Table 4.3.

Table 4.3: Summary of results obtained for nitrate efflux measurements under different conditions. 
Results are given as the cumulative efflux detected over the time given in column 3. After this time 
no detectable efflux occurred. All solutions were pH 6.0.

Growth medium 
prior to transfer

Composition of 
efflux solution

Time over which 
efflux occurred

Cumulative nitrate 
efflux (mM)

Full nutrient 
solution + 5 mM 

Ca(N03h

0.2 mM CaSO, 5 0.6

Full nutrient solution 
- NO3 and Fe-EDTA

6 4.5

Full nutrient solution 
- NO3 and Fe-EDTA, 

increased root 
agitation

7 6.4

Full nutrient solution 
-Fe-EDTA; +10 mM 

NH,

7 5.9

Full nutrient 
solution + 10 mM 

NH4NO3

0.2 mM CaSO^ 7 1.5

Full nutrient solution 
- NO3 and Fe-EDTA

9 7.3
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4.3.2 Experiments using sterile barley cultures

To confirm  that the above measurements o f efflux were o f  nitrate and not nitrite, 

measurements were carried out using sterile barley cultures. Initial trials carried out 

to standardize growth conditions included a comparison o f nitrite efflux from plants 

grown in the presence or absence o f chloramphenicol. N itrite efflux from plants 

grown in the absence o f chloramphenicol was negligible (0.04 ± 0.05 mM; n = 13; 

m easurement after one hour o f transfer). Nitrite efflux from  plants grown in the 

presence o f chloramphenicol tended to be higher (0.13 ± 0.13 mM; n = 13). Although 

the high variation did not make this a significant difference, these initial results 

suggested that the antibiotic may affect plastid functioning and therefore plants were 

subsequently grown without chloramphenicol. Transfer o f  sterile plants to efflux 

solutions containing nitrate also resulted in negligible nitrite efflux (0.03 ± 0.025 mM, 

n = 8 ; measurement after one hour o f transfer), as did transfer to efflux solutions 

lacking nitrate (0.02 ±  0.03 mM, n = 8 ). Nitrate efflux was measured from the latter 

treatm ent however, but standard deviations were high at 90-100 % o f the mean (4.5 

mM  ± 4.1 ; n = 9; measurement one hour after transfer). This was probably due to the 

agitation o f the flasks required to ensure aerobic growth conditions, since it was 

shown previously (Figure 4.3) that increased agitation o f  the roots resulted in higher 

and more variable nitrate efflux. The supply o f additional carbohydrate in the form o f 

sucrose did not significantly alter nitrate or nitrite efflux from sterile culture over eight 

hours after transfer to efflux solutions.
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4.4 Discussion

In plants grown under non sterile conditions, nitrate efflux was found to occur into 

efflux solutions lacking nitrate. This was not found to be the case by Breteler and 

Nissen, (1982) but has been reported by other workers (for example Minotti and 

Jackson, 1970; Jackson et a l ,  1976). Nitrate efflux appeared to be greater when the 

efflux solution was a complete nutrient solution containing other anions as opposed 

to a simple CaSO^ solution, where only the sulphate anion was present. This suggests 

perhaps that voltage regulation may influence the efflux observed under different 

external nutrient conditions. The importance o f the ion in establishing the N em st 

membrane potential was discussed in Chapter 3. In the absence o f  this ion in the 

bathing solution, the resting membrane potential is much more negative (Pitman et a l , 

1971). Therefore, transfer to efflux solutions o f 0.2 mM  CaSO^ may result in the 

hyperpolarization o f  the membrane potential and thus a reduction in efflux. This 

hyperpolarization would have to occur over a number o f hours however, since efflux 

was not immediately prevented. It was shown that when plants were transferred to 

CaSO^ after 24 h exposure to full nutrient solution, efflux o f  chloride and phosphate 

also occurred (Table 4.2). Prior supply o f ammonium before transfer to CaSO^ 

resulted in increased nitrate efflux without affecting efflux o f  chloride or phosphate 

(Table 4.2). This result suggests that voltage gated anion channels are not solely 

responsible for the nitrate efflux observed on transfer to CaSO^. I f  this were the case 

and assuming that the presence o f internal ammonium resulted in a less negative 

membrane potential, then efflux o f  the other anions would also be affected.

W hen plants were transferred to nutrient solution lacking nitrate, nitrate efflux 

was higher than on transfer to solutions o f  CaSO^. Experiments carried out in Chapter 

3 however, showed that changing the solution bathing the root from one containing 

nitrate to one lacking nitrate during an impalement did not cause a change in the 

membrane potential over the 10 minutes that the recording was made (Figure 3.7). 

I f  efflux o f  nitrate under these conditions was regulated by voltage gated anion 

channels, then a more gradual hyperpolarization may have occurred over the 6  - 8  h 

during which efflux was measured. | D ata obtained in Chapter 3 however, did not show 

evidence o f  a significant change in membrane potential over 24 h after transfer to 

solutions lacking nitrate (Table 3.4). Loss o f nitrate via efflux was prevented after
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approximately 6 - 8  h  however. Since the cytoplasmic nitrate content did not change 

over this time (Chapter 3) this was not due to depletion o f the cytoplasmic nitrate 

pool. How this loss is regulated and prevented is not known.

When plants were transferred to nutrient solutions without nitrate, the initial 

nitrate efflux was approximately 2.8 mM over the first hour. This is in a similar 

range to that reported by Lee and Clarkson (1986). These authors concluded that 

efflux could represent up to 40 % o f  total nitrate uptake. The experiments reported 

here did not include studies o f  nitrate efflux into nitrate containing solutions and thus 

may not be directly comparable to the research o f Lee and Clarkson (1986). These 

researchers used tracer and measured efflux over 10 minutes after a 30 minute 

loading period. The short half-life o f  this labelled compound (10 minutes) prevents 

studies o f this kind over longer periods. It can be concluded however, that if  external 

nitrate is not available as in the work reported here, this loss is not sustained.

The cumulative nitrate efflux measured for plants transferred to nutrient 

solution without nitrate was 4.5 mM  in total over 6  h after transfer; no detectable 

efflux occurred after this time. More than half o f this total amount (2.8 mM) was 

effluxed over the first hour. This illustrates that extrapolation o f data obtained over 

the first hour o f efflux would greatly overestimate the total nitrate efflux occurring 

under conditions used in these experiments. It is possible however, that the 

measurements made over the first hour after transfer in these experiments may reflect 

the efflux occurring under conditions o f external nitrate supply, i.e. before the plant 

has responded fully to the change in external conditions. Under normal growth 

conditions where the bathing solution is not removed, this is not likely to be a 

permanent loss, because this nitrate is taken up again by the plant (see Section 4.3). 

U nder conditions used for electrophysiology this nitrate loss may be relevant however, 

because plants were typically placed into a cuvette with a flow through nutrient supply 

bathing the roots (see Figure 3.3). The flow rate under these conditions was not 

sufficient to agitate the roots, so the amount o f  nitrate lost to the roots would depend 

on how  much mixing occurred with the solution in the rhizosphere (presumably the 

location o f effluxed nitrate).

Increased manipulation o f  the roots also appeared to stimulate efflux (Figure 

4.3) although this was variable and only significantly higher than efflux from roots
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exposed to minimal manipulation at 80 % confidence limits. Bloom and Sukrapanna 

(1990) found that increased m anipulation o f  the roots reduced net nitrate uptake (as 

m easured by depletion from the bathing solution) for up to six hours. This may have 

been due to a transient stimulation o f  nitrate efflux. Gronewald and Hanson (1980) 

and Rincon and Hanson (1986) have reported that gentle physical manipulation may 

perturb proton and ion transport mechanisms and alter the membrane potential, thus 

affecting ion transport across the membrane. In this case therefore, voltage gated 

anion channels may be responsible for the increased nitrate efflux observed. Although 

these effects may contribute to the increased efflux observed in the experiment 

depicted in Figure 4.3, and may in part contribute to the increased efflux initially 

observed over the first hour after transfer o f  the plants from the pots to the syringes 

(Plate 4.1) for the efflux measurements, it should be noted that when nutrient solutions 

containing nitrate were substituted for solutions lacking nitrate during 

electrophysiology measurements (Chapter 3), membrane potentials were not affected 

(see trace in Figure 3.7). This means that provided the ionic strength, pH and 

concentration o f the m ost permeant ions (notably K^) is the same for the initial 

solution and the efflux solution, the nitrate efflux observed is not due to a perturbation 

o f  the steady state membrane potential. Increased manipulation may perturb this 

potential to a variable extent dependent possibly on how well the root system structure 

o f  individual seedlings is able to m aintain rhizosphere integrity. For example, a 

seedling with numerous closely grown roots may be less vulnerable than a  seedling 

with fewer, more disperse roots. This may account for the large variation observed 

in the results obtained. Even if  it is argued that manipulation o f the roots on transfer 

to the syringes accounted for stimulation o f  efflux, this would not explain why this 

was always significantly greater for seedlings transferred to a full nutrient solution 

relative to those transferred to CaSO^, when all seedlings were handled similarly. 

These results suggest that efflux o f  nitrate is a complex process which may occur via 

more than one mechanism.

The supply o f  ammonium nitrate prior to measurement o f nitrate efflux 

increased initial nitrate efflux over that observed from plants supplied nitrate alone. 

This may have been due to the presence o f  initial high levels o f ammonium in the 

roots (approximately 15 mM; Chapter 2). These high levels o f ammonium in the root
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w ere rapidly depleted (within the first 3 h) when external supply was removed. This 

tim e period coincides with the initial high rate o f  efflux observed from plants supplied 

am monium . The effect o f tissue ammonium on nitrate efflux was specific for nitrate 

and did not increase the efflux o f chloride or phosphate (Table 4.2). This implies that 

the high concentration o f ammonium in the root did not increase general membrane 

permeability. It has been suggested that am monium nutrition may inhibit 

accum ulation o f nitrate by stimulating nitrate efflux (for example Chaillou et a l ,  1994; 

A slam  et a l ,  1994). If  this were the case, then continued ammonium supply and 

maintenance o f the high tissue ammonium content w ould sustain nitrate efflux at the 

levels initially found over the first hour o f  nitrate efflux. W hen plants previously 

supplied ammonium nitrate were transferred to solutions w ithout nitrate, efflux was 

approxim ately 4 mM nitrate over the first hour (Figure 4.4). In experiments where 

plants previously supplied Ca(N 0 3 ) 2  were exposed to am monium in the efflux solution 

(Figure 4.4), nitrate efflux was not sustained however. Although initial nitrate efflux 

was stimulated by the supply o f ammonium (Figure 4.5), it was restored to a level 

sim ilar to that obtained for plants not exposed to am m onium  approximately 4 h after 

initial ammonium supply. Work described in Chapter 2 showed that if  plants were 

grow n in nutrient solution with 5 mM  Ca(N 0 g) 2  for 24 h and then transferred to 

nutrient solution containing 10 mM ammonium, the root am monium concentration was 

approxim ately 15 mM  4-5 h after transfer. Therefore while tissue am monium 

concentration was steadily increasing to the levels found in plants supplied ammonium 

for 24 h, the nitrate efflux rate was decreasing (Figure 4.5). This implies that the 

tissue ammonium content found in plants exposed to am monium over 5 h  or more 

does not sustain high levels o f nitrate efflux. I f  this were the case, then a steady 

increase in efflux would have been observed in Figure 4.5 as the tissue ammonium 

levels increased in response to the 10 mM  am monium supplied externally. Thus it 

does not appear that ammonium causes sustained nitrate efflux sufficient to reduce 

significantly the amount o f  nitrate accumulated in the plant under conditions o f 

com bined nitrogen feeding. Ammonium does however stimulate a transient nitrate 

efflux.

External ammonium supply did appear to stimulate nitrate efflux initially by 

5-6 times that from plants not exposed to am monium (Figure 4.5). This is in

1 5 8



agreem ent w ith the findings o f Aslam et a l ,  (1994). These workers measured nitrate 

efflux over the first 15 minutes o f  transfer and concluded that ammonium may reduce 

net nitrate accumulation by increasing efflux. The work reported here however, 

suggests that the stimulation o f  efflux hy exogenous ammonium is not sustained and 

not o f  sufficient magnitude to be the cause o f  a 35 % decrease in nitrate accumulation 

in plants supplied ammonium nitrate relative to plants supplied nitrate alone (results 

from Chapter 2) over 24 h o f  growth. The work o f  Ayling (1993) using 

microelectrodes showed that supply o f ammonium to roots caused a rapid 

depolarisation o f the membrane potential o f  root hairs. The degree o f  depolarisation 

was dependent on the concentration o f  ammonium. The membrane was found to 

readjust to the ammonium supply and the membrane potentials were spontaneously 

restored in the presence o f a continued supply o f ammonium. The time taken for this 

recovery was dependent on ammonium concentration and showed considerable 

variation. In the presence o f 0.4 mM  ammonium, the recovery o f  membrane potential 

began after approximately 15 minutes but was not yet fully recovered after 1 h. It is 

possible that because exogenous ammonium depolarises membrane potential and thus 

changes the proton motive force across the membrane, it may stimulate nitrate efflux 

by interfering with anion/proton cotransport. That this effect shows recovery with 

tim e (over a few hours) appears to agree with the findings reported here. These 

results suggest that the effect o f  ex ternal am monium on the magnitude o f nitrate 

efflux may be via depolarization o f  the membrane potential and voltage gated anion 

channels, but that i f  this the mechanism, then nitrate efflux occurring in response to 

external ammonium occurs via a  different mechanism to that facilitating efflux on 

transfer to efflux solutions lacking nitrogen.

It is difficult to explain these varied influences on nitrate efflux in term s o f 

effects on a  single governing mechanism. It appears that nitrate efflux measured 

under these conditions occurs as the plant readjusts to a change in nutrient supply. 

This readjustm ent may involve regulation o f  a number o f  different transport processes, 

depending on the conditions imposed. The efflux is not sustained and this is not 

because the nitrate content o f  the cytoplasm has been depleted (Chapter 3). It 

suggests rather that the plant readjusts to the new conditions imposed and thus curtails 

efflux before internal ion concentrations are greatly affected. This is true for transfer
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o f  plants previously supplied nitrate to solutions lacking nitrate, and also for 

am m onium  supply to plants. The results from this work suggest that movement o f  the 

root m ay lead to an increase in efflux (Figure 4.3). This may be an im portant 

consideration when designing experiments and assessing the relevance o f the efflux 

observed. The ionic com position o f the efflux solution and the length o f  time over 

which the experiment is carried out also appear to be important parameters to consider 

in efflux experiments. Some o f the results obtained in this Chapter (decreased efflux 

on transfer to efflux solutions lacking i.e. CaSO^; increased efflux when external 

am monium is first supplied; increased efflux when roots are manipulated more) 

suggest that voltage gated anion channels (which close when the membrane is 

hyperpolarised) may facilitate nitrate efflux. However, other results obtained (no 

change in membrane potential over the time that efflux is prevented; efflux increase 

specific to nitrate ion when tissue ammonium is present) suggest that a different 

mechanism is responsible, or operates independently from the voltage gated channels, 

that also allows for nitrate efflux and is in some way related and regulated to the 

nitrate or nitrogen status o f the plant. The pump/leak/buffer model for nitrate uptake 

(Morgan, 1973; Section 1.3.1) accommodates such a mechanism, that facilitates nitrate 

efflux as an integral part o f  nitrate uptake and storage. It is possible that although the 

plants are transferred to solutions "lacking nitrate" the trace amounts o f nitrate present 

in these solutions (pM  amounts) are sufficient to keep the nitrate uptake mechanism 

induced for the few hours over which efflux is detected, and that efflux gradually 

decreases as the balance between uptake and efflux is readjusted.

From the analysis o f efflux from sterile barley cultures, it appeared that nitrite 

efflux did not occur except possibly where chloramphenicol was added to the growth 

medium. Nitrate efflux from sterile plants did not appear to be influenced by 

carbohydrate supply. This is contrary to the results found by M inotti and Jackson 

(1970) but is in agreement w ith Jackson et a l  (1976) who also concluded that root 

carbohydrate status did not appear to influence the rate o f nitrate efflux.
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Chapter Five 

Nitrate Assimilation and Translocation

5.1 Introduction

In Chapter 3, it was shown that the cytoplasmic nitrate activity measured in root cells 

after 24 h growth in nutrient solution containing 10 mM was approximately 4 mM. 

Previously (Zhen et a l ,  1991), it was shown that this activity was reached after 

approximately eight hours, and remained constant thereafter. This was considered to 

represent a cytoplasmic steady state o f nitrate partitioning between movement o f 

nitrate into the vacuole, nitrate efflux, root assimilation o f nitrate, and transport o f 

nitrate to the shoot. W hen external nitrate was removed, accumulated tissue nitrate 

was remobilized to sustain these other processes (Chapter 2). In Chapter 3, it was 

also shown that cytoplasmic nitrate activity was maintained over 24 h following 

external nitrate removal, and the rate o f nitrate remobilization from the vacuole was 

quantified. In Chapter 4, nitrate efflux fi'om the root under these conditions was 

measured. Experiments investigating the nitrate reductase activity (representing 

possible assimilation occurring) and translocation o f nitrate to the shoot on removal 

o f external nitrate are described in this Chapter. All o f  this information allows a 

theoretical model for the nitrate budget o f  the cell to be constructed for the barley 

seedling over the first 24 h o f external nitrate removal.

5.1.1 Nitrate reduction (assimilation)

M easurements o f nitrate reductase activity have been carried out previously using 

various methods for plants exposed to a variety o f growth conditions. Table 5.1 

summarizes some o f these for work on barley and maize. Both in vivo and in vitro 

methods for the assay o f nitrate reductase activity (NRA) are well established
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(Hageman and Hucklesby, 1971). The in vitro m ethod estimates N RA  under optimal 

conditions and is thus thought to be a measure o f  the am ount o f active enzyme present 

and to reflect the synthesis/degradation o f  the enzyme (Lillo, 1983). There have been 

reports in the past (for example Somers et al (1983) for barley; Li and Oaks (1993) 

for maize; see Table 5.1) that the regulation o f  nitrate reductase activity is at the level 

o f  degradation and de novo synthesis o f the N R  enzyme. I f  this were the case, then 

an in vitro assay o f the amount o f  active enzyme present would effectively reflect the 

activity occurring in the tissue. Recently however, Kaiser and Huber (1994) have 

collated reports o f a number o f  conditions described in the literature which do not 

conform  to this view, and proposed an additional regulatory mechanism that may exist 

to modulate the catalytic activity o f the enzyme on the basis o f  experimental evidence 

(see Kaiser and Huber, 1994 and references therein for full discussion). This 

mechanism involves the phosphorylation (deactivating) and dephosphorylation 

(activation) o f the N R  protein. In vitro assays that use extraction buffers containing 

EDTA or phosphate, which are chelators o f  divalent ions, w ill therefore not reflect the 

regulation o f the enzyme through this mechanism (Kaiser and Huber, 1994).

Assay o f  NRA using in vivo methods measure the production o f nitrite in the 

intact tissue and therefore the activity measured will also depend on the internal 

conditions o f the cell (Lillo, 1983). W ithin the fully functioning cell however, the 

production o f nitrite and its further assimilation is tightly controlled. This is because 

nitrite is cytotoxic and may be mutagenic because o f  its ability to diazotize amino 

groups (Kaiser and Huber, 1994). Thus in vivo  assays may underestimate NRA  

because the nitrite produced (and measured by the assay) may be further reduced via 

nitrite reductase (NiR). To overcome this problem, some in vivo assay procedures 

take advantage o f the oxygen requirement o f  the latter enzyme, and conduct the assay 

under anaerobic conditions (by purging w ith N 2 : Lillo, 1983, or helium: King et al. 

1992; see Table 5.1). In vivo nitrate reductase assays carried out under anaerobic 

conditions typically give 2 to 25 times higher activity than those conducted under 

aerobic conditions (Lillo, 1983). This is explained by the hypothesis that respiration 

and nitrate reduction compete for reducing power (M ann et a l ,  1979). In the absence 

o f  oxygen, respiration does not occur and nitrate reduction is therefore not restricted 

by the availability o f  reducing power.
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T a b l e  5.1: A  com parison o f  nitrate reductase activ ity  m easurem ents obtained previously  for barley and m aize, using various techniques. (-) denotes that the param eter w as 
not m easured in  the study.

Sp ecies T im e  o f  
ex p o su re  to  

n itra te

N O 3 -
con cen tra tio n

A ssay  m eth od N R A  0*m  N O 2 ' fm  h R e feren ce

Sh oots R oot
T ota l

R oot
N A D (P )H

B arley 6 - 7  days not g iven in v itro  +  
E D T A

30.0 - - D a iley  e t al. (1982)

Barley 1 2  days 12 m M in v itro  +  
E D T A

15.2 2.7 - L ew is e t  al. (1982)

Barley N o t g iven in v ivo  aerobic 0 .34 - - L illo , 1983

in v ivo  
anaerobic

1.76 - -

Barley 1  day 0 .75  m M in v itro  +  
E D T A

2 0 . 0 2 . 2 - Som ers e t al. (1983)

24 h  after NO^' rem oved 26 .4 1 . 1 -

B arley 24 h 15 m M in v itro  +  
E D T A

13.0 9.0 - M elzer et a/. (1989)

B arley 4 days 
6  h

0.1 m M  
100 m M

in v ivo  
anaerobic

- 2 .7 - K ing  e t al. (1992)

T issue N O 3 ' rem oved in v itro  4- 
E D T A

- 0 .7 0 .18

B arley 16 h 1 m M in  v itro - 1.9 0 .47 M eyerh off e t  al. (1994)

I-*
w

M aize 4 days 10 m M in v itro  -t- 
E D T A

- 2.4 2 .08 L ong and Oaks, (1990)

M aize 6 h 50 mM in v itro 4 .7 1.8 1.3 G ow rie e t al. (1992)

M aize 1 day 10 m M in v itro  +  
E D T A

8.11 6.5 3.5 L i and Oaks (1993)

N O ^  rem oved  after 24 h 5.5 1.72 0.71



In addition to these techniques, research carried out with the aim of 

characterizing membrane bound NR (see Section 1.3.2 and Table 5.1: Meyerhoff et 

a l,  1994) or nitrate compartmentation between cytosol and vacuole (see Section 1.5.1 

and Table 5.1: King et a l, 1992) also obtain measurements of NRA which may not 

be the main purpose of the research, but are still pertinent for comparison of results.

From the comparison of previously reported NRA measured using these various 

methods for barley and maize shown in Table 5.1, it can be seen that values obtained 

for both roots and shoots show considerable variation. Total root NRA is generally 

below 10 pM NO2 ' g'’ fresh mass (fm) h'% while shoot values range from 0.34 to 26 

pM NO 2  g‘* fm h'* (Table 5.1). The wide range in the shoots may be in part due to 

variation according to the age of individual leaves assayed, since Kenis et a l (1992) 

have shown that NRA in three day old barley leaves may be four fold greater than that 

of four to five day old leaves and nine fold higher than that of six day old leaves. 

Variation may also be introduced if assays are carried out at different times of day, 

since NRA, particularly shoot NRA, has been shown to exhibit diurnal variation 

(Lewis et a l 1982 a; Lillo, 1983)

This brief summary of assay methods serves to show that the comparison of 

results with others reported in the literature requires consideration of the methods 

used. In addition, the site of nitrate reduction is also dependent on the nitrate supply; 

at low levels of external nitrate, root assimilation is predominant, but as external 

nitrate supply increases shoot assimilation becomes more important in barley (Emes 

and Bowsher, 1991).

The objective of these measurements was to determine whether down 

regulation of NRA at the level of protein synthesis and degradation occurred under the 

experimental conditions used throughout this work (i.e. 24 h supply of 10 mM nitrate, 

followed by transfer to solutions lacking nitrate). Of specific interest was the work 

carried out with maize reported by Li and Oaks (1993), who used very similar growth 

conditions to those used in this thesis; maize plants were grown hydroponically and 

supplied 10 mM nitrate for 24 h, before transfer to solutions lacking nitrate. These 

workers found that although shoot nitrate reductase activity did not decline 

significantly after 24 h in solutions lacking nitrate, the root NRA was reduced to 

approximately 23 % of the original value measured after 24 h growth in solution with
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10 mM  nitrate. These authors employed an in vitro assay method that used an 

extraction buffer containing phosphate and EDTA. The decline in activity measured 

w ould therefore have been due to degradation o f the N R enzyme, and not attributable 

to a deactivating mechanism. Similarly, the work o f  Somers et a l  (1983) also 

investigated the effect o f removal o f external nitrate on in vitro NRA in barley 

although the 24 h induction period was with a much lower nitrate supply (0.75 mM, 

Table 5.1). This work also showed a decline in root NRA after 24 h in solutions 

lacking nitrate, although the shoot NRA increased (Table 5.1). The experiments 

reported in this chapter were therefore designed to measure NRA under conditions 

used for the rest o f this work ( induction with 10 mM nitrate for 24 h followed by 

transfer to solutions lacking nitrate). An in vitro assay method using phosphate buffer 

and EDTA was therefore used.

Shoot nitrate reductase is NADH dependent, but the isoform o f N R that is 

NAD(P)H bispecific (Section 1.3.2) may play an im portant role in nitrate reduction 

in the roots o f  barley (Daily et a l  1982). For the experiments reported here therefore, 

roots were assayed for NADH dependent and NAD(P)H bispecific nitrate reductase.

5.1.2: Nitrate translocation

M ost o f the current information on nitrate translocation has been obtained with 

decapitated root systems, since no efficient method for the measurement o f  xylem sap 

content in intact plants has been developed. For the translocation studies described 

in this Chapter therefore, decapitated plants have also been used, as described 

previously (Cooper and Clarkson, 1989; Larsson et a l ,  1991) where bleeding sap was 

collected from decapitated plants and used for analysis o f  nitrate content. An 

improvement on this traditional method was afforded by the use o f  nitrate selective 

electrodes. W here other methods require a sufficiently large sap sample to allow 

subsequent analytical nitrate detection methods or ’^N analysis, and thus require 

collection over an hour or more to obtain a large enough sample, nitrate selective 

electrodes can be inserted into the bead o f  bleeding sap as it forms on the cut surface, 

and thus can be used to analyse small amounts o f sap within minutes (15 minutes in 

the experiments reported here). This method also minimises the effects that 

decapitation may have on the composition o f the xylem sap; although it cannot be
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ascertained how  closely the sample represents the true translocation o f  nitrate in  intact 

plants, it may be assumed that the longer the time between decapitation and sample 

collection, the more likely that the sap sample composition may be altered. Results 

obtained using nitrate selective electrodes are expressed as m M  nitrate, so that precise 

volum e measurements are not required. The method also precludes the need for, 

careful collection o f  samples and storage before analysis, which therefore reduces 

other possible sources o f error.

Given the limitations o f the method which necessitates the use o f  decapitated 

plants, the extent to which the data obtained may be applicable to intact plants needs 

to be given consideration when assessing the results. However, a comparison o f  data 

obtained for plants supplied or deprived o f  nitrate under the same conditions o f 

analysis provides a relative comparison o f the effect o f the removal o f external nitrate 

w ithin the constraints o f the method. Recently, measurements o f translocation based 

on analysis o f bleeding sap have been criticized on the basis that removing the shoots 

may alter the rate o f transport to the shoot (Else et al. 1995). These authors point out 

that different treatments may also affect the rate o f translocation, so that different 

delivery rates may be reflected as differences in concentration when using the usual 

m ethod for xylem sap collection, analysis and subsequent expression o f  content on the 

basis o f  sap volume. These authors therefore recommend the use o f a pressure bomb 

to force xylem sap out o f the cut shoot stump at the rate o f  transpiration occurring in 

an intact plant. They argue that this method most closely resembles the mechanism 

occurring in the intact plant. In the intact plant however, water translocated to the 

shoot from the root is replaced in the root by uptake from the exterior. The 

physiological consequences o f forcing air or oxygen-free nitrogen (Else et a i ,  1995) 

into the root system under pressure may alter the xylem sap composition, and the 

process may also damage the root cells. Roots which have been treated in this way 

appear to be dehydrated when removed from the pressure bomb (personal observation) 

and the fluid that has been forced out o f  the individual cells under pressure m ay not 

necessarily be representative o f the xylem sap in the intact plant. For these reasons, 

it was decided to use the bleeding sap collection method in the experiments reported 

here. Bleeding sap can be collected with minimal agitation and damage to the roots, 

and by keeping the roots in the nutrient solution supplied, so that uptake occurring
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from the external solution is not interrupted.

The method used in the study reported here expresses nitrate concentration o f 

the bleeding sap in mM, 15 minutes after shoots were removed. Because o f  this 

method o f expression, the volum e o f  the droplet formed over 15 minutes will not 

affect the measurement o f nitrate concentration and therefore accommodates 

differences in delivery rate between treatments being compared. Although this method 

cannot be related directly to intact plants, it allows for comparison o f a control 

(supplied nitrate) and a treatm ent plant (external nitrate removed after 24 h) that have 

been sampled in the same way. Nitrate translocation to the shoot can be reduced in 

two ways: either the sap volume remains the same, and less nitrate is loaded into the 

xylem stream, or the sap volume translocated is reduced, and its nitrate concentration 

is not necessarily altered. If  a given volume o f bleeding sap is collected and analysed 

for nitrate content (as with many bleeding sap experiments, where enough bleeding 

sap to carry out the assay is collected), then a reduction in nitrate translocation that 

occurs due to the former mechanism will be detected but not if  it is due to the latter. 

Measurements made using microelectrodes inserted into the bead o f sap formed over 

a given length o f time (15 minutes), since they are expressed in terms o f mM, will 

detect a reduction in nitrate translocation whether it is due to decreased delivery or 

decreased loading o f nitrate into the xylem stream. Since the research in this thesis 

addresses the remobilization and fate o f  stored nitrate in the roots, this form  o f 

measurement (which will reflect the magnitude o f remobilization from the root) is the 

most pertinent.
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5.2 Materials and Methods

5.2.1 M easurement o f nitrate reductase activity

5.2.1.1 Plant material and growth

Barley plants were germinated as before (Chapter 2) for 6  days. Groups o f  three 

plants were then transplanted to nutrient solution containing 5 mM Ca(N 0 g) 2  for 24 

h. After 24 h, plants were transferred to nitrate free medium. Planting and transfer 

o f  plants was staggered to allow the harvest o f plants that had been deprived o f  nitrate 

for 0 h, 5 h, 12 h, and 24 h to coincide at the same time o f day (eight hours after the 

start o f  the light period). This was done to avoid diurnal fluctuations in nitrate 

reductase activity (Lewis et a l ,  1982; Lillo, 1983) influencing results. Three 

replicates o f three plants each were prepared for each time interval. At harvest, roots 

were rinsed with deionized, distilled water and blotted dry before weighing. Roots 

were excised below, and shoots ju st above the seed remnant (which was discarded) 

and the fresh mass was recorded.

5.2.1.2 Enzyme extraction and assay

Enzyme extraction was carried out immediately after harvest. Subsamples o f root and 

shoot material weighing approximately 25 mg were ground in a chilled mortar and 

pestle on ice in 1 ml o f  extraction buffer (Table 5.1: Kuo et a l  1982). Assay tubes 

were set up using the reagents shown in Table 5.2 as follows: 1.7 ml phosphate buffer 

(pH 7.5); 0.1 ml NADH and 0.1 ml KNO 3 . For root extracts, a second assay tube was 

prepared for each sample, containing phosphate buffer at pH 6.5 and NADPH for 

estimation o f NAD(P)H bispecific NRA. The reaction was started by addition o f  100 

pi o f the plant extract and incubated at I T  C in darkness for 15 minutes, after which 

the reaction was stopped by the addition o f  1 ml sulphanilamide (in 3 M HCl) to each 

tube, followed by 1 ml NEDD (prepared as described in Chapter 3). The colour was 

allowed to develop for 20-30 minutes before measuring the optical density at 540 nm.

Two standard curves were prepared in phosphate buffer using the same 

volumes as the reaction tubes, but substituting the NAD(P)H with distilled water and 

the KNO3 with a range o f KNO 2  concentrations from 0 to 15 pM. A separate curve 

was prepared for the shoots and the roots to allow for the possible interference o f  the 

chlorophyll in the shoot extracts with the optical density reading.
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Table 5.2: Composition of TRIS base extraction buffer used for extraction of nitrate reductase.

(1 ml used per 0.25 g of fresh plant material).

Reagent m.w. (g) Stock
(mM)

Stock 
(mg ml ')

Buffer 
conc. (mM)

Buffer 
conc. (pM)

pi stock 
/ICO ml

TRIS base 121.0 6.050 50

HCl 36.5 (254.2
ml/1)

3000 To pH 
8.5

DTT 154.0 4.0 61.6mg

FAD 830.0 2.5 2.075 25.0 1000

Na^MoO .̂Z
H P

242.0 5.0 1.21 5.0 100

Naz-EDTA 372.0 10.0 3.72 1.0 10 000

Leupeptin 476.0 10.0 4.76 10.0 100

BSA (3%) 3g

Tris pH 8.5 50 to 100ml

Table 5.3: Composition of phosphate buffer and reaction mix for NR assay.

Reagent m.w. (g) Stock Stock (mM) ml per assay

KH2PO4 136.0 6.8 g/1 50.0

K2HPO4 174.0 8.7 g/1 50.0

PO4 Buffer 50.0 1.7

NADH 709.0 56.7 mg/10ml 8.0 0.1

NADPH 912.5 73.0 mg/10ml 8.0 0.1

KNO3 101.1 2.02 g/100ml 200 0.1

enzyme 0.25 g fm/ml 0.1

Total volume 2.0

The standards were read after 30 minutes and 90 minutes o f  colour development. The 

resulting two curves did not show any difference in colour development over this time, 

implying that small time differences between reading o f  samples would not influence 

the results obtained. The nitrite produced in the test reactions over 15 minutes was 

calculated by substituting the measured OD into linear regression equations o f the
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standard curves. The resultant NRA was then calculated as |rM  N O 2  produced g"’ 

fresh mass h"\

5.2.2 M easurement o f nitrate translocation

5.2.2.1 Growth and treatment o f plants

For the measurement o f nitrate translocation, plants were germinated and grown under 

the same conditions as in Chapter 2. Measurements o f  xylem sap nitrate activity were 

made on plants that had been deprived o f nitrate for 0 h, 3 h, 8  h, and 24 h after an 

initial supply o f  10 mM nitrate. Since translocation o f  nitrate to the shoot can vary 

diurnally (Pate, 1980), planting and transfer o f plants was again staggered so that 

measurement o f translocation was carried out at the same time o f  day. Eight hours 

after the start o f  the light period, the shoots were excised 3-4 m m  above the point o f 

emergence from the seed remnant. The cut surface was rinsed with distilled water and 

blotted dry. The pots were then enclosed in a clear polythene bag to increase 

humidity and so avoid evaporation, and the xylem sap was allowed to bleed from the 

cut surface for 15 minutes. After this time, a small droplet o f  xylem fluid was formed 

over the cut surface.

5.2.2.2 Electrophysiology

To measure the nitrate content in the xylem sap droplet, nitrate selective, double 

barrelled microelectrodes (Chapter 3) were used. Since measurement o f  membrane 

potential was not necessary (the xylem sap being extracellular) the second barrel o f  

the electrode w hich was usually used to measure the membrane potential (Chapter 3) 

could be used as the external reference to complete the circuit (see Figure 3.1). This 

was located in the solution bathing the roots for intracellular impalements (see Section 

3.2.2). This barrel was filled with 100 mM KCl and connected via polythene tubing 

and a microelectrode holder to the external reference connection. This allowed for 

m easurem ent o f  xylem sap nitrate activity by insertion o f the electrode tip into the 

droplet that was formed. The nitrate selective barrel was prepared and calibrated as 

before (Section 3.2.2). Because the tip diameter was not crucial to measurement, 

microelectrodes with broken tips could be used. These typically gave very good 

calibration curves (with slopes o f  55 mV ± 2 mV) because the resistance o f the tip
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was lowered.

To carry out measurements, the microelectrode tip was gently inserted into the 

xylem sap droplet on the tip o f  the excised shoot surface. The electrode output was 

recorded and converted to nitrate activity using the calibration curves obtained before 

and after the measurement (see Section 3.2.2.4). Six to eight measurements for each 

time slot were recorded, over two separate days for each. As previously described 

(Section 3.2.2.4), results were calculated as means with upper and lower limits 

because the data transformation was not normally distributed. Statistical calculations 

were carried out on untransformed data (i.e. the mV output values rather than the mM  

nitrate activity values, as described in Chapter 3), since Student's t test assumes that 

data are normallv distributed.
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5.3 Results

5.3.1 Nitrate reductase activity

The in vitro nitrate reductase activity measured is shown in Figure 5.1. In the roots, 

the total N R  activity was 2.3 pM  N O 2  g'* fresh mass h'^ (SD = 0.2; n  = 6 ) after 24 h 

supply o f 10 mM  nitrate (Time 0 on graph). Although there was a slight decrease 

after external nitrate was removed, this was not significant, and the total N R  activity 

in the root remained approximately 2 pM  N O 2  g'^ h'^ for the following 24 h after 

external nitrate supply was removed. This measure o f total NR activity includes that 

attributable to the NAD(P)H bispecific enzyme found in the roots. After 24 h in 10 

mM nitrate, the activity due to this form o f the enzyme was 0.45 pM  NO 2  g"' fresh 

mass h ' (SD = 0.1; n = 6 ). Again, the activity o f  this form o f the enzyme showed 

decline over the 24 h in solution lacking nitrate (to 0.3 ± 0.01 pM  NO 2  g"' h ') but this 

was not significant.

The nitrate reductase activity in the shoots showed a slight (although not 

significant) increase over the 24 h  after removal o f  external nitrate (Figure 5.1). After 

24 h supply o f  10 mM nitrate (Time 0 on Figure 5.1) the N R activity in the shoots 

was 9.6 pM  N O 2  g'* fresh mass h ’’ (SD = 1.1; n = 6 ). After 24 h growth in solutions 

lacking nitrate, NR activity was measured as 11.2pM NO 2  g'  ̂ h '’ (SD = 1.5; n = 6 ).

5.3.2 Nitrate translocation

The nitrate activities o f bleeding sap from barley plants transferred to solution lacking 

nitrate are shown in Figure 5.2. Plants that had been grown in 10 mM  nitrate for 24 

h (Time 0 on Figure 5.2) had xylem sap with a nitrate activity o f 27.5 mM (23.8< X 

< 31.8; n = 8 ). Six hours after transfer o f plants to solution lacking nitrate, there was 

a significant decrease in the nitrate activity o f the xylem sap from these plants, 

compared w ith plants supplied nitrate (Student’s t test, p = 0.05; d f  = 12; tj > 2.179) 

to 19.9 m M  (16.4 < X < 24.1; n  = 7). This represents a decrease o f 28 %. W hen 

plants previously supplied 10 m M  nitrate for 24 h were transferred to solutions lacking 

nitrate for the following 24 h, the xylem sap nitrate activity was 7.6 mM  (5.4 < X < 

10.6), representing a 72 % decrease. The nitrate activity in the xylem sap therefore 

showed a rapid and significant reduction on removal o f external nitrate under the 

experimental conditions described.
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5.4 Discussion

5.4.1 Nitrate reductase activity

The N R A  measured in the roots o f  barley seedlings grown in nutrient solution 

containing 10 mM  nitrate (total =  2.3 |iM  N O 2  g"’ fin h'% NAD(P)H bispecific = 0.45 

pM  N O 2  g*’ fm h'*) was in agreement with values obtained by M eyerhoff et a l  (1994) 

and Somers et a l  (1983). Other values obtained previously were marginally lower 

(for example King et a l ,  1992) or higher (for example M elzer et a l ,  1989) and these 

differences may have been due to differences in the length o f induction tim e and 

nitrate concentration supplied. The results show that the NAD(P)H bispecific NR 

enzym e may contribute to approximately 25 % o f  the nitrate reduction occurring in 

the root.

The shoot NRA measured after the 24 h induction period was 9.6 pM  NO 2 ' 

g ' h"'. This was similar to that reported by M elzer et a l  (1989; Table 5.1) and to that 

for older barley plants (Lewis et a l  1982 a; Table 5.1) and maize (Li and Oaks, 1993; 

Table 5.1). Other workers however, found two to three fold higher values (For 

example Somers et a l ,  1983; Table 5.1). M elzer et a l  (1989) showed that induction 

o f  maximum NRA in the shoots was only reached after 4-6 days after initial exposure 

to nitrate, so it is possible that NRA in the shoots o f  seedlings in this study was not 

yet fully induced after 24 h. It is also possible that selection o f  shoot material for the 

assay procedure could be a source o f variation between this and other studies. In the 

experiments reported here, all o f  the shoot material, including the coleoptile sheath, 

was coarsely chopped before weighing out 25 m g for the assay. In some assays, 

workers have used specific leaves as material for the assay (for example Dailey et a l , 

1982 used the primary leaf). Kenis et a l  (1992) has shown that NRA o f the leaves 

decreases with age in young maize seedlings, and Lewis et a l  (1982 a) have reported 

a similar effect for older (19 to 31 days) barley plants. Finally, the time o f day that 

the assay is conducted may also affect the results obtained since NRA shows diurnal 

fluctuation (Lewis et a l ,  1982 a; Lillo, 1983).

After seedlings had been transferred to solutions lacking nitrate, no significant 

reduction in shoot or root NRA was found (Figure 5.2). This result was in contrast 

to the work reported by Li and Oaks (1993) for maize, which showed a decrease in 

root N RA  to approximately 23 % o f the original after 24 h without external nitrate
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supply. The NRA measured after this time was however similar to that reported for 

maize after 4 days o f continuous nitrate supply (Long and Oaks, 1990; Table 5.1) and 

may therefore reflect considerable variation in NRA  in the roots o f  maize. Somers et 

a l  (1983) reported a 50 % decline in NRA in barley roots after 24 h o f  nitrate 

starvation which is different from the present study. It may be possible that the lower 

initial nitrate supply (0.75 mM) for the 24 h induction period may have accounted for 

this rapid decline because o f the resultant lower tissue nitrate accumulation. Root 

tissue nitrate was 36 mM  at the start o f the experiment when external nitrate was 

removed, and 11.4 mM after 24 h without external nitrate. Therefore less nitrate was 

available for remobilization to sustain NRA in the roots when external supply was 

removed. For the plants used in the studies reported here, root nitrate concentration 

was 74.7 ± 7.5 mM at the start o f  the experiment when external nitrate was removed, 

and 42.4 ± 4.1 mM after 24 h without external nitrate supply (Chapter 2). Thus 

throughout the experimental period, the tissue nitrate concentration was always higher 

than that in the plants used by Somers et al (1983). Somers et al. (1983) also found 

however, that shoot NRA showed an increase after removal o f external nitrate. This 

was also found in the present study, although the increase was not o f  the same 

magnitude (17 % for the results reported here and 32 % for that reported by Somers 

et a l ,  1983). It is possible that in the case o f the work reported by Somers et a l  

(1983), nitrate that was taken up during the induction period was sufficient to induce 

reduction in the root, and supply translocation to the shoot, but not sufficient to 

contribute to significant compartmentation in the vacuole o f  the roots. Thus when 

external nitrate supply was removed, shoot nitrate reduction continued to be induced, 

but root NRA (fully induced after approximately 12 h: M elzer et al., 1989; and 

Section 1.3.2) was not sustained due to low nitrate reserves, and the enzyme was 

degraded. In the present study, nitrate was supplied at 10 mM  for 24 h. In Chapter 

3, it was shown that seedlings supplied this level o f  nitrate for 24 h accumulated over 

40 m M  nitrate in the vacuoles o f the root epidermal cells and 67 mM  in the vacuoles 

o f cortical cells (the NRA assay uses total root tissue and therefore partitioning 

between epidermal and cortical cells cannot be determined). Therefore, in the study 

reported here, it is possible that degradation o f  N R  in the roots was inhibited by 

nitrate remobilized from the vacuole. It was shown previously (Chapter 3) that when
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external nitrate was removed, the cytoplasmic nitrate activity was maintained at a 

constant level in both epidermal and cortical cells over the following 24 h. Since N R  

is localized in the cytoplasm, the maintenance o f the enzyme may be related to the 

maintenance o f  the nitrate concentration in the cytosol. The in vitro assay used (with 

EDTA) does not rule out the possibility that the enzyme was deactivated (by 

phosphorylation, see Introduction to this Chapter), but shows that the enzyme was not 

degraded after 24 h without external nitrate supply. Shoot N R  was also not degraded 

and showed a slight (but not significant) increase, possibly due to nitrate reserves 

accumulated in the shoot (Chapter 2).

5.4.2 N itra te  translocation

Tracer studies using ’^N reported by Jackson et al. (1986) for maize showed that 

nitrate entering the root was preferentially translocated over endogenous nitrate, even 

when endogenous levels o f  nitrate were high (approximately 43 mM). These workers 

found that endogenous nitrate was translocated, although less effectively than nitrate 

entering from the external medium. These authors concluded that the loss o f nitrate 

from the storage pools was influenced by the nitrate concentration in the cytoplasm. 

On removal o f  external nitrate, it was found that the translocation o f  nitrate in maize 

was reduced by 56 % after six hours (Jackson and Volk, 1981). These authors 

concluded that accumulated nitrate was limited in the extent to which it could sustain 

the translocation process in the absence o f an ambient supply, even when the tissue 

contained high levels. Taken together, these two reports suggest that the translocation 

o f  nitrate to the shoot is dependent on the cytoplasmic nitrate concentration, and that 

accumulated nitrate (in the vacuole) is less readily available so that translocation 

should rapidly exhaust the nitrate in the cytoplasm. This would imply that individual 

cell cytoplasmic nitrate concentration regulates the rate o f translocation to the shoot, 

and accounts for a rapid decrease in translocation when external nitrate is removed. 

The presence o f xylem parenchyma cell ATPases (reported for barley: W inter-Sluiter 

et a l ,  1977; and for maize: Leonard and Hotchkiss, 1978) and the inhibition o f  radial 

transport into the xylem by inhibitors o f protein synthesis (Schaefer et a l ,  1975) 

suggest however, that although the translocation o f  nitrate out o f the root to the shoot 

is dependent on the rate at which nitrate enters the root, the release o f  nitrate into the
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xylem  may be regulated independently o f net nitrate uptake (Hanson, 1978; Jackson 

et a l  1986). This regulation is imposed at the point o f release from the xylem 

parenchym a cells into the xylem stream, rather than during radial transport o f  nitrate 

to these cells (Hanson, 1978). This implies that regulation o f nitrate translocation may 

occur even when cytoplasmic nitrate activity is maintained on removal o f external 

nitrate, as was found for plants used in the studies reported here (Chapter 3).

N itrate translocation to the shoot was significantly decreased in plants deprived 

o f  external nitrate for 6  h to 72 % o f that in plants supplied external nitrate. Although 

significant, this decrease was smaller than that found by Jackson and Volk (1981) for 

maize after 6  h  (to 44 %). The experimental procedure used by these workers differed 

in a num ber o f respects from that used in the present study. Their seedlings were 

dark-grown in nitrate containing media (5 mM nitrate) for five days, after which they 

were decapitated and transferred to N  free media. The xylem sap was then collected 

over the following eight hours. As discussed in the introduction to this Chapter, 

decapitation may severely affect the xylem translocation rate and its composition, and 

presumably if  the period between decapitation and xylem sap collection is lengthened, 

these effects will be exacerbated. This may be the cause o f the discrepancy between 

the results o f  these workers and the results reported here, although species variation 

may also play a role. The results obtained by Jackson and Volk (1981) led these 

authors to conclude that stored nitrate was less accessible for translocation than that 

in the cytoplasmic pool, or that entering the root from the am bient solution. The 

results reported here show that removal o f external nitrate does cause a reduction in 

the am ount o f  nitrate delivered to the shoot and that this is progressively reduced over 

time after removal o f  external nitrate so that after 24 h without external nitrate supply, 

the am ount o f  nitrate translocated is only 28 % o f  that in plants supplied external 

nitrate. In Chapter 3 it was shown that cytoplasmic nitrate was maintained over this 

time however, so this reduction in nitrate translocation was not due to depletion o f 

cytoplasmic nitrate in the roots. On removal o f external nitrate, the translocation 

occurring is sustained by remobilization from the vacuolar pools therefore and 

cytoplasmic homeostasis is maintained. The reduction in nitrate translocation is 

therefore not regulated solely at the tonoplast and may be affected either at the stage 

o f nitrate loading from the xylem parenchyma cells into the xylem, or by a reduction
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in the delivery rate to the shoots.

It is interesting to note that the translocation o f  nitrate in plants deprived o f  

external nitrate is reduced to 72 % o f  that in plants supplied nitrate over the first 6  h. 

This tim e span corresponds with the initial faster rate o f  remobilization from the 

vacuole for both epidermal and cortical cells observed in Chapter 3 (Figure 3.8 and

3.9). After 24 h, nitrate translocation is 28 % that in nitrate supplied plants, 

corresponding to a slower remobilization rate from the vacuole observed in the latter 

part o f  the time course o f  vacuolar remobilization shown in Figures 3.8 and 3.9. This 

suggests that the decrease in nitrate translocation over time after removal o f  external 

nitrate reflects the decrease in remobilization rate from the vacuole measured using 

microelectrodes.

From the work in this Chapter, it can be concluded that translocation and 

reduction o f nitrate occurring in plants deprived o f  an external nitrate source after 24 

h supply, is not restricted by the amount o f  nitrate present initially in the metabolic 

(cytoplasmic) pool and since the size o f  this pool is maintained throughout the nitrate 

starvation period (Chapter 3), nitrate stored in the vacuole must be remobilized and 

used. These interactions o f  nitrate demand and nitrate remobilization are investigated 

more fully in Chapter 6 .
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Chapter Six 

General Discussion and Conclusions

6.1 Introduction

The previous Chapters in this thesis have investigated different aspects o f vacuolar 

nitrate remobilization; this final Chapter aims to consolidate these findings and discuss 

the implications for vacuolar nitrate storage and remobilization. One o f the 

conclusions reached from the work carried out in Chapter 2, was that stored nitrate 

was not the only source o f reserve nitrogen available to the plant when external supply 

was limiting. The rate at which stored nitrate was remobilized was affected by the 

nitrogen source previously available to the seedling (Figure 2.8), presumably due to 

altering the form in which excess nitrogen was stored, and thus was also not 

necessarily the most accessible form o f stored nitrogen available. Chapter 2 also 

showed that nitrate remobilization from the vacuole did not necessarily only occur 

when external nitrate was limiting, since nitrate supplied plants transferred to 

ammonium nitrate containing solutions also showed nitrate remobilization (Figure

2.10). These results therefore showed that accumulation o f nitrate within the plant 

may not always be an indicator for "luxury uptake" o f nitrogen (cf. Zhen and Leigh, 

1991), and that remobilization o f  nitrate is not always indicative o f a reduced external 

supply. This finding may have important consequences for assays o f crop nitrogen 

status, where leaf nitrate content is usually determined as a measure o f nitrogen 

sufficiency. For these reasons, experiments investigating the remobilization o f  stored 

nitrate need to be well defined. The experiments described in this thesis were 

therefore designed to investigate the storage and remobilization o f nitrate in barley 

seedlings supplied 10 mM  nitrate for 24 h (no ammonium was supplied), followed by 

a 24 h period where external nitrate was removed, because growth under these
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conditions showed that a steady state in vacuolar filling was reached by 24 h, and a 

clear distinction between cytoplasmic and vacuolar pools o f  nitrate could be made 

using microelectrodes (Chapter 3, Zhen et a l ,  1991). In Chapter 3, the intra- and 

intercellular compartmentation o f  nitrate under the above conditions was measured in 

the cytoplasm and vacuoles o f epidermal and cortical cells using nitrate selective 

microelectrodes (Figures 3.8 and 3.9); and in Chapter 4 and 5, the nitrate consumed 

by the cellular processes o f  efflux (Figure 4.2), nitrate reductase activity (Figure 5.1) 

and translocation (Figure 5.2) when external nitrate was removed were investigated 

and discussed. In this Chapter, these results are combined to build up an overall 

picture o f the response o f the barley seedling to the removal o f  external nitrate. 

Firstly, three existing models constructed to describe nitrate storage and remobilization 

in the vacuole are reviewed (Section 6.2). Then, the results obtained in the work 

reported here are calculated to show intra- and intercellular nitrate compartmentation 

w ithin a whole root (Table 6.1); and the depletion o f nitrate measured within these 

compartments over time after removal o f external nitrate. These results are discussed 

in term s o f  the nitrate demanding processes occurring within the roots (Section 6.3). 

The existing models describing nitrate compartmentation (discussed in Section 6 .2 ) are 

then assessed in the light o f the conclusions drawn from the collation o f the data 

obtained in the thesis presented here (Section 6.4). A  general framework for the 

response o f  the plant (especially the root) to the removal o f  external nitrate is then 

proposed (Section 6.5), and suggestions for future work that would test these 

conclusions are made (Section 6 .6 ).

6.2 Three existing models for nitrate compartmentation

W ork carried out by Siddiqi et a l  (1991) on barley using compartmental 

efflux analysis led these authors to propose a model o f nitrate compartmentation in the 

root. A lthough the work was based on transfer to solutions containing (enriched) 

nitrate, some o f  the proposals are relevant to the work reported here. Siddiqi et a l 

(1991) proposed that the reason for discrepancies between results obtained for 

cytoplasmic nitrate concentration by compartmental efflux analysis (> 1 0  mM; Section 

1.5.1) or by N R  assay (micromolar range; Section 1.5.2) was that efflux occurred from 

the cortical cells that had higher cytoplasmic nitrate concentration, while N R was
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localized in the epidermal cells, the latter thus having lo'sv (micromolar) cytoplasmic 

nitrate concentrations which facilitated passive nitrate uptake. They further proposed 

that previously absorbed nitrate was spatially isolated from  incoming nitrate, since 

they observed that previously absorbed nitrate was readily translocated or

effluxed, but not reduced. They suggested that the endoplasm ic reticulum may 

facilitate this localization.

The role o f the vacuole in determining nitrate com partmentation has been 

em phasized in a model proposed by MacKown et al. (1983) who investigated the 

partitioning o f previously accumulated nitrate to translocation, efflux and reduction in 

m aize using analysis. These workers also found that under conditions o f external 

nitrate supply, previously accumulated nitrate was readily translocated or effluxed, but 

not readily available for reduction. To explain their results, they proposed that 

reduction o f  nitrate occurred during or immediately after inward transport o f nitrate 

from  the exterior, and that depending on the location o f  a given cell within the root, 

the nitrate stored in its vacuole would be more, or less, available for translocation than 

for efflux. They further proposed that previously accumulated nitrate may be reduced 

by cycling i.e. via efflux out o f the root, and re-entering through the uptake 

m echanism  closely associated with reduction (this close association would presumably 

be facilitated by plasma membrane associated NR). It is interesting that this model 

proposes that the vacuole may be the means o f spatial separation o f nitrate destined 

for translocation from that available for reduction (in contrast to the model o f Siddiqi 

et a l ,  1991; who attributed this role to the endoplasmic reticulum ), and that this role 

m ay be m ore or less important depending on the location o f  the cell within the root. 

These authors did not however, distinguish between the epidermal, cortical and stelar 

cells and thus this model is not as easy to compare to the results obtained in the 

present study. Because o f this, they also do not invoke the restriction o f NRA to the 

epiderm al cells, although they do link NRA directly to the process o f uptake and thus 

im ply that only cells involved in nitrate uptake from the exterior exhibit NRA. The 

am ount o f  nitrate taken up directly from the exterior by the cortical cells relative to 

the am ount o f nitrate transferred to them symplastically from the epidermal cells (and 

w hether these two sources are themselves differentially accessible to reduction) is 

difficult to quantify and is not discussed by these authors. The suggestion that
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previously stored nitrate is only accessible for reduction via efflux does provide a 

possible explanation for the apparently wasteful process o f  nitrate efflux observed in 

the present study. The authors suggest however, that in the absence o f  external nitrate 

the efflux o f  previously absorbed nitrate would not be detectable because "leakage" 

and recycling through the nitrate uptake system would occur rapidly, and without 

com petition from an external nitrate source.

Rufty et al. (1986), working on maize, proposed that N R was localized in the 

epidermal cells and that nitrate was compartmentalized during transit through the 

symplast so that interaction o f incoming nitrate with the cytoplasm o f cortical stelar 

cells was limited. They suggested that this was facilitated by the endoplasmic 

reticulum  and the desmotubule o f  the plasmodesmata. This transport system would 

be closely associated with the tonoplast o f the vacuoles to facilitate the translocation 

o f  stored nitrate. This model implies that the cortical and stelar cells would only have 

access to nitrate through their vacuolar connections and therefore, that the cytoplasmic 

nitrate in these cells is derived from the vacuole. Since these cells do not exhibit 

NRA according to the model o f Rufty et al. (1986) it is suggested that the cytoplasm 

o f the cortical and stelar cells would only contain nitrate if  external nitrate 

concentrations were high and the translocation path and vacuole were overloaded, 

facilitating nitrate uptake from the apoplast and forcing nitrate through the 

plasm odesm ata from neighbouring cells.

6.3 Inter- and intracellular nitrate compartmentation within the 

whole root

In Chapter 2, it was shown that after 24 h o f nitrate supply, the tissue nitrate content 

o f  the roots was 75 mM  in the roots on the basis o f root tissue water. It was also 

shown that 1  g o f  fresh root material was roughly equivalent to 1  ml tissue water, 

w hich allowed for a basis o f comparison o f results (1 m M  nitrate expressed on the 

basis o f  tissue water is therefore equivalent to 1  pmole /ml or 1  pmole /g fresh mass). 

In Chapter 3, the ratio o f the root cell types were calculated from an electron 

micrograph o f  a barley root cut in the region where microelectrode measurements 

were made (Stelzer et a l ,  1988). This showed that the epidermis represented 13 %; 

the cortex 76 %; and the stele 11 % o f the total root volume (similar values were
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obtained for these different cellular layers by Rufty et al. (1986) for maize roots who 

obtained values o f  7 %; 72 %; and 21 % for the respective layers). These values may 

be adopted as fairly representative o f  the root cellular layers and on this basis, the 

nitrate content o f  each layer can be calculated. This calculation represents the 

theoretical distribution o f stored nitrate in each o f  the cell types, if  nitrate 

accumulation was a function purely o f the size o f the layer (i.e. i f  each cell type had 

the same capacity for nitrate accumulation). On this basis; in 1 g fresh mass o f  root 

tissue representing 1 ml tissue water, the epidermis would contain 9.7 pmoles nitrate, 

the cortex 56.8 pmoles, and the stele 8.2 pmoles. These data are shown in Table 6.1 

column 5. The use o f  microelectrodes in Chapter 3 allowed for the actual 

m easurement o f the nitrate content o f the cytoplasm and vacuole o f epidermal and 

cortical cells. On the basis o f these measurements, and if  the assumption that the 

vacuole occupies 95 % o f  the volume o f the cell (Boiler and Wiemken, 1986) is 

accepted, the actual nitrate content o f the cortical and epidermal cell layers, and its 

com partmentation between cytoplasm and vacuole can be calculated. If  one considers 

a root weighing 1  g, (equivalent to 1  ml tissue water) then the cytoplasm o f  the 

epidermal cells will account for 0.0065 ml, the epidermal vacuoles 0.1235 ml, the 

cortical cell cytoplasm 0.038 ml, and the cortical cell vacuoles 0.722 ml. The 

remainder represents the stele (0.11 ml). On the basis o f these values, the nitrate 

content o f  each o f these cellular compartments in the root can be calculated for a 

"model" root o f  1  g (equivalent to 1  ml) using the microelectrode data obtained. 

Thus, if  the cytoplasm o f the epidermal cells has a nitrate activity o f  4.6 mM  (Chapter 

3) then the am ount o f nitrate in the cytoplasm o f the epidermal cells for a root o f  1 

g fresh mass is calculated as = 4.6 x 0.0065 = 0.03 pmoles. These values are shown 

in Table 6.1: columns two and three. The totals calculated for the epidermal and 

cortical layers are shown in column four. The difference between the totals obtained 

for the epidermal and cortical cell layers calculated on the basis o f the microelectrode 

measurements (Chapter 3) were then subtracted from the total tissue nitrate content 

(Chapter 2) to obtain a value for the amount o f nitrate in the rest o f  the tissue (the 

stele). These values are shown in column four, A comparison o f  these values with 

those in column 5 (obtained by assuming a nitrate distribution on the basis o f the size 

o f  the individual layers) shows quite clearly that there is an intercellular
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compartmentation o f nitrate that is not due to differences in the sizes o f  the different 

cell layers, with the outer cell layers showing lower nitrate content than those closer 

to the xylem. A consequence o f  these results is that it is not valid to measure total 

tissue nitrate content and allocate nitrate concentrations to the different cell layers on 

the basis o f their volume in the tissue (this approach is sometimes used for estimation 

o f cell type nitrate content, for example Rufty et al. 1986). The calculations based on 

actual intracellular measurements have also been used to describe compartmentation 

in barley seedlings after six and 24 h in solutions lacking nitrate (Table 6.1). This 

information is useful for investigating the source o f  nitrate remobilized for the various 

nitrate demanding processes investigated in Chapters 4 and 5.

Table 6.1 : The distribution of nitrate between the cellular layers of the root and within the cytoplasm 

and vacuole of epidermal and cortical cells, assuming a root weighing 1 g fresh mass 

(equivalent to 1 ml). Column 5 shows the nitrate distribution calculated from total tissue 

nitrate distributed on the basis of cell layer volume. The time (in h) given in the first column 

indicate the length of time without external nitrate supply, after an initial supply of 10 mM for 

24 h. (For further discussion of calculations, see text).

Cellular layer
pmoles nitrate

Cytoplasm Vacuole Total Total (on size)

0 h epidermis 0.03 5.1 5.13 9.7

cortex 0.14 50.2 50.34 56.8

stele - - 19.23 8.2

6 h epidermis 0.02 3.2 3.22 6.3

cortex 0.114 36.8 36.9 37.1

stele - - 8.7 5.4

24 h epidermis 0.03 2.2 2.23 5.5

cortex 0.11 29.0 29.11 32.2

stele - - 11.1 4.6

In Chapter 4, it was shown that loss o f  nitrate to efflux accounted for 

approximately 4.5 mM (or 4.5 pmoles) o f  the nitrate remobilized over the first six
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hours after transfer to solutions lacking nitrate. From  the data in Table 6.1, it can be 

seen that the vacuolar nitrate content o f  the epidermal cells was reduced by only 2  

pm oles over this time, and that the cytoplasmic nitrate content was maintained. This 

implies that nitrate efflux m ust have occurred from vacuoles o f the cortical cells 

and/or stelar cells as well the epidermal cells, and that there was a reverse flow o f 

nitrate occurring for a limited period after transfer to solutions lacking nitrate (i.e. 

movement from the cortical cells to the epidermal cells and/or to the exterior, as 

apposed to movement towards the stele, occurring during uptake). After the first 6  

h, this reverse flow ceased.

The measurements o f NRA  made in Chapter 5 were made using in vitro 

methods, and as such represent the maximum activity occurring under optimal 

conditions. If  this maximum activity measured (2 pmole NO 2  g'' fresh mass h’’) were 

to occur in vivo, it could not have been sustained by nitrate provided solely from the 

vacuoles o f the epidermal cells (Table 6.1) over the first six hours after the removal 

o f external nitrate. In this time, only approximately 2 pmoles nitrate were remobilized 

from the epidermal cells, representing only 17 % o f the maximum NRA measured. 

Thus it appears that if  the NRA  in vivo were higher than 17 % o f the in vitro 

measured rate, then the cortical cells (and possibly the stelar cells) must also 

contribute to the NRA occurring in the root. For the time period o f 10 to 24 h 

w ithout external nitrate supply, it can be seen that the amount o f nitrate remobilized 

from all cell layers was not sufficient to maintain maximum NRA. The maximum 

N RA measured using in vitro methods would require approximately 2 pmoles /h; the 

am ount o f nitrate remobilized from the epidermal and cortical cells over the 10 h - 24 

h time period after transfer to solutions lacking nitrate was approximately 7 pmoles, 

which is only 25 % o f the nitrate required to supply the maximum NRA measured 

over this time. The amount remobilized from the epidermal cells alone over this time 

was 1 pmole, which would sustain only 4 % o f the maximum in vitro rate measured, 

suggesting that nitrate from the cortical cell layers was made available for reduction. 

The fact that in vitro NRA did not show significant decrease over this time suggests 

that this rate o f nitrate remobilization was sufficient to prevent N R degradation in 

vivo, although it is possible that regulation (deactivation) o f the NR enzyme may have 

occurred in response to the restricted nitrate supply (for example by phosphorylation,
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as suggested by Kaiser and Huber, 1994).

M easurements o f  translocation to the shoot showed that after six hours in 

solutions lacking nitrate, translocation was reduced to 72 % o f that in plants supplied 

nitrate (Chapter 5). From Table 6.1, it can be seen that this coincided with a decrease 

in the am ount o f  nitrate in the stele. From the measurements discussed above, it can 

be seen that there is little nitrate remobilized from the epidermal or cortical cells over 

the first 6  h after transfer to solutions lacking nitrate that was not accounted for by 

efflux and NRA, although the assimilation due to the latter may not be the same in 

vivo as measured in vitro under optimal conditions. It would appear that little nitrate 

from the epidermal and cortical cells is made available for translocation after removal 

o f  external nitrate and that translocation was maintained largely from the nitrate 

reserves present in the stele, although the slight increase in the calculated stelar NO^ 

content after 24 h compared with 6-10 h without external nitrate (Table 6.1) may 

indicate some transfer o f  nitrate from the epidermis and cortex towards the stele. 

After 24 h without external nitrate supply, translocation was reduced to 28 % o f that 

occurring in plants supplied with external nitrate, and the nitrate content o f the stelar 

cells was m uch reduced. At this time, there was also a significant reduction in the 

nitrate concentration o f the shoots (Chapter 2, Figure 2.1) which was not evident after 

six hours in solutions lacking nitrate. Thus it appears that nitrate supply to the shoot 

was m aintained by the reserves present in the stelar cells until these were depleted, 

and this was why a significant reduction in the nitrate concentration o f the shoots did 

not occur as rapidly as in the roots (Figure 2.1). This continued supply o f nitrate to 

the shoots may also explain why a continued induction o f shoot N RA was observed 

(Figure 5.2) for 24 h after external nitrate was removed (Figure 5.1).

These results suggest that although stored nitrate is remobilized and used by 

the cell on removal o f external nitrate, the reserves are not sufficient to supply the 

nitrogen demands if  external nitrate is not available for periods longer than 24 - 48 

h, and may serve chiefly for the maintenance o f activity o f the N R enzyme over short 

periods o f  external nitrate depletion. Since the nitrate content o f the vacuoles o f  both 

the epidermal and cortical cells did not continue to increase with time over longer 

periods in 10 mM  nitrate, but showed a levelling o ff after approximately 40 mM  in 

epidermal cells and 70 mM in cortical cells, this may represent an upper limit for the
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vacuolar nitrate content (Zhen et al. 1991; Chapter 3). Comparisons with other data 

(for example that obtained by M attsson et a l ,  1988; Chapter 2) showed a slight 

increase in nitrate accumulation with age o f  the plants, but this may be due to an 

increase in volume o f the cell layers containing more nitrate (the cortical and stelar 

cells). Presumably, the nitrate demand for the maintenance o f the N R enzyme would 

be increased at the same time, since it has been shown from the calculations above 

that this enzyme is active in these layers.

The results obtained in Chapter 3 also showed that release o f nitrate from the 

vacuole was regulated since after 24 h without external nitrate supply, the vacuolar 

nitrate concentration was still higher than that which could be maintained by passive 

equilibrium across the tonoplast. This means that NRA is maintained at the expense 

o f  translocation to the shoot. If  one considers for the sake o f this argument that the 

reduction in the stelar layer nitrate content over the first six hours (10.5 pmoles) 

represents 72 % o f the translocation occurring under conditions o f external nitrate 

supply, then to maintain translocation to the stelar cells and shoot from the epidermal 

cells and cortical cells would require an additional remobilization o f  approximately 

14.6 pm oles over the first six hours (or 2.4 pmoles /h). I f  translocation was not 

restricted, and NRA also maintained, then the nitrate reserves in the root would be 

completely exhausted within 15 h after removal o f external nitrate. After 24 h without 

nitrate supply, considerable reserves o f nitrate were still present in the root, 

particularly in the cortical cells, which may serve as a store to maintain a reduced 

level o f root nitrate reductase activity. This favouring o f  root reduction over 

translocation may therefore represent a shift to the increased importance o f  root 

reduction w hen external nitrate supply is limiting (Emes and Bowsher, 1991). This 

may be advantageous to the seedling since it would keep the nitrate reduction 

mechanism in the root induced over short periods o f  external nitrate deficiency. Short 

periods o f  nitrogen shortage may occur frequently in the soil, and continued induction 

o f  the nitrate uptake and reduction mechanism would allow resupply (for example 

with rain, or root growth into a spatially discrete area o f high nitrate) o f nitrate to be 

used immediately, without a lag phase characterised by the initial induction o f  the 

pathways.
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6.4 Consequences of observed compartmentation and remobilization 

in relation to published findings

The work reported here has shown that both the epidermal and cortical cell 

cytoplasmic levels are in the mM  range ( 4 - 5  mM), and that this level is m aintained 

throughout the 24 h experimental period during which external nitrate was not 

supplied. This is in contrast to the proposal o f Siddiqi et al. (1991) who obtained 

results for cytoplasmic nitrate content (> 1 0  mM) for cortical cells which were higher 

than those recorded in the present study. An alternative explanation is that the 

compartmental efflux analysis method used by Siddiqi et al. (1991) includes in the 

estimation o f  the cytoplasmic pool the assumption that all o f the recovered in  the 

shoot came from the cytoplasm o f the epidermal and cortical cells o f the root. If, as 

suggested by their own work, previously accumulated nitrate (presumably in the 

vacuole) was readily available for translocation, then the source o f this nitrate m ay be 

more accurately attributed to the vacuole, or to the suggested nitrate translocation 

pathway that is discrete from efflux or reduction and localised in the endoplasmic 

reticulum (and therefore presumably not contributing to the actual cytoplasmic nitrate 

concentration). Their model also incorporates the suggestion that the cytoplasm o f  the 

epidermal cells has pM  levels o f nitrate, which facilitates passive uptake o f  nitrate 

from the exterior. The present work provides a direct measurement o f  the cytoplasmic 

nitrate activity by the use o f microelectrodes which show that a passive uptake 

mechanism for nitrate uptake is not possible for epidermal or cortical cells.

It is possible that nitrate destined for translocation to the shoot is discrete from 

that available for reduction or efflux (as suggested by Siddiqi et al. (1991)) but 

measurement w ith microelectrodes will not include such compartmentalization (in for 

example the endoplasmic reticulum) and thus is a true measurement o f the nitrate in 

the cytosolic/metabolic pool. I f  nitrate is compartmentalized within the epidermal and 

cortical cells into a third compartment (for example the endoplasmic reticulum) then 

this third fraction would be included in the calculated estimation o f  the nitrate in  the 

stele in Table 6.1. On the basis o f the findings o f Siddiqi et al. (1991), that this 

fraction is not available for reduction or efflux this would appear to be valid.

The assumption made by these authors that the source o f the efflux measured 

is the cytoplasmic pool is not in contradiction to the results reported here, since in
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their work, the presence o f external nitrate would provide a replacement for nitrate lost 

from the cytoplasm (and thus facilitate the maintenance o f cytoplasmic concentration 

observed in these results) while in the present study, nitrate lost from the cytoplasm 

was replaced by reserves remobilized from the vacuole (because external nitrate was 

removed). Siddiqi et al. (1991) do however suggest that the efflux measured occurred 

solely from the cortical cells but why efflux should occur only from cortical cells and 

not from the epidermal cells is not clear. Since this compartmentation was invoked 

by these authors to explain differences in nitrate concentrations o f the cytoplasm o f 

the two cell layers which are not evident in the present study, the assumption that 

efflux occurs only from the cortical cell layer appears to add an unnecessary 

com plication to the process o f nitrate remobilization and compartmentation.

The results from this study showed the highest detectable nitrate efflux over 

the first hour after transfer to solutions without external nitrate (at similar levels to 

that reported previously for efflux occurring into nitrate containing efflux solutions: 

Lee and Clarkson, 1986) when NRA was presumably still fully induced; and then 

declined without there being a detectable change in in vitro NRA. The results reported 

here therefore suggest that NRA can be maintained from vacuolar remobilization 

w ithout needing to be cycled out o f the cell and back in again, as suggested by the 

model proposed by M acKown et a l  (1983). This conclusion is supported by the 

results o f M eyerhoff et al. (1994) who showed that in barley, only 0.6 to 0.8 % o f NR 

in the roots was associated with the microsomal (membrane associated) fraction. 

Since N R  is a water soluble enzyme (and thus soluble in the cytosol), it is difficult 

to im agine a mechanism whereby nitrate released from the vacuole into the cytoplasm 

w ould need to be effluxed out across the plasm a membrane o f the cell and resorbed 

to facilitate contact w ith the N R  binding sites. Although nitrate efflux does occur 

therefore, it is not likely to be the only pathway available to previously accumulated 

nitrate for access to reduction.

The measurements obtained in the present study showed that in the cortical 

cells, the cytoplasmic nitrate activity was maintained by remobilization from the 

vacuole when external supply was limiting. This finding appears to be in contrast to 

the model proposed by Rufty et a l  (1986), since if  nitrate only appeared in the 

cytoplasm  under conditions o f high external nitrate (which may apply to 10 mM
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external nitrate), then on removal o f external nitrate, and relief o f  the proposed 

vacuolar overloading, one would expect the nitrate to be retained in the vacuoles, and 

not remobilized to maintain cytoplasmic levels in cells that are proposed not to have 

NRA. The model proposed by Rufty et a l  (1986) also suggests that since N R  is 

restricted to the epidermal cells, nitrate in  the other cellular layers (cortex and stele) 

w ould not be available for reduction. The results o f  the present study however, 

showed that when external nitrate was removed, nitrate was remobilized from the 

cortical and possibly the stelar cells for assimilation, and thus was available for 

reduction. The results obtained in the present work do not therefore support the model 

o f  Rufty er a/. (1986) adequately.

6.5 Model proposed to explain nitrate remobilization in the barley

root

All o f  the above models have needed to invoke some further mechanism o f nitrate 

com partmentation to explain the results observed, especially to explain how previously 

absorbed nitrate is available for some processes and not for others. The results 

obtained from the present work suggest a mechanism by w hich compartmentalization 

and regulation o f vacuolar nitrate remobilization may be facilitated in a way that 

accommodates symplastic nitrate transport and NRA  occurring in all cell types (work 

done by Long et a l  (1992) showed that the N R mRNA was found in all cell types o f 

maize roots). This model suggests firstly that the nitrate demanding processes 

occurring in the root can be rated according to their priority for nitrate as follows:

1) Maintenance o f  cytoplasmic nitrate activity at approximately 4-5 mM nitrate.

2) M aintenance o f  root nitrate reductase activity

3) Allocation o f nitrate to storage in the root and translocation to the shoot 

This ranking o f  priority is based on the results o f the experiments reported here, that 

showed that:

1) Throughout the experimental period, and during the nitrate loading period 

studied by Zhen et al. (1991), the cytoplasmic nitrate concentration was maintained.

2) After six to ten hours without external nitrate supply, remobilization from 

the vacuole was no longer sufficient to supply NRA at its maximal {in vitro measured)
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rate, although some nitrate was made available for reduction which appeared to be 

sufficient to prevent degradation o f the N R enzyme.

3) W hen external nitrate supply was removed, allocation o f nitrate from the 

epidermal and cortical cells to translocation was immediately restricted, and 

translocation to the shoot was maintained by the nitrate present in the stele (Table 

6 .1).

This priority for nitrate is also supported by the findings o f  Chapin et al. 

(1988) and M attsson et al. (1988) who showed that after 2 days o f  nitrate starvation, 

resupply o f  nitrate resulted in the partitioning o f nitrate mainly between metabolism 

and storage in the roots, and that replenishment o f root stores took precedence over 

nitrate translocation.

Secondly, the model proposes that the vacuole plays a central role in the 

homeostasis o f cytoplasmic nitrate, and in the regulation o f nitrate allocation to the 

various nitrate demanding processes.

To describe in more detail how this may operate, the situation at time zero in 

the present experiments (where 10 mM nitrate has been supplied for 24 h) is 

considered first. At this time, the tissue may be considered to be fully loaded with 

nitrate, w ith vacuolar nitrate stores at an optimum concentration (longer exposure to 

nitrate did not cause a further increase in vacuolar accumulation: Chapter 3; Zhen at 

al. 1991); translocation to the shoot is also fully induced, so that shoot nitrate reserves 

are also optimal; and nitrate reductase in the root is fully induced while shoot nitrate 

reductase has not yet been induced maximally (Melzer et a l ,  1989; see Section 1.3.2). 

M axim um growth rate was attained over this time. The processes occurring w ithin 

an individual root cell are shown in Figure 6.1 A. This Figure shows the active 

uptake mechanism for nitrate operating at the plasma membrane (with a 2 H^ : INO^' 

stoichiometry) and an anion channel through which efflux occurs. N itrate reductase 

activity is located in the cytoplasm, and translocation occurs from the cytoplasm to 

the neighbouring cells through the symplast. The tonoplast is shown to have a nitrate 

antiport for uptake into the vacuole (with a IH^ : INO^' stoichiometry: Schumaker and 

Sze, 1987; Smith and Miller, 1992) with a o f approximately 5 mM  (the optim um  

cytoplasmic nitrate concentration); and an anion channel that facilitates passive 

movem ent o f  nitrate down the concentration gradient back to the cytoplasm.

1 9 2



VO
( j j

10mM nitrate

EXTERNAL
SOLUTION

tonopiast L;:;"

VACUOLE

ion 
channelIv

Nitrate
symport Nitrate 

antiport 
= 5 mM) &

Anion
channel

CYTOPLASM

Efflux

tonoplast

0
VACUOLE

0 nitrate

EXTERNAL
SOLUTION ion • 

ychannel
Nitrate

symport
NO2H

. Nitrate ÿ ^
antiport n #  

5 mM) #
NO

Efflux ^

Anion
channel

NR

CYTOPLASM

■
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U nder these conditions, incoming nitrate will first encounter the nitrate reductase 

enzyme, until all the enzyme active sites are saturated. Residual nitrate may either 

move into adjacent cells symplastically and thus be removed from the cell, or diffuse 

through the cytoplasm, thus elevating the cytoplasmic nitrate content. The tonoplast 

pump, which may be nitrate inducible, will maintain the cytoplasmic nitrate 

homeostasis by pumping this residual nitrate into the vacuole. This pump may be 

activated by concentrations o f nitrate higher than the level at which the cytoplasmic 

nitrate concentration is maintained. Nitrate accumulated within the vacuole may cycle 

out through the anion channel in the tonoplast and be drawn into the symplastic 

stream, or pumped back into the vacuole; the degree to which this cycling occurs 

would depend on the mechanism that activates the channel opening and closing (this 

may be reciprocal to the degree o f activity o f the tonoplast pump). In this way the 

nitrate fluxes across the tonoplast regulate the cytoplasmic nitrate concentration. 

Although efflux was not measured under conditions o f external nitrate supply in the 

present experiments, it may be assumed that efflux o f nitrate from the root is 

occurring. (Since the efflux measured over the first hour after removal o f nitrate in 

these experiments was similar to that measured by Lee and Clarkson, (1986) for barley 

under conditions o f  external nitrate supply, it is possible that this efflux is comparable 

to that occurring in the presence o f external nitrate, before the plant readjusts to the 

change in external conditions). It is difficult to account physiologically, for the 

seemingly wasteful process o f nitrate efflux; possibly it could be a necessary 

consequence either o f  the experimental conditions or o f the nitrate uptake process, 

alternatively it could have a physiological role. From the results obtained in Chapter 

4, it is tempting to suggest that efflux occurs through a voltage gated channel w hich 

opens when the membrane is depolarized (this would explain the increased efflux 

observed when am monium was supplied and if  agitation perturbed the membrane 

potential; and the decreased efflux in the absence o f external which would result 

in a more negative membrane potential). I f  this were the case, then the am ount o f 

efflux observed would be related to the external concentration o f the solution, and 

the efflux observed may be due to the experimental conditions, where the am ount o f 

supplied in the nutrient solution (7 mM) may be higher than under most normal 

growth conditions and thus result in a less negative membrane potential under these
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experimental conditions. I f  this were the case however, then the cessation o f efflux 

w ould correspond with a hyperpolarization o f  the membrane potential. It was shown 

in Figure 3.7 that changing the nitrate containing nutrient solution for one without 

nitrate did not cause an immediate hyperpolarization o f  the membrane potential, but 

it is possible that this occurs more gradually, as suggested by the gradual decrease in 

efflux observed over six hours following external nitrate removal. If  this were the 

case however, then one would expect to measure a gradual hyperpolarization o f  the 

membrane potential over time out o f  nitrate. The data obtained in Chapter 3 showed 

no significant change in membrane potential over the 24 h after transfer to solutions 

lacking nitrate (Table 3.2) however.

Alternatively, efflux may be an additional control o f cytoplasmic nitrate 

homeostasis, that is regulated by cytoplasmic nitrate concentration and which becomes 

an important additional control under conditions o f high nitrate supply and high influx 

which may saturate NRA and the tonoplast nitrate pump. If  this were the case, then 

efflux would not occur from plants that did not contain high nitrate reserves or while 

vacuolar filling was still increasing.

W hen external nitrate supply is removed (Figure 6.1 B: it should however be 

noted that pM  (trace) amounts o f nitrate may still be present in the bathing solution: 

see Chapter 4), the activity o f the plasm a membrane nitrate transporter is reduced and 

little if  any nitrate enters the cytoplasm from the exterior. The tonoplast nitrate pump 

activity is also reduced; the cytoplasmic nitrate is not being replenished from the 

exterior, and the channel in the tonoplast allows nitrate to be released from the 

vacuole. As this nitrate diffuses from the vacuole into the cytoplasm, it will encounter 

the N R  binding sites and be reduced. Some o f  this remobilized nitrate is effluxed. 

I f  the efflux is controlled by the membrane potential, then this efflux will continue 

until the membrane is hyperpolarized and the efflux channels are voltage gated. I f  the 

efflux occurs as an additional control o f cytoplasmic nitrate homeostasis, then the 

initial release o f nitrate from  the vacuole may initially elevate the cytoplasmic nitrate 

content, and the excess is effluxed until internal control o f  remobilization is adjusted 

to the new conditions.

If  nitrate is not translocated unless the capacity for reduction in the root is 

fulfilled (and efflux is accounted for), then the remobilization o f nitrate from the root
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can regulate the amount o f  nitrate translocated by regulating the release o f nitrate from 

the vacuole. It is important to note however that the level at which cytoplasmic 

nitrate homeostasis is maintained is higher than the reported for the nitrate 

reductase enzyme (0.2 mM: Hageman and Reed, 1980). Thus it may be reasoned that 

w hen external nitrate is removed, the difference between the nitrate reduced by NR 

and the cytoplasmic nitrate concentration should be translocated. This does not occur 

however, and may be explained as follows: Under conditions o f  external nitrate

supply, nitrate taken up in excess o f that required for reduction and the maintenance 

o f  cytoplasmic homeostasis will either be pumped into the vacuole, or move down the 

concentration gradient to a neighbouring cell, which also regulates cytoplasmic nitrate 

concentration and thus will have a lower cytoplasmic nitrate concentration. If  this 

movement is finely co-ordinated with the maintenance o f  cytoplasmic nitrate 

homeostasis, then at steady state no significant differences would be found between 

the cytoplasmic nitrate concentration o f epidermal and cortical cells (no such 

differences were evident from measurements made in Chapter 3). In this way 

symplastic movement is facilitated from cell to cell towards the stele. When external 

nitrate is removed however, each cell maintains NRA and cytoplasmic nitrate 

homeostasis by remobilization from the vacuole and thus the epidermal cells will not 

have an additional (exterior) source o f nitrate to facilitate this radial movement o f 

nitrate and net movement o f nitrate from cell to cell will thus be inhibited. 

Translocation will only occur under these conditions if  more nitrate is remobilized 

from the vacuole than is required for the maintenance o f cytoplasmic homeostasis and 

nitrate reduction and thus re-establish a gradient for the nitrate to move down. In the 

case o f  the work described by M cKown et a/.(1983), transfer o f plants to the ’^N 

labelled solution resulted in a considerable reduction in external nitrate supply (plants 

were given 50 mM nitrate before transfer, while the labelled solution contained 0.5 

mM  nitrate). Under these conditions it is possible that the reduced nitrate supply was 

sufficient to maintain nitrate reduction and cytoplasmic homeostasis, but not sufficient 

to result in net storage. This would mean that the tonoplast nitrate pump may reduce 

its activity, and nitrate released passively through the tonoplast channel w ould be 

translocated, this would explain why previously absorbed nitrate was translocated but 

not reduced.
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6.6 Testing the proposals of the model constructed

The model described here proposes that when external nitrate is limiting, the 

rem obilization o f  vacuolar nitrate is regulated and is primarily utilized for the 

m aintenance o f  cytoplasmic nitrate homeostasis and the continued induction o f  the 

nitrate uptake and reduction system. This would explain the observed increase in net 

nitrate uptake rate that has been observed after 24-48 h o f nitrate starvation Lee and 

Rudge, 1986). Once the vacuolar nitrate concentration is reduced to that which can 

be maintained by passive equilibrium across the tonoplast (about 7 mM; see Table 

3.4), one might expect that the cytoplasmic nitrate homeostasis can no longer be 

maintained, and at this time, a change in the "induced" state o f  the roots may be 

expected. This would mean that nitrate reduction in the roots would be preceded by 

a lag phase, and uptake would not occur at the enhanced rate observed after 48 h of 

starvation followed by resupply, but also exhibit a lag phase before maximum uptake 

rates were attained. On the basis o f  the calculations made in Table 6.1, this would 

occur at a tissue nitrate concentration o f  approximately 15 pmoles (assuming that the 

vacuolar nitrate content for both cortical and epidermal cells was 7 mM and the 

cytoplasmic values were maintained). This is equivalent to the tissue nitrate content 

measured 3 - 4  days after external nitrate removal (see Chapter 2) and when growth 

rate was significantly affected by the removal o f  external nitrate. Microelectrode 

experiments carried out on plants that have been deprived o f nitrate for this length o f 

tim e could investigate whether the cytoplasmic nitrate content declines at this time, 

or whether it is still maintained by residual vacuolar nitrate (which would then require 

an active transport mechanism, or a change in the transtonoplast potential to facilitate 

its release). A more detailed investigation o f N RA using complementary methods 

(for example in vitro assays with or without chelators; see Chapter 5) would be useful 

in assessing whether N R is regulated by deactivation o f  the enzyme in vivo during 

short periods o f  external nitrate deprivation. Experiments o f  this type over longer 

periods o f  time after external nitrate is removed would give insight into the regulation 

and degradation o f the N R enzyme in relation to the nitrate status o f  the root.

M easurements o f  efflux and membrane potential under conditions o f constant 

nitrate supply, but differing concentration in the bathing solution would be 

interesting to investigate whether a change (more negative) membrane potential may
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play a  role in the regulation o f nitrate efflux under certain conditions (for example 

initial ammonium supply, or increased agitation o f  the roots). Alternatively, if  efflux 

o f  nitrate is an additional control o f  cytoplasmic nitrate homeostasis, then efflux would 

be lower from plants that did not contain high nitrate reserves, or while vacuolar 

filling was increasing. After 12 h o f nitrate supply, root N R  is fully induced (Melzer 

et a l ,  1989), but vacuolar nitrate is still increasing (Zhen et a l ,  1991). M easurement 

o f  efflux occurring at this time would therefore be useful for testing this proposal.

The results obtained in this thesis and the model developed from them suggest that the 

nitrate store in the roots o f barley plants does not represent a significant reserve o f 

nitrogen for the plant during times o f external nitrate depletion, and other forms o f 

stored nitrogen must be remobilized to maintain the growth rate after approximately 

24 - 48 h (results from Chapter 3 showed that growth rate was maintained for three 

days). It appears that the main function o f root reserves o f nitrate is to m aintain root 

m etabolism and cytoplasmic nitrate concentrations, i.e. as a buffer to m aintain the 

nitrate "induced" state in the roots. This may be an adaptation to allow for spatial 

variations in nitrate content encountered by the growing root, and thus ensure that the 

capacity for nitrate reduction in the root is maintained over short periods o f nitrate 

shortage, when root nitrate reduction predominates.
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