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ABSTRACT 

A review of the recent literature concerning the assimilation 

and utilisation of nitrate and ammonium nitrogen within plants has been 

presented. 

Barley plants (Hordeum vulgare L.cv. Clipper) were grown 

hydroponically under controlled environmental conditions. The aerated 

nutrient solutions contained 2mM inorganic 14N supplied as either 

nitrate alone, ammonium alone, a 1:1 nitrate plus ammonium mixture or a 3:1 

15 nitrate plus ammonium mixture. After 20 days of growth N nutrient 

solutions were substituted. The plant material was harvested four and eight 

hours after the commencement of the 15N feeding experiment and prepared 

for analysis. Xylem sap was also collected for a period of one hour 

beginning half an hour before each harvest and continuing for half an hour 

after harvesting. Separate batches of plants were used for harvesting and 

sap collection. 

In nitrate-fed plants the shoot was shown to be the main organ of 

nitrate assimilation. Xylem sap analysis indicated that 66% of the 15N 

supply to the shoot was in the form of nitrate and the majority of the 

absorbed and assimilated 15N was located in this region. In 

ammonium-fed plants, however, 15N-ammonium accumulated in the root 

with only a very small amount detectable in the xylem sap. Some 93% of 

15 
the N exported from root to shoot in the xylem stream was in the form 

of organic nitrogen (mainly glutamine). This indicated that the root was 

the major organ of ammonium assimilation and that the shoot was the main 

destination of root assimilated nitrogen. 

The different roles of the root and shoot in response to nitrate and 
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ammonium nutrition were reflected in plants from the mixed nitrogen feeding 

regimes. At the 8h harvest there were higher concentrations of 

15N-nitrate in the shoot than in the root, whereas 
15

N-ammonium 

occurred at higher levels in the root. In plants from the 1:1 mixed feed a 

suppression of nitrate ion absorption by ammonium was indicated. 

I f h f 15N . . . . . t n terms o t e rate o incorporation into organic ni rogen 

the 1:1 mixed feed plants showed the highest 

plant). The ammonium-fed plants, with a rate 

-1 
figures (24.8 pg h per 

-1 of 22.4 pg h per _plant 

-1 were followed closely by the 3:1 mixed feed plants (21.9 pg h per 

-1 
plant). The nitrate-fed plants had the lowest rate (5.6 pg h per 

plant) and in this investigation this is ascribed mainly to a decreased 

uptake of the nitrate ion in comparison to the ammonium ion. Plants from 

both the 1:1 and 3:1 mixed feed were larger than those from the other 

feeding regimes and were very robust. The nitrate-fed plants were small 

with very erect, fibrous stems in contrast to the ammonium plants which had 

soft stems with a tendency to lodge. 

Enzyme assays were also carried out to determine whether the enzyme 

glutamate dehydrogenase (GDH; EC 1.4.1.3) played a significant role in 

ammonium assimilation in the roots of barley plants. 

Th · · f 15N · · · d . b 1 e incorporation o -ammonium into amino compoun sin ar ey 

roots was investigated in two ways: 

i. When both the glutamine synthetase (GS; EC 6.3.1.2) / glutamate 

synthase (GOGAT) pathway and the GDH pathway were potentially operative. 

ii. When only the GDH pathway was capable of operating after the 

GS-GOGAT pathway was inactivated using the GS inhibitor methionine 

sulfoximine (MSO). 

Root enzyme assays demonstrated that GS is completely inhibited by 
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MSO treatment. The activity of GDH, however, is not affected but free amino 

compounds remain unlabelled and 15N-ammonium accumulates in the root 

when MSO is fed to barley via the 15N-ammonium feeding solution. After 

feeding 15N-glutamine in the presence of MSO the free amino compounds 

of the root became labelled. This indicated that MSO did not interfere 

substantially with nitrogen assimilation after the formation of glutamine. 

These results show that in barley roots ammonium is assimilated 

entirely via the GS-GOGAT pathway and that GDH plays a negligible role in 

this process. 
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CHAPTER 1 

INTRODUCTION 

With the present world population standing at an estimated 4,800 

million the need to develop ways of increasing the nutritional quality and 

quantity of crop plants is at a premium, and since protein is the major 

nutritional limitation in many human diets the ability to manipulate the 

protein status of crop plants would be very advantageous. Research into the 

nitrogen nutrition of plants has shown that their protein and mineral 

composition can be modified by controlling the form of nitrogen supplied 

(De Kock, 1970; Cox and Reisenauer, 1973; Ikeda, Yamada and Harada, 1974). 

It is accepted that the element nitrogen plays a crucial role in 

plant metabolism and that its absence as a soil nutrient limits growth. 

Under natural conditions the main sources of nitrogen utilised by the plant 

are the ions ammonium and nitrate but the extent to which these ions are 

absorbed, and the manner in which they are assimilated, varies considerably 

with the plant species. 

Nitrate, which forms the most readily available source of nitrogen 

to the plant in the field, has to be reduced to ammonium within the plant 

before it can be incorporated into organic compounds. The enzymes 

catalysing nitrate reduction are nitrate reductase (reduced nicotinamide 

adenine dinucleotide nitrate oxidoreductase, E.C.1.6.6.1. ) and nitrite 

reductase (reduced benzyl-viologen nitrite oxidoreductase, E.C. 1.7.7.1.). 

Once ammonium is absorbed, however, it can be directly incorporated 

into an organic form via the combined action of the enzymes glutamine 

synthetase (E.C. 6.3.1.2.) and glutamate synthase (E.C. 1.4.1.13.). 
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By using 15N feeding techniques, xylem sap analysis and enzyme 

assays it has been shown that the roots of barley plants predominate as 

sites of ammonium assimilation to glutamate, whereas nitrate reduction 

takes place mainly in the shoot (Muhammad and Kumazawa, 1974; Lewis, Watson 

and Hewitt, 1982). This division of assimilatory activity between roots and 

shoots may be partly responsible for the increased growth and yield 

observed in plants receiving a mixture of nitrate and ammonium as their 

nitrogen source. In addition, the reduced energy requirement achieved when 

ammonium is used instead of nitrate for protein synthesis, may also be an 

important factor. 

The purpose of this project was to investigate the influence of 

nitrate and ammonium, supplied individually as sole nitrogen sources or in 

1:1 or 3:1 mixtures, on the assimilation and utilisation of nitrogen in 

young barley plants (Hordeum vulgare L. cv. Clipper). 

Using 15N feeding techniques and enzyme assays, the relative 

absorption rates of the two ions and their subsequent transportation, 

compartmentalisation and incorporation into organic compounds within the 

plant were studied. 
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CHAPI'ER 2 

LITERATURE REVIEW 

2 .1 Factors Affecting Ammonium and Nitrate Absorption 

The absorption of the ions ammonium and nitrate have been shown 

to be influenced by pH, temperature, carbohydrate supply, nitrogen 

concentration and plant species. 

2 .1.1 .Q!!. 

It has been observed that ammonium absorption is enhanced with 

increasing pH (Cox and Reisenauer, 1973), whereas nitrate uptake tends to 

decrease with increasing pH (Warncke and Barber, 1973). As plants take up 

ammonium or nitrate, however, they change the pH of their growth medium; a 

nutrient solution containing anionic nitrate becomes more alkaline, whereas 

a nutrient solution containing cationic ammonium becomes more acidic. These 

results have been shown for a variety of plant species (Chen, 1960; Karim 

and Vlamis, 1962; Kirkby and Hughes, 1970). As an illustration of these 

effects Chen (1960) reported that rice plants absorbed the maximum amount 

of ammonium from a medium buffered at pH 8, while the maximum absorption of 

nitrate occurred at pH 4. He also concluded that when no pH correction was 

applied the medium around young rice plants tended towards a pH of 7.2 

during nitrate nutrition, whereas a pH of 4.3 was produced during ammonium 

nutrition. 

Changes in external pH are due to the excretion of hydroxyl or 
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bicarbonate ions during nitrate uptake (Wallace and Mueller,1963) and of 

hydrogen ions during ammonium uptake. In an investigation into the 

relationships between nitrate reduction, protein synthesis and malate 

accumulation in corn (Zea mays L.), tobacco (Nicotiana rustica L.) 

and barley (Hordeum vulgare L. cv. Delta), a model was proposed by Ben 

Zioni et al., (1970 & 1971) relating nitrate uptake by roots and the 

efflux of bicarbonate ions from the roots into the external medium. This 

model was founded on the basic premise that the reduction of nitrate in 

leaves establishes an 'excess' of cations in the tissue and that this is 

neutralised by the synthesis of malate. The reduction of nitrate was shown 

to be stoichiometric with the synthesis of malate. The bicarbonate in the 

root is suggested to be mainly derived from the oxidation of this malate 

after it has been transported from the shoot to the root in the form of 

potassium malate. Potassium bicarbonate is then exchanged for potassium 

nitrate taken up from the external nutrient solution. In this hypothesis, 

potassium ions are an important component in this shuttle system between 

root and shoot, accompanying nitrate up to the shoot for reduction and 

malate down to the root for oxidation. 

Hydroxyl ion excretion has also been observed to occur upon nitrate 

uptake (Eisele and Ullrich, 1975), and a variation in the theoretical model 

of Ben Zioni et al., was put foreward by Kirkby in 1974 accounting for 

this. It was suggested that after the oxidation of malate, carbon would be 

retained and hydroxyl ions excreted instead of bicarbonate in exchange for 

nitrate ions taken up from the external medium. 
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2.1.2 Temperature 

In nutrient solution nitrate uptake is affected more by lower 

temperatures than is the uptake of ammonium (Zsoldos, 1971; Frota and 

Tucker, 1972). Ammonium absorption is greater than nitrate at 8°C and 

reaches a maximum at a media temperature of 25°C; nitrate absorption 

however, becomes greater than ammonium at 23°C and increases up to 35° C 

(Lycklama, 1963; Frota and Tucker, 1972). It was noted, by Williams and 

Vlamis (1962), that almost no nitrate absorption occurred at 13°C but 

absorption of phosphate, sulphate, potassium, calcium, magnesium and 

ammonium continued. This reduced nitrate uptake at low temperatures may be 

linked to the reduced activity of an enzyme-controlled uptake system. The 

initial low rate of nitrate uptake observed when nitrogen deficient 

seedlings are transferred to a nitrate-containing medium (Jackson et 

al., 1973; Blevins, Hiatt and Lowe, 1974; Rao & Rains, 1976a,b), and the 

following increase in the rate of nitrate uptake to a maximum value (Ashley 

et al., 1975) indicate that such a system may be operating. In addition 

the inhibition of the subsequent accelerated rate of uptake by inhibitors 

of protein synthesis, such as cycloheximide, has been interpreted as evidence 

for the involvement of a specific nitrate transport system, or permease, in 

nitrate absorption (Heimer & Filner, 1970; Jackson et al., 1973). 

2.1.3 Carbohydrate Supply 

The assimilation of ammonium into organic molecules (and also 

nitrate since this ion is reduced to ammonium after its absorption) depends 

on an adequate supply of carbon skeletons. This incorporation of ammonium 
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into amino acids and amides can be seen as a detoxification process, as 

high levels of ammonium in plants become toxic. That a relationship exists 

between carbohydrate supply and ammonium and nitrate nutrition has been 

demonstrated (Carrodus, 1966; Michael, Martin and Owassia, 1970; Ojima and 

Ohira, 1976). The high ammonium uptake by young potato plants grown in a 

nutrient solution has been shown to be a result of the carbohydrate supply 

from the parent tuber (Michael et al, 1970). When the parent tuber is 

removed, the young plants absorb relatively more nitrate than ammonium. 

These workers also showed that by ringing bean plants (Phaseolus 

vulgaris), to remove the phloem and so reduce the carbohydrate supply to 

the root, the uptake of nitrogen was reduced when compared to intact 

plants. The uptake of ammonium was affected to a greater extent than that 

of nitrate. 

A phenomenon that must be mentioned here is the apparent stimulation 

of photosynthesis in intact chloroplasts by ammonium, when supplied at 

concentrations well below those required for uncoupling of 

photophosphorylation (De Benedetti, Forti, Garlaschi and Rosa, 1976). This 

may be related to the need for carbon skeletons under ammonium nutrition. 

These workers concluded that the mechanism of stimulation of photosynthesis 

by ammonium, was through the activation of the ribulose bisphosphate (RUBP) 

carboxylase reaction. 

2.1.4 Nitrogen Concentration 

In an investigation into nitrogen uptake in corn (Zea mays L.), 

Warncke and Barber (1973) calculated root uptake coefficients. 

This allowed the uptake of total nitrogen, nitrate and ammonium per cm2 
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of root surface to be related to their concentration in the nutrient 

solution. They reported that as nitrogen concentration increased the 

nitrogen uptake coefficient decreased, and that this was linked to the 

observation that the efficiency of nitrogen uptake decreases with 

increasing nitrogen concentration. Similarly, the nitrate and ammonium 

uptake coefficients decreased as their respective concentration increased. 

These values agreed with those for corn seedlings grown in nutrient 

solutions containing only nitrate-nitrogen (Warncke and Barber, 1974). At 

nitrate concentrations of 100, 1000 and 5000pM, the coefficients were 

-5 -1 10.82, 1.56 and 0.39 x 10 cm s respectively. 

Cox and Reisenauer (1973) reported that in wheat, the intake rates 

of nitrate and ammonium, at low nitrogen concentrations, were related to 

the concentration of the ion in the root medium. The rate of nitrate intake 

increased until the nitrate concentration in the root medium approached 

90uM. The rate of intake of ammonium, however, decreased as ammonium 

toxicity reduced growth. Rates of ammonium intake in excess of 98pM g-l 

-1 h apparently produced symptoms of ammonium toxicity. 

2.1.5 Plant Species 

The availability of nitrate and ammonium ions can vary 

considerably from one plant habitat to another. This makes it necessary for 

species from different habitats to exhibit different nitrogen uptake and 

assimilation strategies. 

Ingestad (1976) made a study of the nutrient requirements of three 

ecologically different plants under nitrate, ammonium or mixed nitrate and 

ammonium nutrition at pH 4.0-5.2. In general the plants, Betula verrucosa 
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Ehrh., (ecologically widespread), Cucumis sativus L. (a calcicole), 

and Vaccinium vitis idaea L. (a calcifuge), responded equally to the 

three nitrogen sources except that growth was reduced in C. sativus 

at high ammonium levels, and in V. vitis idaea under high levels of 

nitrate. 

The regulation of ammonium and nitrate uptake by the plants was 

found to be related to their soil environment adaptations. When high 

ionic concentrations of ammonium and nitrate were supplied, the uptake of 

ammonium by~ sativus increased with increasing concentration, while 

nitrate did not. The reverse was shown by 1h. verrucosa. In the 

calcifuge, ~ vitis idaea however, both ammonium and nitrate increased 

with increasing ionic concentration. These results were in agreement with 

the fact that~ vitis idaea and 1h. verrucosa can grow in areas of 

low nutrient availability (although B. verrucosa also grows in rich 

soils) using ammonium as the main nitrogen source. These results emphasise 

the difference in response of plants with different ecological 

distributions with regard to their uptake of nitrogen. 

Bogner (1968) carried out a more extensive survey to determine the 

response of 84 woodland species to nitrogen supplied as nitrate and 

ammonium alone or in some combination. As in the case of many crop plants 

(Hewitt, 1966) Bogner observed better growth of many of the species on a 

mixture of nitrate and ammonium. Although the majority of plants have the 

ability to absorb and assimilate both nitrate and ammonium it is common for 

a preference to be shown for one or other of the ions. 
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2.2 Enzymes of Nitrate Reduction 

Assimilatory nitrate reduction involves the reduction of nitrate, 

via nitrite, to ammonium and its subsequent incorporation into organic 

nitrogenous compounds. That nitrate incorporation into amides and amino 

acids takes place after the reduction of nitrate to ammonium, has been 

shown by Yoneyama and Kumazawa (1974, 1975). They demonstrated that the 

pattern of nitrate assimilation, to the level of proteins, was very similar 

to that of ammonium assimilation. 

Nitrate reduction is catalysed by the action of two enzymes. Nitrate 

reductase (NR) reduces nitrate to nitrite, and nitrite reductase (NiR) 

reduces nitrite to ammonium; the overall reaction requiring 8 electrons. 

The electron donor for NR in higher plants, in the majority of cases, is 

NADH (Beevers and Hageman, 1969), although NADPH and reduced flavins may 

also act as electron donors (Oji and Izawa, 1969). Molybdenum appears to be 

an important component of the enzyme (Notton and Hewitt, 1971) but there is 

also evidence that it may also contain a heme-iron (Amy and Garret, 1974). 

Nitrite reductase has been located in both chloroplasts (Beevers and 

Hageman, 1969; Magalhaes, Neyra and Hageman, 1974), and root plastids 

(Dalling, Tolbert and Hageman, 1972). Ferredoxin is the electron 

donor for nitrite reductase (Hageman, Cresswell & Hewitt, 1962). The 

reducing power necessary for the reduction of ferredoxin may be either 

supplied photochemically during non-cyclic photophosphorylation, or by 

NADPH in the presence of ferredoxin NADP reductase. Highly purified 

preparations of nitrite reductase can catalyse the stoichiometric reduction 

of nitrite to ammonia. In addition it can also reduce hydroxylamine 

(Hewitt, 1975). Although this is a highly toxic compound, it may be a very 
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short-lived intermediate in the nitrite reduction reaction. 

2.2.1 Control of Nitrate-Nitrogen Assimilation 

Although the presence of substrate-inducible enzymes is a widespread 

phenomenon in bacteria (Mandelstam, 1971) there are relatively few examples 

in higher plants (Stewart and Rhodes, 1977a). It is now well known that 

nitrate reductase is an enzyme which is inducible by nitrate nitrogen, 

although it has also been suggested that in bean cotyledons(~ 

vulgaris L.) nitrite, and not ·nitrate, is the inducer of nitrate and 

nitrite reductase enzymes (Lips, Kaplan and Ruth-Bejerano, 1973). 

Many workers have implicated light in the reduction of nitrate 

nitrogen (Travis et al, 1970; Berner, 197la,b; Sawhney and Nair, 1972; --
Sluiters-scholten, 1973). Other studies however, have shown that roots 

(Sarkissian and Fowler, 1974) and other non-green tissues (Wray and Filner, 

1970) are able to reduce nitrate. A scheme put forward by Klepper, Flesher 

and Hageman (1971) suggests that photosynthetically produced sugars are 

transported from the chloroplast to the cytoplasm and metabolised by 

glycolysis. The NADH produced from the oxidation of glyceraldehyde-3-

phosphate during this process provides a source of electrons for nitrate 

reduction. It was also reported by Ben Zioni et al (1970) that the 

reduction of nitrate was correlated to the synthesis of malate. It is 

therefore possible that the NADH produced as a result of the oxidation of 

malate to oxaloacetate is another source of the electron donor which is 

required for nitrate reduction. 

The inhibition or repression of nitrate reductase formation can be 

brought about by products of nitrogen assimilation, such as ammonium, 



16 

amides and amino acids. This type of control exerted by ammonium has been 

demonstrated in excised barley and maize roots (Smith and Thompson, 1971; 

Oaks, Aslam and Boesel, 1977). In leaves however, it is reported that 

ammonium seldom produces such an effect (Afridi and Hewitt, 1964; Beevers 

et al, 1965; Stewart et al, 1974). The effects of ammonium on nitrate 

distribution and flux, and on nitrate reductase activity has been 

investigated in barley, wheat and in maize by Minotti, Craig and Jackson 

(1969), Schrader et al.,(1972), Rao and Rains (1978) and Lewis et -- ...-

al.,(1982). The results indicated that nitrate uptake was inhibited by 

amlnonium. This led Lewis et al. (1982) to conclude that the observed 

decrease in nitrate reductase activity in roots and leaves of barley was 

due to antagonism of nitrate uptake rather than repression by ammonium. 

The differential sensitivity of root and shoot nitrate reductases to 

repression by amino compounds may be related to the contribution of root 

and shoot systems in plant nitrate assimilation. This sensitivity of the 

root enzyme to repression could be important to plants in which the shoot 

system is the principle site of nitrate assimilation. 
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2.3 Enzymes of Ammonia Assimilation 

2.3.1 Glutamate Dehydrogenase 

This enzyme is widely distributed in higher plants. In general 

glutamate dehydrogenase (GDH) exhibits activity with both NADH and NADPH as 

electron donors. Two forms appear to be present in some plants; one which 

shows greater activity with NADH than with NADPH, and one which is 

apparently equally active with both (Lea and Thurman, 1972). Lee and 

Stewart (1978) examined a range of plant species for ammonium assimilating 

enzymes. In shoot tissue of all the species it was possible to detect NADH­

dependent GDH. When NADPH replaced NADH as the electron donor, GDH remained 

active in most of the species analysed, but in general, the activity with 

NADPH was less than 25% of that with NADH. These workers also observed that 

in 70% of the shoot tissues studied, the specific activity of GDH was less 

than half that of glutamine synthetase. In contrast, over 60% of root 

tissue examined had GDH levels at least twice those of glutamine 

synthetase. 

Despite the high GDH activity noted in either, or both, the root and 

shoot systems of some species, the kinetic characteristics of GDH suggest 

that a major role for this enzyme in ammonium assimilation is unlikely. 

Plant glutamate dehydrogenases generally have a low affinity for ammonium 

-2 ions with K values in excess of 1 x 10 M being reported (Pahlich 
m 

and Joy, 1971; Teixiera and Davies, 1974). 
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2.3.2 Glutamine Synthetase 

This enzyme has a high affinity for ammonium ions, the K values 
m 

generally being in the range 1-2 x 10-S (O'Neal and Joy, 1974; Stewart 

and Rhodes, 1977). The combined action of glutamine synthetase and 

glutamate synthase constitutes the main route by which ammonium is 

assimilated in higher plants. The net result, one glutamate molecule, is 

the same as that produced by glutamate dehydrogenase but the ro~te 

involving glutamine synthetase involves the expenditure of energy in the 

form of ATP. The enzyme has a requirement for a divalent metal cation and 

while Mn2+, Co2+ and Ni2+ can satisfy this, Mg2+ is 

regarded as being the most important physiological co-factor. 

In addition to catalysing the synthesis of glutamine the enzyme will 

also catalyse the so-called transferase reaction: 

Me2+ 
L-Glutamine + NH20H ----------> 2 L-glutamyl hydroxamate + NH3 ADP; As04 

This reaction can be up to 20 times more active than the synthetase assay 

and consequently is used to determine the glutamine synthetase activity. 

The transferase reaction has no known physiological function. 
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2.3.3 Glutamate Synthase 

Two forms of the enzyme have been reported in higher plants. One of 

these utilises reduced ferredoxin as the physiological electron donor and 

has been found in both chlorophyllous and non-green tissue (Lea and Miflin, 

1974; Miflin and Lea, 1975). The other form of the enzyme is 

pyridine-nucleotide-linked, exhibiting activity with both NADH and NADPH 

(Dougall, 1974; Fowler et al., 1974). Following the discovery of this 

enzyme there was some doubt as to the substrate specificity of NAD(P)H­

linked glutamate synthase. Crude cell preparations apparently exhibited 

activity with asparagine (Dougall, 1974; Fowler et al., 1974). Miflin 

and Lea (1976), however, demonstrated that this lack of substrate 

specificity resulted in part from the use of impure asparagine. 
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2.4 Pathway of Ammonia Assimilation 

The assimilation of ammonia in higher plants is now known to take 

place via the combined action of the enzymes glutamine synthetase (GS) and 

glutamate synthase (GOGAT). The reactions catalysed by these two enzymes 

are: 

and 

or 

Me2+ 
L-glutamate + NH

3 
+ATP--------> L-glutamine + ADP +·Pi 

L-glutamine + 2-oxoglutarate + NAD(P)H + H+ ------> 

2 L-glutamate + ~AD(P) + H20 

L-glutamine + 2-oxoglutarate + FdH ------> 2 L-glutamate + Fd 

Prior to the discovery of GOGAT activity in higher plants (Dougall, 

1974; Fowler et al., 1974; Lea and Miflin, 1974) it was generally 

thought that glutamate dehydrogenase (GDH) was the enzyme responsible for 

the incorporation of nitrogen into the •-amino group of amino acids. The 

reaction catalysed by GDH is as follows: 

2-oxoglutarate + NH3 + NAD(P)H + H+ ----> L-glutamate + NAD(P) + H2o 

At the present time, however, the role of GDH in higher plant ammonium 

assimilation is regarded as being a minor one (Miflin and Lea, 1976; Lewis, 

James and Hewitt, 1982). This interpretation is based, to a large extent, 

on the low affinity of the enzyme for ammonium. Lee and Stewart (1978) made 

a comparison of the affinity of GS and GDH for ammonium acetate. In the 
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case of GS the K values (the K being equal to the substrate m m 

concentration at which the enzyme-catalysed reaction proceeds at half its 

-5 maximum rate) for this substrate were in the range 1-3 x 10 M. Those 

for GDH lay in the range 1-4 x 10-2 M. This thousand-fold difference in 

K between the two enzymes represents a considerable difference in 
m 

affinity for ammonium. High levels of GDH, however, are present in a number 

of species suggesting that it must be of some importance in these plants. 

Lee and Stewart (1978) have suggested that the levels of the enzyme that 

are being observed represent "de-repressed" levels, and as such provide a 

means of compensating for the enzyme's low affinity for ammonium. 

Alternatively, these workers point out that GDH could, under conditions 

where photosyntheses and hence energy supply is limited, circumvent the 

energy requirements of the GS-GOGAT pathway by providing a route for the 

direct assimilation of ammonium into glutamate. Consequently, studies which 

examine the behaviour of ammonium assimilating enzymes in plants under 

stress conditions may prove useful in elucidating their respective roles in 

nitrogen assimilation. 

In plant roots, however, energy is supplied by respiration. Lewis 

et al. (1983) suggest that the function of GDH could be to maintain an 

adequate level of oxoglutarate in the root. That is, in higher plants GDH 

functions in the opposite role to that originally ascribed to it, being 

responsible for the production of 2-oxoglutarate from glutamate and not 

vice-versa. This would enable the tricarboxylic acid cycle to operate even 

when nitrogen assimilation, involving the GOGAT reaction with its high 

utilisation of oxoglutarate, was rapid. 
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2.5 Ammonium Plus Nitrate as a Nitrogen Source 

A mixture of ammonium and nitrate as a nitrogen source, rather than 

either ion supplied alone, has been observed to produce greatest growth and 

protein production in many plant species. 

2.5.1 Mixed Nitrogen Nutrition and Plant Growth 

Weight gains by introducing ammonium into an all nitrate nutrient 

medium have been observed in species as diverse as soybean tissue culture 

and flax (Gamborg and Shyluk, 1970), wheat (Gamborg and Shyluk, 1970; Cox 

and Reisenauer, 1973), Dianthus caryophyllus L. (Green et al., 

1973) and Zea mays (Warncke and Barber, 1973; Domska, 1974). Cox and 

Reisenauer (1973) suggested that the yield and growth enhancement that they 

observed in wheat (Triticum aestivum L. cv. "INIA") was a result of the 

reduced energy requirement in using ammonium instead of nitrate during 

protein synthesis, and from increased photosynthetic capacity. 

The influence of ammonium and nitrate nitrogen on the growth of 

Zea mays was investigated by Schrader et al., 1972. A concentration 

of 100 ppm of nitrogen was supplied at the beginning of the experiment and 

samples were harvested for analysis at weekly intervals over a four week 

period. Fresh weights of plant parts were generally higher when the plants 

were supplied their nitrogen as a mixture of ammonium and nitrate (nitrate: 

ammonium ratios of 25:75, 50:50 and 75:25) than when either nitrate or 

ammonium were provided alone. Shoot:root ratios increased from an average 

of 1.4 at the first sampling to 3.5 at the fourth, and final, sampling. 

Overall, the total fresh weight harvested in four samplings was 
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highest for the 50:50 treatment, and lowest for treatments with only 

nitrate as the nitrogen source. Dry weights followed the same trends as 

those for fresh weights. 

In a study of the effect of ammonium:nitrate ratio in Zea mays 

by Warncke and Barber (1973), it was reported that the lowest production of 

dry matter was obtained at the high ammonium:nitrate ratio of 8.4. This was 

probably related to the onset of ammonium toxicity. Haynes and Goh (1977) 

found that Callistephus chinensis could tolerate higher levels of 

ammonium when levels of nitrate in the growth media were also high. Such 

levels of ammonium would have normally been toxic. 

2.5.2 Total Nitrogen Concentration in Plant Tissues 

The concentration of total nitrogen in plant parts was found to be 

greater when ammonium or ammonium plus nitrate was supplied rather than 

nitrate alone (Cox and Reisenauer, 1973). These workers also pointed out 

that the total nitrogen content of plant tissues was not a reliable index 

of the nitrogen status of plants supplied with ammonium or ammonium plus 

nitrate, since this value continued to increase as yields were reduced as a 

result of ammonium toxicity. 

In roots of Zea mays, Schrader et al. (1972) reported that 

the highest total nitrogen levels were found in roots supplied with 

ammonium only. Nitrate:ammonium ratios of 1:1 and 1:3 produced higher total 

nitrogen levels than when plants were fed nitrate only. It was suggested 

that because the roots of maize plants grown on ammonium were higher in 

total nitrogen than those on nitrate, ammonium was detoxified in roots 

through direct incorporation into organic nitrogen, whereas nitrate was 
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transported to the leaves for enzymic reduction by nitrate reductase. 

2.5.3 Mixed Nitrogen Nutrition and Protein Production 

It is well documented that protein production in plants is higher 

when a combination of ammonium and nitrate is supplied rather than either 

of these ions alone (Delwiche, 1951; Gilmore, 1953; Weissman, 1964; Domska, 

1974). Weissman (1964) reported that dry weight, total protein,·protein per 

unit weight and protein as a percentage of total nitrogen were all greater 

in leaves of sunflower (H. annuus) fed on ammonium plus nitrate. 

From amino acid analysis of leaf blade tissue, Schrader et al. 

(1972) found that percent protein in maize was highest when nitrate and 

ammonium were supplied in a 1:1 ratio (26%) and lowest in the nitrate only 

treatment (15.6%). 

The quality, as well as quantity, of leaf protein has also been 

shown to vary with nitrogen source. Both Domska (1974) and Schrader~ 

al. (1972), working on Zea mays, observed that the nutritive value of 

protein was decreased with nitrate as the sole nitrogen source as a result 

of a reduction in methionine content. Ammonium alone increased the 

aspartate content of leaves. 
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CHAPI'ER 3 

MATERIALS and METHODS 

3.1 15 Feeding Experiments 

3.2 Plant Material 

Barley plants were grown in five litre plastic pots fitted with 

plastic gauze lids and perspex pot dividers to provide duplicate batches of 

plant material. Seeds of Hordeum vulgare L.cv. Clipper (S.A. Malsters 

(Pty) Ltd., Caledon, Cape Province, South Africa) were germinated on the 

gauze suspended over the water-filled pots. Plant material for all the 

experiments was grown for 20 days in a Conviron growth cabinet in a 

-2 -1 controlled environment of a 15h day (photon flux rate of 300pE m s 

provided by Sylvania (GTE Sylvania Canada Ltd., Drummondville, Quebec, 

Canada) cool-white fluorescent lamps and 60W incandescent lamps), a day 

temperature of 20°C and a night temperature of 15°C with a relative 

humidity of 75%. On the seventh day the water was replaced by 

nitrogen-free Long Ashton nutrient medium (Hewitt, 1966) as shown in 

Tables 1 and 2, with the appropriate nitrogen supplement added. 

The supplements used were: 

d) l.5mM KN03 + 0.5mM NH4Cl. 

Nutrient solutions were replaced every 48h up to day 14 and then changed 

daily until harvesting at day 20. The nutrient solutions were vigorously 

aerated using a small compressor connected via a perforated polyethylene 
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manifold to prevent the excretion of nitrite observed in young barley 

plants in oxygen deficient conditions (Lee, 1979; Lewis, Watson and Hewitt, 

1982). To prevent ammonium toxicity (Hewitt, 1966; Maynard and Barker, 

1969), lg of calcium carbonate per millimole of ammonium was added to each 

litre of nutrient solution in treatments using ammonium as a nitrogen 

source. The feeding solution pH was monitored daily and remained in the 

range pH 6.0 to 6.5. 
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Table 1. 

Macronutrients, in g 10£-1, used to make up nutrient solutions at the four feeding 
levels, each having a total nitrogen concentration of 2mM. 

Macronutrient 

Na2HP04.12H20 

MgS04 .7H20 

CaC12.2H20 

K2so4 

KN03 

NH4Cl 

lmM nitrate 
2mM nitrate 2mM ammonium + 

lmM ammonium 

1.42 1.42 1.42 

2.48 2.48 2.48 

3.36 3.36 3.36 

1.58 1.58 1.58 

2.02 ---- 1.01 

--- 1.07 0.54 

Table 2. 

Micronutrients, in mg 10£-1, used to make up 
nutrient solutions. The levels of micronutrients 
were the same for all feeding regimes. 

Micronutrient Mass 

HB03 85.8 

MnS04.4H20 46.4 

ZnS04.7H20 6.6 

CuS04.5H20 2.4 

Na2Mo04.2H20 0.6 

[CH2N(CH2C00)2]2FeNa2 (FeEDTA) 330.0 

Both Tables from Hewitt, 1966. 

1. SmM nitrate 
+ 

0.5mM ammonium 

1.42 

2.48 

3.36 

1.58 

1.52 

0.27 
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3.3 Isotope Feeding 

The evening before the commencement of a 15N feeding experiment 

the 14N nutrient solution in each pot was renewed and the 
15

N was 

prepared and placed in the growth cabinet overnight to equilibrate. Two 

hours after the beginning of the light period the following morning the 

14N nutrient solutions were replaced by nutrient solutions containing 

2mM 99A%E lSN KN0
3

, 2mM 99A%E 15N NH4Cl (BOC-Prochem, Deer Park Road, 

15 London, U.K.), a 2mM 1:1 mixture of both N sources, or a 1.SmM 

15N KN03 + O.SmM 15N NH4Cl mixture. After removing the plant material 

from the 14N feeding solution the roots were thoroughly washed with 

de-ionised water before being immersed in the 15N feeding solution. 

3.4 Harvesting and Extraction 

Duplicate batches of plant material were harvested 4 and 8 hours 

after the start of the 15N feeding experiment. Immediately after 

removing the plants from the feeding solution the roots were washed in 

de-ionised water and blotted dry. The plants were then quickly divided into 

root, shoot base+ seed remnant and shoot. The total fresh weight of each 

plant part and the total number of plants was recorded for each duplicate 

batch. The tissue from each plant part was then coarsely chopped and mixed 

and 10g fresh weight was killed in liquid nitrogen before being homogenised 

in cold 80% ethanol (lg fresh weight of tissue per 25ml of ethanol). 

Extraction was then continued for 24h in a cold room at 0°C and the 

homogenate occasionally shaken to re-suspend the plant tissue and aid the 

extraction process. Figure 1 is a flow chart depicting the procedure 
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followed during the separation of the plant extract into nitrogen 

fractions. 

3.5 Separation and Quantification of Nitrogen Fractions 

At the end of the extraction period the homogenate was filtered 

using a Buchner apparatus and Whatman No.I filter paper. The residue (the 

bound nitrogen fraction) was washed with de-ionised water and the washings 

added to the filtrate containing the soluble nitrogen fraction. This 

alcoholic extract was blown down under an airstream to a volume of 20ml 

and then re-filtered, if necessary, with the precipitate being added to the 

original residue. The re-filtered extract and washings were again reduced 

in volume to 20ml. To remove chlorophyll and lipid material the extracts 

were shaken with± 10ml petroleum ether. The samples were then frozen and 

the petroleum ether decanted off. 
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PLANT MATERIAL 

t HOMOGEN!SE & EXTRACT • SOLIDS 
FILTER ~~~~~~~~~ KJELDAHL DIGESTION 

.. 
ION EXCHANGE 

SEPARATION 
WATER WASH 

Figure 1 

&15N ANALYSIS 

ALKALINE DISTILLATION 
ANALYSIS OF 
DISTILLATE 

DEVARDA DISTI(LATION 

&15N ANALYSIS 

KJELDAHL DIGESTION 
&15N ANALYSIS 

BOUND FRACTION 

NH3 FRACTION 

N03 - FRACTION 

FREE AMINO ACID 

FRACTION 

The preparation of plant extracts for 15N determinations after 

feeding with nutrient solutions containing labelled nitrogen as either 

2mM nitrate, 2mM ammonium, or nitrate and ammonium in a 2mM 1:1 or 2mM 

3:1 mixture. 
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3.5.1. Treatment of the Bound Nitrogen Fraction 

The filtered residue was placed in an oven at 80°C for 24h and dried 

to constant weight. Samples of 0.15g (with each sample taken in duplicate) 

were digested in a Kjeldahl flask with 3ml of nitrogen-free concentrated 

sulphuric acid and a lg sodium sulphate-mercuric chloride catalyst tablet 

(B.D.H., Poole, Dorset, U.K.). The resulting digest was made up to a volume 

of 50ml with de-ionised water and 10ml aliquots taken for distillation. The 

ammonia present was distilled off in a Markham semi-micro distillation unit 

after alkalising with 15ml of 50% sodium hydroxide+ 2.5% sodium 

thiosulphate (w/v). Approximately 30ml of the distillate was collected in 

2ml of 0.02N HCl and the amount of nitrogen present was determined by back 

titration with O.OOSN NaOH using Tashiro's indicator (screened methyl red). 

After titration, the sample was re-acidified with approximately O.lN HCl to 

prevent the loss of ammonia. The distillate was then blown down under an 

airstream to a suitable volume for 15N determination, the optimum 

amount of nitrogen being 25pg per 0.2ml of sample. 

3.5.2. Treatment of the Soluble Nitrogen Fraction 

To separate the nitrate and organic+ ammonium nitrogen fractions 

the filtrate was passed through a 3 x 1 cm Dowex SOW-X8 standard H+ 

(100-200 mesh particle size) ion exchange column (Atkins and Canvin, 1971). 

The water-soluble nitrate fraction was eluted with 50ml of de-ionised water 

and the remaining organic+ ammonium fraction with 100ml 2N HCl. This 

procedure was necessary in all but the 2mM NH
4

+ feeding experiment. 
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3.5.2.1 Treatment of the Nitrate Fraction 

The eluate containing the nitrate fraction was reduced in volume 

under an airstream to 20ml, and duplicate 8ml aliquots were placed in a 

Markham semi-micro distillation unit along with 0.3g of Devarda's Alloy as 

a reductant and 0.2g A.R. magnesium oxide which had previously been heated 

to 600°C in a muffle furnace for 2h in order to drive off CO2 which 

otherwise may have interfered with the titration. During the steam 

distillation the first 30ml of the ammonia distillate was collected in 2ml 

of 0.02N HCl. The titration procedure and the preparation of the sample for 

15N analysis was carried out as outlined for the bound nitrogen 

fraction (Section 3.5.1). 

3.5.2.2 Treatment of the Ammonium+ Organic Nitrogen Fraction 

The eluate containing the ammonium+ organic nitrogen fraction was 

evaporated under an airstream to 20ml. Duplicate 8ml aliquots were placed 

in a Markham semi-micro distillation unit with 0.2g A.R. magnesium oxide 

and the ammonium fraction distilled over. From distillations carried out on 

samples containing known concentrations of asparagine and glutamine it was 

shown that if this mild alkali distillation was restricted to 3-4 minutes 

duration then no hydrolysis of the amides occurred and only the ammonium 

nitrogen would be released. The distillate was collected, titrated and 

prepared for 15N analysis as described previously. The residue from 

this distillation, containing the soluble organic nitrogen, was allowed to 

cool and then filtered to remove the magnesium oxide before being reduced 

in volume (to± 10ml), and transferred to a Kjeldahl flask. After adding 



33 

3ml of concentrated, nitrogen-free sulphuric acid and a lg sodium sulphate­

mercuric chloride catalyst tablet the fraction was digested. The resulting 

digest was made up to 20ml with de-ionised water and duplicate 8ml aliquots 

taken for distillation. The steam distillation, titration and preparation 

15 of the sample for N analysis were as described for the bound fraction. 
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3.6 15N Analysis 

3.6.1 Sample Preparation 

1be acidified samples were prepared for 15N analysis by 

molecular emission spectroscopy (Statron NOI-4 molecular emission spectro­

photometer) according to the sodium hypobromite method of Faust (1967). 

Using an alkaline hypobromite solution as the oxidant, the sample was 

reacted under vacuum to release nitrogen gas: 

2NH3 + 3Na0Br ------> N2 + 3H20 + 3NaBr 

1be vacuum system consisted of a high vacuum pump, which created a pre­

vacuum of O.lkPa, connected in series with a mercury diffusion pump giving 

the system a final pressure of 1.0Pa. Two liquid nitrogen cold traps were 

used to reduce the water vapour pressure of the system. 

3.6.2 15 Calculation and Expression of N Results 

1be discharge tubes containing nitrogen gas released from the 

samples were placed between the terminals of an RF oscillator in the 

Statron molecular emission spectrophotometer, and the gas excited. A red/ 

violet colour gave optimum results with a blue/white colouration indicating 

the presence of water vapour or bromine, the latter being produced during 

the final oxidation step in the reaction between an over-acidified sample 

and sodium hypobromite. On exciting the nitrogen gas the three isotopic 

molecules lSNlSN, 15N14N and 14N14N each emit a characteristic bandhead 
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which is photoelectrically recorded. A typical trace showing the 

characteristic "fingerprint" of each peak for 15N enrichments below 

50% is shown in Figure 2. The percentage enrichment was calculated using 

the formula: 

%En= 100 
2(A/B +Vb/Va)+ 1 

14 14 14 15 
where A and Bare the bandheads of the N N and N N 

molecules respectively, and Va and Vb are the gain settings on the 

molecular emission spectrophotometer at which the bandheads A and B were 

recorded. 

For 15N enrichments above 50% a typical trace for the three 

peaks is shown in Figure 3. To calculate the% En for 15N enrichments 

above 50% a modification of the above formula was used: 

%En= 100 
[(A/B)/2] + 1 

All 15N enrichment figures obtained were averages of three complete 

traces. A calibration curve (Figure 4) was drawn up for the Statron and was 

used to correct the enrichment figures. In order to obtain the %En in 

excess of the natural abundance (the atom percent excess, A%E), the natural 

abundance (0.37%) was subtracted from the corrected %En. The 15N 

content of a particular sample, expressed as micrograms 15N per gram 

fresh weight (pg 15N g-l fw), was calculated by multiplying the 

total nitrogen content (obtained from the distillation procedure) by the 

A%E value. This value was then multiplied by the average weight of the 
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plant part (root, shoot+ base+ seed remnant or shoot) represented by the 

sample, thus giving the results finally as micrograms 15N per plant 

part. 
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Figure 2 
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Figure 3 
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Figure 4 

Standard curve for the correction of 15N enrichments determined 

with the Statron molecular emission spectrometer. 
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3.7 Xylem Sap Analysis 

3.7.1 Collection of Xylem Sap 

Xylem sap was collected during the course of 15N feeding 

experiments from plants which were not harvested for analysis. The shoots 

of approximately 30 plants were severed just below the insertion of the 

first leaf. The stumps were washed with de-ionised water and blotted dry. 

Sap exuding from the cut surface was collected using a Pasteur pipette for 

one hour, the collection period beginning half an hour before the 

harvesting of the plants to be used for 15N analysis, and continuing 

for a further half hour after harvesting. The test tubes containing the 

collected sap were kept in an ice-box throughout the collection period and 

then placed in a freezer until needed for analysis. 

3.7.2 Separation of the Nitrogen Fractions 

The nitrate and organic+ ammonium nitrogen fractions were separated 

using an ion exchange column as described in Section 3.5.2. 

3.7.2.1 Treatment of the Nitrate Fraction 

Nitrate determinations were made by the distillation method, as 

described in Section 3.5.2.1 and also using Szechrome NAS reagent 

(diphenylamine sulphonic acid chromogene, obtained from Yedetek Ltd., Rimon 

10, Omer 84065, Israel). To 0.5ml of diluted sap was added 2.5ml of 

Szechrome NAS reagent dissolved in a 1:1 mixture of concentrated phosphoric 
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and sulphuric acids. After shaking, the colour was allowed to develop for 

15 minutes before measuring the absorbance at 570nm on a Beckman Model 42 

spectrophotometer. A series of standards were prepared using known 

concentrations of potassium nitrate and assayed simultaneously with the sap 

samples. A calibration curve (Figure 5) was plotted allowing the amount of 

nitrogen present as nitrate in the xylem sap to be estimated. 

3.7.2.2 Treatment of the Organic+ Ammonium Nitrogen Fraction 

This fraction received the same treatment as the comparable fraction 

obtained from the homogenised plant material as described in Section 

3.5.2.2. 

3.7.3 The Separation and Quantitative Determination of Amino Acids 

The amino acid composition of the xylem sap was determined using a 

Beckman 120C amino acid analyser (Beckman Instruments, INC., Fullerton, CA 

9234, U.S.A.). To separate the amino acids± 200µ1 of the sample was 

loaded onto a 22cm column of Beckman UR 30 spherical ion-exchange resin. 

Three lithium citrate buffers, buffer A, Band C, were employed in sequence 

(Kedenburg, 1971), with pH's of 2.83, 3.70 and 3.75 respectively. The 

separated components were automatically mixed with ninhydrin and the 

reaction mixture passed through a hot water bath to allow the 

characteristic purple/blue colour to develop. An internal standard was used 

to determine the decay of the ninhydrin with time which allowed a 

correction factor to be applied to the amino acid determinations. The 

optical density was measured at 540nm and recorded on a Beckman 125 digital 
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integrator and a 3 channel chart recorder. From the optical density and a 

specific conversion constant for each amino acid a quantitative value for 

each amino acid was calculated. 
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3.8 Feeding of 15N-Glutamine to Methionine Sulfoximine-Treated roots 

3.8.1 Plant Material 

Two batches of approximately 100 barley plants (each divided into 

duplicate samples of 50 plants) were grown following the technique and 

environmental conditions described in Section 3.2. The nitrogen supplement 

used was 2mM ammonium chloride. 

3.8.2 Feeding of 15N-Glutamine plus MSO to Roots 

On the morning of the experiment the plants were placed in fresh 

nutrient solution containing 2mM NH4Cl and SmM L-methionine-DL­

sulfoximine (Sigma Chemical Co., London, U.K.), for 4 hours. This time 

period was long enough to allow the MSO (a glutamine synthetase inhibitor) 

to inactivate the enzyme. At the end of the 4 hour period the solution was 

again replaced by fresh nutrient solution containing 2mM ammonium chloride, 

SmM MSO and 2mM 15N-glutamine. 

3.8.3 Harvesting and Extraction 

Batches of plants were harvested 2 and 4 hours after feeding with 

15N 1 · Th h d . d · . d bl d d -g utamine. e roots were was e in e-1on1se water, otte ry 

and 10g fresh weight from each duplicate set of plants homogenised in cold 

80% ethanol and allowed to extract for 24 hours in a cold room at Q°C. The 

homogenate was then filtered and the filtrate containing the soluble nitrogen 

fraction retained for amino acid analysis. The solid residue was discarded. 
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3.8.4 Treatment of the Soluble Nitrogen Fraction 

The soluble nitrogen fraction was blown down under an airstream to a 

volume of 20ml and approximately lOOpl taken for amino acid analysis. The 

sample was loaded onto a 1.25 metre x 3cm column of Beckman UR 30 spherical 

ion-exchange resin. The eluent used was a lithium citrate buffer at pH 

2.83. As the eluate containing the individual amino acids left the column 

it was collected in the test tubes of a fraction collector. One·microlitre 

was taken from each tube in sequence and spotted onto chromatography paper 

which was then sprayed with ninhydrin and dried in an oven for 10 minutes 

at 90°C. The test tubes containing the bulk of each amino acid could be 

isolated by reference to the intensity of the colour reaction in the spot 

test. The only amino acids that were present in sufficient quantity for 

15N d · · 1 d 1 . h . . eterm1nat1ons were g utamate an g utam1ne, t reon1ne, serine, 

alanine, glycine, aspartate and asparagine. To verify the identification of 

the amino acids some of the eluate from this column was channelled into a 

smaller column, 9cm x 1.2cm, and eluted with sodium citrate buffer at pH 

5.25 (0.35N). The eluate containing the separated amino acids from the 

short column was automatically mixed with ninhydrin and passed through a 

hot water bath for colour development. The optical density was measured at 

540nm as the mixture flowed through a photocell and recorded on a Beckman 

125 digital integrator and a 3 channel chart recorder. 

Each amino acid solution was reduced in volume under an airstream 

to approximately 10ml and put through the Kjeldahl digestion and 

distillation procedure (outlined in Section 3.5.2.2) before undergoing 

15N analysis (Section 3.6). 
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3 9 15~ · F d. P d • ,,-ammonium ee ing roce ure 

3.9.1 Plant Material 

Two batches of approximately 100 barley plants (each divided into 

duplicates of 50 plants) were grown following the technique and 

environmental conditions described in Section 3.2. 

3.9.2 15N Feeding Procedure 

Duplicate batches of 50 plants were removed for extraction after a 

30 minute and a 120 minute feeding period. The feeding procedure was the 

same as that described in section 3.3, with the 2mM 14N-ammonium 

nutrient solution being replaced by 2mM 15N-ammonium feeding solution 

just prior to the beginning of the experiment. 

3 9 3 lSN · 1 MSO F d. P d • • ,-ammonium pus ee ing roce ure 

The feeding procedure was carried out as described above and in 

Section 3.3 with the following exception. In order to achieve complete 

inhibition of glutamine synthetase before the commencement of 

15N . f d. MSO dd d h 14N . f d. -ammonium ee ing, was a e tote -ammonium ee ing 

solution at a concentration of SmM. This was done 4 hours before this 

solution was replaced by the 15N-ammonium feeding solution, which also 

contained SmM MSO. 
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3.9.4 Harvesting and Extraction of Roots 

Batches of plants were harvested 30 and 120 minutes after 

commencement of the feeding experiment. The harvesting process and 

extraction procedure were carried out as described in Section 3.8.3. 

3.9.5 Analysis and Collection of Free Amino Compounds 

The isolation and collection of the free amino compounds in 

sufficient quantities for 15N analysis was performed on a 150cm 

preparative column of M84 ion exchange resin (25J1ffi particle size), and a 

12cm column of PA35 resin (13µm particle size) (Beckman Instruments) for 

the collection of ammonia. The eluates were collected in a fraction 

collector. 

3.9.6 15N Analysis 

The column-eluate fractions containing amino compounds were reduced 

in volume to approximately 10ml and then subjected to Kjeldahl digestion 

and alkaline distillation as outlined in Section 3.5.2.2. The 15N 

enrichments of the resulting samples were determined by the method 

described in Sections 3.6.1 and 3.6.2. 



3.10 

3.10.1 
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Six Week Growth Experiment: to Determine Fresh and Dry 

Weight and Total Nitrogen Content of Mature Barley Plants. 

Plant Material 

The barley plants were grown according to the technique and 

environmental conditions outlined in Section 3.2. The plant material was 

grown for 6 weeks and two pots of barley plants (with each pot divided to 

provide duplicate batches) were raised per nitrogen regime thus providing 

quadruplicate results. The nitrogen supplements used were 2mM potassium 

nitrate, 2mM ammonium chloride, and lrnM potassium nitrate plus lrnM ammonium 

chloride. 

3.10.2 Harvesting 

Quadruplicate batches of plant material were harvested at the end of 

6 weeks growth. Immediately after removing the plants from the feeding 

solutions the roots were washed with de-ionised water and blotted dry. The 

plants were then divided into root and shoot (plus seed remnant). The total 

number of plants and the total fresh weight of root and shoot tissues in 

each replicate batch were recorded. All the tissue from each batch was then 

placed in individual aluminium foil trays and dried in an oven at 80°C to 

constant weight (approximately 24 hours). The dry weight of each batch of 

root and shoot was recorded. 
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3.10.3 Total Nitrogen Analysis 

The dried and weighed plant material was ground in liquid 

nitrogen and 0.15g samples of the resulting powder were weighed out for 

analysis. The procedures for the Kjeldahl digestion and the alkaline 

distillation were as described in Section 3.5.1. 
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CHAPrER 4 

RESULTS AND DISCUSSION 

4.1 General Observations 

From a visual comparison of plants fed with each of the four 

different nitrogen sources, those from the mixed (nitrate plus ammonium) 

nitrogen feeding treatments were generally larger and more robust than 

those fed on a single nitrogen source. In Tables 3.la,b,c and d, average 

masses of individual 20 day-old barley seedlings from each of the feeding 

regimes are shown along with their total nitrogen and organic nitrogen 

contents. The 3:1 nitrate: ammonium mixed feed plants were the largest of 

all and had the greatest total mass, being on average, 1.5 times heavier 

than 1:1 mixed feed feed plants, 1.7 times heavier than the nitrate-only 

fed plants and 2.1 times heavier than ammonium-fed plants. The highest rate 

f · · f 15N · · · h h"b"t d o incorporation o into organic nitrogen, owever, was ex ii e 

by the 1:1 mixed feed plants, followed by the ammonium-fed plants, the 3:1 

nitrate : ammonium mixed feed plants and nitrate-fed plants, (see Sections 

4.2.1., 4.2.2., and 4.2.3.). 

Apart from the variation in size there were other differences in the 

appearance of plants according to the nitrogen source supplied. The nitrate 

plants had very erect, fibrous stems with the leaves a lighter shade of 

green than plants from the other treatments. The root system was dense and 

extensive. The shoots of ammonium plants were much softer with a tendency 

to lodge and the leaves were a dark green colour. Although the pH of the 

nutrient solution was monitored and controlled (Section 3.2), a retardation 

in the growth of the roots was apparent, as previously reported by De Kock 
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and Kirkby (1969) and Cox and Reisenauer (1973). The root system formed a 

tight ball and the root surfaces were covered with many nodule-like 

protuberances. The plants from the mixed feed treatments differed from each 

other only in size. They were robust plants, taller than those from other 

treatments, with extensive root systems. 

The reasons for the differences in appearance between plants from 

the four feeding regimes are discussed in Chapter 5, Section 5.1. 
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4.2 15N Feeding Experiments and Xylem Sap Analyses 

4.2.1 Nitrate-fed Plants 

From an examination of Table 4 it can be seen that the 15N 

enrichments of the root, shoot and shoot base+ seed in these plants 

were generally low when compared to the 15N enrichment figures in the 

other three feeding regimes (Tables 6, 7, and 8). The enrichment values in 

these nitrate-fed plants ranged from 0.4 A%E in the bound nitrogen fraction 

of the shoot and shoot base+ seed regions at 4h, to 23.1 A%E in the 

ammonium fraction of the root at 8h. With only one exception (the 15N 

ammonium enrichment of the root) the 15N enrichments of all the 

nitrogen fractions (nitrate, ammonium, soluble nitrogen and bound nitrogen) 

at least doubled between the 4h and 8h harvest, suggesting that none of the 

nitrogen pools were saturated, even at the Sh harvest. This slow uptake of 

the nitrate ion, relative to the uptake of the ammonium ion, has been 

observed in other species such as perennial rye-grass (Lycklama, 1963), and 

tobacco (De Kock, 1970). 

In nitrate-only fed plants the major portion of the absorbed 15N 

was located in the shoot. At the 4h harvest the shoot 15N content was 

almost 3 times that of the root in the soluble organic nitrogen fraction, 

more than 1.5 times that of the root in the bound nitrogen fraction, and 

almost 1.5 times that of the root in the nitrate fraction (Table 4, Figure 

6.lb). This indicates that in 20-day-old barley plants the shoot is the 

main organ of nitrate assimilation. Xylem sap analysis (Table 5) shows that 

approximately 66% of the 15N supplied to the shoot via the xylem stream 

was in the form of nitrate with the remainder entering the shoot as organic 
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nitrogen, mainly glutamine. From amino acid analysis it was found that, on 

average, 49.4% of the total organic nitrogen transported in the xylem 

stream was in the form of glutamine (Table 14). Asparagine was the second 

most abundant amino compound. 

From a comparison of the 15N-nitrate enrichments of the root at 

4h (4.6 A%E, Table 4) and 8h (12.7 A%E), and the xylem sap at 4h (52 A%E, 

Table 15) and 8h (60 A%E) it can be deduced that nitrate, in these 

nitrate-only fed plants, must bypass any storage pools of the root and be 

directly transported to the shoot in the xylem stream. 

Enzyme studies carried out on roots and leaves for nitrate reductase 

activity also give support to the view that the shoot is the predominant 

site of nitrate reduction and assimilation in young barley plants (Lewis, 

Watson and Hewitt, 1982). The average 15N-ammonium enrichment in the 

root, however, was 20.3 A%E and the 15N enrichment value of the soluble 

nitrogen fraction of the root doubled between 4h and 8h indicating that 

some nitrate reduction and assimilation did take place in the roots. 

The absence of 15N-ammonium in the xylem sap of these 

nitrate-fed plants (Tables 5 and 15) was anticipated as ammonium has the 

ability to disrupt photosynthesis at comparatively low internal 

concentrations, as also mentioned in Section 4.2.2. 

Probably as a result of the slow uptake of the nitrate ion, there 

was a marked reduction in the incorporation of 15N into organic 

·t (5 6 15N h-l 1 6 3 15N h-l -l f h · h) n1 rogen • pg per pant or • pg g res weig t 

when compared to plants grown on the other three nitrogen sources (Figure 7). 

This unexpectedly low assimilation rate was checked by repeating the feeding 

experiment, but the results were found to be reproducible, differing by 

only 0.7 pg 15N h-l per plant. 
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The amount of 15N in the bound form, in both the root and the 

shoot, was predictably greater at 8h than at 4h with the amount in the 

shoot exceeding that in the root at both harvests (Table 4 and Figure 

6.lb). In the shoot the bound 15N content increased by a factor of 3.5 

between the 4h and 8h harvest, while the bound 15N content of the root 

increased by a factor of 2.8. 

At the 8h harvest the 15N content of the bound fraction in both 

the root and shoot exceeded that of the soluble organic nitrogen fraction. 

The shoot and root 15N concentrations at 8h in the bound fraction were 

18.4 and 8.6 pg 15N per plant respectively, and in the soluble organic 

nitrogen fraction 16.4 and 4.8 pg 15N per plant. 

As can be seen from Tables 3.la,b,c and d, these nitrate-fed plants 

also had the lowest total organic nitrogen content of the four treatments, 

but from the apparently poor 15N-nitrate assimilation rate, this value 

was not as low as would be expected. The reason for this was not 

immediately apparent, but at least a partial explanation would be that a 

large proportion of the organic nitrogen would have been supplied to the 

seedling by the redistribution of 14N from the protein contained in 

their germinated seeds. 
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Table 4, 
15 

Concentrations and N enrichments (A1oE) of the nitrate N, amMonium N, soluble N and bound 

N fractions of individual shoot, root and shoot base (+ seed rem!'lant) regions of 20-day-old 
15 

barley plants fed 2mM NO and harvested 4 hours and 8 hours after commencement of N feeding. 
3 

Figures have been averaged from duplicated determinations of replicate 80 plant batches and are 

expressed as mean± standard deviation. 

ROOT SHOOT SHOOT BASE+ SEED 

N Cone. 
15N 

15N N Cone. 15 .. 
15N N Cone. 

15N 
15N 

N Fraction Harvest (µg N/ Cone. (µg N/ Cone. (µg N/ 
. 

Cone • . ~ 
Plant) enrich. (µg/ Plant) enrich. (µg/ Plant) enrich. (µg/ 

(A7oE) Plant) (A%E) Plant) (A%E) Plant) 

--
4h 86.8 4.6 4.0 97 .o 5.8 5.7 44.6 3.2 1.4 

± 3.0 ± 0.0 ± 0.4 :': 6.9 ± 0.1 ± 0.6 = 3.3 ... o.o ± 0.2 -
:1itrate -- --

Sh 87. 2 12.7 11.1 125.1 13.4 16.7 46.2 6.8 3.2 
± 3.9 ± 0.0 ± 1.2 ± 6.8 ± 0.1 ± 1.0 ± 3.9 ± O,L. ± 0.6 -, --

4h 5.4 17.4 0.9 6.0 5.6 0.3 2.4 6.0 0.2 
± o.o ± 0.3 ± 0.0 ± 0.5 ± 0.7 ± 0.0 ± 0.1 ± 0.1 ± 0.0 

Ar:t':loniurn -- -- --
Sh 4 .1 23. 1 0.9 7.3 14.1 1.0 2.2 12.6 0.3 

± o.o ± 0.2 ± 0.0 ± 0.3 ± 0.0 ± o.o ± o.o ± 0.0 ± 0.0 

-- -- --
4h 47.1 4.8 2.3 112.9 5.7 6.4 41.0 2.4 1.0 

Soluble ± 1.6 ± 0.1 ± 0.1 ± 6.0 ± 0.5 :': 0.4 ± 1.3 ± 0.1 ± 0.1 

-- -- --
Nitrogen 8h 49.5 9.8 4.8 112.2 14.6 16.4 19.3 5.6 1.1 

± 0.0 ± 0. l ± o.o ± 6.3 :: o.s ± 0.6 ... 0.6 ± 0.0 ± o.o 
--

4h 359.9 0.9 3.1 1390.7 0,4 5.3 212.3 0.4 0.9 
Bound :': 10.0 ±Cl.Cl± 0. () ... 14.3 ... (). c, ± 0.3 ± 2.3 ... 

0.01± 0.0 - -

-- -- --
::itro;en 8h 360.1 2.4 2 .• 6 1313.2 1.4 18.4 2411.2 0.9 2.1 

± 12.7 :': o. 1 ± 0.4 ± 18.4 ± 0.0 ± 0.2 ± 2.3 ± o.o ± 0.0 

-- --
* Plant nasses are given in Tahle 3a. 
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Table 6. 

Concentrations and 15N enrichncnts ( A%E) of the armnonium N, soluble :~ and bou:1d N fractions of 

individual shoot, root and shoot base(+ seed rennant) regions of 20-day-old barley plants fed 
+ 15 

2nH NH 
4 

nnd harvested 4 hours and 8 hours after commencement of N feeding. Figures have been 

averaged from duplicated determinations of replicate 80 plant batches and are expressed as mean 

± standard deviation. 

ROOT SHOOT S:lOOT BASE + SEED 

N Cone. 
lSN 

lSU Ji Cone. 
lSN 

lSN N Cone. 
1511 

!SN 
N Fraction Harvest ()lg :{/ Cone. C µg t, I Cone. (µg f/ Cone. 

Plant) enrich. (µg/ Plant) enrich. (µg/ Plant) enrich. (µii 
(A%E) Plant) (A7oE) Plant) (A7,E) Plant) 

4h 40.6 79.4 32.3 11.8 12.0 1.4 2.3 8.5 0.2 
± 1. 7 ± 1.5 ± 0.9 ± 2.6 ± 0.3 ± 0.4 ± 0.2 ± 0.4 :: 0.0 

A=onium 

Sh 30.2 70.6 21.3 '.'.0.4 28.0 5.7 '.'..6 22.6 0.6 
± 1.2 ± 1.8 ± 1.3 ± 1.6 ± 0.7 ± 0.5 ± 0.3 ± O.i:3 ± 0.0 

--
4h 213.2 14.6 30.7 211.5 9.4 20.1 28.3 7.9 2.3 

Soluble ± 4.1 ± 0.3 ± 1.6 ± 11.9 ± 0.2 ± 0.9 ± 2.8 ± 0 .1 ± 0.2 

-- --
;,;itrogen 8h 232.5 17.8 41. 7 281.8 22.0 G2.l 34.3 12.7 4.4 

± 5 .1 ± 0.3 ± 3.3 ± 8.8 ± 0.9 ± 2.5 ± 0.9 ± 0.2 ± 0.1 

-- --
I 

4h 420.6 2.8 11.8 1710.8 o.s 13.7 177 .3 o.s 1.4 
Bound ± 4.3 ± 0.1 ± 0.4 ± 20.0 ± 0.0 ± 0.4 ± 1.0 ± 0,01± 0.1 

-- -- --
Nitrogen Sh 405.0 7.2 29.2 1846.5 3.1 57.4 163.3 2.0 3.3 

± 5.0 ± 0.1 ± 0.5 ± 25.5 ± 0.1 ± 1.5 ± 1.2 ± 0.0 ± 0.1 

·-- -- --
* Plant masses are given in Table 3b. 



59 

Table 7, 

Concentrations and 15N enrichments (A,;E) of the nitrate N, a[lll'lonium N, soluble H and bound 

N fractions of individual shoot, root and shoot base(+ seed remnant) regions of 20-day-old 
+ 

barley plants fed lmM HO lmM NH mixture and harvested 4 hours and 8 hours after 
15 3 4 

commencement of N feeding. Figures have been averaged from duplicated determinations of 

replicate 80 plant batches and are expressed as mean± standard deviation. 

'.i Fraction Harvest 

4h 

t:itrate 

Bh 

4h 

Ar.J:Joniun 

Sh 

4h 
Soluble 

r;itrogen Sh 

4h 
5ound 

Sh 

± 

N Cone. 
(µg t:/ 
Plant) 

ROOT 

15N 
15N Cone. 

enrich. ( µ;/ 
(A~E) Plant) 

S.3 14.1 1.2 
0.3 ± 0.2 ± o.o ± 

19.9 32.S 6.5 

N Cone, 
(µg N/ 
Plant) 

SHOOT 

15N 
enrich. 
(A%E) 

15N 
Cone. 
(µg/ 
Plant) 

3.3 11.9 0.4 
0.3 ± 0.4 ± 0.0 ± 

± 2.6 ± 1.0 ± 1.0 ± 
64.0 22.0 14.1 
7.6 ± 0.5 ± 1.3 ± 

± 

± 

± 

± 

± 

± 

73.2 95.6 69.9 
2.0 ± 0.8 ± 0.4 ± 

86.5 
3.5 

56.4 
1.6 

47.5 
3.5 

397.4 
3.2 

93.2 80.6 
± 0.5 ± 0.7 ± 

35.0 19.7 
±0.5_ 0.1 

47.3 22.4 
± 0.9 ± 1.2 

2.5 
± 0.2 ± 

10.0 
0.2 

± 

± 

± 

13.9 23.6 
0.7 ± 0.9 ± 

3.3 
o.o ± 

16.4 
0.9 

179.7 
5.1 

212.6 
6.5 

1731.4 
30.8 

35.9 5.9 
± 0.5 ± 0.1 ± 

21.5 38.6 
:: 0.9 ± 1.5 ± 

45.6 96.2 
± 1.8 ± 1.0 ± 

1.0 
± 0.0 

16.6 
± 0.6 ± 

393.3 
6.2 

6.2 24.5 1628.6 3.1 51.1 
± 0.2 ± 1.0 ± 29.9 ± 0.2 ± 1.0 ± 

;.. Plant nnsses 3re given in Table 3c. 

SHOOT BASE+ SEED 

N Cone. 
(pg ~: /" 
Plant) 

l\1 
enrich. 
(A:E) 

1\: 
Cone. 
(pg/ 
Plant) 

4.3 8.7 0.4 
0.4 ± 0.1 ± 0.0 

25.o 11.0 4.~ I 
2.1 = 0.6:: 0.3 

4.0 34.8 l.~ 
0.2 ± 0.1 ± 0.1 

7 .4 34.6 
0.5 ± 0.1 ± 

29.6 19.0 
1.U :: 0.2 ± 

2.5 
0.0 

5.t 

30.9 
2.9 

33.4 10.3 
± 0.3 ± 0.1 

231.1 
4.9 

215.2 
5.0 

1.0 
:: 0.1 ± 

:':: (I, 2 ± 

') ') 

0 .1 

6 -: 
0 • .3 
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Table 8. 

Concentrations and 15N enrichments (A7oE) of the nitrate N, ammonium N, soluble N and bound 

N fractions of individual shoot, root and shoot base(+ seed remnant) regions of 20-day-old 
+ 

barley plants fed 1.5~~ NO : 0.5mM NH rr.ixture and harvested 4 hours and 8 hours after 
15 3 4 

co~~ence~ent of ~; feeding. Fi2ures have been averaged from duplicated determinations of 

replicate 80 plant batches and are expressed as mean± standard deviation. 

ROOT SHOOT SHOOT nASE + SEED 

N Cone. 
15N 

15N N Cone. 
15N 

15N tl Cone. 
15;-.i 

15N 

N Fraction Harvest (µg V Cone. (µg N/ Cone. (}lg N/ Cone. 
Plant) enrich. (µg/ Plant) enrich. (µg/ Plant) enrich. (µg/ 

(AZE) Plant) (A%E) Plant) (A%E) Plant) 

-- - --
4h 267.4 12.0 32.1 255.0 5.3 13.4 90.6 4.6 4 .1 

± 1.3 ± 0.4 ± 1.3 ± 0.4 ± 0.2 ± 0.5 ± 0.5 ± 0.2 ± 0.2 
:-iit::-2.te -- --

2h 320.9 11.0 35.3 266.7 12.7 33.7 91.5 7.7 7.0 
± 4.2 ± 0.2 ± 0.6 ± 1.1 ± 0.2 ± 0.6 ± 0.6 ± 0.5 ± 0.5 

-- --

4!1 70.4 80.0 56.1 10.8 19.6 2 .1 5.5 24.2 1.3 
± 3.1 ± 1.6 ± 1.4 ± 0.2 ± 1.3 ± 0.1 ± 0.1 ± 0.7 ± 0.1 

Ar.r:-;o:-i.ium 

3h 30.1 64.5 19.4 11. 3 22.1 2.5 5.8 21.1 1.2 
± 0.7 ± 1.4 ± 0.8 ± 0.2 ± 0,8 ± 0.1 ± 0.1 ± 0.5 ± 0.0 

-- --
L.h 75.5 22.0 16.6 143.6 12.3 17.7 62.7 12.3 7.7 

Solu::ile ± 5.2 ± 0.1 :: 1.2 ± 5.4 ± o.o ± 0.7 ± 1.3 :: 0.5 ± 0.4 

-- -

'.\itrogen Sh 83.0 19.0 15.8 238.5 10.3 24.6 62.8 15.8 9.9 
± 0.3 ± 0.9 :: 0.7 ± 7.0 ± 0.2 ± 0.6 ± 1.4 ± 0.0 ± 0.2 

-- --
.!.h 776.3 3.0 23.l 2499.0 1.0 25.5 494.7 1. 3 6.3 

Sound ± 0.7 ± 0.3 ± 2.6 ± 34.3 ± 0.0 ± 0 .1 ± 3.3 ± 0.1 ± 0.3 

-- - --
:-:itro:_;en Sh 803.9 4.6 36.6 2535.7 2.0 49.2 528.8 3.9 20.4 

± 2.4 ± 0.1 ± 1.0 ± 19.6 ± 0.1 ± 1.1 ± 14.0 ± 0.6 ± 1.1 

-- -- --
* Plant ~asses are given in Table 3d. 
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4.2.2 Ammonium-fed Plants 

When compared to the absorption of nitrate in nitrate-fed plants the 

absorption of ammonium was relatively rapid in ammonium-fed plants with the 

free ammonium pools of the root already saturated at the 4h harvest (Table 

6). Fluctuations in the amount of 15N-ammonium present in the root 

occurred as 14N-ammonium, derived from the degredation of protein, 

diluted the 15N-ammonium pools. The decrease in the 15N-ammonium 

enrichment of the root between the 4h (79 A%E) and Sh (71A%E) harvest 

illustrates this. 

At the 4h harvest the soluble 15N content of the root was 1.5 

times that of the shoot (Table 6 and Figure 6.la). At the Sh harvest, 

15 however, the N contents of the soluble and bound nitrogen fractions 

of the shoot exceeded those of the root (1.5 times and 1.2 times 

respectively). This suggests that the root is the main site of nitrogen 

assimilation when ammonium is supplied as the sole nitrogen source. Once 

the ammonium nitrogen has been assimilated into an organic form in the 

root, it is transported to the shoot in the xylem stream. Table 5 shows 

that the 15N content of the amino acid fraction in the xylem stream 

. d 2 5 t· b t th 4h d Shh t Th 15N · increase • imes e ween e an arves • e -ammonium 

content of the xylem sap, however, was very small, the average value being 

4.3ug ml-l (Table 5). As already mentioned in Section 4.2.1., this 

reflects the apparent aversion of the plant to the accumulation of high 

levels of ammonium in its shoots as this could bring about the uncoupling 

of photosynthetic phosphorylation (Lewis et al., 1982). No nitrate was 

found in either the xylem sap (Table 5), or the plant extract as a whole. 

The 
15

N content of the soluble nitrogen pools in the shoot and 
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root of ammonium-fed plants were considerably larger than those in 

nitrate-fed plants (Tables 6 and 4, Figures 6.la and b). The average 

15N concentrations in the soluble nitrogen fraction of the shoot and 

root of ammonium-fed plants were 41.1 and 36.2 pg per plant respectively, 

compared with 11.4 and 3.6 pg per plant in nitrate-fed plants. 

The bound 15N levels in the shoot and root of ammonium-only fed 

plants (35.5 and 20.5 pg per plant) were also higher than those in 

nitrate-only fed plants (23.7 and 5.9 pg per plant), as can be seen from 

Tables 4 and 6, and Figures 6.la and b. 

With regard to the relative amounts of 15N in the soluble and 

bound organic nitrogen pools within each feeding regime, it can be seen 

that, on the whole, in feeding regimes where the predominant nitrogen 

source was nitrate (the nitrate-only feed and the 3:1 nitrate:ammonium 

mixed feed) the 15N concentrations in both the root and shoot, at the 

4h and the 8h harvests, were highest in the bound nitrogen fraction (Tables 

4 and 8, Figures 6.lb and d). An exception to this pattern occurred in the 

nitrate-only fed plants at the 4h harvest where the shoot 15N content 

of the soluble nitrogen fraction (6.4 pg per plant) was slightly higher 

than that of the bound nitrogen fraction (5.3 pg per plant, Table 4 and 

Figure 6.lb). In the ammonium-only and the 1:1 nitrate:ammonium feeding 

· h h 15N · · b h h d h regimes, owever, t e concentration in ot t e root an soot, at 

the 4h and 8h harvests, were highest in the soluble organic nitrogen 

fractions (Tables 6 and 7, Figures 6.la and c). The exception here was in 

15 the 1:1 mixed feed plants at the 8h harvest where the root N content 

of the bound nitrogen fraction (24.5 pg per plant) exceeded that of the 

soluble organic nitrogen fraction (22.4 pg per plant, Table 7 and Figure 

6.lc). This pattern of 15N accumulation in the soluble and bound 
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nitrogen fractions of plants from each of the nutrient regimes can be 

attributed to the difference in the relative assimilation rates of the 

ammonium and nitrate ions. Ammonium is rapidly assimilated into organic 

compounds (as discussed later in this section) and a build up of soluble 

nitrogen occurs to levels above those in the bound nitrogen fraction. The 

rate of incorporation of nitrogen into organic compounds is much slower in 

predominantly nitrate-fed plants, and as a result there is no substantial 

accumulation of amino compounds in the roots and shoots. 

A h 4h h h 1 · 15N f b th th 1 1 t t e arvest t e tota organic content o o e : 

mixed feed plants (92.7pg per plant) and the 3:1 nitrate: ammonium mixed 

feed plants (97.0 pg per plant), were higher than those of the ammonium-fed 

plants (80.0pg per plant) as can be seen from Figure 7. At the 8h harvest, 

h h 1 · 15N f h · f d 1 . h owever, t e tota organic content o t e ammonium- e pants, wit 

a value of 198.lpg per plant, exceeded that of the 3:1 nitrate : ammonium 

mixed feed plants (156.5pg per plant) but the total organic 15N content 

of the 1:1 mixed feed plants was the highest of all (206.7 pg per plant). 

The highest rate of 15N incorporation into organic nitrogen was 

( 15 -1 exhibited by the 1:1 mixed feed plants 24.8 pg N h per plant or 

15 -1 -1 24.7 pg N h g fresh weight) followed by the ammonium-fed plants 

15 -1 15 -1 -1 (22.4 pg N h per plant or 30.9 pg N h g fresh weight) and the 

3:1 nitrate:ammonium mixed feed plants (21.9 pg 15N h-l per plant or 

14.3 pg 15N h-l g-l fresh weight). The nitrate-only fed plants exhibited 

the lowest rate of incorporation of 15N into organic nitrogen (5.6 pg 
15

N h-l per plant or 6.3 pg 15N h-l g-l fresh weight). 

From amino acid analysis, glutamine was found to be the most 

abundant form of organic nitrogen in the xylem sap of ammonium-fed plants, 

forming 52% of the total organic nitrogen transported in the xylem stream 
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(Table 14). Asparagine was the second most abundant amino compound. 
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TABLE 5 

15N content of the nitrate, amino acid and ammonium fractions 

of the xylem sap of 20-day old barley plants fed separately 2mM 

15N nitrate, 2mM 15N ammonium, a lmM 15N nitrate - lmM 15N 

ammonium mixture or a 1.5mM 15N nitrate - 0.5mM 15N ammonium 

mixture for 4h and 8h. (Duplicate extracts were pooled to provide 

sufficient nitrogen for 15N determinations). 

15N CONTENT (µg ml-l) 

XYLEM SAP HARVEST NITRATE 1:1 MIXED AMMONIUM 3: 1 MIXED 

FRACTION (h) FEED FEED FEED FEED 

4 54.9 35.7 0 100.8 
NITRATE 

8 100.1 44.5 0 125.1 

4 20.5 93.5 81.8 45.2 
AMINO 
ACID 

8 60.5 236.1 204.6 58.7 

4 * * 3.4 * 
AMMONIUM 

8 * * 5.1 * 

* Insufficient present for 15N determination 
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TABLE 14 

Glutamine as a percentage of total amino compounds, and asparagine 

content, of xylem sap collected from barley plants fed on either 

2mM nitrate, 2mM ammonium, a 1:1 mixture of nitrate and ammonium or 

a 3:1 nitrate and ammonium mixture of the two nitrogen sources, 

-1 
Results are expressed in µmol ml , 

FEEDING SOLUTION 

HARVEST NITRATE 1:1 MIXED AMMONIUM 
FRACTION 

(h) FEED FEED FEED 

4 6.9 35.5 22.1 
GLUTAMINE 

8 9.7 74.3 30.8 

4 13.9 45.1 44.7 
TOTAL 
ORGANIC N 

8 19.7 90.5 56.9 

4 49.6 78.7 49.4 

% GLUTAMINE 
8 49.2 82.1 54 .1 

4 0.6 3.5 18.3 

ASPARAGINE 
8 1.8 7.2 21.3 

3: 1 MIXED 

FEED 

18.5 

4.3 

26.0 

8.0 

71.2 

53.8 

3.2 

1. 7 
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TABLE 15 

15N enrichment (A%E) of the nitrate, amino acid and ammonium 

fractions of the xylem sap of 20-day old barley plants fed 

15 . 15 separately with either 2mM N nitrate, 2mM N ammonium, 

a lmM 15N nitrate - lmM 15N ammonium mixture or a l.5mM 15N 

nitrate - 0.5mM 15N ammonium mixture for 4h and 8h.(Duplicate 

extracts were pooled to provide sufficient nitrogen for 15N 

determinations). 

FEEDING SOLUTION 

XYLEM SAP HARVEST NITRATE 1: 1 MIXED AMMONIUM 3:1 MIXED 

FRACTION (h) FEED FEED FEED FEED 

4 51.8 28.2 0 51.5 
NITRATE 

8 59.6 32.5 0 53.3 

4 21.0 46.1 26.0 25.2 
AMINO 
ACID 

8 29.1 46.1 30.0 27.8 

4 * * 20.8 i:· 

AMMONIUM 
8 * * 32.2 * 

* I ff' . f 15N d · · nsu icient present or etermination 
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4.2.3 Nitrate and Ammonium-fed Plants 

4.2.3.1 1:1 Mixed Feed 

The patterns of nitrogen uptake and assimilation seen in nitrate and 

ammonium-fed plants were reflected in this treatment where both nitrogen 

sources were supplied. Table 7 and Figure 6.lc show that 8 hours after the 

beginning of the feeding experiment, the 15N-nitrate content of·the 

shoot was more than double that in the root, indicating that the shoot is 

the main destination of root-assimilated nitrate. 

The 15N-nitrate enrichment of all the three plant regions 

approximately doubled between the 4h and 8h harvest (Table 7). The 

!SN · · hm f th h t . d f 11 9 t 22 0 A%E -nitrate enric ent o es oo increase rom • o • o, 

that in the shoot base+ seed region from 8.7 to 17.0 A%E, and that in the 

root from 14.1 to 32.6 A%E. As previously noted in the nitrate-only fed 

plants (Section 4.2.1.) this suggests that none of the nitrate pools were 

saturated at the 8h harvest, and that the uptake of the nitrate ion was 

slow when compared to the uptake of ammonium. 

The suppression of nitrate ion absorption by ammonium ions has been 

reported in experiments with barley (Rao and Rains, 1978; Lewis et al., 

1982) wheat (Minotti, Craig and Jackson, 1969; Minotti, Williams and 

Jackson, 1969a and b) and maize (Schrader et al., 1972). In this 

experiment the average 15N enrichment of the nitrate pools, between the 

4h and Sh harvest, in 1:1 mixed feed plants was 30.4 A%E (Table 15). This 

value was lower than that in nitrate-only fed plants (55.7 A%E). In 

addition the 15N-nitrate content of the shoot and root in 1:1 mixed 

feed plants was lower than that in nitrate-only fed plants, especially at 
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the 4h harvest (Tables 4 and 7, Figures 6.lb and c). In the 1:1 mixed feed, 

the 15N-nitrate content of the shoot at 4h and Sh was 0.4 and 14.1 µg 

per plant respectively, and of the root at 4h and Sh, 1.2 and 6.5 µg per 

plant. In nitrate-only fed plants the 15N-nitrate content of the shoot 

at 4h and Sh was 5.7 pg and 16.7µg per plant, while the root values, at 4h 

and Sh, were 4.0 and 11.1 µg per plant. It could be deduced from this data 

that the uptake of nitrate ions was being suppressed by the presence of 

I b b d h h h 15N . 1 ammonium. t must e remem ere, owever, tat t e -nitrate poo s 

are not static. They are constantly changing as nitrate is absorbed, 

transported and used up in the formation of amino compounds. Nitrate was 

also supplied at a lower concentration in the 1:1 mixed feed plants (lmM) 

than in the nitrate-only fed plants (2mM), making less nitrate available 

for absorption. 

Th lSN · · h f h f 1 1 . d f d e -ammonium enric ment o t e roots o : mixe ee 

plants after 4h was 95.6% (Table 7), indicating that the 15N-ammonium 

pools were already saturated by the end of this feeding period. This again 

reflects the rapid uptake of the ammonium ion in comparison to nitrate ion 

uptake. Despite the lower ammonium concentration of the feeding solution 

supplied to these plants (lmM) in comparison to that supplied to 

ammonium-only fed plants (2mM), the average 15N-ammonium content of the 

root (75.3 pg per plant, Table 7 and Figure 6.lc) was 2.8 times that in the 

root of ammonium-only fed plants (26.8pg per plant, Table 6 and Figure 

6.la). The possible stimulation of ammonium uptake due to the presence of 

nitrate ions is discussed in Chapter 5, Section 5.1. 

There was no trace of ammonium in the xylem sap of these 1:1 mixed 

feed plants (Table 5). The low level of free ammonium in the shoot (4.6pg 

per plant on average) must therefore originate from the reduction of 
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nitrate and the turning over of amino compounds in this region of the 

plant. 

The accumulation of 15N-ammonium in the roots of these plants, 

the lack of ammonium in the xylem stream, and the high amino acid content 

15 -1 of the xylem sap (an average value of 164.8 pg N ml , Table 5), 

indicate that the root is the major site of ammonium assimilation. 

Glutamine represented 80.5% of the total organic nitrogen being transported 

to the shoot in the xylem stream (Table 14). 

15 By the 4h harvest the N contents of the soluble and bound 

organic nitrogen fractions of the shoot had already exceeded those of the 

root (Figure 6.lc and Table 7). This reversal of the situation in 

ammonium-fed plants (Table 6, Figure 6.la) was probably due to the 

contribution made by nitrate assimilation, which appears to take place 

predominantly in the shoot. The continued contribution by nitrate to the 

assimilated nitrogen of the shoot at the 8h harvest was illustrated by the 

3 f ld · · h 15N · · f h h ( 147 - o increase int e organic nitrogen content o t es oot 

pg 15N per plant), over that in the root (47 rg 15N per plant, 

Table 7). The 15N organic nitrogen content of the shoot in ammonium-fed 

plants (120 pg per plant) showed only a 2-fold increase over that in the 

root (71 )18 per plant, Table 6, Figure 6.la). As already mentioned in 

Section 4.2.2., these robust plants of the 1:1 mixed feeding regime 

exhibited a higher rate of incorporation of 15N into organic nitrogen 

( 15 -1 15 -1 -1 24.8 pg N h per plant or 24.7 pg N h g fresh weight) than 

plants from any of the other three feeding regimes (Figure 7). 
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4.2.3.2 3:1 Nitrate:Ammonium Mixed Feed 

Th · d bl 15N · . b h h h d ere was consi era y more -nitrate in ot t es oots an 

roots of 3:1 nitrate : ammonium mixed feed plants than in either the 

nitrate-fed (2.1 times more in the shoot and 4.4 times more in the root, 

Tables 4 & 8) or the 1:1 mixed feed plants (3.2 times more in the shoot 

and 8.6 times more in the root, Tables 7 & 8). The 15N-nitrate pools of 

the root appear to be saturated at the 4h harvest with the 8h l~vel (11 

A%E) slightly lower than that at 4h (12A%E). This is in contrast to the 

pattern of 15N enrichment in both the 1:1 mixed feed plants, where the 

15N-nitrate enrichment of the roots increased 2.3 times between the 4h 

and 8h harvest (Section 4.2.3.1) and the nitrate-fed plants, where it 

increased 2.8 times between the two harvests (Section 4.2.1). 

In these 3:1 nitrate : ammonium mixed feed plants, however, the 

15N enrichment of the shoot nitrate increased from 5.3 to 12.7 A%E (a 

2.4 fold increase, Table 8, Figure 6.ld) between the 4h and 8h harvest, 

demonstrating that at the 8h harvest 15N . -nitrate was still being 

absorbed by the roots and transported up to the shoot in the xylem stream. 

A similar increase in the 15N . h enric ment of the shoot nitrate between 

the 4h and 8h harvest, was also observed in the 1:1 mixed feed plants, 

where the value increased 1.8 times, and the nitrate-only fed plants where 

the value increased 2.3 times (Tables 7 and 4 respectively). 

Th lSN · · h · h 72 3 %E e average -ammonium enric ment int e root was • Ao 

(Table 8). This value was similar to that in the 15N-ammonium pools of 

the root in ammonium-only fed plants (75 A%E, Table 6). In these plants, 

in which ammonium formed the sole nitrogen source, the ion was rapidly 

assimilated in the root and the amino acids produced loaded onto the xylem 
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15 
stream (see Section 4.2.2). At the Sh harvest the N content of the 

soluble organic nitrogen fraction of the shoot was 62.1 yg per plant 

15 
(Table 6). Although not directly comparable, the Sh N content of 

the soluble nitrogen fraction of the shoot in 3:1 nitrate: ammonium mixed 

feed plants was much lower (24.6 pg per plant, Table 8). These results 

suggest that nitrate inhibited ammonium assimilation in the 3:1 nitrate 

ammonium mixed feed plants. 

The 15N content of the nitrate and amino acid fractions cf the 

xylem sap in plants from each of the four nitrogen feeding regimes is 

h · T bl 5 Th 15N . sown in a e • e average nitrate amino acid ratio in both 

the 3:1 nitrate : ammonium mixed feed plants and the nitrate-only fed 

plants was 2.2 : 1, showing that nitrate was the most common form of 

nitrogen being transported from root to shoot in the xylem stream. 

I h 1 1 . d f d 1 h 15N · · n t e : mixe ee pants t e average nitrate : amino 

acid ratio in the xylem sap was 0.3 : 1 (derived from Table 5). Amino 

compounds originating from the assimilation of ammonium in the root, were 

the predominant nitrogenous compounds transported in the xylem stream in 

this feeding regime. 

The 15
N content of the soluble organic nitrogen and bound 

nitrogen fractions in 3:1 nitrate:ammonium mixed feed plants showed an 

increase over that seen in the nitrate-only fed plants. At the 4h and Sh 

15 harvest respectively, the N content of the soluble organic nitrogen 

fraction of the 3:1 mixed feed plants was 7.2 times and 3.3 times that 

in the root of nitrate-only fed plants, and 2.8 times and 1.5 times that 

in the shoot of nitrate-fed plants (Tables 8 and 4). The increased 15N 

content in the bound nitrogen fraction was even more marked than in the 

soluble nitrogen fraction. At the 4h and Sh harvest respectively, the 
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15N content of the bound fraction in 3:1 nitrate : ammonium mixed feed 

plants was 7.5 times and 4.3 times that in the roots of nitrate-fed 

plants, and 4.8 times and 2.7 times that in the shoot of nitrate-fed 

plants (Tables 8 and 4). The rate of incorporation of 
15

N into organic 

nitrogen in 3:1 nitrate : ammonium mixed feed plants was 21.9 pg 15N 

-1 4 ng 15N h-1 -1 T 15 h per plant or 1 .3 r g fresh weight. he N 

incorporation rate into organic nitrogen in nitrate-fed plants was much 

15 -1 15 -1 lower with a value of 5.6 µg N h per plant or 6.3 pg N h · 

-1 g fresh weight. 

As was found in xylem sap analysis of plants from the other three 

feeding regimes, glutamine was the most abundant amino compound being 

transported in the xylem stream of these 3:1 nitrate : ammonium mixed feed 

plants. This amide represented 62.3% of the total organic nitrogen in the 

xylem sap. Asparagine was the second most abundant amino compound (Table 

14). 
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4.3 Nutrient Ammonium Assimilation by Barley Roots 

4.3.1 15N Enrichment of Free Amino Compounds Without MSO Treatment 

This investigation into ammonium assimilation by barley roots formed 

part of an ongoing experimental program in which I was not the only 

contributor. The GS and GDH enzyme assays in the presence and absence of 

MSO were carried out prior to my becoming involved in the program. It is 

essential, however, that the results of this work, as shown in Table 11, 

are included in this chapter in order that the project can be reviewed as a 

whole. 

The assimilation of 15N-ammonium into the most common free amino 

compounds of barley roots is shown in Table 9. The main routing of newly 

· ·1 d lSN · f b h h 30 . d 120 . assimi ate -ammonium, a ter ot t e minute an minute 

feeding period, was to glutamine with a secondary routing to glutamate. 

Aspartate, asparagine, serine and threonine were the other free amino 

compounds present in sufficient concentrations for 15N analysis. These 

amino acids show far lower 15N enrichments when compared with glutamine 

and glutamate. 

4.3.2 
15

N Enrichment of Free Amino Compounds with MSO Treatment 

As a result of this treatment there was a dramatic decrease in the 

. t· f 15N . . · "d · h lSN incorpora ion o -ammonium into amino aci s causing t e -

ammonium content of the root to increase 3.8 times (from 300 nmol g-l 

-1 fresh weight (Table 9) to 1136 nmol g fresh weight (Table 10)). The 

amino acid pools were already greatly reduced at the end of the 30 
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minute feeding period with the 15N glutamine content decreasing from 

389 nmol g-l fresh weight (Table 9) to a negligible value (Table 10). 
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4.3.3 The Effect of MSO on Root Enzymes 

4.3.3.1 Glutamine Synthetase and Glutamate Dehydrogenase 

The activity of these enzymes, with and without MSO treatment, was 

investigated and the results are shown in Table 11. It is clear that GS 

activity is almost completely inhibited, while GDH activity is unaltered. 

4 3 3 2 Mso 1 lSN 1 . • • • pus -g utamine 

To test the possibility of serious MSO interference with the 

activity of other enzymes associated with nitrogen assimilation, barley 

plants already treated with MSO were fed 15N-amido glutamine plus MSO. 

The feeding and harvesting procedure is described in "Materials and 

Methods," Section 3.8.2 & 3.8.3. The plants were harvested after 120 and 

240 minute feeding periods and the results are shown in Table 12. 

I th . . d t . ff. . · · f lSN n e amino aci s presen in su icient quantities or , 

analysis there was a marked increase in 15N enrichment with time. This 

indicated that 15N from the amido group of glutamine was being 

incorporated into these amino compounds despite the presence of MSO. 
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Table 11 

Glutamine synthetase and glutamate dehydrogenase (NADH-dependent) activity 

of barley root in the presence and absence of methionine sulfoximine (MSO). 

Glutamine synthetase 

Glutamate dehydrogenase 

-1 -1 
Activity (umol h g FW) 

- MSO 

26.4 ± 1.5* 

46 .o ± 1.6 

+ MSO 

1.1 ± 0.1 

49.0 ± 2.1 

* Mean and standard deviation of activities of three extracts of 

the material fed 15N for 30 minutes. 
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Six-week Growth Experiment: to Determine Fresh and Dry Weight 

and Total Nitrogen Content of Mature Barley Plants. 

Barley plants were grown for six weeks and treated according to 

the techniques and environmental conditions outlined in Sections 3.2, 

3.10.2 & 3.10.3. The nitrogen supplements used were either 2mM KN03 , 

2mM NH
4
c1 or a lmM KN0

3 
plus lmM NH4Cl mixture. 

From visual comparison of the plants grown on each nutrient regime 

(Plate 1) it was apparent that the 1:1 mixed feed plants were the largest, 

being on average 25% heavier .than the nitrate fed-plants and 9% heavier 

than ammonium-fed plants. These figures were derived from Table 13. There 

were also differences in appearance between the plants from different 

feeding regimes although these were not as marked as those described for 

the 20-day-old seedlings (Section 4.1). The nitrate-fed plants were still, 

however, noticeably more fibrous than plants from the other treatments and 

the ammonium-fed plants more flaccid. The mixed nitrogen source plants were 

the most robust of the three treatments. 

The average fresh and dry masses and the total nitrogen content of 

individual 6-week-old barley plants from each of the three feeding regimes 

are shown in Table 13. These results were derived from a mean of 60 plants 

per nitrogen source. 

Although the mixed feed plants were larger and heavier than plants 

from the other two treatments the ammonium-fed plants had the highest total 

nitrogen content. With regard to the fresh masses of plants from the three 

nitrogen sources individual ammonium-fed plants were heavier than 

nitrate-fed plants. 

On a total nitrogen per gram fresh weight basis the nitrate-only fed 
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plants from the 6 week harvest show a much lower level of nitrogen 

assimilation than the 1:1 mixed feed plants, the figures being 3.70mg N 

-1 -1 
g fresh weight in the nitrate-fed plants and 6.20mg Ng fresh 

weight in the mixed feed plants. In the 20-day-old nitrate-fed plants, 

however, the total nitrogen per gram fresh weight figure was on a par 

with that for 1:1 mixed feed plants (Section 5.3). The reason for this 

must be related to the reduced nitrogen assimilation noted in 20-day­

old nitrate-fed plants, and to the fact that the seed reserves ~n these 

mature 6-week-old plants would have been exhausted. 

From the results presented in Tables 3 and 13 it can be seen that 

ammonium-fed plants have the highest total nitrogen per gram fresh weight 

values at both the 20-day harvest (4.02mg N g-l fresh weight) and the 

-1 6-week harvest (7.93mg Ng fresh weight). 

Average shoot and root fresh and dry weight ratios and whole plant 

fresh and dry weight ratios were derived from Table 13. The average 

shoot : root fresh weight of six-week-old ammonium-fed plants was 2.5:1, 

compared to 1.4:1 in nitrate-only fed plants and 1.9:1 in the 1:1 mixed 

feed plants. The increased shoot : root fresh weight value for plants from 

the ammonium-only nitrogen regime reflects the reduced growth of the roots 

of these plants, as described in Section 4.1. 

The nitrate-fed plants had the lowest shoot : root dry weight value 

(2.4:1). This can be attributed to the dense and extensive root system 

observed in these plants. The ammonium-fed plants had the highest 

shoot : root dry weight value (5.3:1) with the value for the 1:1 mixed 

feed plants only slightly lower, at 4.6:1. 

The average whole plant fresh to dry weight ratio of mature barley 

plants supplied with ammonium as their sole nitrogen source, was lower than 
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that for plants from the other two feeding regimes. These values were 

3.5 : 1, 7,1 : 1 and 4,0 : 1 for the ammonium-fed, nitrate-fed and 1:1 

mixed feed plants respectively (derived from Table 13). This suggests 

that the ammonium-fed plants were in a lower state of turgor, and could 

partially explain the relative softness of ammonium-fed barley. In Chapter 

5, Section 5.1, however, the characteristic growth forms of plants from 

the different nutrient regimes are discussed in terms of the way in which 

the two ions, ammonium and nitrate, are assimilated. 
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Plate 1 

Six week old barley plants growing in nutrient solution containing 

either 2mM nitrate, 2mM ammonium or a lmM nitrate : lmM ammonium mixture. 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSIONS 

5. 1 
15N Feeding Experiments 

The extent to which nitrate and ammonium ions are absorbed, stored 

and assimilated by plants can vary considerably according to the plant 

species; indeed it has been reported that some plants can only tolerate one 

or other form of nitrogen (Krajina, Madoc-Jones and Mellor, 1973). For 

young barley plants it is apparent that a mixture of nitrate and ammonium 

is required for maximum growth and nitrogen assimilation. The contribution 

by nitrate to the increased nitrogen assimilation observed in the 1:1 mixed 

feeding regime, was to increase shoot nitrogen assimilation to levels above 

those seen in feeding regimes where only a single nitrogen source was 

supplied. The rapid uptake of the ammonium ion, and the faster rate of 

assimilation of ammonium into organic nitrogen in comparison to the rate of 

incorporation of the nitrate ion, form the basis of the contribution made 

by ammonium to the observed increase in nitrogen assimilation in mixed feed 

plants. 

The reduced root production in ammonium-fed barley plants observed 

in this investigation has been noted previously (Warnke and Barber, 1973; 

Klem, 1966), and attributed to a pH decrease in the medium around the 

roots. Unless buffered, the absorption of ammonium brings about a decrease 

in the pH of the growth medium due to the concomitant release of H+ 

ions. Maynard and Barker (1969), reported that the addition of calcium 

carbonate was effective in overcoming the poor development and brown 
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colouration of ammonium-fed roots, but Cox and Reisenauer (1973), noted 

that roots were still short and thick in plants growing in a buffered 

ammonium solution at a pH of 5.4 ± 0.2 and that the leaves were very dark 

green with minute chlorotic spots. This is in agreement with the reduced 

growth and appearance of the leaves in barley plants even though the 

nutrient medium was maintained at a pH of 6.0 to 6.5 by the addition of 

calcium carbonate (Section 3.2). 

The characteristic growth forms of the nitrate-only fed plants (with 

their erect, fibrous stems), and the ammonium-fed plants (with their soft 

an.d relatively flaccid stems), must be, to some extent, related to the way 

in which these ions are assimilated. From the enhanced growth observed when 

plants are supplied with both nitrate and ammonium as their nitrogen 

sources, it can be concluded that nitrate must stimulate growth in some 

way. It is possible that the presence of nitrate in the shoot stimulates 

photosynthesis.The subsequent incorporation of the concomitantly produced 

carbohydrate into cell wall components would account for the more robust 

nature of the stems of plants supplied with nitrate in their nutrient 

supply. In the case of ammonium-only fed plants, free ammonium is 

detoxified by being rapidly incorporated into amino compounds. 

An abundant supply of photosynthetically-derived carbon skeletons is 

therefore required. The diversion of photosynthate from cell wall 

components into the production of carbon skeletons, and the channeling of 

the subsequently produced amino compounds into cytoplasmic constituents, 

would account for the more flaccid nature of ammonium-only fed plants. The 

robust, but supple growth form of plants supplied with both nitrate and 

ammonium indicates that a more balanced supply of constituents for cell 

growth were made available to the plant as a result of this feeding regime. 
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In many species, including barley, there is a close relationship 

between the main xylem component and the major soluble nitrogen storage 

compound (Pate, 1971). As well as acting as nitrogen-rich transport 

compounds, glutamine, asparagine and nitrate can act as storage forms of 

surplus nitrogen. In barley plants from nitrate-only and 3:1 

nitrate:ammonium mixed feeding regimes, nitrate accumulated in the shoot 

15 and represented 66% and 81% respectively of the total N transported 

in the xylem stream (Table 5). In contrast, amino acids and am±des were the 

major components of the xylem sap in ammonium-only fed (97%) and 1:1 mixed 

feed (76%) plants (Table 5). The amides glutamine and asparagine were the 

predominant amino compounds. These organic compounds have a C:N ratio of 

less than 3:1. The roots rely on the shoots for carbon skeletons for 

nitrogen assimilation, and so the use of molecules with low C:N ratios for 

nitrogen transport allows the shoot to acquire nitrogen with the minimal 

export of carbon. 

5.2 The Pathway of Ammonium Assimilation into Amino Compounds 

The 15N content and 15N enrichment figures for free ammonium 

in the root of ammonium-fed plants (Table 9), show only a small increase 

between the 30 and 120 minute harvests, suggesting that by the 120 minute 

harvest this ammonium pool was saturated. A similar pattern of 15N 

enrichment for ammonium has been observed by other workers (Bassham and 

Kirk, 1964; Lewis and Probyn, 1978; Probyn and Lewis, 1979; Kaiser and 

Lewis, 1980). This was regarded as evidence in favour of the existence of 

at least two pools of ammonium; a small, actively turning over assimilatory 

pool involved in the primary assimilation of newly absorbed ammonium, 

separated from a larger metabolic pool. 
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To preclude the possible participation of GDH in the assimilation of 

d b 1 1 . d . h 15N . ammonium into amino aci s, ar ey roots were supp ie wit -ammonium 

in the presence of MSO. The results, in Table 10, show that the 

· f 15N · · 1 d . . d incorporation o -ammonium into g utamate an amino aci 

15 
assimilation has ceased and as a consequence the N pool has increased 

greatly in size and 15N enrichment. The free glutamine pool also 

diminished sharply in size indicating that virtually no incorporation of 

15N · · h. d h t k 1 It th f ammonium into tis compoun as a en pace. ere ore appears 

that even when plants are supplied with ammonium as their sole nitrogen 

source, the GDH pathway does not play a substantial role in the 

assimilation of this compound in barley roots. 

Various workers have previously reported on the specific inhibition 

of GS activity by MSO with no effect on NADH-dependent GDH (Brenchley, 

1973; Lea and Norris, 1976; Miflin and Lea, 1976). The results of the GS 

and GDH assays shown in Table 11, and those of the 15N enrichment of 

1 . d · h 15N 1 · d MSO (T bl 12) f. h MSO roots supp ie wit -g utamine an a e , con irm tat 

does not interfere with the activity of either GDH or other enzymes of 

nitrogen assimilation. 

5.3 Six-week Growth Experiment 

This growth experiment allowed a comparison to be made between 

20-day-old barley seedlings and mature, 6-week-old plants with regard to 

their nitrogen assimilation and growth characteristics. 

The plants from the mixed nitrogen source had the greatest total 

mass, and the ammonium plants the highest total nitrogen value when 

compared to plants from the other treatments in both the 20-day and the 
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6-week harvests. Individual ammonium-fed plants were, however, the smallest 

plants at 20 days old and the second largest at 6 weeks old. When the shoot 

and root fresh weights of ammonium-fed and 1:1 mixed feed plants are 

compared after 6 weeks growth (Table 13), it can be seen that the average 

shoot fresh weight of plants from both nitrogen regimes are equal. The 

average root fresh weight of ammonium-fed plants is, however, lower than 

that of the 1:1 mixed feed plants. The possible reasons for the reduced 

root growth observed in ammonium-only fed plants have already been 

discussed earlier in this chapter (Section 5.1). 

It is interesting to note that in the 6-week growth experiment the 

highest root fresh weights were those from nitrate-only fed plants and 1:1 

mixed feed plants (the value being O.Slg for both treatments), and the 

highest shoot fresh weights were those from the ammonium-only fed and 1:1 

mixed feed plants (the values being 0.98g and 0.99g respectively). The 

robust mixed feed plants, therefore, possess a combination of the extensive 

root system characteristic of nitrate-only fed plants, and the relatively 

lush shoot system seen in the ammonium-only fed plants (Section 4.1). 

In Section 4.2.1 it was reported that nitrate-fed plants showed a 

marked reduction in nitrogen assimilation compared to plants fed on ammonium 

or a mixed nitrogen source. In nitrate-fed plants from the 6-week growth 

experiment this observation is reflected in the total nitrogen per gram 

fresh weight values derived from Table 13. This value in nitrate-fed plants 

-1 -1 was 3.70mg Ng fresh weight and 6.20mg Ng fresh weight in mixed 

feed plants. In the 20-day harvest, however, the total nitrogen per gram 

fresh weight figure for nitrate-fed plants (derived from Table 3) was on 

a par with that for mixed feed plants, the figures being 2.70mg N -1 
g 

fresh weight and 2.75mg N g-1 fresh weight respectively, (see Section 4.4). 
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5.4 Conclusions 

1. In barley plants (Hordeum vulgare L.cv. Clipper) the fastest 

assimilation of inorganic nitrogen into an organic form was obtained in 

plants receiving a 1:1 mixed nitrate-ammonium nitrogen supply. The rates of 

15N incorporation into organic nitrogen exhibited by plants supplied with 

15 -1 either nitrate or ammonium alone were 5.6 ± 0.2 pg N h per plant and 22.4 ± 

1.0 pg 15N h-l per plant respectively. The rates for the mixed-nitrogen source 

plants were 24.8 ± 0.6 )18 15N h-l per plant (1:1 mixed feed plants) and 

15 -1 21.9 ± 1.0 )18 N h per plqnt (3:1 mixed feed plants). 

2. The increased 15N assimilation noted in the 1:1 mixed feed plants, 

when compared to plants fed ammonium alone, can possibly be ascribed to the 

spacial separation of nitrate reduction and nitrate and ammonium 

assimilation within these plants. The process of nitrate assimilation in 

the shoot supplemented the contribution of ammonium assimilate from the 

root. 

3. At the 4h harvest in ammonium-fed plants there was a higher 

accumulation of soluble organic nitrogen in the root than in the shoot 

indicating that the root is the major site of nitrogen assimilation when 

ammonium is supplied as the sole nitrogen source. 

4. Once ammonium nitrogen has been assimilated into organic compounds 

in the root of ammonium-fed plants, it is transported to the shoot. Xylem 

sap analysis shows that 97% of the nitrogen exported from root to shoot in 

these plants is in the organic form, with very little ammonium present. 
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5. In this investigation into ammonium assimilation by barley roots 

h 
15N d 15N · h f. . d. th . t f t t e content an enric ment igures in icate e exis ence o a 

least two ammonium pools in the root. There is evidence for the presence 

of a small actively turning over assimilatory pool, concerned with the primary 

assimilation of newly absorbed ammonium, and a larger metabolic pool. 

6 X 1 1 . . d 1 f h 15N · . y em sap ana ysis, carrie out on pants rom t e -nitrate 

15 feeding experiment, showed that 66% of the N supply to the shDot was 

in the form of nitrate, the remainder being transported as organic 

nitrogen. This indicates that in 20-day-old barley plants the shoot is the 

main organ of nitrate assimilation. 

7. A comparison between the 15N enrichment of the xylem sap (52 

A%E) and root tissue (4.6 A%E) of nitrate-fed plants at the 4h harvest 

demonstrates that newly absorbed nitrate largely bypasses the storage pools 

of the root and is loaded directly onto the xylem stream. 

8. In this investigation the marked reduction in nitrogen assimilation 

observed when nitrate alone was supplied to plants as their nitrogen 

source, must be attributed mainly to the slower uptake of the nitrate ion 

when compared to ammonium. 

9. From 15N analysis of xylem sap, glutamine was found to be the 

most abundant form of organic nitrogen transported in the xylem stream, 

forming 49.7% of the total in nitrate-fed plants, 51.8% in ammonium-fed 

plants , 80.5% in the 1:1 mixed feed plants and 62.3% in the 3:1 mixed feed 

plants. 
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10. Plants from the 1:1 mixed feeding regime had significantly lower 

nitrate levels in the shoot, root and xylem sap than did plants supplied 

with 2rnM nitrate in the feeding solution. This could either be attributed 

to the lower nitrate level of the lrnM nitrate+ lrnM ammonium feeding 

solution, or to the suppression of nitrate uptake by ammonium ions. 

11. The characteristic appearance of plants from the different nutrient 

regimes can be at least partially attributed to the degree to ~hich 

carbon skeletons are incorporated into cellular components. In nitrate­

fed plants the incorporation of an excess of photosynthetically-produced 

carbohydrate into cell wall components could give rise to the fibrous 

appearance of the stem. In ammonium-fed plants the contrasting softness 

of the stem may be due to the emphasis on the incorporation of carbon 

skeletons into nitrogen compounds. The mixed-feed plants display a 

combination of the characteristics seen in the single nitrogen source 

plants. 

12. At the 20-day harvest, plants supplied with a mixed nitrogen source 

were larger than those fed on either nitrate or ammonium alone. The 3:1 

mixed feed plants had the greatest total mass, being 53% heavier on average 

than those from the 1:1 mixed feed. The smallest plants, with the lowest 

total mass, were those supplied with ammonium only in the nutrient supply. 

At the end of the 6-week growth experiment, in which only three 

nitrogen regimes were provided (2rnM ammonium, 2rnM nitrate and a lrnM nitrate 

+ lrnM ammonium mixture) the mixed feed plants were still the largest and 

had the greatest total mass. The smallest plants, however, and those with 

the lowest total mass, were the nitrate-only fed plants. 
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13. In barley roots ammonium was shown to be assimilated entirely via 

the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway, with 

glutamate dehydrogenase (GDH) playing an insignificant role in the process. 

14. 15 Root enzyme assays and the N enrichment of roots supplied 

with 15N-glutamine and MSO (Tables 11 and 12 respectively), demonstrate 

that GS is completely inhibited by treatment with methionine sulfoximine, 

while the activity of GDH, GOGAT and various other enzymes of nitrogen 

assimilation remains unaffected. 

15. The results of this investigation show that for optimal growth and 

nitrogen assimilation of hydroponically grown "Clipper" barley, a mixed 

nitrate-ammonium nitrogen regime is preferred. Field grown plants could 

show different responses to the nitrogen sources supplied in this project, 

however, since certain soils, notably those containing large quantities of 

micaceous clay minerals (vermiculite, illite and montmorillonite) fix 

ammonium nitrogen, rendering it unavailable to plants. Much work has been 

done with the objective of keeping added ammonium fertilisers in the 

ammonium form and inhibiting nitrification, or nitrate formation. The use 

of nitrification inhibitors could, in the future, lead to an improvement in 

the nutritional quality and quantity of important crop plants. 



98 

REFERENCES 

Afridi, M.M.R.K. & Hewitt, E.J. (1964). The inducible formation of nitrate 

reductase in higher plants. I. Effects of nitrate and molybdenum on 

enzyme activity in cauliflower Brassica oleracea var. Botrytis). 

J. Exp. Biol. 15:251-71. 

Amy, N.K. & Garret, R.H. (1974). Purification and characterisation of the 

nitrate reductase from the diatom Thalassiosira pseudonana. 

Plant Physiol. 54:629-637. 

Ashley, D.A., Jackson, W.A. & Volk, R.J. (1975). Nitrate uptake and 

assimilation by wheat seedlings during initial exposure to nitrate. 

Plant Physiol. 55:1102-1106. 

Atkins, C.A. & Canvin, D.T. (1971). Photosynthesis and CO2 evolution by 

leaf discs: gas exchange, extraction, and ion-exchange fraction -

ation of 14C-labelled photosynthetic products. Canadian Journal 

of Botany 49:1225-1234. 

Bassham, J.A. & Kirk, M. (1964). Photosynthesis of amino acids. Biochem. 

Biophys. Acta. 90:553-562. 

Beevers, L., Schrader, L.E., Flesher, D. & Hageman, R.H. (1965). The role 

of light and nitrate in the induction of nitrate reductase in radish 

cotyledons and maize seedlings. Plant Physiol, 40:691-698. 



99 

Beevers, L. & Hageman, R.H. (1969). Nitrate reduction in higher plants. 

Ann. Rev. Plant Physiol. 20:495-522. 

De Benedetti, E., Forti, G., Garlaschi, F.M. & Rosa, L. (1976), On the 

mechanism of ammonium stimulation of photosynthesis in isolated 

chloroplasts. Plant Science Letters 7:85-90. 

Ben Zioni, A., Vaadia, Y. & Lips, S,H, (1970). Correlations between nitrate 

reduction, protein synthesis, and malate accumulation. Physiol. 

Plant. 2:1039-1047. 

Ben Zioni, A., Lips, S.H. & Vaadia, Y. (1971). Nitrate uptake by roots as 

regulated by nitrate reduction, products in the shoot. Physiol, 

Plant. 2:288-290. 

Berner, E., Jr. (1971a), Studies of the nitrogen metabolism of barley 

leaves. I. The assimilation of nitrate. Physiologia Plantarum 

Supplementum VI:5-45, 

Berner, E., Jr. (1971b). Studies of the nitrogen metabolism of barley 

leaves. II. The effect of nitrate and ammonium on respiration and 

photosynthesis. Physiologia Plantarum Supplementum VI:46-56. 

Blevins, D.G., Hiatt, A.J. & Lowe, R.H. (1974), The influence of nitrate 

and chloride uptake on expressed sap pH, organic acid synthesis, and 

potassium accumulation in higher plants. Plant Physiol. 

54:83-87. 



100 

Bogner, W. (1968). Experimentelle Prufung von Waldbodenpflanzen auf ihre 

Anspruche and die Form der Sickstoff-Ernahrung. Mitt. Ver. Forstl. 

Standortsk. Forstpflanzenzucht 18:3-45. 

Brenchley, J.E. (1973). The effect of methionine sulfoximine and methionine 

sulfone on glutamate synthesis in Klebsiella aerogenes. J. 

Bacterial. 114:666-673. 

Carrodus, B.B. (1966). Absorption of nitrogen by mycorrhizal roots of 

beech. I. Factors affecting assimilation of nitrogen. New 

Phytologist 65:358-371. 

Ch'en, C.T. (1960). The utilisation of ammonium salts as nitrate salts and 

the synthesis of amino acids in the rice seedling. Taiwania 

7:77-92. 

Cox, W.J. & Reisenauer, H.M. (1973). Growth and ion uptake by wheat 

supplied nitrogen as nitrate, or ammonium, or both. Plant and Soil 

38: 363-380. 

Dalling, M.J., Tolbert, N.E. & Hageman, R.H. (1972). Intracellular location 

of nitrate reductase and nitrite reductase. II. Wheat roots. 

Biochimica et Biophysica Acta 283:513-519. 

Delwiche, C.C. (1951). The assimilation of ammonium and nitrate by tobacco 

plants. Journal of Biological Chemistry. 189:167-175. 



101 

Domska, D. (1974). Influence of ammonium and nitrate nitrogen on nitrogen 

disappearance, the growth of maize (Zea Mays L.) and some 

nitrogen fractions content. Zeszyty Naukowe, Akademii 

Rolniczo-Technicznejw Olsztynie 9:85-96. 

Dougall, D.K. (1974). Evidence for the presence of glutamate synthetase in 

carrot cell cultures. Biochemical and Biophysical Research 

Communications 58:639-646. 

Eisele, R. & Ullrich, W.R. (1975). Stoichiometry between photosynthetic 

nitrate reduction and alkalinisation by Ankistrodesmus braunii 

in vivo. Planta 123:117-123. 

Faust, H. (1967). Probenchemie 
15

N-markierter Stickstoffverbindungen im 

mikro-bis-nanomolgereich fur di emisionspektrometrische 

isotopenanalyse. Isotopenpraxis 3:100. 

Fowler, M.W., Jessup, W. & Sarkissian, G.S. (1974). Glutamate synthetase 

type activity in higher plants. FEBS Letters 46:340-342. 

Frota, J.N.E. & Tucker, T.C. (1972). Temperature influence on ammonium and 

nitrate absorption by lettuce. Soil Science Society of America 

Proceedings 36:97-100. 

Gamborg, O.L. & Shyluk, J.P. (1970). The culture of plant cells with 

ammonium salts as the sole nitrogen source. Plant Physiol. 

45:598-600. 



102 

Gilmore, L.E. (1953). Nitrogen constituents of Burley tobacco resulting 

from ammonium and nitrate nutrition. Canadian Journal of 

Agricultural Science 33:16-22. 

Grasmanis, V.O. & Nicholas, D.J.D. (1971). Annual uptake and distribution 

of 15N-labelled ammonia and nitrate in young Jonathan/MM 104 

apple trees grown in solution cultures. Plant and Soil 

35:95-112. 

Green, J.L., Holley, W.D. & Thaden, B. (1973). Effects of the ammonium 

nitrate ratio, chloride, N-serve, and simazine on carnation flower 

production and plant growth. Proceedings of the Florida State 

Horticultural Society 86:383-388. 

Hageman, R.H., Cresswell, C.F. & Hewitt, E.J. (1962). Reduction of nitrate, 

nitrite and hydroxylamine to ammonia by enzymes extracted from 

higher plants. Nature 193:247-250. 

Haynes, R.J. & Goh, K.M. (1977). Evaluation of potting media for commercial 

nursery production of container-grown plants. II. Effects of media, 

fertiliser, and a nitrification inhibitor on yield and nitrogen 

uptake of Callistephus chinensis (L.) Nees 'Pink Princess'. New 

Zealand Journal of Agricultural Research 20:371-381. 

Haynes, R.J. & Goh, K.M. (1978). Ammonium and nitrate nutrition of plants. 

Biol. Rev. 53:465-510. 



103 

Heimer, Y.M. & Filner, P. (1971). Regulation of the nitrate assimilation 

pathway in cultured tobacco cells. Biochemica et Biophysica Acta 

230:362-372. 

Hewitt, E.J. (1966). Sand and Water Culture Methods used in the Study of 

Plant Nutrition. Tech. Commun. No. 22 (Revised) Commonwealth 

Bureau of Horticultural and Plantation Crops. 

Hewitt, E.J. (1975). Nitrate-nitrite assimilation. A. Rev. Plant Physiol. 

26:73-100. 

Ikeda, M., Yamada, Y. & Harada, T. (1974). Glucose Metabolism in detached 

leaves of tomato plants grown with ammonium and nitrate as nitrogen 

sources. Soil Science and Plant Nutrition 20:185-194. 

Ingestad, T. (1976). Nitrogen and cation nutrition of three ecologically 

different plant species. Physiologia Plantarum 38:29-34. 

Jackson, W.A., Flesher, D. & Hageman, R.H. (1973). Nitrate uptake by 

dark-grown corn seedlings: some characteristics of apparent 

induction. Plant Physiol. 51:120-127, 

Kaiser, J.J. & Lewis, O.A.M. (1980). Nitrate-nitrogen assimilation in the 

leaves of Helianthus annuus L. New Phytol, 85:235-241. 



104 

Karim, A.O.M. & Vlamis, J. (1962). Comparative study of the effects of 

ammonium and nitrate nitrogen in the nutrition of rice. Plant and 

Soil 1:32-41. 

Kedenburg, C.P. (1971). A lithium buffer system for accelerated 

single-column amino acid analysis in physiological fluids. 

Analytical Biochemistry 40:35-42. 

Kirkby, E.A. (1974). Recycling of potassium in plants considered in 

relation to ion uptake and organic acid accumulation. Proc. 7th 

Int. Coll. Plant Anal. Fert. Prob., 557-568. 

Kirkby, E.A. & Hughes, A.D. (1970). Some aspects of ammonium and nitrate 

nutrition in plant metabolism. In: Nitrogen Nutrition of the Plant 

(ed. E.A. Kirkby), pp.69-77. Waverley Press, Leeds. 

Kirkman, M.A. & Miflin, B.J. (1979). The nitrate content and amino acid 

composition of the xylem fluid of spring wheat throughout the 

growing season. J. Sci. Food Agric. 30:653-660. 

Klem, K. (1966). The effect of the N source on the yield of various crop 

plants. Bodenkultur 17:265-284. 

Klepper, L., Flesher, D. & Hageman, R.H. (1971). Generation of reduced 

nicotinamide adenine dinucleotide for nitrate reduction in green 

leaves. Plant Physiol. 48:580-590. 



105 

De Kock, P.C. (1970). The mineral nutrition of plants supplied with nitrate 

or ammonium nitrogen. In: The Nitrogen Nutrition of the Plant 

(ed. E.A. Kirkby), pp. 39-44. Waverley Press, Leeds. 

De Kock, P.C. & Kirkby, E.A. (1969). The metabolism of nitrogen in plants. 

In: Nitrogen and Soil Organic Matter. Ministry of Agriculture, 

Fisheries and Food. Technical Bulletin 15, HMSO. 

Krajina, V.J., Madoc-Jones, S. & Mellor, B. (1973). Ammonium and nitrate in 

the nitrogen economy of some conifers growing in Douglas Fir 

communities of the Pacific north-west of America. Soil Biology and 

Biochemistry 5:143-147. 

Lea, P.J. & Miflin, B.J. (1974). An alternative route for nitrogen 

assimilation in higher plants. Nature 251:614-616. 

Lea, P.J. & Norris, R.D. (1976). The use of amino acid analogues in 

studies on plant metabolism. Phytochemistry 15:585-595. 

Lea, P.J. & Thurman, D.A. (1972). Intracellular location and properties of 

plant L-glutamate dehydrogenase. J. Exp. Bot. 23:440-449. 

Lee, J.A, & Stewart, G.R. (1978). Ecological Aspects of Nitrogen 

Assimilation. Advances in Botanical Research 6:1-43. 



106 

Lee, R.B. (1979). The release of nitrite from barley roots in response to 

metabolic inhibitors, uncoupling agents and anoxia. Journal of Exp. 

Bot., 30:119-133. 

Lewis, O.A.M. & Chadwick, S.G. (1983). An 15N investigation into 

nitrogen assimilation in hydroponically-grown barley (Hordeum 

vulgare L. cv. Clipper) in response to nitrate, ammonium and mixed 

nitrate and ammonium nutrition. New Phytol. 95:635-646. 

Lewis, O.A.M., James, D.M. & Hewitt, E.J. (1982). Nitrogen assimilation in 

barley (Hordeum vulgare L. cv. Mazurka) in response to nitrate 

and ammonium nutrition. Ann. Bot. 49:39-49. 

Lewis, 0.A.M. & Probyn, T.A. (1978). 15N incorporation and glutamine 

synthetase inhibition studies of nitrogen assimilation in leaves of 

the nitrophile, Datura stramonium L. New Phytol. 81:519-526. 

Lewis, O.A.M., Watson, E.F. & Hewitt, E.J. (1982). Determination of nitrate 

reductase activity in barley leaves and roots. Ann. Bot. 

49:31-37. 

Lips, S.H., Kaplan, D. & Ruth-Bejerano, N. (1973). Studies on the induction 

of nitrate by nitrite in Bean-seed cotyledons. European Journal of 

Biochemistry 37:589-592. 

Lycklama, J.C. (1963). Absorption of ammonium and nitrate by perennial 

rye-grass. Acta Botanica Neerlandica 12:361-423. 



107 

Magalhaes, A.C., Neyra, C.A. & Hageman, R.H. (1974). Nitrite assimilation 

and amino nitrogen synthesis in isolated spinach chloroplasts. Plant 

Physiol. 53:411-415. 

Mandelstam, J. (1971). Recurring patterns during development in primitive 

organisms. Symp. Soc. Exp. Biol. 25:1-26. 

Maynard, D.N. & Barker, A.V. (1969). Studies on the tolerance of plants to 

ammonium nutrition. Journal of the American Society for 

Horticultural Science 94:235-239. 

Michael, G., Martin, P. & Owassia, I. (1970). The uptake of ammonium and 

nitrate from labelled ammonium and nitrate in relation to the 

carbohydrate supply of the roots. In: Nitrogen Nutrition of the 

Plant (ed. E.A. Kirkby) pp.22-29. Waverley Press, Leeds. 

Miflin, B.J. & Lea, P.J. (1975). Glutamine and asparagine as nitrogen 

donors for reductant-dependent glutamate synthesis in pea roots. 

Biochemical Journal 149:403-409. 

Miflin, B.J. & Lea, P.J. (1976). The pathway of nitrogen assimilation in 

plants. Phytochemistry 15:873-885. 

Minotti, P.L., Craig, D. & Jackson, W.A. (1969). Nitrate uptake by wheat as 

influenced by ammonium and other cations. Crop Science 9:9-14. 



108 

Minotti, P.L., Williams, D.C. & Jackson, W.A. (1969a). The influence of 

ammonium on nitrate reduction in wheat seedlings. Planta 

86:267-271. 

Minotti, P.L., Williams, D.C. & Jackson, W.A. (1969b). Nitrate uptake by 

wheat as influenced by ammonium and other cations. Crop Science 

8:9-14. 

Muhammad, S. & Kumazawa, K. (1974). Assimilation and transport of nitrogen 

in rice. I. 15N-labelled ammonium nitrogen. Pl. Cell Physiol. 

15:759-766. 

Notton, B.A. & Hewitt, E.J. (1971). The role of tungsten in the inhibition 

of nitrate reductase activity in spinach (Spinacia oleracea L.) 

leaves. Biochemical and Biophysical Research Communications 

44:702-710. 

Oaks, A., Aslam, M. & Boesel, I. (1977). Ammonium and amino acids as 

regulators of nitrate reductase in corn roots. Pl. Physiol. 

59:391-394. 

Oji, Y, & Izawa, G. (1969). Flavine nucleotide nitrate reductase from broad 

bean leaves. Plant and Cell Physiology 10:743-749. 

Ojima, K. & Ohira, K. (1976). The growth of cultured rice cells with 

nitrate or ammonium as the nitrogen source. Journal of the Science 

of Soil and Manure 47:75-78. 



109 

O'Neal, D. & Joy, K.W. (1974). Glutamine synthetase of pea leaves: Divalent 

cation effects, substrate specificity, and other properties. Plant 

Physiol. 55:968-974. 

Pahlich, E. & Joy, K.W. (1971). Glutamate dehydrogenase from pea roots: 

Purification and properties of the enzyme. Can. J. Biochem. 

49:129-138. 

Pate, J,S. (1971). Movement of nitrogenous solutes in plants. In: 

Nitrogen-15 in Soil-Plant Studies, pp. 165-187. International Atomic 

Energy Agency, Vienna. 

Pate. J.S. (1976). Nutrients and metabolites of fluids recovered from xylem 

and phloem: Significance in relation to long-distance transport in 

plants. In: Transport and Transfer Processes in Plants (I.F. Wardlaw 

and J.B. Passioura, eds.), pp253-281. Proc. Symp. Canberra, 1975, 

Academic Press, New York. 

Probyn, T.A. & Lewis, O.A.M. (1979). The route of nitrate-nitrogen 

assimilation in the root of Datura stramonium L. J. Exp. Bot. 

30:299-305. 

Rao, K.P. & Rains, D.W. (1976a) Nitrate absorption by barley. I. Kinetics. 

Plant Physiol. 57:55-58. 

Rao, K.P. & Rains, D.W. (1976b) Nitrate absorption by barley. II. Influence 

of nitrate reductase activity. Plant Physiol. 57:59-62. 



110 

Rao, K.P. & Rains, D.W. (1978). Nitrate absorption by barley. I. Kinetics 

and energetics. Pl. Physiol. 57:55-58. 

Rhodes, D., Rendon, G.A. & Stewart, G.R. (1976). The regulation of ammonia 

assimilating enzymes in Lemna minor. Planta 129:203-210. 

Sarkissian, G.S. & Fowler, M.W. (1974). Interrelationship between nitrate 

assimilation and carbohydrate metabolism in plant roots. Planta 

119:335-349. 

Sawhney, S.K. & Nair, M.S. (1972). Role of light in the synthesis of 

nitrate reductase and nitrite reductase in rice seedlings. 

Biochemical Journal 130: 475-485. 

Schrader, L.E., Domska, D., Jung, P.E. & Peterson, L.A. (1972). Uptake and 

assimilation of ammonium-N and nitrate-N and their influence on the 

growth of corn (Zea mays L.). Agron. J. 64:690-695. 

Sluiters-Scholten, C.M. TH. (1973). Effect of chloramphenicol and 

cycloheximide on the induction of nitrate reductase and nitrite 

reductase in bean leaves. Planta 113:229-240. 

Smith, F.W. & Thompson, J.F. (1971). Regulation of nitrate reductase in 

excised barley roots. Ibid. 48:219-223. 



\ 

111 

Stewart, G.R., Lee, J.A., Orebamjo, T.O. & Havill, D.C. (1974). Ecological 

aspects of nitrogen metabolism. In: Mechanism of Regulation of 

Plant Growth, eds. R.L. Bielski, A.R. Ferguson and M.M. Cresswell, 

pp. 41-47. Bull. No.12. Royal Soc., New Zealand. 

Stewart, G.R. & Rhodes, D. (1977). In: Regulation of Enzyme Synthesis 

Activity in Higher Plants. (H. Smith, Ed.), pp.1-22. Academic Press, 

London. 

Teixiera, A.R. & Davies, D.D. (1974). Control of plant glutamate 

dehydrogenase by pyridoxal-5-phosphate. Phytochemistry 

13:2070=2079. 

Travis, R.L., Huffaker, R.C. & Key, J.L. (1970). Light induced development 

of polyribosomes and the induction of nitrate reductase in corn 

leaves. Plant Physiol. 46:800-805. 

Wallace, A. & Mueller, R.T. (1963). Ammonium and nitrate nitrogen 

absorption from sand culture by rough lemon cuttings. Proc. Amer. 

Soc. Hort. Sci. 69:183-188. 

Warncke, D.D. & Barber, S.A. (1973). Ammonium and nitrate uptake by corn 

(Zea mays L.) as influenced by nitrogen concentration and 

ammonium: nitrate ratio. Agronomy Journal 65:950-953. 

Warncke, D.D. & Barber, S.A. (1974). Nitrate uptake effectiveness of four 

plant species. J. Environ. Quality 3:pp28-30. 



112 

Weissman, G.S. (1964). Effect of ammonium and nitrate nutrition on protein 

level and exudate composition. Plant Physiol. 39:947-952. 

Williams, D.E. & Vlamis, J. (1962). Differential cation and anion 

absorption as affected by climate. Plant Physiol. 37:198-202. 

Wray, J.L. & Filner, P. (1970). Structural and functional relationships of 

enzyme activities induced by nitrate in barley. Biochemical Journal 

119:715-725. 

Yoneyama, T. & Kumazawa, K. (1974). A kinetic study of the assimilation of 

15
N-labelled ammonium in rice seedling roots. Plant and Cell 

Physiology 15:655-661. 

Yoneyama, T. & Kumazawa, K. (1975). A kinetic study of the assimilation 

of 15N-labelled nitrate in rice seedlings. Plant and Cell 

Physiology 16:21-26. 

Zsoldos, F. (1971). Ammonium and nitrate ion uptake by plants. In: 

Nitrogen-IS in Soil Plant Studies, pp. 81-101. International Atomic 

Energy Agency, Vienna. 

2 OCT 1985 




